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‘and ultravieolet absorption spectra; making them readily amenable to
analysis.
Radicals investigated in this work include GeHé, 8iF,, GeF,, PF,,
- ’ . 3 N . 3 . ? 3 ‘.
PF and CS. New. compounds formed 1hclude GeH531FéH{ GeH?SlFB(.), GeHESlEFhH’
-GeH;s:L F6H( ), G 5, and PLLF6

"The fluorogermy151lanes were made by cocondensatlon of SlE2 and GeHu

This-was shown not to be a true cocondensatlonvreactlon for it took place,
to some extent upon warmup of the resultihg'solid.

5 5 and PMF6 were made by'the cracking of P, FM at 900°C followed by

the 1mmed1ate condensatlon of the products of thls cracklng at 7T7°K. Both
: of these fluorldesvare unstable,:hut‘Pu é has been stablllzed in carbon
disulfide soiution.at room temperature. PMF6 has been;characterized‘
throuéh hass speetra, fiuorine‘ana phosphorus nmr spectra, infrared
absorption Spectre ahd elementel enalysis;
h was shown to undergo heterolytlc and homolytlc flss1on, when
pyfolyzed at 700 C, tvaorm PF and PF2 radlcals._ PF was 1dent1f1ed malnlyv,

through its ultraviolet absorption spectrum, while FF, was identified by

means of mass, infrared and epr spectroscopy. Thermodynamically, it has
been shown-thatvboth of these fissioning processes are very favorable,
though most likely the PF and PF species are not feeching equilibrium

w1th respect to PF, and phosphorus.

b

Photolys1s of P Fh in the matrlx env1ronment produces PF5 and

P;F.

! whereln the reactlon_takes_place,

in an unusual "excitation photolys;s,j
-in the matrix environment, between excited chemical species, as opposed

to fragments of excited species{



-viii-

THE PRODUCTION, REACTIONS AND SPECTRA OF LOW-VALENT, HIGHLY
REACTIVE CHEMICAL SPECIES ~ WITH SPECIAL EMPHASIS ON THE
PHOSPHORUS-FLUORINE SYSTEM W

David Solan
Inorganic Materials Research Division, ILawrence Radiation Laboratory,

and Department of Chemistry,
University of California, Berkeley, California

ABSTRACT

This dissertation concerns research into the production and synthetic
use of low-valent, high temperature species. The radicals produced and
the products they formed were identified, and their structure and bondihg
illucidated, by such means as mass spectroscopy, infrared and ultra-.
violet spectroscopy, nuclear magnetic resonance (nmr) spectroscopy, and
various vacuum line techniques (such as molecular weight, vapor pressure,
or melting point determination).

Reactions were carried out by means of "cocondensation reactions."

In this method, high energy species are cocondensed with molecules of
a reactant on a 77°K surface. Reactions proceed in the "liquid-like,
intermediate, transitory" ("LLIT") state of matter formed while conden-
sation is proceeding, énd upon warmup of the resulting solid, the products
being pumped off and handled in a vacuum line. |

| ~As a further means to understand the nature of the species being
reacted, matrix isolation spectroscopy was utilized. Here materials
are produced and quickly condensed on a nearby trahsparent‘surface at 20°K
along With a large excess of inert gas. Such a process stabilizes-high
energy species for spectroscopic investigation and allows further
treatments to be made, such as photeolyses and diffusion-controlled reactions

upon warmup. Also, matrikx isolation has a simplifying effect on infrared
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Some or all of the fundamental modes of vibration in the matrix

environment have been determined for each of the following species using

, slnfrared abso;pt}on spectroscopy:“_ PF, PFE, 39 PQFA’ P5F5 and PMF6'



INTRODUCTION

' A. Production and Synthetic Use of Radicals

For the.pdprSes of this dissértation; 5 "radical" wiil.be defined
as a“low-valenfg_highly reactive-chémicalvspeéies,>a definition which
'includésifhe species of "free radicél," defined és a radical with an Qdd,_'
uhpaifed electron. - Radicals ére usually the fragments of stable molecules
',fﬂfdfmed uﬁder highly energetic conditioné,vand are uéually quite‘short-
xlived._ . |

The existence of radicals has Been hypothesized for many years tq
explain the mechanism'éf é Qafiety of reaétions,_but since they‘wére re -
gérded as transitory species incapablé_df being_isolated for detailed
iﬁvestigatibn, manj'chemistS'femained'skeptical Qf such hypotheses. It
was not Qntil the pioneering work of Moses Gombergl‘in 1900 demonstrated -
the possibility of‘isoléting a stable freé radical [(C6H5)BC‘], and
.showed what sért of reactions such a fadical might be expected to:undergo,
- that allvdoubts'weré.expelled, and researéh into .the production and syn- v
- thetic uée of radicals began to acceleraté_greafly (of course_radicalé
have other peculiar properties, besides fheir inordinate reactivity,
which make them entities of chemical importance,_but fhis iS'the‘bne
‘property that wiil be_émphasized in this dissertation).
| Befqre use can be made of the‘high energy of radicals to synthetic
' advantage, they must first be produced. Therefore, a briéf description
of £he géneral'means used to produce radicals for synthetié_purposes
wiil now be given;  | |

One of the earliest used sources of energy ihput to form,radiéals

from stable compounds was simply the applicétion of heat. This method

\
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is particularly useful in the gaseous state, both because of the fast
cooling rates achievable in a gas, after thermal éxcitation has occurred,
to stabilize the products of the reaction, and because few common solvents
will remain liquid at high temperatures.  Furthermore, in the gaseous
state, translational and rotational entropy are less for whole molecules
than for the fragmentary species they.are composed of, so it would be
expected that at high temperatures in the gas, the TAS term of thé free
energy would predominate for the latter species making them thermody-
namically favorable.

In the thermal production of radicals, we rarely have equilibrium
with respect to all possible species that could form from the elemeﬁts
present (an exception to this rule would be the reaction, BFB(g)42B(d)9 3BF(g)
at 1700°C, used by‘Timms2 to study the chemistry of the BF radical).
Rather, the input of thermal energy causes a sequence of reactions to
occur that produce intermediate, high energy products whose further
decomposition is kinetically hindered, though not thermodynamically pro-
hibited. These intermediate radicals can thén be made to react with
another compound to form the final products. An example of such a situation
is the thermal decomposition of N5CN to Né and N=C=N radicals at 50°C in
solution.3 If the solvent for this material 1s unreactive towards it,
a resin forms. If a reactant is present that can quickly react with
the NCN radicals before they engage in the more thermodynamically favored
process of polymerization, new products will form.

In situ production of.radicals by thermolysis, as 1s the case witﬂ
NCN, is a rarely used method to produce radicals fér synthetic purposes

because the heat input could also destroy the reactant at the same time

it was producing the radical. Therefore, in this method, the production
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of the radical is usually carried out at SOme distance from the point

of.feaction,-to which the radical, after formation, is quickly broughf -

befofe it decomposes.
On the other hand, photochémical formation of radicals is much

more amenable to in situ production and reaction. Photolysis can be a -

nvery seleétivé means of raising the enérgy of just one type of molecule
 in a mixture. The energy- absorption process can also put a much greater

."amount'of”energy into one molecule than_thérmal nmethods can.. However,

the very cohcentration of energy the procedure produces in one molecule
militates agéinsﬁ a high doncentration of excited_molecules at any one

time (the exception being flash photolysis). Thus reactions must usually .

Jlbecarried out over a period of time which requires;the simultaneous

- presence in the same space of both the radical-forming compound and the

reactant, a condition which could lead.to the'deCOmpositién 6f the reac-
tant:bf the products of the reaction by the irradiating light.

The possibilitiés exist in photolysis. that the absorbing molecule

will fearrange-after excitation or‘fragmént into other species which will

~ then undérgo further reaction. Many secondary reactionsvcanvtake place

under such conditions because the exéitéd.molecules are very far from
eduilibfium. In particular; the possibility of a Chain reaction exists,
where a radical, usually a doublet, reaéts with the reactant present

in a Seriés of reactions td_fbrm the desired product, but also tolrépro—

' duce the original radical;"Such a feaction propagates its own cbntinuance

as long as reactant is available and so is called a chain reaction.

Under normal photolysis conditions,-a "steady-state" concéntration

of the radical undergbing reaction is always present, since its‘raté of

?formation would equal its rate of reaction. - This concentration would be
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very low, in contrast to thermolysis and to some methods to be mentioned
later on.
Photolysis can be carried out in all three states of matter. In

the condensed liquid or solid states, the complication of "

geminate
recgmbination” can occur. When the two highly reactive species, formed
by the absorption of a photon causing the breaking of a bond, cannot move
away from each other faster than the rate of qﬁenching by their surround-
ings, due to the high viscosity of these surroundings, they might recombine
to form the original molecule with no net reaction. This is called the
"cage effect.'" The quenching rate of the state.in which the photolysis
takes place has one other very important effect. Radical reactions
usually give off large quantities of energy which initially reside in the
products of these reactions. In condensed media, however, the high
relaxation rates quickly remove these large quantities of energy before
they destroy the products of the reaction. In the gas, the quenching

is reduced considerably, and therefore the probabllity of decomposition
or secondary reaction of the products of the radical reaction is corre-
spondingly increased.

Chemical means are one of the most common modes of radical pro-
duction for symthetic purposes. In this method, a chemical reaction
results in the formation of a radical which then reacts further with
other materials present to:form new products.

Other means of radical production include discharge (silent and
spark, as well as microwave) and radiolysis. In the former method,
large electric fields are used to break up molecules (silent electrical),
or ion bombardment is used (spark discharge), or very rapidly oscillating

fields effect a breakdown of the molecule (microwave). Radiolysis is
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’ the,usegof high energy particles or ionizing radiations to promote a
'reaction. ln'such a procedure,imany thousands of molecules could be
fragmented or even ionized by a single photon or high energy particle.
v This method is highly. non-uniform, produces many secondary effects, and
: is difficult-tovinterpret in most_cases.f It is commonly used in the
formation of very small concentrations'of radicals in'solids'for epr
:investigation.f |

Once radicals have been produced, they must be identified. In most
cases, spectroscopic evidence is_taken as the‘only validbproof for the

existence of a radical (C, in the»excited triplet state might be an ex-

3
ceptionQZSince it has been recognized'chemically, but, to my knowledge,
has never been'positively identified spectroscopicallyu). Since radicals
are short lived, at least in the gaseous state, flash photolySis followed
by‘rapid scan absorption or fluorescence can be a powerful tool in their
“identification., A unique variant of the rapid scan technique’is the phase
fshiftvmethod,‘whichvmakes use‘of the correspondence of the lifetime of -
an eXCited state of a radical with the period of the amplitude modulated
eXCiting frequency it absorbs in its ground state. Another method of
spectroscopic identification, utilized in this research,vinvolves the
trabping and isOlatingvof abradical atvvery low concentrations'in an t
linert solid env1ronment usually at low temperatures, where it can be
tobserved in either absorption or fluorescence at one's leisure, because
of its.effective'stability in such surroundings. |

After a radicalbhas been identified, its syntheticvcharacteristics
can be more easily'interpreted. It can be said:that an investigation

of the reactions of a radical is another way of identifying it, the

identification being carried out through chemical means.
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The two general modes of radical reactions are abstraction and addition.

In abstraction, the radical forms a bond with one of the atoms of a molecule
while a bond between this atom and the rest of the molecule breaks. In the
case of doublet radicals undergoing abstraction with a reactant, the mole-
cule formed which contains the radical within its structure can be quite
stable, while the fragment left is another doublet that can undergo further
reactions until chain terminations occur, (unless, of course, the reactant
is in elemental form to begin with, in which case no reactive fragments

are left at all, as was the case with the early "mirror method" used to
detect free radicals, where the disappearance of a metallic mirror

when a gas was passed over it was taken as evidence 'for the presence of

free radicals in that gas). In the case of triplet radicals, such abstrac-
tion reactions 1éad to two radicals which can either combine with each
other or with another rédical like themselves. In addition reactions, the
radical simply adds onto a stable compound, either through bond insertion
(which really indicates an end result rather than a mechanistic detail)

or multiple bond breaking, to form andbher (stable) compound. An example

of the former would be the reaction” of S1(CHy), with (CHy),SiH to produce
(CHB)BSiSi(CHB)EH, and of the latter would be the reaction of CF, with

CHo 6

\C'HQ *

which one old bond is broken and two new ones are formed, like the ones

CEHﬁ to produce FEC Radicals which undergo addition reactions in

" from the similarity of their mode

Jjust mentioned, are called "carbenoids,
of reaction with that of carbenes (divalent carbon speéies).

The exact mechanism of bond insertion can bé quite different for
diffefent types of radicals, or even different types of the same radical..
For instance, two different types of bond insertion can be distinguished

from cne another on the basis of whether the configuration of a stereoisomeric

reactant is retained after reaction ar not. In the addition of NCN radical
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.to trans-l,?—diméthylcyclohexane as a paréffinic substrate,,over 98% yields

of trans-l,é—dimethyl-l-methylaminocyclohexane were produced, showing thaﬁ

fhe reaction was stérébspééific.' Yet when the same réaction was carried

out in methylene bromidé‘solution3 a 50-50 mixture of the cis and trans isomers
Qof thisuprbduét wasiprdduced,:showing that the NCN was adding here in a

5 Thirteen years ago Skell and Woodworth7 pro-

 non—stereospécific manner.

__ﬁésed thaﬁ:fhe éteréosbecificity of a radical reaction depended on the
. -;gleCtronic multiplicity of the rddical-undérgoing reéction. Specifically,
they méintained that triplet insertién wouid require a three step process
.(owing to spin gonéérvation rules): single bond férmation, free rotation
‘abqut this.bpnd, and déexcitation to the singlet'coincident with the second
bond forminé;and therefore the configuration of the reactant would be lost
:durihg the second étep. Singlet.insertion, on the‘ofher hand, would require
-a Singié_concerted step. Therefore, triplet insertion would be non-stereo-
- .s.pegifi'g_ while singlet insertién would be stereospecific. Thus, in the.
exampie givéh, NCN ﬁouldﬁabpeér to reéctcas a triplet in methylene bromide
 butas a singlet.in'a paraffinic substrate.

Tﬁp methods of radical reaction were used in this work. In the method
of "cocondensation" a radical was forméd {using fhermal means in this work)
sééarately from‘ﬁhe reéctént if was to react with. Thus the energy source

vdid not afféct the reactant. Thevradical and the reactént were then both
directed‘towards a liQuid nitrogen cooled surface (at -196°C or 77°K)

upon which they both condensed simﬁltanecusly.' The'entire.procéss was dae
at suéh loﬁbpreséufes that the possibilify of gas.phase reaction was.nil;;
.éq thét the reaction took place during or after the ‘condensation précess
-at the surface. - Since rapid cooling can take place on the cold surface,
secondary -or chain reaétions were réduced to a minimum, More will be

said about this type of reaction in the next section of this dissertation.

.
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The second method of radical production and reaction used in this work
was that of matrix photolysis. This method will also be elaborated on in

the next section of this dissertation.

B. Matrix Isolation Spectroscopy -
A Brief Description and History

Matrix isolation spectroscopy is a technique of trapping in a solid
and taking the spectrum of a molecule, usually a highly reactive species,
that under ﬁormal conditions would last only a fraction of a second in
the gas phase. It also aids in studying chemical and photolysis reéctions.
The technique consists of generating the one or more species under investi-
gation and directing a stream of them to impinge onto a transparent target
at low temperatures, while simultaneously codepositing on this target a
large excess of same inert material (such as krypton, xenon, or nitrogen)
introduced separately from a gas handling system. The entire procedure
is done at very low pressures and low flow rates of materials. The "matrix"
then formed can be investigated at one's leisure as long as the low tempera-
tures are maintained. By convention, the épecies "isolated" in this
way is called the "R" species (for "radical) while the gas in which it is

‘a host is called the "M" gasb(for "matrix"). The ratio which describes
the dilution of the R species in the matrix is then termed "M/R". A
description of the apparatus used is given in the experimental section of
this dissertation, while a more detailed explamation of the advantages and
usefulness of this technique is given in thé next section,

One of the first investigators to do extensive spectroscopic phos-
phorescent, fluorescent and absorption studies of molecules isolated in a
matrix was G. N. Lewis in the early 19)+O‘s.8 Various organic dyes and

radical-producing molecules were "frozen" out at low concentrations

o
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(M/R - 1000 tQHiO,OOd) in.mafriceé:that.ranged from boric acid or glucosé
at ambienf températures to a mixture of ether, isopéntané, and élcOhoi
(to prbducé a Elggggldsé ﬁbén freezing) at T9°K. His-me£hodfof producing
thése matrices was simply to dissolvevthe R species in the M solvent and
then quidkiy'coolffo solidificafioh{ 'Pho£01yées were performed at various
‘fféqueqqiesiin_an atﬁempf'té féfm.new,species, including radicals, ﬁhich
': ébuld‘ﬁhén be'obsérvéd in absorption.‘ Gradual warmip éxperinents, pro-
dﬁcihg difquion éf ﬁhe trapped R species, Wére also perfdfmed in an attempt
to obéér&e reactions of these species in the non-rigid solid medium. Photo-
:_diééociation, photo-ionizatién, and photo—oxidation Were observed by Lewis
in various matfices; |

Throughout the 1940's, much use was made of Low tempera ture (or, at
léast; low visdosity) mtrices for phésphoreScént studies. The low tem-
" peratures facilitated the radiationless relaxation‘of fhe excited singlet
'stafes to”tﬁe lowest lying triplet state (through intérnal conversion and
interéysfem crossing), which théh phosphorésced to the groﬁnd state.
'Thus, fluorescence from these singlet-states occurred to a lesser extent,
which removed confﬁsing light emissions. ‘The rapid.reléxatioﬂ:to the
lowest‘ﬁibrational levél of the triplet state cambined with the loss of
rotational stfucture for the phosphorescent transition made these phos-
phoreséent lines very narrow, and therefore_readily amenable»to theoretical
ahalyéis. _Despite the fact that'£h§ iow temperaturé solidbenvironment
promoted the radiationless intersystém crossing from the singlet to the
triplet, it actually hindered the relaiation of the lowest triplet state
to the groundisinglet'Stafe, tﬁereby increasing the'intensity and measured
lifetime of the triplet phosphorescent transition; This comes about be-

cause the solid enviromment prevents the diffusion of other molecules to
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the excited triplet that would tend to quench its excess energy through
mitual interactions.

However, few attempts were made to exploit the other benefits of matrix
isoiation in the 1940's. It was not till 1954 that Lewis's spectroscopic
absorption studies were expanded greatly by G. Porter and coworkers9 in
Engiand,:and coincidently by G. C. Pimentel and coworkers in America.lo

Using the same solution technique as Lewis, and irradiating various
materials suspended at M/R = 5000 in frozen hydrocarbon glasses at»86°K,
Porter was able to produce a whole hdst of radicals (C2H5, Cs, CI10 or C6H5)’
and observe their infra red and ultraviolet absorption spectra. Pimentel
was concerned with producing the R species'dutside the matrix by means
other than photolysis. In their initial paper, Porter and Norman suggested
the "possibility or using still lower temperatures and other solvents."

Perhaps taking up this suggestion, several investigators in the late
1950ts decided to try liquid.hydrogenvtemperatures and inert or unreactive
gases as the "solvent." For example, Becker and_Pimentelll isolated HPr,
HCN, HQO and other species in various inert gas matrices and noted the vary-
ving effects of such factors ad dilution and temperature of deposition on the
 infra red specéra and matrix shifts observed for these species. They re-
ported warmup and photolysis experiments in the matrix a year later.

This is when the modern matrix isolation technique was born. If differs

from the eariier techniques mentioned in that inste&d of freezing a hbmogenous
solution of M and R molecules, the M and R molecules are slowly and simul-
taneously sprayed onto a transparent cold surface for a period of time.

The R molecules used do not dissolve in a liquid rare gas and, in any event,
are at times high temperature species that can only be formed in the environ-
ment of a furnace, so the freezing of solutions is impossible here. Thus

the energetic species trapped can be produced outside the matrix by means

@
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‘. other»tﬁan photolysis. The'incoﬁpatibility of M end R is also a benefit,
since the iack of solobility of R in M_comes from the absence of any appte-.
ciable forces between the R molecules and rare gas atans,hﬁhich, inlturn*
means smaller complicating solvent effects in the spectroscopic properties
of the R molecules._ |

Todayva large body of scientific deta has already been accumulated on
thebmatrix phase of matter, ih such fields as infra red and ultraviolet
spectroscopy, epr and mmr spectroscopy, X-ray diffraction, conductivity
measurements, andvphosphorescence and fluorescence. It has been shown
that, in general, the enviromment of a matrix disturbs neither the struc-
ture nor the Vibrationai force constahts'of the suspended R molecules to
any.appreciable extent, and has all the advantages of Lewis;s and Porter's
:wofk, plus several others, some of which heve been outlined invthis sec-

~ tion, and most of which will be gone over in detail in the next section.

C. Vacuum Line Work

‘As early as 1912, Alfred Stock and his coworkelcs15 realized that in
order to handle and identify the volatile, highly reactive and air-gsensi-
_tite compounds formed from the action of acid on magnesium boride, Mng,_
a. completely new set of chemical.techniques would have to be invented.
Thus Stock developed the glass vacuum line and the many devices that cauld
be used in conjunction with it. By means of this system, he was able
to charecterize B2H6"BMH10’ B5H9, B5Hll’ B6HlO and Bloﬂlh' Today, vacuum
technology has reached a high degree of sophistication and vacuum line
vtechniques are_ﬁsed by many chemists.

A vacuum line is a System of interconnected glass and metal tubing,
with valves ahd iniet—outlet ports, in which a high_vacuum is mainteined,
osed'for the purpose of handling any material that is volatile near room

'
1
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. temperature (has a vapor pressure above 10 millitorr at room temperature).
The materials put.into the vacuum system never contact air Jr any other

gas (unless one wants them to)and only remain in contact with glass and

the stopcock materials (in Stock's work these were mercury valves). Trans-
ferral of chemicals in a vacuum line is based upon the fact that a gas ex-
pands into all the vdblume available to it and equalizes its pressure throﬁgh-
out thig volume. Thus a material condensed out at a low temperature in one
U-trap of the vacuum system can be transferred to a second U-trap in.the system
by simply allowing the first to warm while ¢ooling the second. The usual
coolant in vacuum line work is liquid nitrogen. Gases which do not con-
dense out at the temperatures of liguid nitrogen (7T K) are called "perma~
nent" gases and require special handling techniques in the vacuum line.

Very rarely were such gases handled in this work.

Materials in the gas phase at low pressures dc not flow from one spot
to another by the usual viscous flow conditions we:.are accustomed to at
atmospheric pressures. At low pressure the flow is ‘termed "molecular,"
because the‘molecules flow virtually independently of one another (there
are many more molecule-wall collisions than there are molecule-molecule
collisions per unit time). Under such flow conditions, the diameter of
the pumping line becomes critical in determining flow rates, and so the dia-
meter of the glass tubing used in this work was large (about 17 mm). See
Appendix B for the equations describing the filows, and the parameters they
depend upon, in both the viscous and molecular flow regions of pressure
and conducting tube diameter.

Various attachments can be placed on the vacuum system aid éonnected

via a stopcock so that the materials in the vacuum system can be taken off

inside these attachments for measurements of their properties by same

N
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external device. - in general, any operation that can Be performed in air
can be performed in the wvacuum system with.the‘one Stipulétion that the
materials used are volatile enough to be transferred around the vacuum
system. |
A vacﬁumlline, to be described in detail in thevexperimental séction,.

was utilized in this work because of the chemical characteristics of the

'~ materials produced.

D. Radicals Investigated

Since the carbenes have such a rich chemistry, it was first thought,
in this research, that the ihvestigation'of other divalent group IV species

might alsc prove fruitful. Consequently, the chemistry of GeH SiF2 and

o
GeF2 was examined. A thedretical description of the kinds of‘bonding and
sfability expected in these. species ﬁill be given in the "Results" section
of this dissertation.

All three of thesetspecieé are stable fo_some extent in the gas phase
duevto‘a-kinetic Earrier to their‘polymerization in this phase, but poly-
merize. reédily in the condensed_ﬁhése because their clése proximity to
other molecules of their kind in this phésé can Qvercohe that.kinetic
barrier., GeH2 and SiF2 pol&merrzé- irrevérsibly, but GeFe solid is order-
ed (into a series of parallel; F-bridged, polymer-like chainslh) and can
be reevapdrated with‘partial deéo@position to yield the monomer at»500°C
in the gas;l5 | |

Thé GeH2 radical has been hypothesized forvmany_years as the intere

mediate in the formation of GeH, and GeH polymers.l6 Much evidence, to be

2

‘presented in the "Results" section, suggests the transient existence
of dell, monomer or a highly unstable (GeHg)n (n=2 or 3) telomer under

[

certain experimental conditions, such as in the cracking of Ge Her

4
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Despite this evidence, and despite mich work done on the synthetic pro-

perties of GeH2, very little synthetic work ever done clearly suggested

the existence of a GeHg reactant, An exception is Timms et al., 7 who

passed a mixture of silanes and germanes through a furnace and produced
mixed silicon-germanium hydrides as well as higher germanes, but no higher
silanes, a set of reactions that can be explained throﬁgh the intermediacy

of a GeH2 radical.

In this work, an attempt was made to extract the GeH2 radical from the

f urnace in the pyrolysis of Ge2H6'and react it at a 77°K surface in a
cocondensation reaction, Difficulitdes aroge due primarily to the extreme

difficulty in reproducing the exact conditions for GeH, production, and to

2

the concurrent production of H2 gas in thils cracking which probably pre-

vented the GeH2 from reacting with other species before it decomposed by

itself. Though this cracking did produce some highly unstable material,
its composition remains a mystery.

SiFE, which is now a very well characterized gas phase species, was
first‘discovered in 1958 by D.C. Pease.l8 He passed SiFh over silicon

and silicon-containing materials at high temperafures and identified SiF2

in the effluent gases by chemical means -- through its reaction with halo-
gens and through the stoichiometric composition of the polymer obtained

upon condensation of the effluent gases. SiF2 has since been shown to

have an enormously rich chemistry in cocondensation reactions. Some examples

. . + . . . . + . .
are SlF2 CEHE-A HCCSlF281F2CHCH2, SlFE BF5-+ 812F5BF2, and

. . 19 .
F_+ H F F
Si 5 C6H6 - C6 6812.h' gi o

silicon dihalide with respect to.disproportionation to the element and the

is ‘the least thermodynamically stable

tetrahalide, yet it is the most (kinetically) stable silicon dihalide in
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v the»gasvphase With respect to dispropoftionation or polymeriéation. Its
'reactiVity is believed to coﬁe from the fact that siiicon in the tetravalent
state.isvmuch more stable than silicon in the divdlent state.

In this work,’SiFé was cocondensed with GeHu; Geﬁh was used és a.
réactant for two reasons: one, its low melting and boiliﬂg pointé'meant
bwthat it would take a long tiﬁe to become rigiabat the’77°K_surface affef
it strﬁck7this_$urface from the gés phase; thus creating a better chance
fér-a.cocondensation reaction to take placé, and two, suéh‘a cocondensa-

'ﬁioh feaction might lead to products confaining -SiFgGeHé- groups which

'might be better GeHé releasing agénts under pyrolysis than the germanes.

A reéctidh.was noted between the two cOmpounds; which éccgrfed evén when
GeHuvwas deposited on top of the cold siFe polymer. Thefefore, this reac-
tion wés probably dcc@rrihg, at least partialiy, during the warmup of the
coh@ensedVSOlid.. Sdme of the products forﬁed:and’their characterization

_ afe discussed in the "Results" section of this dissertation_énd in Appendix F.
GeF, ‘

2

be sublimed at 100°C and recondensed without decomposition. Above 160°C,

,'as mentioned before, exists as a well—defined solid which can

'therapor Will slowly decompose to GeFu and GeF polymérs._ ‘

In this work GeF, was produced by passing GeFu over Ge metal in a -
‘graphite fﬁrnaée at hOQdC. The speciés exiting from the fﬁrnace'were
‘ immédiatély.condensed_on a 776K surface with another compound. Though
GeFé was definitely being Prodgced, it was not obseryed to reéct with any
of the.sﬁecies_cocondensed with it to produce volatile compounds.

-CS was'produced by an electrical discharge through CS2 and formed

upon immediate condensation on'a_776K surface with CSE' A similar

5

0582

expeiiment to produce 0332 was performed in 1965 by Diallo,2 and the com-

pound 0582 itself was known as early as 1912.2)+
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Since the synthetic work on the divalent group IV species chosen
seemed to be relatively unproductive, a new line of investigation with
group V atoms was initiated. A study was made of the cracking of the -

newly discovered compound, PéFu.zo’El

By analogy with the NéFu-NF2
equilibrium,22 it would be expected that EéFh would dissociate into ITé
radicals under thermolysis.

In this work, pyrolysis of REFA has been shown to yleld two
different radicals, PF and PEa; through heterolytic and homolytic fission-
ing respectively of the P-P bond. Immediate condensation of these

radicals with the other species coming out of the furnace (PF, and EéFu)

. 3
on a 77°K surface produces the compounds PMF6 and a highly unstable fluoride
of phosphorus, most likely P5F5' Cocondensation of these radicals with
other compounds did produce new compounds, but they were all too unstable
to characterize, |

Matrix infrared and ultraviolet studies of the products of the PéFh

pyrolysis proved the existence of these radicals. It was also found that

EéFu could readily photolyze in the matrix to form PF5 and P5F5.

~n
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II., THEORY AND PRINCIPIES OF EXPERIMENTS

jA.ﬁcondénsation;and Cocondensat ion Reactions

i
'

A cocbndensatiohvreaction is é reaction befween a highly reactive
*chemiéal speciés and'one orvmdfe other reactants, taking plaée on a cold
;sﬁifééerwhile_these_species and reactants are condensing on it fram the
léw preésﬁre vapor. In order to understaﬁd the nafure of such a reaction,
an iﬁyestigation into the physiqal process of coﬁdensation is in order.
'In coﬁdensation from the gas phase to tﬂe iow_temperatufe solid, great
: quaﬁtitiés.cf heat energy, due to the heat capacity, the heat of condén-
sation. and the héat of reaction (if any)~of the cbndensiﬁg gases, must
“be released tQ fhe surface upon Which the condenéation’is taking place.
| Since the heat conduction and thgrmal grédients at the surface would be
finite, this release of energy takeé time, and ﬁhevquestion arises; what
‘is haﬁpeniné»to the molecules after they impinge on thé surface, but
‘ Wﬁile they sﬁill are in the process of lésihg'their éxcess gas phase
enérgy? A gfeat manj_quantitative, microscopie, kineﬁié- theories of
"physical condensation‘(or even adsorption) onto a solid surface from the
va'vépor (éuch as Walton's condensation model) suggest that during this
process an'intermediate state.of mtter exlats wherein surface migratiqn
“and &iffusion of thevcdhdenéing molecules occurs before final solidi-
‘, fication. A_simplified.diagrém showing what the process of condensation
mlght lock like on the molecular scale is shown in Fig. 1. It can be
seen that between the gas state and the solild state a thlrd state of
_matter can be said to ex1st.
Because of the evidence_that will be présénted, I proposevto invent a
new concept to Stgid far this non—equilibrium-étate that condensing matter

finds itself in before it solidifies completely: the "LLIT" (for "Liquid-
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Low Temperature Condensation

O

XBL 694-407

Fig. 1 Iow temperature condensation
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.like, Intermediate, Traﬁsitory?) state of matter. The LLIT staté is.
"intefmediateﬁ because it exists in between the gas'and-thé éolid phases,
in time. It is "transitory," since it only last several milliseconds, at
most. It is "liquid-like" because the condensing molecules roam across
‘the surface for'some timé as their energy is being takehvaway, and usually
‘have no crystalline order. In order to understand the nature of the con-
. densation process and hence a cocondensation resction, we mpst lock into

' the properties of this state.

v1. The "LLIT" State of Matter in the Condensaétion Process
The LLIT state of matter is that noﬁ—equilibrium state in which
. matter exisfs while it is in the process of condensing from.the vapor to
"~ the solid, at those temperatures'at which the condensation coefficient
approaches unity. The last stipulation is necessary in arder to specify
that: 1. We are dealing with molecular flow conditions for a cémpletely
éondensiblé gas passing t§ a cold surface; 2. No reflections of the
impinging molecules oécur, so that all molecules that strike'the surfacé
are'ultimately frozen out; 3. The surface iS‘cooled well beiowvthe triple
point of the gas, so that given the rates of the deposition invqived here,

the vapor pressure of the resulting solid can be considered negligible;

L. And thus, this is a non-equilibrium situation. When the condensation
coefficient is not unity, and/or when thé-sdlid has an appreciable vapor
pressure, the condensation procéss might be more éomplicatédﬂthan ih the
ILIIT state, nucleatién becominé an extremely important phenomenon.

'In.the LLIT state we have extremgly faét relaxation processes occurring,
of-all forms of energy, due to the strdng interactions that exist between
molecules in a condensed phase. As & matter of faét, no faster way of
relaxing such larger quantities of energy 1h.so smll a volume is posgible

(with the possible exception of some exotic method of superfluid He II

PRSAL TF DU
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Let us now reﬁiew some of the qualitative evidence that leads one to
hypothesize the exlstence of the LLIT state of matter.

One piece_of very direct evidence comes fram in Eiﬁﬁ electron micro-
scopy of surfaces -- $olids condénsing on surfaces inside of electron milcro-
scopes. This work is usually done on solids at such a temperature at
which the condensation coefficient is not unity, but nevertheless does
demonstrate long range migration of condensing molecules on surf&ces.25

By observing the crystallinity of the resulting solid fram a conden-
sation process tﬁat has continued for some time, one can arrive at inferences
of how that solid was built up. Crystallinity, or ordering, or the extent
of the microcrystals formed in the solid, can be measured in several ways,
two of which will be mentioned.hereu First, we have X-ray diffraction,
which gives powder patterns for a microcrystalline meterial, the half
width of whose lines is proportional to the degree of disordering in the
. 8solid; the more the ordering, the narrower the lines. Second, we have
méasufement of the heat given off upon warmup of the resulting solid to
its devitrification or annealing temperature, the more the heat given
off, the more disordered the solid was before the annealing.

Both these indicators show that when depositing solids from low
pressure vapors on very cold surfaces, the slower the deposition rate,

generally, the less the ordering in the resulting sofJ.id.26’27

This be-
havior is exactly the contrary of the process of crystal formation from
melts and solutions, where the slower the crystal formation rate, the
largér and more perfect the crystal formed. In the latter two cases, a
condition near dynamic equilibrium exists at slow deposition rates, such

that molecules are constantly adhering to the crystal and then are taken

away 1f they have not stabilized themselves in a perfect lattice point,
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this process repeating itself éé;iﬁiéﬁd“égain, as the.net.build’up-slowly
continues. But in the case of a gas condensiﬁg ouf on & surface at a
pressure'far from its'equilibiium value,.all mo;ecﬁles striking‘the surface
adhérevimmediately meh‘a one~molecu1e—at;aFtime adhering process could
never be duﬁlicated in a liquid or solutibn,'but”only occur in . a gas owing to
the "infinite" divisibility of thg.latterj. The explamation, then, of
vfhe‘increase of orderiﬁg fram high deposition rates,'must cane from some
fictor that allows a dynamic "equilibrium-like" situation to occur at the
‘surface in these caseé -- ie. the enhancement of the LLIT state of matter.
In other words the higher the deposition rate, the greater the émount of
heat beihg éiven up to the surface per unit time,vand so the higher the
‘surface temperatﬁre needed to accommodate this heat fiux;v Therefore, the
less immediate is the loss of kinetic energy of the_impinging mm1ecuies

ags they strike the warmer surface, thé lafger their sufface mobility and
migration lifetime.before they sqlidify, and the better their chances of
-finding a perfect lattice point to adhere to, ﬁromoting theirvordering
- into equilibrium crystalline arrays.

Simply the fact that éo many.matefials,véven inert gases, do not form
ambrphous materials (that is, a solid with one or more dislocations every
5 nm) ﬁﬁén deposited from the vapor at very low temperatures, sﬁggests
in itgelf that an'intefmediaté phase is allowing some time for condensing
gas'molecules to freeze out in an ordered arrangement. After all, the
cooling of a liqﬁid can not be accomplished neafly as qﬁickly asg tﬁat of
d gas in condensation, yet many liguids farm glasslike solids iﬁ golidi-
fication, while many gases form crystalline solids upon condensations.

Better evidence far the LLIT state comes when we include a small
amount of another,_highly reactive. material with the bulk of the main

,vapor condens ing. For instance, it has been shown through X-ray diffrac-
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tion thaty under otherwise identical deposition conditions pure argoﬁ
deposited at 4°K is distinctly less ordered than argon with a smell amount
of free radicals (such as N atams) added to it,z26 even though, in the
latter case, it would be expected that the inclusion of a foreign substance,
free radicals, in the lattice would increase the dislocation density and
hence the disordering, since they would not fit isomorphously into the argon
lattice. Indeed, admixture of foreign stable gases to the depositing
argon does increase the disordering in the solid at 4°K. It is believed
that the exothermic recambination reaction of free radicals produces their
ardering influence. Since once the radicals are solidified in the argon,
no further recombination ocecurs, it is quite evident that the only way
that a heat release of recombination could anneal the argon crystallizing
out i®8 for it to occur upon deposition, as the energy is liberated at the
surface in the LLIT state. The recombination of the radicals occurring in
the LLIT state prolongs the lifetime of, and "heats,” this state, so as to
allow a more uniform and ordered arrangement of the argon atoms before
total solidification. This effect is so strong that it overwhelms the
impurity broadening of the X-ray lines. As a matter of a fact, Peiser
states, "So effectively are atoms and molecules apparently knocked into
equilibrium-phase positions by the recombining radicals that serious
consideration should be given to this process for growing good crystals
at very low temperaturesf"26

Once we deposit these high M/R matrices at low temperatures, we not
mily can observe the extent of crystallization of the M gas, but also
the amount present and the degree of igolation of tﬁe R species, to find
out more about the process of condensgtion itself. From purely mathe-

28
matical congiderations, Jackson has shown that the typical maximum free
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radical concentrations that could Ee expebted'to exiét.in a solid mtrix
are qf the order of'iO to lm%'(this asswmes?®  l. a close-packed cénfigura-
tiqn in the solid; 2. fadicdls always combine at any'orientgtion if they
are.next to eaéh other; 3. only diatomics can form aftgr such a combina-
“tion occursé and 4, second and further nearest neighbor radicals do not
combihé). Yet act‘ual- nnximum concentrations a't‘tainable, as measured by
speétrdsdqﬁic‘means (replyiﬁg on gas phasé eXtinction cbeffiéients), are
ﬁsually in the range of O.l té I%; .Since we_knowvin ma, 1y cases that a
much iarger gmount than this e#iéts iﬁ the gas, a great deal of recombina-
' ﬁion must be taking place duriﬁg'cohdensation, presumably in the ﬁLIT state.
By'dbéerving the spectruﬁ.of trapped‘R molecules in a matrix, especially
in fhe inffared, We.can determine if they are well isolated in the result-
'ing solid; or if they have'begﬁ trapped oﬁt‘in the form‘of aggregates.
'In_the,former case, sharp lines corresponding to the fundémentals would-be 
‘observed; In the latter case,_broadened out lines would be‘obsgrved,‘as
well éé‘iines that would not.correspond to any monomer frequency at all.
These two indicators Qf-ﬁhe-degreé of isolation of R, fhen; can leéd us
to importanf concluéions about the condéngaﬁion_process.,
| For instaﬁce, Lerdi et al.%? found tﬁat'enorﬁously high M/R ratios
.(from 1000 to L000) were needed ﬁo isolate Cijell in ﬁhe matrix environ-
ment, yet similar behavior'is not noted fof many other materials. Most
klikely, Co mpiecules aggregate in the LLIT state befoie final solidifiQ
cation., High dilutions afé'then necegssry to keep the'Cd molecules from
 each other in the‘LLIT state before they solidiﬁy; after which they remain
isolated. | o
It hes been.shown.that_a ldwer rateﬁof depositlon of both M and R under

matrix isolation conditions can increasé’the isolation of R. A lower rate
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of deposition means a shorter-lived LLIT state, causing a decrease in
the probability that one R species will touch another in this state before
they solidify.

. Finally, some interesting effects with the condensing temperature of
the surface have been observed'.BO Using CClh ag the mtrix gas, and
various species at low concentrgtions added to it, it was observed that
condensation on liquid-nitrogen cooled targets gave poor lgolation of the:
dilute species. When liguid hydrogen was used as the coolant, much better
igsolation was obtained, but this time, upon warming the target above liquid
nitrogen temperatures, the isolation remained. Thus the level surface
temperatures.: in the first condensation must have been above those of the
target material itself (77°K),

The last piece of evidence I will offer here for the LLIT state of
matter occurs when the R species used 1s a simple, stable, volatile
compound, and the.deposition rates upon the low temperature surface are in-
creased to very large amounts. Up to a certain extent, this increase is
accompanied by poorer and poorer isolation of the R molecules involved,
as the LLIT state becomes longer and longer lived. But beyond a certain
rate of deposition, the degree of isolation of R goes up again, as measuredv
by the sharpness of its infrared fundamental modes. This was discovered
- by Dr. Mark Rochkind and was termed by him "pseudo matrix isola,tion."51
When gases containing a mixture of M and R are pulsed, at one atmosphere ‘
pressure, onto a cold target, the LLIT state that formsg is so high in
temperature it very well might be calied a liquid, not "liquid like! Under
these energetic conditions, two R molecules that collide have enough
energy to separate again; despite the forces of -attraction between

them, and so these R molecules remain homogeneously distributed throughout .
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the LLIT state until the pulse has subsided, cooling has set in, and the

~entire "solution" then freezes out solid. .. Notice that R need not be soluble
.in M, _Sovwe are not ,meally dealing with an‘i'éqmilibriwn solution here, and that ‘
’chis':liqp,id state producéd is Just an energetic extreme of the normal |
LLIT state formed under slower déposvition,; not something fundamentally

- different'-» from it.

2. Cocondensation Reactionsg

' The LLIT state of matter hos .great'} potentialities for_synthetic use-
fulness in radical reactions. These _réa.ctions usualiy ha;re l‘ittle or no
activation energy in.the condens.ed phase and so oan proceed at low tempera-
'tures, and involve the release of large amounts of energy after completlon,
Whlch muet be qulckly taken . away to prevent decomposfcion of the products
formed. Relaxation processes are possible in both the liquid and gaseous
state, but the LLIT state has the 'highest raté o"fv_relaxation of the three,
an'd.ther-efore'the best chancé" for sfab_ilizing an unstabie intermediate
1n such reactions. Here, .the. energy released from a chemicai ifeaction can
be taken -awayat a faster rate than the metastable spécies that are form-
ing from that reaction can distribute that erergy into tneir weak bonds }
to cause their breakage and hence the decomposition of that spectes.

‘We' can draw a crude analogy to & damjéed oscillator to 1llustrate, in
.principie, what might be occnr_ring in the LLIT state during a cocondensga -
tion reaction. In Fige 2 we see a hypothetical plot of_fhé total potential
energy of the triatomic system, A + B + C, as the dlstance between the
eqnidistént atoms is changed (we will assume the Born--Oppenheimer approxi-
mation as well as a continuous graddtion: of possible internuclear dis—
tances here). Let us also assume that two oompounds exist in this system,
AB, which is meﬁastable, and ABC, which has the lowest energy for the

three atom system. A + B + C initially have an electronic energy of
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Fig, 2 Hypothetical potential curve for
equidistant atoms A + B + C
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EI + EI A and C are approachlng atom B from elther side in the LLTT
state. In coming together, they pass through a sllghtly gtable AB + C
\coﬁbinatlon ‘(which could become even more “stable if A came closer to
" B than to C). If the quenching processes occurring can remove the excess
energy E (now in the form of kinetic energy) befoze point r = 1 is reached,
'AB'would be stablllzed with energy EO’ whlch could then be quilckly dissi-
pated. Even if the bump in the potential curve is passed over, the result-
ant ARC might be so energlzed that it would dissociate up the curve all
over agein, perhaps just to “the point Where AB 1s formed. Essentially,
this is what I propose is happening in the LLIT phase to produce the highly
uhstable compounds obserﬁcd. Needless to say, a much more coﬁplicated

set of réactions could be occurring in acfualﬂcocondensation reactions,
with the possibiliﬁy of the further reaction of the trapped unstable
intérmediates upon Warmp and puﬁp off of the solid matrix'at TT K.

‘_ Notice also that the rcactions taking place in the LLIT state could
giVe‘off heat which would prolong the exigtence of that state, allowing
étill further reactions to take place, as was the case ﬁith the recombi-
nation of the N atomsvmentioned above.

‘ In.cocondensation reactions, the radicals are produced Separately-
.fdomothe compounds that they are intended to react wit}iand‘in g different

' portion of the gystem from where the reaction takes place., Therefore, the
' energy source used (such as heat, microwave, etc.) to produce the radicals
will not be able to also affect. the reaction. Usually, we know from other
(spectroscopic) experiments exactly what radlcals are forming in the energy
source. used, so a clearer picture of the cheudcél reactions expected of
these radicals is possible, and the new compounds_idéntified in the final

pump out might be moﬁé readily expleined in terms of those reactions.
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The reactive species, once: formed, are then transferred iﬁ the gase-
ous state to the cold cocondeﬁsation surface, usually by é line of sight
path at low pressures to prevent their decomposition. For very stable
radicals, such as SiFe, such precautions are not necessary, nor are they
necessary for materials such ag N atoms whose high energy of recombination
can not be dissipated in the gas phame, and so which do not recombine very
readily in the gas phase. On the other lmnd, for very unstable species
such as SiClE, such precautions are a necessity for any reaction other
than polymerization to occur,jg and represent one of the few ways that
such materials can be chemically utilized at all, Indeed, the very fact
that SiCl2 (and SiBréji) do react as monomers in cocondensation reactions,
ag evidenced by the products ofvthese reactionsg proves fairly conclusively
that the initial reactions take place on the cold surface during conden-
sation, not in the solid upon warmup (where all the formerly free and
reactive SiCl2 would be in a polymerized form already).

Simultaneously, with the deposition of the radical, the reactant
(usually a stable, volatile canpound) is sprayed on the cold surface, and,
as both radical aﬁd reactant are condensing, the reaction takes place.

In the case of the formation of B4F6 (and presumably P5F5), both the
radical (PF and/or PFE) and the reactant (PF3 and/or PgFu) exit fram the
furnace together, but of course the principle is the same,

If very low pressures are usedy, few collisions will take place in
the gas phase and no reaction will occur there at all. The low pressure
also serves the function of allowing the radicals to be directed towards
the 77°K surface so that they never hit any intermediate temperature
surface along the way, which could cause polymerization, decomposition or

3l

back-reactions.. TFor instance, Staudinger and Kreis” in 1925 predicted
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that  superhe at ed sulfur vé.ﬁor R ‘upon condensation at low tempe retures , would
become & deep blue solid;'dué to the presence of S, units condensing from
the vapor."ExperimehtalLy, they heated sulfur vapor to a high temperature
in one end bf-a_tube, whose ot her end was {mmersed in liquid air. Only
'amorphoﬁs sulfur deposited in the cold end. But When Rice and Sparrc#55
repeated the experiment, ohly this time plécing a.cold fingér next to the
furﬁace ‘exit with pontinuous pumpiné, a'deep purple material did depoéit
-1 out. - The difference can be attributed to the fact that in Stéudinger's
'work, the 82 moleculeé probably fifst strick the glags surface where 1ts
'temperature was far from 77°K and where,consequently, the 32 polymerized
to SS readily, because of fhé reéctivity of S2vat these témperatures.

Some radicals uséd in this ﬁork would not react with other compounds
~at room témpe;ature invthe gas phase because of a kinetie barrier to
such reaction. In these cases, paradoxically,.the-cold, condensed phaée
‘pramotes reactions by bringing the molecules into close proximity with
one another, overcoming their repulsive kinétic barrier, and remoying_the
- energy of reaction fast enough to prevent decamposition of'thé products
back to the initial reactamts. Such is the case with SiF, and O,, which
do not react to form any volatile compound in the gas phase, even at.
jmgderafely high pressures (this Wa.s proven mess spectroscobicaliy); yet
nevertheless do form hexafluorodigiloxane, other volatile compounds,
and polymers>updn condensafion on a cold surface.36

As was mentioned before, in_ﬁhe LLIT staté at 77°K.surfaces,irelaxation
processes‘ére extremely rapid, and thevquenching of ali kinds of energy
- proceeds verynquickly. Beéause of this high'éuenbhing rate, a good chaﬁge _

exists to form and stabilize unstable intermediates in the solid at T7°K.

Since the LLIT reaction 1s over so soon, and takes place at such low tempera-
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tures, polymerization reactions, at least upon inifial condensation, are
very unlikely. |

An interesting example of the effect of rapid quenching is given by
the reaction of 02H2 with oxygen atoms. At ambient temperatures, a simple
oxidation takes place according to the following equation: CQH2 + 5 O*—>

H.O + 2vC02.57 But upon cocondensation of C and O atoms at 90°K, the

2 2t
reaction is much more complex, CHOCHO being a major product.58 And at
the greatest quenching rate and lowest temperatures attainable, in a
matrix environment at 20°K, 0 atoms (from photolyzed ﬁéo) will react with
C. H. to form ketene, HECCO, coming from a rearrangement of acetylene's

ez
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structure upon oxygen atom addition. Obviocusly, the energy liberated
in the O atom addition in the matrix can be removed by the environment
before further decamposition tekes place, but such 1s not the case at
higher témperatures in the sgo0lid nor in the gas.

The fact that unstable compounds, which readily decompose at room
temperatureland above, are often pumped off after the warmup of the
resulting solid from cocondensation, i1s further proof that the reactions
in question could not have taken place in the high energy input region or
in the.gas phase, where these unstable canpounds would have surely been
destroyed. Therefore the reactions must have taken place on the cold
surface. The question still remeinsy did these new compounds fo;m in the
LLIT phase upon deposition or in subsequent reactions upor. warmup of the
8olid after cocondensation was completed? In the case of very unstable
species (as was mentioned before) such as SiCl2 or carbon atomsg in the lS
state, we can be gure that the reaction toock place in the LLIT gtate, since

these species would not have lasted any longer than thet state would have.

But for other specles, thecanswer is not this simple.
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One fact that always rules out the reaction of trapped radlcals upon
marmup,a is that sometimes sequential condensation of first the radical
'and then the-reactant does not ultimately;lead to the same products obtained
from the:simultaneous'cocondensation.‘ This’phenomena can be explained
either in terms of & reaction in the LLIT state,which would only be effec-
.tive in the cocondensation, or otherwise, a surface barrier to the reac-
vtlon of the two solid bulk materials in the sequential condensation that
7'_breaks dovn when they are intimately mixed in the cocondensation.

_The latter hypothesis is quite untenable. First_of 8ll, impinging
fradioals have been known to penetrate solids deposited'out.at.77°Kho
and would be expected to diffuse quite readily upon warmup" and vapori- '
: nation__». Secondly,_ the rad_ioa.l and the reactant surfaces would be touching
. each other in the_sequentiallyvdepOSited matrix, gince no adsorbed layer
| >of impurity mould exist between their surfaces. Finally, the stabilizing
veffect of a crystalline lattice would not be of great importance with
the unannesaled, vitrified, microscrystalline materials forming here.
Thus;.When a"sequential condensation'does'not produce a product that simul-
- taneous cocondensation produces, 8 reaction in the LLIT state can be |
) »assumed | |
- An excellent'historical erample of~the failure to-recognize this_orucial'

point.concerns the reaction of:NH and benzene. Stewart hl in l9hQ cocon- :
,densed NH radicals and benzene on 8 -185 C surface and observed the forma-
tion of ‘aniline and p-phenylene diamine upon Warmup. -But when Rice,
,l‘in 1951, tried to repeat the experiment by_first condensing out -the NH

“in golid form and then condensing on top‘of it some benzene (all at low
'temperatures), he observed no formation of aniline whatsoever. He con-

cluded that his results differed from Stewart's in this respect, but in
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fact they did not. Rice Just dld not consider the possibllity of a cocon-
dengation reaction. |

Another observation that rules out the reaction of trapped radlcals
upon warmup asg the expdanation of all the resulting products from cocon-
densation reactions, is that the deposition rate of the two materials can
sometimes have a drastic effect on the amount of reaction observed. For
instance -, Skell and Engel&a found that in order to react 5? carbon atoms
deposited on the surface of neopentane at T7 K, with olefins, it was neces-
sary to blast the olefins onto the cold surface at an enormous rate, causing
momentary liquification of the neopentane substrate. It was only then that
the reaction proceeded.

Finally, it is sometimes observed that the physical properties of the
cocondensing reactant affect the yield of products greatly, which would
suggest that the physical process of condensetion had a great deal to do
with what sort of reactions resulted. For instance, 8kéll and Engel&h
cocondensed lS carbon atome with pentane, hexane, and a 50-50 mixture of
pentane and hexane. The melting polnt of hexane is 6.5°C, while the melt-
ing point of pentane is -93°C, and that of the mixture, around -100°C.

It was found that the lS carbon atoms reacted, by Inserting into the C-H
bonds, readily with pentane, almost not at all with hexane, and about

equal amounts with both the pentane and the hexane in the mlixture cocon-
densation. Since these two compouﬁds have falrly similar C-H bonds, the
difference in theilr reactivity must come from another source. That source
geems to be thelr different melting points, as evidenced by the mixture
cocondensation. Thus, in contrast to the pentane and the pentane-hexane
mixture cocondensation, the LLIT state in the case of pure hexane is extremely

shart-lived because of the tendency of hexane to solldify very rapidly
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afﬁer»gffikinébthé;surface,'and the carbon atoms have no time to react'.
withiit béfore'fhe hexaﬁe is in the éolid staté,-after'which,.presumably,
ﬁhey'beéome unreéctive towards it;-'

-Of coﬁrse hone of this means fhat_no reactions at all are occurring
during the.wafmup after a éocondehsatidn reaction.‘ On the contrary, the
véry‘fact.thét theiiﬁitial reactions have taken place in.the LLIT.state
.-vamatter means that highly‘unstéble'materials might have formed, which
would thén be exﬁected to decompose when raised in temperature. I be-
;ieve, fof instance, that P5F5 is fofmed in the P F) "cocondensation," but
vaporizes,raftef warmup and pump out, to condense and form only polymeric

' materials in the U-traps of the-vacuum.system.

B. Infrared and Ultraviolet Spectrdscogz

V_All’molécules absorb characteristic electromagnetic radiation.

In the infrared,_théée absbrptibns usually correspoﬁd to transitions
between the vibraﬁional levéls bf the various modes bf vibration that the
..mélecule:possesses. Using a simple ﬁechanical mpdel,.an.'infinite number
-of ‘frequencies (and amplitudes) of Vibration‘are possible for a mole-
-cule, but quantum mechanically it‘is found that only é»fewldiscrete modes
:of vibration of ény molecule are infraredvactive (called the "nbrmal modes") .
‘In the ultraviolet-ﬁisible'porfion'of the spectrum, the absorptions
_correépond to transitionsbbéﬁweén eleétronicyétates; which would have

_ differént electronic orbits and different’inﬁernuclear distances.‘ In
atdmic'épectra, these absorptions occur és,stroné, sharp, Well-separéted
vlines.b In the spéctra of“diatomics, the rotational-vibrational energy
ievels for each electronic state cause a series of bands of lines to
&ppear, numbering in the mény hundreds or thousands for each electronic:

- transition. However, in the matrix, rotation is stopped, and vibrational
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excitation in the ground electronic state is quenched to the lowest

level, so the full intensity of the absorption, for each electronic tran-
sition, goes into a regular series of fairiy sharp peaks corresponding

to each vibrational Zevel of the excited electronic state. In polyatomic
molecules, sevefal different modes of vibration are possible, thus spread-
ing out the intensity of any electronic absorption throughout these diffe-
rent modes. And since these transitions to different vibrational modes

in the excited state would overlap in the matrix, only one broad peak

would be observed for electronic transitions in these types of molecules.

1. Quantitative Spectroscopic Analysis, Oscillator
-Strength and the Linear Curve of Growth

When radiation passes throughba substance and is absorbed, several
terms are used to quantitatively describe the process according to cer-
tain laws of absorption. Given that Io = incident radiance of the radia-
tion, I = transmitted radiance, 1 = path length of the radiation, and
¢ = concentration of the absorber in that path length, we have ‘the Beer-
Lambert Law,

I = Ioe_klc (1)
where,k = constant and e = base of natural logarithms (2.71828---)
This law holds exactly for most gases at low pressures at any one parti-

cular wavelength, so that k is a function of frequency only.

The extinction coefficient, €, is defined as,
€ = (l/lc)log(Io/I) = 0.43h x (2)

and values of € are usuvally expresséd for the maximum peak heights in
electronic absorptions.

Transmittance, T, is defined as'the ratio of I/Io, and percent trans-
mittahce, %T, the value plotted directly by the infrared spectrophotometer

used in this work, is defined as 1001/10.
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Absorbance, A,'the value pibtted directly by the'uitravioletevisible
fecordihg spectfoPhotometér used in this work'(in.the'gas‘phase’absorp—
tion studies), is defined as:lbg(IO/I)(= log(lOO/%T)), and as éuch, |
is directly proportiopql'to‘the coﬁcentration of the absofbing species at
any one particular wavelength,‘if Beer'é Taw holds.

At first glance, one mighf believe that,abSorption spectroscopy
“would be én-ideal'toél for gas anaiysis, since the peak héights obtained
 would be proportional t5 thé amount of'matérial present. But the basic
point is that the radiancé of a beam‘of light éan never be meaéured at
exactly one frequency, but‘only across a band of frequeﬁcies, in order
tovhave a finite amount of light to measure. The slit width required
-forva particular spectrométér liﬁifsvthe.resolution of the absorption
spectrum obtaindble‘with fhat specfrometer. Thus, for infrared gas
' phase work, I = Ioe_k].‘C holds exactly for individual rotationgl tines,
or, more specifically, small frequency increments of individual rotational
lines. But rotational lines for most compounds are much finer thanjthe
best resolution obtainable from the instruments available. Therefdre;v
the "wide" slit used can never give a true line shape for each rotational
line;kbut only a form of "integrated" intensity over many rotatioml
. .linesa- |

This "integrated" intensity will fbllow equatioﬁ (1) only in the éo-
'célled ﬁlinear curve of growth" region of the % tranémittance,'where the
exponehtial of klg cloSely»eQuals 1 + klc for éach_individual rotational
line. Below a point of about 80% transmittance for the indiﬁidual.lines,
detailed‘a3sumptions aboﬁt,rOtational line shapes would have to be made
in order to obtain quantitative concentration data from the low resqutiom
absorption curve . These assumptions would become more and more diffi-
“cult to make as the % tfahsmittance.became smaller. Thus the'linéar curve
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of growth region of a gas phase absorption line sﬁectroscopically observed
is the only region in which absorbance vatios measured will correspond
to concentration ratios, with low resolution instruménts. Later on, it
will be shown that this is generally not the case for matrix absorption
lines due to the inherent broadening of these lines in the matrix.

The oscillator strength ot f-value of an electronic transition is
defined as the ratio of the quantum theoretical:and classical contri-

h5 The

butions of the transition in question to the refractivity (n-1).
f-value, as defined here, is proportional to the Einstein transition
probability of a transition (an)’ and hence is a measure of its absorp-
tion intensity. TFor each electron in a moleculé, the sum of f-values

of all its transitions to all its excited states equals one. Usually,
the Rydberg states, that is, the very high energy states which can be
viewed as a lone electron orbiting about a polynuclear core, have a very
.high intensity, so that the f-valﬁes of the other transitions in the

5

near ultraviolet are in the range of 10 - to lO—l. f-values can be
determined from absorption or emission.
An f-value calculation for the 260.6 nm gas phase absorption of Pth

h5. Avplot

is done in Appendix A, uming the equations given in Herzberg.
of A(w) from the ultraviolet machine is fhe primary data, and from this
plot we can obtain an- £ is then obtained by multiplying Bnn1by the
appropriate constunt.

In calculating an, we must calculate the integral, f(l -
over the entire absorption corresponding to the transition in question;
This integration must be carried out over each and every rotational compo-
nent of this absorption band. But, as was the case with conpentration

~—

measurements, complications arise here because of the relatively poor

e—2 .303A () Yoo
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resolution of the'instruments available, which is .nowheres near'enoagh‘

to separate the individual rotational lines. What iszaCtually_recorded,

is the eiﬁgle;;emeared oﬁt, "integfated"‘absorptioﬁ, ana the integral,‘

mentioned above,calculatedueing‘this:machine-generated.A(mj_is net the

samefas the integral ih}the-resolved case, which is really the sum of

the integrals over each rotational compenent. This difficulty is obviated

in the linear curve ef growth regiom where the absQrbance is small, for
:then the exponential e™ can be approximated by 1-x, and it can be shown

mathematically that the smeared out absorption integral of 1 - A(@)

will be close to the value of the eum of the'sepafatekfhtegrals of 1 - A(w)

Qvef egch resolved rotational line. Thus, in.the linear curve of gtowth
 region, both the height of the absorption can be used to measure con-

centration, and its area can be.used to measure f-values.

Though.the above. reasoning can apply,botﬁ to infrared and ultra-
violet absorption spectroscopy, quantitative values for relative concen-
trations were only obtained in the infrared in this work,With the excep-
tioh of gas phase ultravielet spectra taken'with the recofding spectro-

photometer;

2.' Normal Vibrational Modes in the Infrared

In the“infrafed, line absorptions are usually due to changes inbthe |
energy of a mclecule that correspond tob"Vibrational"cenergies aS'analyzed
quantum mechanically. Molecules invthe matrix de not rotate,"sq-rotational.
levelscaré‘not éuperposed on_vibfatidnal.Ieﬁelsfhere as they“areiin the
gs.
| In the matrix, the infrared transition observed is the v=0 to v=1 =
transition in the‘ground‘electronic state. Froquuahtum,mechanics, we

can show that each transition of this type will'correspond'to a classical
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normal mode of vibration for the molecule as a wholé.h6 The energy of
each of the vibrational tévels in a normal vibrational mode, given an
harmonic oscillator approximation (where there are only quadratic terms
in the potential energy) isy

E, = h"i("i+_1/2) (3)
where, V. = (3/2n)~Ji;; h = Planck's constant and v, = the vibrational
quantum number, 0,1,2,3... Thus, transitions where Av = 1 (the allowed
transitions in this case) will correspond to a frequency of the absorbed
photon that is equal to the classical vibrational ffequency. Assuming
a classical model of the molecule as a group of nuclei held together
along their "bonds" by weightless springs, this frequency, in turn, can
be related to the variocus presumed force constants in the molecule along
these bonds. In this basically classical analysis, the expression of
the potential energy of the molecule, which 1s to be related to the
vibrational energy transitions, 1s done in terms of displacement coordi-
mates for the nuciei of the molecule in a normal vibration; the éoﬁstants
of the expression being the force constants in question.

Unfortunately, the number of potential constants (or force constants)
thereby derived is usually far greater than the number of fundamental
frequencies observed for the molecules (at least those molecules for
which no isotopic data is known), so that the former can not be derived
from the latter. The next step, therefore, in obtaining these force con-
stants, is to make certain simpiifying assumptions as to how restoring
forces aoct in the molecule in order to reduce the number of potential
constants required to specify its motion in the normal modes of vibration.

If the molecule has symmetry, as does XY, this simplification can be aided

2

considerably.
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.In‘whatTfolloWS,-we‘will use certainvnomenClaturé, Wé.will assume
we have the‘mblecule XYé as depicted in Fig. 3,.with thé.Y—X-Y:angle being
2a.?.mk and my, stands for the masses of thé X and Y atomé, respectively.
“(in amu), and k is the symbol used for a force constant. The 1 and 2 sub-
,.égripts on ktstand_fbr the two X-Y bonds or the two Y:atoms, the % sub-
écript stands for the X atom or the Y-Y fbond;" and the o subscript étands.
»forvthé’angle befweén the two X-¥ bonds. Only harmonic forces will be
.considered (so that the potehﬁial energy will’be:expressed~in second order

terms of displacement coordinates). The value, A, 1is defined as,

oW EEx
n . n

where, ¢ = velocity of lighﬁ in vacuo,.vh = frequehéy of the normal
vyibfatidn'in Kaisers‘(yi = symmetric stretch_,i\)2 = bend_andy5 = anti-
uSymmétric sfretch), and K = mass conversion factor from amu to grams |

' .(1.660é8 X 10_2LL gm/amﬁ), This exﬁression comes to, xﬁ3= 0;058091 X vng.

X

Y Y
Fig; 3 The XY, moleéule
v'The"aSSuﬁption of central forces is that fbrces act oﬁly between
: atoﬁs (bdnded or'non-bonaed) in & molecule on & line joining their centers.
This.ié equivalent to assuming that the potential energj has no créss

terms in it -- that it is a pﬁre Quadrétic function of the displacement
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coordinates between the nuclei. For XYé, in Fig. 3, we may assume Just
two central force potential parameters, since two of the bonds would be

identical, kl and k3° The formulas derivecfth'6 are,
ny = {1+ (2my/my)sine) (i /m,) (5)

MoEN = 2k /mp (i /m ) (1 (2my/my) cos” @) (6)
and , o
AN, = 2(1 + 2mg/m) cos™ar (klk5/mY2) (1)

© Instead of central forces, we can have the assumption of the so-
called "valence forces". In this assumption, a restoring force exists
only between those atoms that are bonded in the moleculé, as well as be-
- tween any two valence bonds joined to the same atom in terms of the angle
between them being displaced from its equilibrium value. The formulas

. b6
derived = are,

M othy = (1+ (emy/my) cos%)(ky/my) + (2/m)(1 + (omy/m )sino) (k,/1%)

(8)
A = (1 (emy/m)sin o) (i, fmy) (9)

and,

by = 21+ 2m/m) (e /m ) (/1) (10)

Here, 1 is the length of the XfY bond, and the force constants
associated with the restoring force on the angle are given in terms of
it to keep their units the same as the other force constants.

Valence bond coordinates yielding the above eqrations give good
agreement with the normal frequencies of many XY2 molecules.”

2
This agreement is measured by calculating k., and ka/l using the first

1

two of the'above equations and then substituting them into the third

equation to check the agreement in 1it.
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‘We;can alsg introduce an additional force acting on one Y atom. when
the‘distancé'of.the other Y atom from X is changed, into the valence

- force system, to produce a complex valence force set of equations-as

f‘oj.IbLows‘,u6 p
.Kl‘+ Ny = (l-ﬁ(EmY/mX)cosga)((kl+k12)/mY) 1)
+2(1+ (2mY/mX)sin2a)(ka/mY12_) |
g = (1 + (my/my)sinCon) (- /) (12)
and, , . : » -
- 2(L2my /) ((iy ey ) /)iy /1) (13)

'

M
There is a yet more generalized valence force system which includes
cross terms in bofh.the linear bond‘stfetching and aﬁgle, bond stretching

;-ihteractions. The expression for the potential energy in this system is,

= 1/2 K (A1) 2 +'Al 2) + 1/2 k (M')g

(1)
+ klgAllAlQ + ko (Al + Al ) e
and the formulas derivecll\L7 are, ’
Mo+ g = (14 (emy/m)eos ) ( (i +kp, ) /my)
. : o ' (15)

+ (e/mY)(1+§emy/mx)sin2a)(ka/12) ] (kld/1>((8'sin o cos a)/m)

- (1 + (eny/m )t (k5 ) /) 8
and, | |

A = (2 + by )P Oy )27 = 20/10° 1 ()

In this system of coordinates, we haveone more force constant than

frequeney, so an added condition must be included to determine all the
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force constants uniquely. According to Linnett and Heath, the best
value for these constants will have a low value for the bending constant,
51/12. Thus, the minimization of this constanf can be considered to be
the fourth condition, if no isotopic data &are available.

Another means to rémove this fourth condition is by extra=
polating a known stretching force constant for the X-Y bond from another
molecule to the one in question, and substituting this value into the
abo?e expressions.

The v=0 to v=1 transition gave the frequencies substituted into the
above expressions in this work. Since all molecules are anharmonic
oscillators, to some extent, better values for the force constants
would have been obtained if the hypothetical zero-order frequencies were
used. These frequehcies come from an analysis of several vibrational
levels and more closely approximate the harmonic oscillator frequencies
that would be compatible with the harmonic force assumption in all of the

above expressions.

3. Point Group Symmetry, the Normal Modes:and Site Symmetry

If a molecule has n atoms, it will mve 3n degrees of freedom,
6 of which (for threezdimensional molecules) will correspond to trans-
lational and rotational movements, and the remainder. to vibrational
movements (the normal modes). The question arises what effect will the
symmetry of a molecule have on the kind of normal modes of vibration
these 3n-6 degrees of freedom will correspond to (especially, what
effect in the infrared absorption spectrum)?

The symmetry of a molecule is defined by the numbers and kinds.of
symmetry operations that can be performed on it while returning it to a

configuration identical in every respect with the oyiginal one it had.
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All moleculesvéén bé ciéssified, éccordihg‘to these»symmétry'operations
1they possess, into classes knoﬁn as "point‘groups." The following.'
‘method is used tolbbtain fhe symmetry of a‘molecule's normal &ibrations
givén ﬁhe point‘group it belongs to and its molecular'structufe. See

, Cottonl’L8 and Davydovu9-for the-details.

We can describe each of the symmetry operations_that'can be per-
formed on a molecule in a ceftain point group by a 3n X 3n matrix. We
form this matrix_by setting up three cartesian coordinate vectors on
éach étbm of the-ﬁolecule, with each atom at the respective point of |
origin of each of these sets of three vectors, and then expressing the
effect of a'single syﬁmetry operation on each vector in terms of a linear
éum of the 3n original vectors, writing the coefficients of these 3n
sums in a 3n X 3n matrix.

The grbup of h traces of eacﬁ.matrix (for eaéh symmetry operation),
vwheré h is ﬁhe_number of symmetry operatidns for the molecule, forms
a feducible representation of the symmetry of all the molecular movéments
of the moleCuie in its normal modes. This reducible representationxcan
v thén be reduced to the irreducible représentations that correspond to the
symﬁetrieé.of each of the mbleéular motions of the mbleéule, and which be-
loﬁg td the point group_the molecule belongs to. Eliminéting those repre-
sentations that have symmetriés that apply to rotation and trénSlation of
the molecule as a whole, we afe left with the symmetriés of the normal
modes of vibration in terms of the irreducible representations of the
point group.

When we say that a normal vibration is of a symmetry type A, where
A is an irréducible representation in a point group, we are éaying that
‘the normad vibration is a linear combination of syrmetry modes of vibra-

tion which transform according to A, not necessarily that the normal



IV

vibrational displacements themselves transform like A. By now looking up
the irreducible representations. corresponding-to the normal vibrat ions,
in the character tables under the point group in question, we can deter-
mine which normal vibrations are infrared (and/or Raman) active (infra-
red active modes transform as first powers of x, y or z, so that the
transition moment integral of the transition is non-zero for dipole
radiation), and the degeneracy of each normal mode (the dimensionality

of the representation gives the degeneracy of the normal mode correspond-
ing to it, where A and B representations are 1 dimensional, E are 2
dimensional, and T types are 3 dimensional).

For the isolated molecule, therefore, its symmetry will determine
the selection rules for its vibrational energy transitions and. the de-
generacies that might be associated with any of these transitions. Once
such a molecule is placed in the enviromment of a solid, however, as in
the ease of matrix isolation, the point group symmetry of the site as
determined by the symmetry of the neighboring M atoms, the sorcalled
"site symmetry", need not share the symmetry elements that the molecule

possesses. If it lacks certain symmetry elements relative to the molecule,

1"

that is, if it is an "asymmetric site," it can effectively reduce the
symmetry of the molecule as far as its selection rules and degeneracies
are concerned. Setection rules will break down and degeneracies will be
split into their components to the degree to which an interaction takes
place between the atoms of the site and the molecule in it. For inetance,
a vibration may be inactive in the high symmetry of the isolated mole-
cule, yet become active, to some extent, in the lower symmetry that a
mgtrix site might produce (as in the case of 82, ment ioned on page 59)-

Or, a vibration that has an E representation and therefore is doubly

degenerate, could be split in a site symmetry that had no representa-
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tion. of order greater than one, thus indicating that it corresponded to
an E mode of vibration, something the gas phase spectrum coild not tell ‘
‘us.

C. " Thermodynamics

‘Thermodynamicsvhas been called a teléologicél science, since it is
a science that purpoits‘to exblain the behavior of matter, which is com-
posed of molecules, yet does not delvé.iﬁﬁo the nature of individual
molecules themseives,_but only deals with the endveffects of many billicns
of molecules on a maéroscopic scale; In ordervto_understand the energy
chénges’going on in transformations of nﬁtter, thermodynamics postulates
certain variables that can be given definite values for an equilibrated,
' macrdécopic system, among them "state functions", which are always a
. single cbnstant for a syéﬁém under certain conditions, no mtter what
pafh ﬁas used to get to that.system undef those conditions. The two
most.elemehtary state functions are E, the internal energy, and H,
the enthalpy.' These ﬁerms are defined in any thermodynamic textboék.
Anoﬁher very important.state function is entropy, S. Entrdpy is a.
measure of the number of quantized energy levels possible for a system
as a whole at a certain temperature. For a gas, it is a measure 6f'the
bnumber of ‘quantized ehergy levels for the indi&idual mélecules it con-
vtéins, weighted fo the lower-lying'levelé. Entropy is said to Be an
indicator of the "disorder'of a system, the nﬁmber of ways the molecules
can afrange themselves into_véribﬁs energy'levéls,.énd still have the
'same energy and temperature., If twp states of a system have the sane.
enthalpy,‘but one of them has many more microscopic ways of being than:_
.the cher, theﬁ this state will be more probable fhan the other and have

a higher entropy.
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Another factor determining the relative probability of different
macroscopic states of a system is their total energies (in terms of H).

The higher this energy, the less probable it will be that the system

S

will rearrange by taking up extra energy to reach this level. The two
factors determining the likelihood of any one state can be combined into
one factor,'the free energy, F.

The free energy state function is set equal to H - T8, and for an
isothermal change in a system,

| AF = AH - TAS (18)

The free energy change for a reaction, which varies with the con-
centrations of the rgactants and products, among other things, gives us
a measure of the driving force on the reaction for an isothermal system
(the more negative it is, the greater the driving force). AF; for a
reaction is defined as the free energy'change'when one mole of reactants,
in their standard states, go to one mole of products, in their standard

states, at the temperature T. Through thermodynamics, we can show that,

° . _RT InK
AFg, nk (19)

where,Kp is the equilibrium constant for the reaction expressed as a

50

product of pressures (in atmospheres) of the species involved. One
must always remember that this standard state molar free energy change
is not the free energy change of the reaction in general.
Becguse of the great number of molecules present in any macroscopic
system, and because of their constant state of motion and interaction, .
probabilistic considerations can be applied to these molecular motions
and intefactions to obtain a connection between their net effect for

the system as a whole and the thermodynamic variables describing

the system. This application is called "statistical thermodynamics,”
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of the'moleculeSICOmpOSing the gas.
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and connects ordinary thermodynamics with'the molecular level, with which
it must be consistent.v_Kncwing_the'quantum mechanical nature of matter

on a'leééular level, and usiﬁg-thevformulas of statistical thermodynamics,

one can derive certain formulas expressing the state functions of: macro-

 scopic ideal gases in terms of several different microscopic properties

50

‘These formulas could then be used

‘<.td‘estimate or determine the thermodynamic functions for gases from esti-

mated or determined microscopic properties of the molecules camposing
them.
The various motions of the molecules of a gas; as well as the con-

tributions of these motions to thé entropy and enthalpy content of the gas,

can be divided into three components to a very good approximation: trans-

lation; rotation and vibration. The following formulas havé been derived

. fof fhese three contributions to the third law entropy of a gas, as

~shown in reference 50.

. For the translational entropy,_sér, we'have,>

Sy - (2.305%/2)X(5 logtlogT) - 2.315 cal/deg riole  (20)

'VWhere, R = universal gas constant, M = molecular weight of the molecule

and'T:='temperature.z.

- For the rotational entropy, S;ot’ we have,

s, = RI[1/2 1n(Dx10"17) + 3/2.1nT - 1no) -0.033 cal/deg mole (21) -

where,D = product of the principal moments of inetrtia of'the:molecule.

‘(D =IIT =III -2I T I -TI1 2 -II -1IT v2) and o is
» abc X'y z Xy ¥z Xz, X yz ¥ X2z Z Xy
';the rotational symmetry factor. '
. . o ) o ‘ o '
Fgr the vibrational entropy, Svib’ we have Svib = i Svibu’ whe?eg
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<. - R [ u - 1n(1-e.'u)':| cal/deg (22)

v1bu (eu—l) -
where, u = 1.4387 (v/T) and v = one of the normal vibrational frequencies
of the molecule.

For the difference in the enthalpy content of a gas at T°K from

its enthalpy content at 298°K, we have,

I = 5/2 R(T-298) cal (23)

tr tr298

Hop - H}ot298 = 3%/2 R(T-298) cal (24)
u u

B - B - RT L 2 cal

vib  vibogg [(e“l-l) (eUQ;l)]

(25)
where, ul is the value of u at T and u, is the value of u at 298°K
(u is as defined above).
A1l these preceding formula ( (20) through (25) ) have been programmed
into the computer program "ECOM", listed in Appendix D, whose output will

be used in chapter S of section IV.

D. Matrix Isolation Spectroscopy

One of the most importamt experimental todls used in this research
was matrix isolation spectroscopy. The experimental technique was described
briefly on page 8 of this dissertation, and will be described more thoroughly
- on page 82. |

1. The Advantages of Low Temperatures

Matrix isolation spectroscopy is especially useful when studying
highly reactive, transient molecular species or fragments. Usually,
such materials are formed using large amounts of energy input, resulting

in highly excited gaseous molecules which tend to have very camplicated
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abSorbtionbépectre, éﬁing toathe many-vibrational and electronie states
they are distributedtthroughout Indeed, many 1mportant gas phase species,
-such as Ca0, have not had their ground states deflnltlvely determined as
k of yet. Furthermore, a large amount of Doppler broadenlng can occur et
“high temperetures. But under metrix conditions, rapid relaxation to the
ground'electronic and vibrational ievels occurs,'while maintaining iso-
flatlon of tue sée01es under 1nvest1gatlon.‘ In absorption'spectroscopy,
_thls means that only v"—O transitions will be observed. 1In ultraviolet
fluorescence spectroscopy, the fact that the matrix phase is a low tempera-
.ture solid means.that the.quenching'time of the excited vibrational levels
- of the er01ted states produced via irradiation in the matrlx, mlght be
ushorter than the lifetime of these electronlc states themselves, so that
- ufluorescence can often. occur exclus1vely from the v'=0 level of the
excited state. This greatly simplifies the observed spectrum, eliminating
N :confusing arreys of light emissions from many_different states. And of
course, iuvthe low tem@erature solid, Doppler broadening is eliminated.
.The inertness of the M atoms combined. with the_ldw.temperatures
eméloyed chemically stabilizeveoecies for long periods of time, especially
’through the abeence of diffusion at these temperatures which keeps the
‘Ctrapbed R.species isolated for a period of.time. This Stabilizatdoﬁ is
ideal for Observing highly reaotive'materiels that usually require such
complex.and,sophistiCated techniques as steedy-stete,.phase shift or rapid

scan spectroscopy, to be observed in the gas phase before they disappear.



2. Narrowing and Broadening of Absorption Lines

In gas phase spectra, even at low temperatures, bands usually extend
over an appreciable range of frequency because.of the many rotational
levels possible for each state involved. Structure, such as P, Q, and R
branches, are often observed. But rotation is stopped in a matrix. For
infrared  spectroscopy, this usually means that only one strong, sharp
feature will be observed for each vibrational fundamental, and resolutibn
of accidentally degenerate peaks becomes feasible. In ultraviolet spec-
troscopy, if splitting of excited states with different total angular
momentum does not occur, a similar narréwihg is noted for electronic levels.
The disadvantage of this narrowing is that rotational analyses cannot be
performed,'and that parallel and perpendicular absorptions cannot be
distinguished from one another. Actually, some investigators have hypo-
thesized restricted rotation or libration of species trapped in the matrix
to explain eertéain spectral features observed, especially the existence
of multiple lines, the broadening of lines, and the relative values of

oL Mostly, only small molecules, such as SiH,,

g” and gL in epr spectra.
CHL or other hydrogen-containing species, have been postulated to librate.
In this work, no evidence for rotation of the phosphorus-fluorine species
trapped in the matrix was observed.

The narrowing of absorption lines in the infrared in.the matrix.
environment_has practical importance in separating the vibrational modes
of fragmentary species from similar modes of the parent compound. For
instance, let us iook into the case of the NH species. When the products
of HN3 passed through & 8ilent.electrical 'didcharge -are quickly condensed

on a T7°K surface, a paramagnetié; blue :solid s Porméd. 2. Mador and Williams'~

performed the experiment with both a 77°K and 4°K transparent surface and
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reportéd that all ‘infrared, absorption bands could be attfibuted‘td HN3
»and NHﬁNg (the usual materials formed on warmup). A year iétey Dows et
‘,“a1;5u using conditions of depbsition that improved resolutibn, reported
ji_nfrar_ed bands assigned to (NH)2 and (NH)#. Finally, in 1957, Becker
‘_et_al.lg’were able to resolve thg NH stretch from the overlapping HN.

_ )
~and NHMNE bands by matrix isolation of the products of discharged HN3.
This advantage of matrix isolation was used in this‘work'to”resolve the
phosphorus-fluorine stretches in the 800-900 K" région of the infrared

of the following compounds : 'PF, PF, 5 ETB

Of course, in the pure solid R material at lqw temperatures we also

and EéFu.

have‘rélaxation to low energies, the ébsenge of diffusion, and the -quench-
ing of réﬁation; iBut,in generéi,-intermolecular.intefactions between like
mbledules iri a pure solid (or liquid, or high pressure gas) have two .
undeéiréble effects, which are reduced to a minimum in the matrix en-
'Virénmént.’.First, there is the possibility of chemical '1n-terac’cions,~ such
as that Which would occur in ' the recbmbination of twb doublet species.
Secohdly, a total wave function for a system of two orbmorevidentical
_particles1in close préximity haé certain'quahtum mechanicalvsymﬁetry're-
quiremenﬁs impfessed on it which lead to draétic_changes in this wave?_
.fungtion (from a simpléﬂproduct of individual wave functions to a déterf
~minant of Wave.functions) and hence in the common energy levels of the
© two or more particles involved. And slight changes in the separation

or interaction between.these identical-particies will change this qudnﬁum
mechénical "resonance" effect greatly., Thus, the net effect will be a
large amount of broadening (as well as shifting) of the energy levels
B of' these particles, muchllérgef than for the same species isolated in the

matrix, with inert gas atoms surrounding it.
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However, due to such factors as multiple sites, vibronig coupling
with the phonons (the quantized lattice vibrations) of the solid, long
range R-R interactions and libration, all of which give rise to a spectrum
of differing interactions between the trapped R species and the matrix
cage, therestill exists some broadening of lines in the matrix environ-
ment. And it is this small amount of broadening that gives an unexpected
bonus to matrix spectroscopy, as it may allow quantitative concentration
measurements from peak heights beyond the linear curve of growth region
of absorbance. As was pointed out on page 35 of this dissertation, the-
individual rotational components of a gas phase band are much too fine
to be resolved by the infrared spectrometers in use, and therefore both
peak heights and areas recorded are those of the smeared-out, "integrated"
rotational lines over a comparatively wide glit resolution. Since the
formulas for radiance only hold for each individual rotétional line, the
peaks of the wide slit spectrum do not obey these formulas beyond the
liﬂear curve of growth region. All this changes in matrix isolation
spectroscopy. Here the true line shape is obtained at a slit opening
of 0.2-1.0 K, which is obtainable with the instruments used, and so the

maximum peak height should obey‘Beer's Law intensity equation, I = Ioe_kco

v

Therefore, accurate measurements of absorbance ratios may be accomplished
forvmatrix—isolated species by the simple measuring of peak heights, even
at absofbances far from the linear curve of growth.55

A very important method of narrowing matrix lines is through recourse
to higher M/R values. At some value, the concentration of the R species
in the condensing vapors will be so small that its rate of diffusion in the

LLIT state will be unable to bring an appreciable number of R specieé

together before solidification occurs ,thereby eliminating R-R ihteractions.
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The ability to vary the M/R ratio over a wide range’could'be dséd.to quan-
titatively study the interaction or chemical reaction‘of'various species in

the matrix enviromment.

3. Matrix Shifts

| One of the more theoretically intefesting éspects of the effects of
matrix isolation on the spectrum of the moléCule isolated, matrix shifts,
canvélso be of great practical valﬁe.:

 The fréquenéies of absorptions of moléquies in the matrii are always
shifted from their gas phaSe'values,.unleSs two oppdsitely directed effects
aécidentally céhcel out. These shiftsvhave various causes. In the infra-

: ‘red,'fbr stretches_and‘other high frequency ﬁodes qf vibration, the
"gielectric shift" is of paramount importanbe. 'This'red shift is.céuséd by
van der Waals attracfive fbrges»between ﬁhe M atéms and fhe atoms of the
'R molecule that are moving in the normal wibration under consideration.
This‘atfracﬂive forcé varies as l/r7, and.in the excited vibrational state,
the_vibrétional motion takes'the atoms of R a iittle nearer to the surround-
v;ihg M atdms‘Where.fhis attractive force will Be more powerful than invthe
gréund vibrationai state, thus lowering the energy.bf the excited ;fate‘mofe
_ than the grouﬁd state{_ fhis van der Waalé.fbfcé can‘be viewéd.as-an v
. "instantaneous poiarizability" or "induced-dipble; induded-dipole" fofce,v
, ﬁhat causes a shift due to changes in the distances fromvone'another'of
thé eléctronic syétems in&élved, hot‘theif polarizabilities.

The dielectric effect exists for lower frequency motions su¢h aé bends_.
and torsioné;as well, bﬁt in those cases, where 1érge_amplitudé vibra-
tional ﬁotionsvafeiinvblvéd,'repuiSive_"anti—éxchangeﬁ interactions come
into play, as the electron clouds of thé M and R moléguies' atoms get

very close to éach other. vThis raises the energy of the excited vibrational
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state and produces a blue shift in the infrared. absorption frequencies.
The extenf of these two shifts depends largely on the type ofimdtion in-
volved in the vibrational mode as well as the geometrical compatibility
of M and R molecules, Usually, the larger diameter inert gases will
produce a larger red shift due to their increased polarizability (which
increases the van der Waals attractibn) and their increased distance
from the R molecules (which reduces the repulsive forces).

The actual shifts noted can sometimes give us useful information.
For instance, Pimentel56 has ascribed the anomalous 25 K blue shift of
the symmetrical bending mode of NHB at 975 K in an Né matrix to the in-
version of the NHB structure accompanying this bending.

In the ultraviolet absorption spectrum, the main shifts also come
from polarizability or van der Waals interactions, causing unequal negative
energy perturbations in the ground and excited states of the R molecule,
The red shift noted in the matrix enviromment for most molecules, is due
to the greater polarizability of their excited states versus their ground
states, which is due to the facts ket electrons are less tightly held
in excited states and that nuclear distances usually are larger in these
states., This polarizability difference far outweighs any changes in van
der Waals forces generated in the excited state due to changes in the
distances between M and R. The more polarizable the inert gas surrounding
the isoldted R molecules, the greater the red shift, so the red shifts
here, as in the infrared, inciease as we go from argon to xenon.

There also exists a blue shift in ultraviolet spectroscopy, which
is manifested much more in atomic than molecular spectra, due to the fact
that the polarizability of atoms is about equal in their ground and ex-

cited states. This shift is caused by the increased radius of the
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»electronic'VOlume in the ekcitedvstate versus the ground state, causing'
van increasevin the M—R-repulsive interaction in the excited state. Here
again, as in the Linfraredg‘the larger diameter inert gases prodﬁce the
least blue shift,'for they are the ones that provide the largest cavity
for the R moleeule to be trapped in (in monosubstituted sites), and.so
“allow the greatest amount of outer electron ohﬁital expansionvwith the

‘ 1east.repulsion. | |

This blue shift becomes very apparent fbr ali types of R.species
trapped in the matrix for highly ex01ted vibrational levels of electronic
vstates. In effect the potential well in which the atoms of the R mole~
cule fina themselves, is steeper in the matrix environment.

Matrix shifts in matrices Other than'inert.gases can sometimes be
very different than the above, due to bonding effects or energy transfer
between M and R. No such matrices were used in this work.

Matrlx shifts have the dlsadvantage of displa01ng frequen01es from
btheir'gas-phase values. Nevertheless, this shifting can be quite useful
in-other respects. As was mentioned, the amount and -direction of the
shifts sometimes can give as information as.tovthe.trapped species and.
_its.environment, especially when trends are set up. Farthermore, using
_variousiM gases.for isolation.oan serve the function of removing aceidehtal
degeneracies, sinoe'the_relative:shifts of two lines can be different'in

two different matrices.

L, Photolys1s and Diffusion Experiments

Many molecules have been dissociated into two or more fragment radicals
‘upon photolysis in the matrix. At the time of the radical formation, large
looai'energies exist which can cause momentary diffusion of the species

’formed,,thus separating'each of them in an inert cage and making geminateée-
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recombination impossible. If a secbnd R molecule is added to the matrix,
the radicals formed upon photolysis can diffuse to it to initiate a reac-
tion. Because of the high relaxation rates under such conditions, secondary
photolytic reactions, beyond fragmentation and initial reaction of frag-
ments, are usually stopped, so that the primary process can be examined

in more detail, Also, an isolated molecule in the solid has a much better
chance of fissioning into cbnstituent radicals upon photon absorption than
one in a solid enviromment of many similar molecules, which could react

with the fragments formed.

Diffusion is virtually non-existent at 20°K in the solid for most
materials, and indeed, it is this property which allows the isolation of
highly reactive materials in the matrix environment. But warmup, after
deposition is complete, can allow contreilled diffusion to take place,
which could lead to chemical reactions whose intermediates could be
stabilized and spectroscopically identified. This matrix reaction could
then be cémpared with the analogous cocondensation reaction at 77°K.

Using this method, relative rates of low energy of activation reac-
tions can be measured in the matrix environment. Furthermore, such
diffusion can be used to anneal the M gas, tending to reduce the number
of dislocations and other high energy defects in the solid structure,
thereby creating a greater uniformity of sites and narrowing the absorp-

tion lines.

5. The Matrix Phase

The formation of the matrix phase, as with all solids condensed out
from the vapor, must go through the LLIT state of matter. What happens
in this state, therefore, determines, to a large extent, the nature of

the built up solid.
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" As T have noted; incfeasing the M/R ratié will decrease the chances 
for two_ﬁ molecules tq pass near eéch othef in the LLIT state and freeze
ouf'togéther,'thus reducing'broadening of lines and complicafion éf the
spectrum dué to aggregate peaks. Deposition rate also affects the LLIT
'state; fThé'higher this rate, the 1onger'thebLLIT staté lasts and the
‘more volﬁminous itvis in the steady state. These conditions also promote
the fdrmation of éggregates, and the broadéning of absofption iines. This
-oécqrs despite the fact that ﬁhe more quickly depoéiféd the matrix, the
- greater the ordering. and crystallinity of the M solid. However, if the
R molegules are trappea in dislocatidns or grain boundaries, the gréater
defecﬁ density iﬁ the more: slowly depoéitea matrix would provide a greater
‘number of sites in which to trap individual R molecules.

Adjusting the temperature 6f_the'target relaéive to the triple point
of the matrix gas used can change the lifetime of the LLIT state on the
‘ .surface of £he target before solidifdcation, affecting fhe isolation of-
the R radicals. For insfaﬁce; xenon deposited at 20°K usualiy gives a
very translucent material suggestiﬁg a very quick condensation,.and
indeed, xénén gives much better isolation than krypton deposited at these
. temperatures. | _
All.rare gases éfe close-packed in fhe solid phase. Though'theoretical
"calgulétiéns point té a greatef stability for the hexagénal close—packéd
struéturé for_the pure solids; onlj cubic»close-packing (fade centered
'éubic) has actually'béen observed. HbWever; slight impurities in the
soiids readily shift the_entiie structgrg over to hexagonal close-packéd.
~ This ﬁould thén‘be the most probable structure for the highly ordered inert

gas ‘plus radical matrix solid, 1In such a solid, each atom would haVe
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twelve equivalent nearest neighbors(if thére were no defects in the
structure of the solid solution, nor any chemical interactions between
M and R).

Numerous x-ray studies have been performed on solid low-boiling gases
condensed out from the low pressure vapor. It has been shown that a
polymicrocrystalline solid is formed from such condensation having short

b to 10-6 cm.26 Amorphous

range ordering of linear dimensions around 10~
materials rarely, 1f ever, form. As a matter of fact, the rare gas micro-
crystallites do not even have a random orientation texture, but usually
show a preferred orientation relative to the plane of the target. This
has also been demonstrated by epr studies showing anisotropic orientation
of free radicals in a matrix environm.ent.57
Vapor deposited, low temperaturevsolids, though crystalline, often

occur in modifications different from those obtained by cooling the same
substance from the melting point, because the LLIT state of matter does
not last long enough to produce a stable structure. A sharp increase in

2T

the temperature at some point in the warmup, ' as well as x-ray evidence,
suggest the existence of these high energy structures. These phase changes
could cause a large amount of momentary diffusion of any R species that.
happened to be present in the frozen gas. After the heat is released,
appreciable changes are seen in the x-ray spectra.

In the matrix, R molecules can substitute for M atoms ("solid solu-
tion"), or lie in the interstices between M atoms, or lie on the grain
boundaries between two microcrystals, that is, in a defect (such as a
dislocation or vacancy). This last alternative is a distinct possibility,

since a rare gas deposited from the vapor has many defects in its struc-

ture, and the addition of a foreign material to this solid will increase
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tﬁe number of these défects.v If most radical trapping did occur in dis=-
"locations, sites in the matrix would not be_homogeneously dispefsed through-
out the solid. Such a set of sites could explain the diffuéion of R
_molecules upon warmup or in photOlysis reacfions: the diffusion:woﬁld
reddily occur along'two—dimensional surfaces'that were defined by the
.boundaries of the microcrystallites (insﬁead of thrée-dimensional random
diffusion). | |

Due to the possibility of multiple stable sites, splitting or broadening
out of lines can occur in the matrix. While this.Splitfing can create
spurious complicating effects, it can also be of‘some use, as was the'
cas¢ with Sé isolated in a maﬁ?ix.58 Matrix isolated 82 shows a progression
of v' lines in its ultraviolet absofptioﬁ. Though it should have no infra-
. red spectrum, a small absorption is observed in the infrared assignéd to
the 8, stretch (at a highly displaced value from the first vibrational

© transition deduced froﬁ the fluorescence spectrum).' This has been attri-
buted to a small fraction of the 82 molecules lying in a highly asymmetric
_ sité, removing the symmetry prohibition for the infrared stretching mode
. of these_molecules."Indéed, this second typé of 32 was seen.ﬁeakly in
the ultraviolet absorption spectrum along With the»"norﬁél" lines mentioned
abéve. _ . |

Site symmetry effects, as those for S2’ would be expected to be
different for different sites. For radicals lying in substitutional sites
in the Qlosé-packed'structure, with twelve equivalent nearesf neighbors .
all aréund,them, no great asymmetry of the environment would be expected.
On_other oﬁher hand, if there were one or more vacanciés lyihg next to

the substitutional site in which the radical was tfapped, or if the radical

© Wwere so large so as to require two or more adjacent M atom sites, large
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amounts of asymmetry would result. If radicals were trapped in disloca-

tions, where two differently oriented crystals would exist on either side,

large asymmetries might well be expected (especially of a Cn or C type).

nv

The effect of asymmetric sites on the "infrared absorption of molecules

trapped in them was reviewed in Chapter B, part 3 of this section.
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III. TXPERIMENTAL PROCEDURES AND APPARATUS USED

A. The Vacuum System

Much of fhe reactions; analyses, and general handiing of the chemicals
uéed in this work were done in a vacuum system -- a set of valves, traps
and'oﬁher devices connected together and sealed from atmospheric leaks in
which pressures are maintained at usﬁally'EElOW one miliitorr by an
attached pumping system. ‘A schematic diagram of the vacuum line, without
the pumping attachments, is shown in Fig. H. _The entire system was
designed so that it could be readily clea.n,erd (usibg a solution of 10%
HF which proved a very effecti?e cleaning agent), owing tobthe tendency
of many of the materials used in this work to decompose and deposit
as polymers on the inner surfaces_of the line,

The pumping system consists of a Marvac vacuum pump (with a speed bf
‘h cubic feet per minute) connected to a water-cooled mercury diffusion
pump connected to a liquid nitrogen vacuum trap éOnnected to‘the system.
The diffusion pump has a bypaés for pumping large quantities of permanent
gas. The limiting pumring diamgter here is a 15 mm bore greased stopcock.
After eﬁery several weeks of work, the trap ﬁust be taken off the system
and its contents allowed to evaporate in fhe hood, before being cléaned
and replaced for operation.

Pressure measurements are done with a manometer connected té an.
ampule system (to be described below), a thermocouple gauge and a McIeod
gauge. The thermocouple gauge is based on the prihciplé that a hot fila-
ment will lose somé of its heat to any surrodnding gas colder than it
(which will, in turn, transfer that heat outside the vacuum system) at
8 rate proportional to some power of the pressure of that gas. For a

given electrical current through the filament, its temperature will be dependent
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upon the amount of heat being conducted away from it by the surrounding gas,

which, in turn, will be proportional to the pressure of that.gas. The re -
fore, if a thermocouple is attached to the filament, its temperature and
EMF output will rise in a reproducible manner as the pressure is lowered,
so that the reading of this thefmocouple becomes a measure of the pressure
in the systemfv A

A McLeod gauge is based upon Boyle's law. In its operation a given

constant volume of the gas from the system, V,

Y is compressed with a

mercury column into a much smaller volume in a capillary, and its new
pressure is then measured by simple manometric procedures. Using PlVi =
IéVé, and measuring both Pl and Vi, we can obtain 32, the pressure of
the gasés in the system (other than mercury, which condensés into the
mercﬁry column upon compression).

The vacuum system i£self consists of pyrex glass tubing (17 mm outside

diameter) fused together wherever poséible. Entrance-exit O-ring joints

‘are placed throughout the system allowing the connection of more complicated

apparatuses to-the. line as well as the admitting and taking off of chemicals

from the line, The seal on these joints consists of a viton O-ring very

lightly eoated with Kel-F grease [a per-(fluorochloro) hydrocarbbn]. The

valves used are 10 mm bore Wéstglass greaseless valves. The body of these

valves is made of tefloh, and the vacuﬁm.sealing is done also with slightly
greésed viton O-rings. All.sources of mercury &apor can be closed fo from
the main system so that mercury vapor woﬁld ﬁot interfere wiﬁh the vacuum
line work either as avchemicai reactant, or as a blackening agent making

it 1mpossible to see what is océurring inside the vacuum system (mercury

vapor deposits out black on 776K surfaces).
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Once materials are placed in the vacuum system at a point, they are
transferred to any other point by allowing them to condense on a surface
at that poigt which is submerged in liquid nitrogen. This is done with
pumping whenever the 776K cooled surface is along the only route by which
the condensible gases can be pumped out to the vacuum trap, but must be
done with a>closed—off systém when transferring a condensible to one of
the inlet-outlet joints. After a substance has been frozen out anywhere
in the system, it can be allowed to warm and reevaporate to be condensed . -
anywhere else in the system. 1In this way, transferral of materials from
one U-trap to another,.to external storage, to reaction flasks, to infra-
red cells and various other places can be readily accomplished.

Two open-ended 1/4 in. 0.D. tubes are also used as inlets and outlets.
These are fitted either with ultra-torr Cajon high vacuum fittings (using
viton O-rings to make the vacuum seal) or with Swageloks using teflon-
or nylon ferfules to make the vacuum seal. Actually, most of the materials
let into or taken out of the vacuum system are sent‘through the unique
~ampule system that is shown in the middle of Fig. 4., The sample to bé
taken off the line is first condensed into the large diameter tube in
this ampule system, and then the valve connecting it to the rest of the
sYstem is closed off. The sample is next transferred to the glass ampule
(which has an 1/8 in. stem and a 3/8 in. diameter body) kept at liquid
nitrogen temperatures. Now while the system is pumped on, the ampule
is sealed off at the 1/8 in. stem with a small oxygen-gas flame. TFrom
now on the ampule must be kept near liquid nitrogen temperatures or its
contents would warm and’ekplqdeuii.itSinCéxthefampuleskare?so smalds. T,

a great number of separaté samples can be storediin-individually.: .-

labeled ampules ina single large storage dewar. To remove the ampule
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-from the syétem'and place another empty one on, heiiuﬁiis ief ih'tb fill
up a portion of the vacuum 1ine plus the ampule systein, and wheh:-the
_inﬁernél pressure is slightly above one atmosphere, as indicatéd bj the

| bubbiihg’mercury at the bottom of the manometer in'the émpule system, the
Swagelok is opeﬁéd to remové the. ampule. An'empty ampule’i; now attached
and the,SWagelok_tightened. ”In this way, no air or water has a chance |

to adsdrb énto the internal sﬁrface of the vacuum System, since the helium
is constantly flowing out éf the System during'fhe bpératioh to prevent
back diffﬁsion. | | |

| If it is desired to release thé:cdnfenté of an amPUlé into the system,

the followihg method is used. First a scratch.is placed 6n the 1/8 in.

."-v_giasslstemvbelow'the sealed portion for subsequent easy breakage. Next,

ﬁhile.the helium is’fiowing out bf the system, the ampule, still at 776K,
s bfoken in‘abstreamvof argéh that comes from a tubé surroupding the
i/8lin. stem, Then the ampule is quickly taken out ofifhe liquid ﬁitré-
geh,'removed_from the argbﬁ'floﬁ and attached to the system.. In_fhis way,
.'heiium is.coming but of the.system while argon is coming out: of thé am@ule
(éigon condensés at liquid'nitrogeh temperaﬁures) as the‘connection i§ being
:ﬁade, so that no air canventer the ampule or system whatsoever.r
'Separation‘in a vacuuﬁ system can be done by the process known as
trap-to—trap distillation (as well as by fractional distillation diécussed
below). In this fairly‘crdde pfocess, the first trap of a seriés of
three connectéd traps has the mixture to be separated in it (at 776K). :
The éecond trdp is éooled to some intermediate témperature.bétween 25°¢
‘and 77°K, and the third trap is éooled» to TT°K. When'vt‘he' first trap is
allowed to gradually warm while pumping on the third trap, the mixture

to be separated passes to the third trap,-but a portioh of it condenses
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out in the second trap. Thus a separation is effected through the proper-
ties of low temperature vapor pressure as well as nucleation rate. Now
the contents of the second trap can be transferred to the ampule system
and taken off (vide supra). This method is also useful in removing
exceptionally volatile impurities from a mixture by'leaving the third

trap at room temperature, and pumping on the second trap, after which is

a thermocouple gauge to measuré the pressure. When the pressure has gone
down, one knows that all the exceptionally volatile materials have been
removed through the pumping operation. Separation of permanent gases from
condensible gases 1s achieved by warming a mixture of £he two in a closed volume
ti1l it vaporizes, then freezing it out and pumping on 1t, repeating the
process as many times as necessary .to pump away all the permanent gases.

A fractional distillation column, of an unpublished design developed
by R. Schaeffer and Arlan Norman at the University of Indiana, and dia-
grammed in Fig. -5, is used for separations of materials whose boiling
points are close to each obher. It was especially useful to separate
PFEI from'PéFu, since PFQI is a liquid at low temperatures while PEFA is a
'solid, and PEglis less volatile than PéFu, so that it would move up the
column behind PéFu and continually drip down to remain behind it while
the REFM was being taken off., The distillation column is three feet long
and consists of a wvacuum jacket around two veitical,concentratic,glass
tubes. An axiai temperature gradient is maintained in the inner tube by
flowing a controlled amount of cold nitrogen gas (produced by placing a
heater in a dewar of liquid nitrogen and controlling the heat input into
the dewar down the center of this tube. Since some hedt losses of the
gas do occur as it travels down the tube, the top of the column becomes

colder than the bottom. The material to be fractionated is allowed to
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enter the column from the bottom in the annular space betweeﬁutﬁé two
tubes while the nitrogen Tlow is maintained at a very fast rate so as to
cool the entire column to a low temperature. Therefore, the material
condenses out on the bottom of the column. Now the bottom stopcock to
the column is closed, and the column graduslliy-warmed by slowing the
flow of cold nitrogen. The material in question then slowly moves up the
annular space between the two tubes under vacuum, separating into its
various components. These components eventually come off the top of the
column one at a time, and are detected by a thermocouple gauge situated
- at the exit of the column., As each component is detected, it is trapped
in a different U-trap of the system, thereby effecting a clean separation
of these components.

Separations of components are also done off the vacuum line on an
Aerograph Model A-Q0-P Gas Chromatograph. The packing material is a liquid
substrate, 20% Silicone (GE-SF-96), on a firebrick solid support. This

- chromatograph system uses helium as the carrier gas and has a leak tight,
detachable trap connected to it for the transferral of materials from and
to the vacuum system.

Melting pointsare obtained with a'S8bock-type dropping needle apparatus.
In this device, the sa@_he is condensed in a narrow tube around a thin
glass rod suspended in‘the tube (by a magnetic assenbly). The device
is now filled with helium to prevent evaporation of the sample. The
entire tube 1s slowly warmed as its temperature is carefully taken. - The
temperature at which the sample becomes mobile enough to be incapable of
supporting the glass rod, which drops in the tube noticeably, is con-
sidered the melting point of the sample.

Vapor pressures and densities are measured in the ampule system.

1
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The_samplevis condensed-ipto_the.vertical tube bn the right'aide:of,the
ampule sjstem and the system is closed off. Nﬁll readings and readings

at vafious femperatures of the sample's préésure aré taken by observing

the level of;the.manométer-(SOmetimES wiéhha cathefoﬁgter);adifferenCes1in its
levEl:béing a measure of the pfessure. After the volume of the ampule
system has been calibrated, ineluding the added volumes of the small ampule
used.to condehse the.samplé in, and of the inside of the mercury manometer
that arises as the pressure inside the ampule system;increases, vapor -
dénsities can be detexmined.' The method consists simply of condensing

. a known volume and pressure of sample into a small,vweighed ampule, sealing
off the-ampuie,_and reweighing it (making a corfection for the originai
waightaof'air within the ampule). The gaé’equation,-PV‘= nRT, can then

be used to calculate tha molecﬁlar wéight of the unknown. This method-
cannot be used for very’ydlatile or unstable materials, since the pressure
buildup in the‘ampule in thosevcasespcbuld explode it at ioom tempeiature

in the weighing operation.

l. Vapor Pressure Plots

Vapor pressure versus temperature plofs for pure compounds yield
.uSeful information about the kinda of forces between molecﬁles in the
condensed state. |

| Due to thermodynamic relationships that>apply to the vaporization
process, we can derive a formula relating the change of pressure with .

temperature to the heat of vaporization (the Clapeyron-Clausius equation)

which applieS'approximately to a great'many.compounds:5o
' AH :
dln(P) _ vap ) ‘ (26)

dT —_ RTP |
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Thus, by'taking vapor pressure measurements, we can obtain the heat_of
vaporization (sublimation or evaporation) of the substance under considera-
tion.

From the heat of vaporization, the entropy of vaporization at the
boiling point can be obtained, by using the formula:

AS = A Hvap/Tb (27)

where Tb is the atmospheric boiling point of the compound.

This entropy of vaporization from the liquid to the gaseous state
is a fairly constant number for a great many compounds and is termed
"Trouton's Constant" (discovered by Trouton in 188L4)., This is so because
entropy can be considered a measure of disorder, and the change in dis-
order invgoing from the liquid state to the gaseous state at one atmos-
phere (or any other pressure) is approximately the same for all materials
owing to the nature of these states. And if a certain material gives
an anomalous value for Trouton's constant, far from the usual value of
22 cal/deg, this is a sign of some peculiar property it possesses. The
constancy of this change in disorder in transitions of state is less walid
for solid to gaseous transitions, and still less valid for s61id to 'liquid
transitions.

2. Absorption Spectroscopy in the Infrared and Ultraviolet

Gas phase infrared and ultraviolet absorption spectroscopy are very
useful in the quick identification of small amounts of materials being
manipulated on the vacuum line, especially when such materials are one
of a number of compounds all of whose spectra have been previously taken and
recorded. Since such spectroscopic absorptions are additive, a mixture
of several components can be qualitatively analyzed in a matter of

minutes this way.
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- Thé_instruments used are two Perkin-Elmer Infracord Spectrophoto-

meters that cover the infrared range from 4000 K to 400 X and an Applied

" Physics Corporation Cary Model 14 Recordihg Spectrophotometef which covers the
‘fange ffqm 185 mm to 800 mm. .-The infrared frequéncies reported in this

"work are purposely uncorrected to vacuum.

An infrared gas cell can.be conveniently connected to. the line to

.. take off small samples to have their spectrum taken. This cell has a

greaseless stopcock, a small side arm to condense the gas sample in, and

" two No. 25 back-to-back O-ring joints, upbn which two infrared transmitting
plates (NaCl, KBr, or CsI) are placed and fixed by four pressure screws
placed around ﬁhe'circumference of the piates. A small detachable ultra-

violet cell with a'greaseless sbopcock was also constructed. This cell

can completely fit into the light-sealed cdmpartment-of the Cary Spectro-v

v photométer. 'Also, a one liter photolysis cell was consﬁructed, consisting

'of'a_large quartz plate black-waxed onto the cell which also has a cold

finger and a greaseless stopcock.

Because of the lack of vibrational coupling, certain bonds in compounds

‘have characteristic stretching and bending modes in the infrared which can
" be used to identify certain structural features of a new compound, as well
_as determine the présence of certain elements.. For instance, if one had

"a phosphorus compound with no absorptions above 1500 K, one could be quite

sure that no hydrogen was: attached to the phosphorus in' the. compound..

Also,«low‘frequency bending modes below 700 K are usually unique for each

~ compound examined, and this portion of the spectrum, called the "finger-

pfint region,'" can be usedifor_idenﬁification of several related-éompounds
all of which have approximately the same stretching modes at higher

frequencies. For many stable compounds with only high lying energy



-72-

levels, such as PF5’ ultraviolet-visible spectroscopy is entirely useless,
since no absorptions occur in the air region (185-800 nm). However, it

would be expected that some of the unstable materials formed in this work
might have an ultraviolet absorption within this range because of the high

energies of their ground states, and perhaps because of partial multiple

bonding in these states.

B. Cocondensation Reaction Procedure

Several different types of apparatus are used tovcarry out the
co;ondensation reactions. For the GeHé and SiF2 research, it was believed
that immediate condensation by a line of sight path was not necessary to
transport considerable quantities of these radicalé to the cold surface,
so they are produced at some distance from the liquid nitrogen cooled
portion of the apparatus and have to travel around a bend in order to reach
it. A diagram of the SiF. producing and reacting system used is shown in

2
"Preparative Inorganic Reactions"l9

on page 70, and a similar apparatus

is used for GeHé production, with the exception that the furnace in this

case has a constricted tip to allow high pressures of germane to build up

in the furnace upon the rapid injection of the germane into it. For the

GeHé and SiE2 furnaces, Nichrome wire and Kanthal wire are used, respec-

tively, both of which can withstand air oxidation at high temperatures.
However, for other speciles, most notably those arising from the

pyrolysis of EéFh’ immediate condensation is a prerequisite for any reaction

(besides simple polymerization): to take place at-all. After several trials,

N
the apparatus shown in Fig. 6 was developed (which is a modification of
the apparatus used by Timms to study the chemistry of the BF carbenoidg).

A modification of this apparatus with a graphite furnace instead of a

quartz one is employed in the GeF2 research.
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The furnace in Fig. 6 is wound with 20 mil tantalum wire'(éince it
is situated within a vacuum, air oxidation caﬁnot occur in this case)
and is insulated with AJ_205 cement. The héat shields are made of 2 mil
tantalum sheet. It was found that tantalum wire s better than molybdenum
or tungsten wire for heating to moderate temperatures because of its highv
rate of change of resistivity with temperature. At high temperatures,
high voltages (20-40 volts) can be put across the furnace windings without
blowing out the fuse in the transformer because of excessive currents.

The furnace is made of quartz which was found to be a suitable
material for phosphorus-fluorine work, though references can be found
‘which claim that PF, etches SiO2 at elevated temperatures. For instance,

3

Beoth and Bozafth59 claim that'PF5 reacts with SiO2 above 500°C at one

atmosphere pressure in the following manner: LLPF5 + 5Si02 —>BSiFu + 502
+ 4P, because they found traces of SiFu and phosphorus in their products
The glass they were using was soda-lime, not quartz.

Since the pressures are low in the apparatus, the species exiting
from the furnace travel straight down to the cold surface, and since there
is such a large surface available, very high cryogenic pumping rates are
thereby effected. It was estimated that the species exiting from the
furnace spend less than % midlisedond’ in . the.gasu:phhse befpre: -
striking the cold surface and condensing out on it. With the chemicals
used in this work, the molecular probability of condensation on a T7°K
surface (the condensation coefficient) is bnityy: . Furthermore; due’to the
low flow rates and hence low pressures involved, the condensation process
is truly unimoleculatr:as:it starts;. sihce the:probability.of two:-.
distinct gas phase species striking the surface "together" and simul-

taneously is virtually zero. The inlet labeled "cocondensate," which
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'pressureé in this furnace. Thus the S

- =15

leads down the concondensate Sprayer tube, s used to simultaneously 
condense some normal volatile compound with the radicals.

Temperature calibration of the furnace (with the liquid nitrogen"

in place) is. done before reaction by heating‘fhe'fUThace»with a .thermo-

'conle placed down‘its center and accurately recording the amperage and

vpltage through the furnace windings for several different temperatures.
Reproducing these same amperages and'vbltages when the furnace is operating
dufing a chondensation reaction was then believed to reproduce these

same temperatures. Ideal temperatures for P)F¢ production (after the pump out)

-were found to be'900°C, though still'higher tempefatures do seem to

‘increase the yiélds slightly.

Experiments with Sulfui vapdr.passing through the furnace suggested

' that the tip of the furnace is at a lower temperature than the body,

since when the central portion measured 800°C, no appréciable amounts of

5, (which is colored‘purple at T7°K) were noted condensing on the cold

-surface, yetS2 should form at femperatures'as low as 55060 at the low

o forming in the center of the

furnace was repolymerizing at the nozzle of the furnace. This temperature

gradient, however, would not be expected to affect the EéFu pyrolysis

greatly, since the rate of reverse reaction of PF and FF, is probably. -

2
quite small.

In a cocondensation reaction, great care must be. taken to purge_the_.

materials to be reacted of all permanent gas, since a very slight amount

of this gas could raise the pressures during the deposition ansiderably,

-~ thereby making a line of éight path for the radicals much less probable.

 The permanent gas concentratiaonis reduced by the method mentioned previously.

For'the'SiF2 reactions, the‘jiow of SiFé plus SiFu is started before
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the>flow of cocondensate starts and ends after the flow of cocondensate

is stopped, so that back diffusion of the cocohdensate into the furnace

from which the SiF2 is emerging is avoided. Flows for corondensation reac- -
tions in general dre in the range of 0.1 to 2.0 mmoles/min, a much faster

rate than that for matrix isolation (see below). Using the equations

of Dushman 60 for viscous flow, and given a flow rate of 0.6 mmole/min

through an orifice of 2 mm bore and 1 mm length, we can calculate the

back pressure in the furnace in Figi:6.at 900°C to be 0.5 torr (Appendix B). It has
been'experimentally'observéd by Mr. Ralph Kirk6l that these equations

predict consistently low results, which can be partially due to the

effectsof non-ideality of the flowing gases, back pressure, and restriction

to flow along the entire length of the furnace, Thus, my estimate of

the actual furnace pressure here would be about 2.0 torr.

C. Mass Spectroscopy

Mass spectroscopy is a very powerful tool in initial identification
of néw materials (or radicals) formed in cocondeﬁsation reactions. In
mass spectroscopy, an electfon current inside a vacuum chamber is used to
ionize the unknown molecules injected into it. The impinging electrons
eject other electrons from the molecules they strike, and give up so much
energy into the various bonds of the resulting ion that its dissociation
ensues. The ion of the parent molecules, as well as the ions of thevﬁarious
fragments, are immediately accelerated as they afe formed in the ioniza-
tion process and then analyzed for their mass. From an output céntaining
the mass of each of these idns, we can usually obfain a very good idea
of the molecular weight of the parent molecule, as well as its mode of
dissociation upon electron bombardment. Knowing the original elements

that had to be present in the parent molecule, we can usually arrive at its
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detéiled formula. Knowing its mode of decbmpositibh, we éah éQﬁetimés
" arrive at its structural characferistics as well, |
| By varying the energy of the electfbn ionizing cﬁrrent; thatjié by
varying its accelerafing véltage, we can use maés-sﬁectroscopy7as a tool
to measure "appearance potentials" of ions. The lower the electron
Vpltage; the less the chance of fragmentation upon ionization; and, at
a certain pbiﬁt, ionization itself becomes thermodynémicaily’impossible,
since all.the'kinetic energy of the ionizing electrons is not enough to
eject one electron from. the mdlecule; This critical accelerating poten-
vtiél for ﬁhe electrohs, below which they will_noﬁ ionize ﬁhe parent, is
calléd the appearance_potential and 1is usuallyva meésure of the ionization
' energy of the parent molecule. Due to the éxtremelytwide range of ener-
gies that the ionizing electrons had in the machines used in this wofk,
combined with their low sensitivity, accurate appearance poténtials were
not measured here, but nevertheless ﬁoderately'sharp cutoffs of the
intensities of certain ions can be observed by-reduction of thé electron
énergies enmployed. |
._ Due to the low breésures needed ih mass spectroscopy, the identity of

unstable species in gases at;high_pressure3~is.hot readily determinéd by it.
But it can dionize and detect extremely unstable gaseous species at low pfessures,
since they only need exist for a few milliseconds.to get into thé ioniza~
tion region, |

| I.One of thé.mosﬁvimportant points tovemphasize in mass spectrdsaopy'
ié that the fragmentation pattern observed tells us of thekproperties of
ionizéd épecies, not the thermodynamic properties of the neutral parent
'moAécule.‘ Furthermore, the relative abundances of the ions observed may
be mainly kinetically controlléd, so fhat thermodynamics would not apply

here at all,
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Other points that might lead to spurious results in mass spectroscopy
are the following. First of all, the heat generated in the ionization
region, or some other factor, might decompose the compound you wish to
ionize before it reaches the electron current itself, so that the mass
spectrum you observe will be that of the compound's decomposition products.
In this work, this effect is minimized by warming up samples, connected
directly to the mass spectrometer, from;liquid nitrogen temperatures till

2 torr) to

the point>at which they just have enough pressure (about 10~
prbduce a noticeable séectrum and then directing their vapors into the
ionization region through a glass tube. In this way little chance for
decomposition is possible. Another. danger, especially when using the
above method, is that a volatile impurity component of a mixture of
chemicals might volatilize first, while the material you wish to volatilize
will not do so until all the impurity has been evaporated. If you do not
wait long enough, the mass spectrum you will record will be that of the
impurity, not the sample you want. PFinally, it is assumed that the highest
mass pegk observed is the parent ion pedk. In general, this is true, butv
not always. Sometimes, one can only deduce the parent peak from a detailed
examination of the remainder of the spectrum, since 1t itself does not
appear.

Mass spectrometers are distinguished from each other mainly on the
basis of the method they employ to analyze ‘the ions, accelerated from-the
ionization region, for their mass spectrum. According to this classifi-
cation, two different masé spectrometers are used in this work: a Bendix
Model 1400 time-of-flight machine and a Quad 250 Quadrupole Residual Gas
Analyzer (manufactured by Electronics Associates, Inc.). The time-of-

f1ight machine is based upon the fact that after each ion is accelerated

through a definite potential, it will have a definite kinetic energy, but
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its velocity would be-dependént on the inverse of the équare‘qut éf its
mass. The machine produces'é vefy short>burstvof ions at one end of a
tube, down which these-ions.are accelerated, and has a deféétor at the
other end of the tube that is able to fesolﬁe the time durétion of flight
aéros% the tube that each ion took. The record of these times is then
printed out on a chart or viewed on an oscilloscbpe. |

The quadrupole anaiyzer‘principle-is really quite complicated, but
can be explained simply as follows. The mass filter after the acceleration
section consists of.four equally spacéd axial poles chdrged with a constant
D,C. voltage'(diagonally oppoSite poles having the same poldrity). A
.complicated R.F. voltage is impressed upon this Uoltdge.. As the ions
travel down the spaée between the four poles to the detector, théy undergo
COﬁplex, spiralling, oscillatory;trajectories. For all‘but>one mass peak,
'fhe amplitude of these trajectories diﬁerges with timé; Thus, in all but
this_éase, the iéns spiral out and collide with the poles of the analyzer,
whereﬁpon thelr charge is neutralized and they‘deposit Qut on these pOies
in the form of a polymeric coating. The.one,typé,of ion that does get
through then gives a signal that is amplified and recorded on chart paper
or displayed on an oscilloscope. By .continuously changing the R.F.
frequency over the range which allows;‘successively, all the ions from
mass 'l to mass 500 to get through the analyzer and reach the detector,
we obtain an output that is a scan over the_entire mass ;spectrum.

To sum up,_méss spectroscopy i1s of enormous use in the initial iden-
tification of products. After taking the mass spectrum of an unknown
-mixture, the products in it that are of value.can be further purified and

investigated with some kﬁowledge of what sort of materials are being

worked with.
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D. Nuclear Magnetic Resonance

Some basic principles of nuclear magnetic resonance will be mentioned
here. A few long-lived nuclei have a permanent magnetic dipole moment.
In a magnetic field, the component of this magnetic moment along the axis
of the field is quantized, with different energy levels associated with
different components along the field's direction. The presence of a
radio frequency electromagnetic wave passing by the nucleus whose quantum
exactly equals the energy difference between these "nuclear precession”
levels, can cause absorption o% this quantum and excitation of those
levels. When these levels then decaylagain, due usuvally to stimulated
emission caused by random fluctuations of the magnetic fields of neighboring
paramagnetic nuclei in the liquid, they emit the.exact same frequency they |
absorbed, which can be picked up and monitored by a receiver, whose
signal is amplified and recofded as an absorption. In this way we have
a tool that can give us information about local magnetic fields at nuclei
and how they differ from the macroscopic fields applied, due to electronic
shielding by the chemical enviromment these nuclei find themselves in.
This tool is more Valuable if there is more than one non-equivalent
ﬁagnetic nucleus in the same molecule. In this case, magnetic coupling
between nuclei can result, which splits lines into very unique patterns
that are of value in determining the number, arrangement and equivalence
of the nuclei involved.

NMR spectroscopy is useful for hydrogen, fluorine and phosphorus
nuclei, all of which have a spin of 1/2 and therefore have no quadrupole
moment. A quadrupole moment of a nucleus, in an electric field gradient

generated by the surrounding electrons, can cause the nucleus to "flip"

prematurely, thus broadening its energy levels, or the energy levels of
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another‘nucleus it.is-coupled with. Snch.a,broadeningpeffeet'is not noted
with these three nuclei.(the oniy ones investigated in tnis work),‘making
them well- sulted for high resolutlon nmr spectroscopy. | |

| In practlce the technlque cons1sts of glass blow1ng a l/h in, stem
to an nmr tube e} that 1t can be attached to the ampule system and pumped
out., A small amount of the materlal to;be-lnvestlgated is then condensed
-1int0'this tnpe; sometimes‘withva solvent to spread the material out

' tnrOughont thevlength of the magnetic field (when only_smell‘amountS’of

‘material are'available>,.and sometimes with an unreactive refErence.compound
B that-has.theinucleus~under_investigation in it for the macnine to "ock"
oﬁf 'The-nmr tube is then Sealed.off and warmed to. the melting point

of'its contents. Mbstly, low temperature nmr 1is taken, w1th the probe

Just above the meltlng p01nt of ‘the sample.

The amount of materlal needed for nmrvspectroscopy;.and the sensitivity
_of the:signel detection, is.usually greater than tnat;reqniréd for infrared
or ultraviolet ebsorption, because the energy differencesiin nmr are muoh
smaller than in,infrared, making the absorption coefficient for.nmr much
smaller. . |
Some of the maehines‘usedzare;s a Varian A—od préton;Speotrometer,sr
:a Varian A 56/60 spectrometer for fluorine and hydrogen'(at‘5hg4vand 60.0
1megeherti),vend eFVarian HR-lOC proton, fluorine and phosphorus spectroe
meter (at 100, 94.1 and L40.5 megahertz). The epr machine used;for.taking
the spectra‘reported in this reSearch is a.Varian EFR speetrometer.u
,'pIn this_work, nmr spectrpScopy proved ofwgreativaluevin confirmation_

of the'structures proposed for the compounds'disc0vered;‘
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E. Matrix Isolation Technique

A thorough discussion of the theory of matrix isolation has been
given in the last section. In this section we shall discuss the actual
experimental apparatus and procedures used.

The complete apparatus consists of a cooling dewar (cryostat),
furnace attachment, a vacuum and gas handling system.adjacent to the
dewar to allow the flow of warious gases into it, and the peripheral
spectroscopy equipment. Except for the power supply and the spectroscopy
equipment, everything else is mounted on a single movable cart (always
kept in a room specially designed to protect against hydrogen explosions).

A diagram of the matrix isolation cryostat: itself plus the furnace
attachment is shown in Fig. 7, with the target (T) in the viewing position.
A picture of the same apparatus with the peripheral equipment attached
is shown in Fig. 8. The outer vacuum casing is made of brass and the
inner dewar (A) of stainless steel. The pump-out port (V) for the cryostat
is connected throﬁgh a ball valve to a metal cold trap and then to a two

7

inch oil diffusion pump, which can achieve a static vacuum of 10 ' torr,
and an operating vacuum, with krypton flowing, of about 2><lO_5 torr.

The stainless steel dewar 1s radiation-insulated with aluminized
Mylar (J). Tt is soldered at its base to a cylindrical copper block
insert (I). The target (either sapphire or CsBr in this work, measuring
4O mm X 20 mm X 3 mm) is clamped in the copper target holder between indium
sheet gaskets to insure proper thermal contact. Sapphire is far superior
to CsBr (and to a lesser extent, even to copper) in heat conducting
abilities at bhese low temperatures {about 4OOX better than CsBr), but

unfortunately could not be used for the infrared work due to its absorp-

tions in this region of the spectrum. Both sapphire and CsBr crystals



»E._85__:

MATRIX APPARATUS

XBL692-2006

Fig. 7 The matrix isolation cryostat.



8l

CBB 682-883



-85-

can w1£hstand great thermal stresses w1thout breaklng, which 1s due, in
the case of CsBr, to its coordlnatlon nunber of 8 (1nstead of 6) which
makes it extremely easy for it to glide or plastlcally'defbrm under
-_sfress. Indégd, this plasticity'gives it very good thermal contact with
the copper‘block tb ﬁhich it is connected, which'parﬁially mékés up for’
- its low thermal conductivity.v |
It is obéerved‘oh.initiél deposition of the M gésblayér that the‘
center of the target firstvbecémeé violet throﬁgh.the interference of
refieqted.light; while’the edges of the target remain colofleés. Then,
‘as the center prégreésively“becomes blﬁe; gréen, yellow and red-violet,:
the edges progressivély'become violét, Elue;vgreen_ahd yellow, the process
repeated through the specfrum-severél times with the edges gradually
.llagging further»and furthér behind tﬁé center "in the color speétrum; This
: is due,”most likely, to the lack of perfect colliﬁation of M as it leaves
'-th'e_" jef built into the flange. If theré were a large thermal gradient on
the target,vsuch that the center were not aé coid as the edgeé,_the
cohdensation coéfficients wouid‘differ for the center and edges, and fﬁe
above behaviér.would not have been observed. In any event, after’the matrix
, héS‘been debosited for a while, the heat conductivity_isblimited not by |
thé target material, but by the matfii itself, since solid krypton or
kenon are e%trémely poor conductors of héat.
| Liéuid hydrogen'is added'td fhe dewaf (éftef it has Been flushed éut
with .hekliurvn"ggs). through a tube that is placed through..}I at the top. "The‘
outlet (E) is connectedvto a long éxplosioh-proof line that leads to a N
§pecial one=way vent on the roof bf the building.-vThe’targetvtemperatﬁre

is measured using a thermocouple [copper-gold (2.1% cobalt)] or thermistor
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(G) attached either to the copper block or directly to the target (in
both cases, the temperature measured proves to be about the same). The
thermocouple emf is transmitted directly to a chart recorder, thus
allowing a time-temperature history of the sample to be made during a
warmup experiment. Typically, the dewar, which has a capacity of approxs
imately 1500 cc, has to be refilled once every five hours during an
experiment, during which time the temperature remains constant at 22°K
(1iquid hydrogen's heat of vaporization is quite large, 106 cal/gm).

Four ports fitted with vacuum flanges weré cut at right angles to
each other in the bottom of the outer shell of the cryostat. Two collinear
ports carry sapphire or CsI windows (the latter being polished with
chamois cloth), labeled W in the diagram, and serve as the optical path
in absorption spectroscopy. A third port serves as a viewing and fluores-
cence window (W') and the fourth port has the furnace attachment (F)
secured to it through which the reactive species exit (from the sides of
this port comes the M gas which is also directed onto the target).

A thin matrix film is laid down with the target facing the beam
squarely. A heat shield with a magnetic bottom (not shown in diagram)
is also inside the dewar at the bottom and can be used to stop the flow
of species from the furnace directiy striking the target. After deposi-
tion, the dewar is rotated 90 degrees to the position shown, on ball
bearings (B) by means of a gear arrangement (D), and the spectra taken.
Two large diameter greased viton O-rings (C) prevent any leakage during
this rotation.

Spectra are obtained in the infrared with a high resolution, Perkin-
Elmer Model 421 Infrared Spectrophotometer equipped with a Dual Grating

interchange for the 4000-650 K region, and a separate CsBr interchange for
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the 700-300 K reglon. Frequenc1es are accurate to- +l O K W1th

_a resolutlon of 0.2 K in the 2000- -650 K range, and are. accurate to #3.0 K,

with a resolutlon of §'K, in the 700-300 K range. Vlslble-ultrav1olet spectra

~are photOgraphed withKa-O.75 meter focal length_Jarrell-Ash f/6.3 spec-

trograph fitted with a 2160-line/mm grating blazed for 3000 A and giving

a diépersion in,the'first order of 5.ﬁ/mm. The continuum is provided by

a hydrogen discharge tube. . The film used is Polaroid type 57 (3000 speed)

‘paCKets.for quick spectra, and the_plates'used_fbr accuratenwork are

Kodak-lOB;aOcaud SWR (short wave radiation) plates. A standard line

~ spectrum is-prOVided_by;a General Electric gemicidal mercury lamp. = The
‘plates, after exposufe and development, are first recorded on a Jarrell-
~Ash Reécording Microphotometer, and from the graphs this machine Produces,

- measurements are carried out.

“Warmups can be done with this cryostat, though inconveniently, and

1t was fcund that. it took several minutes to warm the target.tc 50°K;-lv

above whlch krypton starts to ~come off qulte rapidly. The cryotip, to

be mentioned later on, is much more convenlent for controlled warmup
dlffu51onkexper1ments._

The flow system for the rare gas (the M gas), that allows its

" controlled deposition on the target, has a conneétionbdirectly to the

.meChanical pump for high speed pump-outs,'a one liter storage bulb for .

the M gas, a mercury manometer that can be isolated”during deposition .so

that no appreciable amounts of mercury vapor canjandensefph¢the target -

~(this is important only for visible-ultraviolet spectroscopy), a stain- -
~less steel Nupro low-flow metering valve with teflon vacuum connections,
a low-flow Fischer-Porter.flowmeter made of glass with arsapphire float

and attached to the system with black-waxed standard tapers, and a flexible;'
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vacuum-tight rubber tube connected to the.M gas inlet of the furnace
flange. This inlet terminates with a 40 mil bore jet, 150 mils long,
built into the furnace flange to the left of the central furnace inlet
and positioned so that the M gas molecules are collimated onto the center
of the target plate from the side, Except for the low-flow valve, this
system has only greased vacuum valves and ball and socket joints, which
were not expected to chemically interfere in any way.

The matrix gases used are.~ Linde high—purity.gases or their equiva-
| lent (without further purification). 'Only krypton (melting point -15760,
1 torr pressure T4°K) and xenon (melting.point -112°C, 1 torr pressure
-168°C) are used as matrix gases. One would expect the LLIT state to
last longest for krypton, and more brdadening of lines in krypton matrices
was observed (this might have also been due to the lower condensation
coefficient of krypton). Because of the high melting point of xenon,
it forms very small microcrystallites and large, random, short range
refractive index fluctuations in the solid upon condensation at 20°K,
which result in a highly scattering matrix that makes ultraviolet
spectroscopy difficult.

Another flow system allows the passage of PéFh gas through the fur-
nace (P) and straight onto the target. It consists of a small volume
(about 70 cc) to which is directly attached a mercury manometer, a large
diameter, closed-off, vertical tube for Condensing out the PéFu, a PéFu'
liquid-nifrogen cooled storage container (with a stopcock) fnr storing
REFA’ a combination miréroflow valve and flowmeter (Matheson, Iow-Flow
Flowmeter with Model 150 Microflow Valve and No. 610 Metering Tube) for
monitoring the extremely low EéFh flow rates, and a large bore Westglass

greuseless vacuum stopcock in parallel with the microflow valve assembly
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~ for qulck evacuatlon of the system (through the furnace attachment)

The Matheson unit has only greaseless connectlons, is made of stalnless

'steel_and glass, and has a sapphire float to measure flows. Because

of the-minimum'measurableeflows possible with this flowmeter, and the
max1mum flows of M gas permissible for the refrlgerant (glven the llmlted
heat conduct1v1ty of the target plus holder) to be able to handle the

load, the maximum M/R ratlos attainable using this set-up are about 200.

Vwaever, predllutlon of the P ), (or other !R™: materlal) With'the:inett

-gas can 1ncrease thls nunber several times over. The entire P Fh flow

system is gfeaselesé, has teflon ferrule:Swagelok and viton Q-ring Cajon

fittings, and is made of glass and stainless steel tubing.

A third system, which was only used once,'can admit another gas onto

the matrix through a jet built into the flange to the right of the central

- furnace input.

The furnace itself is also shown in Fig. 7. It is made of nichrome

wire wound around a quartz body and insulated by a large amount of as= -

: bestbs; in which is imhédded a. chromel-alumel thermocouple (G). Water

- Jackets (K) at both ends of the furnace make itleasilyhheated in the

system.withdut fear of thermally decomposing any vacuum eonnections. The
exitvjet-(L).is 1.5 mm bore and is phaced within the furnace so that.its
tip would be just as hot as the rest of'the.furnace. Radiation from the
furnace onto the target has been calculated to amount to a emall perCentage
Qf the total heat received by the target,62 most of which comes from the
heat of eqdling and condensation of‘the.inert gas. |

If the target becomes too warm during aeposition, or the M gas layer

on it becomes so thick as to act as an effective insulator, soithat the

-condensation process then becomes inefficient, pressure measurements will
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not give a good idea of this inefficiency of the condensation process.
This is because a large cold surface exists above the.cold target, so
much of the M gas that does not condense on the targét, nevertheless
condenses on the upper cold surface, never reaching the ionization gauge
by the diffusion pump to be recorded. Thus the pressures read are much
less than the pressures in the vicinity of the target. This is partially
overcome in the cryotip apparatus, where only a small portion of the
central insert is at liquid hydrogen itemperatures. Besides measuring

the target temperature, another way of determining whether the M gas flow
rate is too quick is to examine the transparency of the matrix (not to
mentionlfhe final isolation of R as measured by the broadening of spec-

troscopic lines). A quickly deposited matrix will-look opaque.

1. Procedure for Matrix Deposition and Spectroscopy with Eégh

The actual step-by-step procedure fbf depositing and working on a
matrix was as follows:
1. Pump down entire system with target in place. Place heat shield between
target and furnace inlet.
2. Allow about one torr of PéFu (fractionated beforehand) from the storage
vessel into the flow system.
3. Place a -135°C trap around the vertical tube of the PéFh flow system
and then pump on this system tova steady low pressure. This removes PF5
ahd PT‘EOPF2 impurities. Close EéFu system and keep the PéFh at TT7°K.
Measure vacuum pressure in the PéFh system on manometer.
- 4, Open M gas storage bulb to previously pumped out section of the M gas
flow system containing the manometer to measure amounts of M gas added.

P

5. Heat up furnace to degas.
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6. Add_just enough liquid.hitfogen to the cryostat aewer te cool i£‘down
to T7°K. | S
T. Flush cryostat dewar with helium andrthen add liquidehydrogeneuntil'
eit ovefflows the dewar (as eVidenced by liquid air condensing on the
outside of the vent tube). | | |
- 8., Take a blank spectrum."Tﬁfn target to faee furnace.inlet. Move heat
“shield out of the wey;
9. VTurn'on M gas'flow forva 15 minute predepesition of pure M. This flow
should'beveefween 300-3000 micromoles/hour. Then measure the M‘gas pressure..
.>710.:Warm the,PéF&'.end take'itS’pressuren(qifférence frem vacuum te all. .
 evaporated). - - | |
11, Whiiedepositiné the M gas, start the flow of EéFu. This flow should
" be about 20 micromoles/hour (a flow less.than.15'micromoles/hour cannot
- be readlly measured with the Matheson flowmeter)
vvi2. Depos1t for the length of time desired., During thls tlme; temperature
-and pressure measurements can.be made.,
‘15._.‘ Shut off P. FM flow and . furnace and measure the flnal M gas pressure
vand PEFA pressure (agaln, dlfference from vacuum to all evaporated).
lh.‘.Conﬁinue-M'gas flow_for,anofher ten minutes to form a:protectiVe‘layer.
_15. Turn the target into optical_aiignmeﬁt with the two windows and’takeb
~the absorption spectrum. |
- 16. If desired, a photolysis can be.done. This ie accomplishedeith.a
high éressure mercury, AH56, Waterecooled lamp.placed no nearer fhan.h in.

;f_ﬁEEEE‘Dushman's.equations (see Appendix B) for moleeuiar flow and éssuming
“a flow rate for P Fh of 20 micromoles/hour'through a 1 mm bore orifice 1 mm
long at 900°C, we can calculate & back pressure within the furnace of O 0025
torr of Rqrh (Whlch would be expected to be somewhat higher if the P Fh

‘dissociated in the furnace).
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from the outside window of the cryostats (to prevent warming up the
matrix).
1l7. If desired, diffusion expériments can be tried using the emf output
of the thermocouple attached to the chart recorder to give a continuous
readout of the temperature. Pressures must also be watched to insure
that the entire matrix is not destroyed.
18. If desired, fluorescence experiments can be performed. The AH-6 lamb
is placed close to a Bausch and Lomb monochromator whose- emitted light
is shown on the target. The fluorescing radiation is focused with lenses
onto the slit of thevspectrograph.

The use of the cryotip apparatus changes this procedure somewhat.
The cryotip reaches low temperatures by first cooling high pressure hydrogen
gas to below its inversion point by passing it through a Iligquid nitrogen
trap, and then free expanding it through a nozzle into a much lower pressure
region. - It gives less cooling than the liquid hydrogen dewar is capable
of, but has an extremely useful variable temperature capability. Pumping
on the hydrogen beyond the nozzle can lower temperatures to 13°K, and
reducing the hydrogen flow rate while increasing the back pressure can
raise the temperature to any value up to 70°K.

In cooling down the cryotip, one thousand 1bs/sq in. of hydrogen is
needed backing up the dewar. After 20°K temperatures have been reached,
the pressure can be reduced to 600 lbs/'sq in. Increasing the pressure -
at this point will not decrease the temperature nor increase the rate of
heat flow from the targef -<-because of the.construction of. the cryotip; it
will merely cause excess liquiduhydrogen_to;form in the well on the bottom which

will be blown out of the exit.line in the form of a spray.
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in heavy water; GeHu, Ge2H6f and Ge

the reaction of this PFQN(CH

F. Preparation of the Materials Used

The germanium and silicon used were obtained in very high purity,’

production,

above 99.9%. It was found that after three runs of SiFg_

the-silieon remaining'in the furnace became inactivated due to a film
of polymer forming on it, and had to be taken out to be cleaned. The

method'employed was to swish the dirty silicon in a Naigene beaker with

'concentrated'HF solution to Whioh a few drops of HNO were added. The

3

: S111con was now washed, swished in concentrated Na solution for several

2 2

more m1nutes, washed agaln with HF solution, and then finally distilled

water. This treatment brought the silicon back to a highly activated state.

All of the other solld chemicals used had a purity above 99% and were
obtalned through standard laboratory supply houses. The magnesium germa-

nlde, used to produce the_germanes, wags formed from the reactionvof fine-

Ly powdered magnesium (greater than 99.9% purity) and germanium in a

2.05:1 mole ratio in a graphite crucible in an inert atmosphere at 750°C.
Many of the gases used were bought in 1ecture'bottle cylinders

(SiFu, PF,, HI, CH,, (CH ) SNH, N Fu, etc.) and were further purified

3’
through trapbto trap distlllatlon before use. Others were prepared from
ﬁore_élementary starting materials: CéFu was obtained from the pyrolysis
of tgflon'chips at.500?C; C2D2 was prepared froﬁ the hydrolysis of CaC2
3H8 were prepared from the hydrolysis
of magnesium”germanide (MgeGe) in'iO% HF solution;‘GeFu Was produced from

~the pyrolysis of BaGeF at 800°C; PF N(CH ) vWas produced‘from the'reaction'

of PFy and(CH

3 NH in: the gas phase for several days, and PF I came from

5)2

3)2 with HI. .
The preparatio_no:f"PéFl\L was so odd that I will go into it in detail,

as.well as mention some other attempts‘at itsipreparation which proved

unsuccessful.
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The only mode of preparation of PEFM discovered to date involves

the reaction of PFEI and Hg. The compound PFEI at less than 100 torr

pressure is placed in a large flask with a small amount of mercury (which

nevertheless, amounts to: a 50-fold molar: excess) and the flask is rotated
end over end with the mercury sloshing about inside. After four hours,
appreciable yields of PEFh and Hg212 are obtained (this method is analo-
gous to the preparation of NQFQ frém NFgCl and mercury6?); What is so

unusual about the reaction is that the pressuré must be kept low or else

complete decomposition to PF_, and PI, ensues, and the desiréd reaction can only

3 3

occur. .under-violent agitation -of liquid mercury. 'PFéInvapor does not react with

mercury vapor to form PEFh in the gas phase nor does PFQBr nor PFECl react
with liguid mercury under agitation. Amalgamating the mercury with cad-
mium, copper or sodium decreased the yields of PEFM° Recently, PFQI and
mercury were reacted in the presence of excess CH212 in a similar manner

6l

as above to form CHQ(PF so the method seems to have distinct.

2)2’
: use‘falne.ss for .intro-du‘cing.PFe_.._:group§ into moleguless -

After purification on the fractionating column mentioned earlier in
this section, the PéFhﬁwas checkedrby~its‘infrared and: @
mass spectra and found to be at least 98% pure for the most carefully
fractionated samples. It had a melting point of -85.5°C. PQFh is a
colorless, spontaneously flammable,‘uﬁpleasant-smelliﬁg gaé’at room

temperature.

G. Phosphorus-Fluorine Analyses

All the phosphorus analyses were done in the same way. The material

to be analyzed was dissolved (either in conc. H,80) + HNO, or in Na202)

3

in water solution, acidified, and precipitated with sulphate-molybdate

reagent to form ammonium phosphomolybdate, which was accurately weigheéd.
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Analysis of the polymer for fluorine was'done in the following manner .

The polymer was dissolved in a hot concentrated Na202 SOlution to form a ‘
clear solution. Since this solution could contain the fluorine in various
forms, such as.F-,.PFé, or POBFf it ‘was thought desirable to remove the
- fluorine from it all in one form for 'further analysisf So oM H’QSOh plus
chips of glass were added to this:solution and the mlxture diStilled at
155°C to remove all the fluorine as HESiFé. Thie method not only breaks
up complex ions, hut also separatesAthe‘phosphorus from the'fluorine,
'so3that fluorinedtests can now be run that would be interfered with by
phosphorus (such‘as the-zirconium alizarin lake method). The distilled .
B SiFg i alloved to arip into 0.1 N NaOH. The resulting solution is then
“neutralized andvconcentrated, and an aliquot is taken toibe tested'for'
~ fluorine contentdby the peroxytitanic acid colorimetric method (known
).

as Stelger s Method In thls method a. carefully prepared orange stock

solutlon of H,0, and Tl(SOh) (about 0. 02 molar in each) and acid has

its 415 nm absorption band measured by itself and with various known-

'dconcentratlons of fluorlde added. The absorbance at this wavelength decreases

'drastlcally, though unfortunately not linearly, with added fluoride. A

callbratlon curve of absorbance versus fluoride concentratlon is plotted.

The unknown is then added to the orange solution, the decreased =

absorbance measured,.and the concentration of fluoride read off the curve.

This method 15 sensitive to temperatures:of the solution, but is not inter-

fered with by phosphorus. | | | |
-Analyzing the polymer leftvin the reaction vesseliafter PF5 plus th,

vwerepassed through the qartz furnace at 90090,'showed it to contain less

than % weight % of fluorine, indicating that the material emerging from

the furnace was not a phosphorus-fluorine species, but most likely a
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phosphorus-silicon-oxygen species. This polymer did have 62 weight % -
phosphorus. The phosphorus-fluorine polymer that forms on the walls of
the vaéuum system when the materials from the condensation of the pro-
ducts of the'PEFu pyrolysis are condensed on these walls was analyzed
for fluorine, and surprisingly, showed little if ény fluorine present
(1ess than 5 weight %). Perhaps the polymer does contain fluorine initially
but reacts with the moisture of the air and then the glass it is next to,
to produce SiFh which evolves removing the fluorine , and leaving
phosphorus-oxygen polymers only..

A PHF6 sample was prepared for analysis by dissolving it in acetoni-
trile at iow temperatures and allowing the solution to warm up to room

temperature. At about 0°C, decomposition to P-F polymers and PF, gas

3

ensues. The PF_, is thoroughly removed from the solution and its amount

3
measured. The liquid plus solid precipitated residue is transferred to
a Naeo2 solution for dissolution of the polymer. Part of this polymer
dissolves immediately, but a colorless material remains (perhaps phosphorus?)
that requires heat and added Na202 to finally dissolve. The solution
is then analyzed by the above methods. About 46 mg of PﬁFé gave 25051mg
of phosphorus and 18.9 mg of fluorine in the polymer and 3.68 mg of
PF given off. This means that about 21 mole % of the original PMF6

3

decomposed to PF After correcting for a systematic error in the fluorine

5.
analysis of the polymer that gives 5% too low values of fluorine, the

mole ratio of F/P in the original cbmpOund is calculated to be (0.125h+

1.045)/(0.0418 + 0.752) = 1.475, or PhFS 9°




IV. EXPERIMENTAL ATTEMPTS AND RESULTS '

 A. Bonding and Stability in the Group IV Divalent Species -

A1l group IV eleﬁents‘cén‘form tetrdcoOrdinaﬁed_compodnds; Withoué excep;
tlon for carbon, 31llcon and germanlum, these compounds are covalently
bonded and the bonded groups are tetrahedrally 31tuated. Accordlng to
the valence bond approach, and 1gnor1ng d orbltal bondlng (elther through
. fllied or empty d orbltals), these fbur-valent compounds can be Vlewed as

forming by fifst having the»ground’nsen_p2 outer eléctronic configuration

b

"G") excited to an nsnp

‘ofitho group N atom (hereafter referred to as

COnfiguratioh, which then hybridizes to . form four equivalent spBAorbitals

~which then formuthohbonds obéervéd. The stability'of the resulting compound
oomes,from the fbrmatioh_of'gogﬁ new bonds, in this approach; which off-

5

sets the amount of promotional energy reqdired to form the sp” hybrid to
hégin with; '

Yet from the actdal hsenp8 od%er electronic cohfiguration of the G
atorhs, we would Ssuppose tha‘o only diValenf species could form, .from_the
' n.p2 electrons, eden though only'two-new.bonds are formed in‘this case,
‘_ Indeed, as wé go down the'periodic table, the stability of divalent group
IV species goes up until Shf+ compounds are quite common., In order to
ﬁnderstand the rélative éfahility of divalent versus teﬁrdyalent spocies
in group'IV, and the relationship of this stability to fhébbonding;
structure and multiplicity of the'resdlting speciéé, we will now rely
‘on a theoreﬁical picturevof this bonding that will explain it in appfoxi-
mate terms. |

The stability of a molecule comes from three sources: . electron-nucleus

(or electron-core) attraction, reduction of electron-electron repulsion,

]
i
24
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and reduction of nucleus-nucleus (or core-core) repulsion (this laét factor
not being too important here), all of which depend on time-averaged distances
of the electrons and nuclei ofithe molecule from each other.

The first energy term, electron-nucleus attraction, can be divided
into two or more parts depending on which of the two or more nuclei of
the molecule the electron in question stays near (to increase this
attraction). If it is the nucleus or core of the atom attached to the
central G (group IV) atom, then G's orbitals must be concentrated in the
directions of these other atoms so as to bring the shared pair of elec-
trons close to them. s orbitals have no preferred direction, but due to
the fact that p orbitals have a planar node, hybridization of p and s
orbitals do concentrate the electronic charge of the resulting hybrid in
certain directions. The more the p character, the better the direction-
ality, and pure p orbitals have the most concentration of electronic charge
in one direction., This relationship has a more pronounced effect in the
larger radii G atoms, where directionality to and overlap with attached
atoms further away from the core becomes crucial in fofming a strong bond.
Thus, larger radii G atoms tend to have more p character in their bonding
orbitals so that the electrons in these orbitals can get close to the
core of the other atom, while smaller radii G atoms tend to have more s
character in their bonding orbitals so that the electrons in these orbitals
can get close to the core of the G atom. Since divalent group IV species
use pure p orbitals in bonding, while tetravalent species use sp5 orbitals,
and since the two p orbitals possessed by the larger radii G atoms in

5

their ground states give a much better overlap than the four sp orbitals,
as just stated, it would be expected that these larger radii atoms would

more readily form divalent species. Also p orbitals have a smaller angle
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'between them than do the sp hybrlds, so it would be expected, both from

. this effect and sterlc hlndrance, that the larger radii G atoms would have .

smaller angles between their bonds (approaching 90°); These'effects would

be enhanced byvattached electronegative groups, and thus would explain

the stability and angle of the'divalént épeeieSECFQ;eSiF2ﬁ$qd GeF, relative
€0 'the" tetravaleht’ species Cy;:8iF) Cind GeF, , versus, the similare =77 -
relationship between their hydrogen analogs.

The electron-nucleus attractive term can also stabilize non—bondihg

. electrons if these electrons are situated near the G atom core. Such
electrons tend to lie in orbitals with a large amount of s eheracter, for
_these orbitals reduce the'secbhd energy term mentioned above, the

electron-electron repulsion, while they bring the electoons close to the

core of'the G atom;

This-stabilizing effect on non-bonding electrons is sometimes called
the "inert pair effect," which refers to the fact that eiectronsvin s
orbitals beeome prdgresSively less reéctive asHeach groupvin‘the periodic

table is descended, and fherefbre these elements tend to have their two

' outer s electrons unshared in compounds they form. Applied/to the species

of group IV atoms, this means that the unshared pair of s electrohs in
the divalent speeies beceme progreseiVely'more stable‘as.wevgo down the
group. | | | |
:The'ihert ﬁair effect isvillustrated.in the s.—ap transitions'of
the monatomic, gas-phase group”iV atqms; Table I lists the energy of these.
tfansitions for the G -atoms. | |

The inert pair effect is due to two sources. First of all, lone

- pairs tend to s character‘because they are not bonded to any other aﬁom

and need no directional characteristics. Their stability comes from their
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*
Table I. Energy of the G(sgpe)(g) - G (sp5)(g)

transition for group IV atoms

G E(kcal/mole) ,
C 96.5
Si 95.3
Ge 119.9
Sn 115.3

proximity to the nuclear core and s orbitals meet this requirement. Fur-
thermore, as we go down the periodic table to larger radii atoms, the
further the s electrons can stay away from each other, the less their
mutual repulsion and so the lower their energy (this is not true to any
significant extent for p orbitals).

However, the larger the core the smaller the electron nucleus
attraction, and thus the weaker the stabilizing effect of this attraction.
This brings us to the second factor in the inert pair effect -- the poor
shielding power of d and f electrons. T~ the atoms further down the
periodic table, filled d or f orbitals are present neutralizing thé nuclear
charge for the outer electrons. But since these orbitals are so diffuse,
the outer s electrons can penetrate them, thus experiencing more of the
positive nuclear attractive force and lowering in energy. Most probably
it is this effect alone which is the cause of the sharp rise in the
energy of the s » p transition for germanium seen in the above table, ¥

It must be reemphasized that all these considerations are inaccurate
simplifications and do not adequately describe the extremely complex
situation that is occurring in any atomic system. For instance, the

above considerations cannot adequately explain the anomalous drop in the
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energy of excitation for silicon and tin Seenfin,TableaI, waéVer,:to the

extent to which they reflect reality , they would predict a greater sta-

‘bility for divalent speciés of atoms lower in the periodic table.

Another factor which could come into play here from the second energy
term, electron-electron repulsion, is steric hindrance between the atoms

attached to the central G atom. This hindrance would destabilize a small

'_angle between these attached atoms, especially in the smaller radiivd
“atoms. - This, in turn, would destabilize both the tetravalenﬁ.species and

"also the singlet divalent speciés (which would use two pborbitals in its

bonds, that have an angle of 90° between them in the free atom - éee

below) in the smaller radii atoms. Thus this steric hindrance effect

might havé the net resulﬁ of not changing the above conclusions for

divalent-tetraValént stability, unless tripiet divalent species could
form, in which casé.itiwould staﬁilize‘thé divaiént species of smaller
radii G atoms. |

Once we have fqrmedva divalént.species, stable -or not, thévsame'
valence bqﬁdiapproach used abové éan ﬁrediéf whether its ground étate
will.have Siﬂglet or triplet character. A singlet woﬁld have an unshared
pair of eléctronsvin a single orbital in the ground state, and this orbital

would be an s orbital from what was said before. Therefbre, a singlet

would definitely have two p bonding orbitalé at an angle not far from 90§.'

A triplet could'not:have itsvtwo unshared and,uhpaired eleétrons in é

‘single orbital, so one would predict one of the following tWo_configura—

tions for it: a linear speéies with two sp bonding orbitals and. two

, - ‘ ‘ 5 -
lone p electrons; or a nearly linear species with two sp bonding orbitals

L 2 ,
and one long sp electron and one lone s electron.

Hund's Rule, which states thatatriplets lie lower than singlets of
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the same configuration, of course does not directly apply here since the
triplets and singlets are not of the same electronic configuration., Never-
theless, repulsion between s electrons will destabilize the singlet relative
to the triplet. This effect decreases for largér radii, so singlets would
be expected for the larger radii divalent species of group IV.
Triplets are also destabilized by: the s — p promotion required for
triplets of the first kind mentioned above, and which is greatest for
the larger radii G atoms; the fact that non-bonding orbitals generally
tend to s character as mentioned before, especially for species further
down the periodic table; and electronegative groﬁps attached to the G
atom, which tend to put more p character into the bonding orbitals and
more s character, consequently, into the lone pair, stabilizing the sing-
let. Thus, in general, only small radii group IV divalent species with
nonelectronegative ghoups attached would be expected to have a stable
triplet ground state. Indeed CHé is one of the very few of these species
that has been shown to have a very low-lying triplet state.67
Besides the carbénes, which are known to exist as transient inter-
mediates in.solution work and have been inferred to exist.in certain py-
rolysis reactions in the gas phase (CF2 and CHé have actually been the
only carbenes spectroscopically observed in the gas phase), several other
divalent group IV species have been either predicted or identified in various
chemical transformations. The three I have worked with and will be dis-
cussing here are GeHé, SiFé and GeFe. Silicon and germanium compounds
in the IV oxidation state are usually quite different from their carbon
analogs in terms of a great many properties. Thus it would be expeeted

that differences would also arise in theilr divalent species that could

be very informative.
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B. GeH, -- An Attempt at Production in Preparative Amounts

" 1. Evidence for GeHé Formation

GeHé:oas_béen hypothesized as a transient intermediate in mony
previous studies. In 1955 Fensham et al.68 showed thaf GéHu.has both' a
Zero order’ahd first order'oomponent to itS‘deCOmposition rate at high
tempgratures in the gaseous state in contact with gefmaniumjmetol,lcorfe-
spoﬁdiﬁg to decompOsition at the sﬁrface of the.metal and in the gaseous
state, reépecti&ely. The first order component predominatos at high
__temperaturés,bahd of coﬁrse,'high preséures. This homogeﬁous deoomposié
tlon, by'means of varlous 1sotoplc substitutions, was shown to 1nvolve;
as the rate determlnlng step, the decomp031t10n of GeHh to GeHé monomer
 and Hé gas.» | .
- Glafum.and'Krags69 reacted phenyl bromide with_NaGeHs in liguid
ammonia and Obtainéd'a'very unstable White solid (believed tG be GegHﬁ)
'Whichbdéoomposed'slowly at -3560, after. all the ammonia had‘been pumpod
_off,'to,n/é molécules of.GeHu'and (GeH) 'polymer. Thé same sort ofo
decompos1t10n reaction was hypbhhesmzed by Dennis and Wbrkl6 in.the
reactlon of GeHgCl with liquid NHB to form NHuCl and other products,
:though no unstable intermediate was isolated in th;s‘case. More recent
liquid ammonié_work-on the_decomposition of'amﬁonié solutions of Geeﬂg
“at low temperatureo7o showed the intermediacy of an unétablé material
partialiy'soluble’inoNHz;‘whose”hmr gpectrum gave three‘distinct peaks;
’This matérial,fthought‘to be a lower hydride of‘gefmanium, could not be:
. iéolgtEd,_nor reacted with other maﬁerials;: | |
Aﬁberger71 shoWédkthat the pyrolysié of highef_germanes <G63H8.or
GehHiO)’ under aorupt heating, ylelds still higher germanes andvpolymeric.

germanesrof.fbrmula‘(GeHé)n, suggesting the formation of armonomer in the
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gas state which then polymerizes.

Timms et al.l7 showed that Ge2H6 and Ge5H8 in a stream of hydrogen
passed through a heated tube containing glass wool formed a mixture of
higher germanes as well as decomposition products, a result very similar
to Amberger's work. However, they also shqwed that when a silane, such
as Si2H6, is mixed with the germanes, mixed silicon-germanium hydrides
come out of the furnace with the structure, SiEGenH(6+2n) (the Ge's all
bonded together), and no others (such as SiGegHg). This strongly suggests
- that a GeHé radical is forming under these conditions which has a long
enough lifetime to reach and insert.into the Si<H bond or- Ge~H bond: of
a silane or.another .germane, respeetively.

Unlike the pyrolysis of the aliphatic hydrocarbons, which are pre-
sumed to go through free radical intermediates such as CH? or C2H5,72
the pyrolysis of silane, SiEHE’ which has beeéen' analyzed kinetieally, has been
interpreted to go through the SiHé intermediate,75 though the evidence
is not certain for this. Thus\GeeHg might also go through such an inter-
mediate in its cracking.

We might expect GeHé to be a stable gas phase species from extra-
polations of other divalent group IV species. CF2 has a half-life of

Th

about 0.5 seconds at 0.05 torr pressure, SiF2 has a half-life of about

2.5 minutes at 0.1 torr pressure (being destroyed on the walls of the
container),75 and GeF2 solid is stable. Thus a trend towards greater
stability for the divalent species as we go to heavier group IV atoms

is noted, as was predicted above. One of the factors increasing the

gas phase stability of GXé is the increased electronegativity of X. Thus,
CHé has a half-life of only 50 microseconds at 0.1 torr pressure67

(electronegativity of H < electronegativity of F) and SiCl2 has a half-life
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of a fewvmillisecoﬁds at 0.0l torr pressure32 (electronegativity of

Cl < electronegativity of F).' Though these'extrapolations applied to gas

- phase lifetimes are quite crude; we would predict by means of them. that

GeHé~is_much less stable than GeF,, but not much different in stability

“than Gejé'(eleCtronegativity of T w electronegativity of H), which is_r

known to be stable in solution and to react as a carbenoid monomer with

C,Hy (and other acetylenic compounds) at high temperatures and pressures

to form:’ ; o ﬁt dH
N /.
l/Ge\ |
H

'Thus, the ev1dence for the transient existence of GeHé suggests

attemptlng to produce this radical in ‘high yields and to qulckly cocondense

it wlth enother compound to effect a reactlon;

2. Work on GeHé'Production and Reaction

~ An attempt was made to produce GeHé by the thermal cracklng of elther
Ge2H6 or Ge3H8.' It was found that at low pressures of the germanes in
the furnace, or at slow flow rates of the germanesvthrough the.furnace,

nothing but simple decomposition to Ge, GeHy and H, inside ‘the furnace

' occurred. Neither higher germanes nor unstable materials were produced
- to any significant extent. However, by injecting the germanes at high

flow rates (about 0.15 mmole/sec) through a 10 cm long 450°C furnace with

a 1 mm bore restriction at the end, observations were made Which suggested

the presence of some unstable intermediate. These high pressure, high

nditions were very exacting -- temperatures, shape of furnace,

flow rates, and other variables had to be controlled within strict limits

tovproduce the GeHé.

3Hﬁ8'crackingv,,the production of Gel, was con-

: ) , N )
sidered to be at a maximum when a dark brown, tenacious, coherent solid

:In the case of the Ge
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(later found to be mostly Ge metal) condensed outin greateét.yields on
the liquid nitrogen cooled surface beyond the furnace. It was found that
the effluent gases from the furnace could be passed many feet within the
vacuum system and still this solid would have the same appearance. This
solid is completely different from the Ge mirror deposited in the furnace
by the surface reaction of compounds deéomposing at high temperatures.
It is also different from the germanium metal soot that exits from the
furnace at slightly higher temperatures.

The cracking of GeeHg was completely different. In this crackiﬁg,
which was actually run at higher pressures and flow rates than the
G€5H8 cracking, the following materials were identified upon warmup of
the condensed material (besides the Hé given off): Ge, GeHh, Gegﬂg,
GeBHS’ Ge)H ,, higher germanes, (GeHé)n polymer (a viscous liquid) and
also some highly unstable material that decomposed to higher germane
polymers (which were left on the walls of the U-traps in the form of
tiny, high viscosity droplets) as it was transferred around the vacuum
system. Little of -the dark brown condensate that appeared for G65H8
was seen, This unstable material formed in higher yields when the
effluent gases from the furnace were passed down a long tube before con-
densation, so that it would appear to be a gas phase reaction product of
the species exiting from the furnace. Attempts at isolating this unstable
material in -120° to -140°C traps resulted in its complete decomposition
(as evidenced by the. absence of.any more polymeric residue beiﬁg left
on the traps of the system as the material was passed from one of them

to another).
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' After condensing the effluent gases Just once,'they were slowly re-:
sprayed from the trap 1n Whlch they'were condensed onto a salt w1ndow atv
-196 5 and an infrared spectrum of the solid fllm formed was taken. Two
lines were noted that belonged to none of the germanes up to GehHlO

small one-at 725 K and a larger one at 750 K, both in the H-Ge-H bending

" region. These lines did not appear when the contents of the trap were first

warmed to -lhO C, with pumping, before the spraylng took place.

'Attempts were made to react Sl Hg with the radical produced. In dupli-&

. cating the experlment of Timms (pas31ng Ge H6 + Slzﬂé through the furnace

together) it was found that hlgher y1elds of Si GeHB could be obtalned under
condltlons of maximum radical production. - However, all attempts to produce
SiQGeHB outside the furnace in.a cocondensation reaction or gas phase‘reacf :
tion proved»failures.v Cocondensation of the‘GeeHg craching products with.
CoH,y, CyHg and CF) all proved to be failures as_ well.

| Interestingly, cocondensatlon of the Ge5H8 cracking products with

CgHé did produce strange results, though no new compounds. First of all,
much less Hé was glven off in this cocondensatlon than was usual for Ge3 q

cracking by itself. Secondly, a great‘deal of hlgh b0111ng polymeric drop-

lets of (GeHé)n were left all over the vacuum system as the products of the

~ cocondensation reaction were pasSed around it. Yet no sign of compound for-
matlon, as judged by 1nfrared spectroscopy and mass spectroscopy of the

. products of the reactlon, was found.

Assuming that some sort of reactive species is being produced here, there
are several reasons for the failures-noted. 'First, there is simply'the

experimental difficulty of reproducing the exact conditions for cracking.

: Secondly, GeHé or Ge Hh mlght be extremely unstable spec1es by themselves,v'

yet quite unreactive ‘with the other materlals I cocondensed them w1th

'Thlrdly, the presence of Hé in all these reactlons could interfere w1th the

conondensatlon reactlon at 77°K or could decompose the reactlve monomer

S
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in the gas‘phase.

Nevertheless, a very tentative explanation of the observations made can
be given. In the Ge3H8 cracking, lower pressures and flow rates were used
than in the GegHélcracking. This fact, combined with the nature of the
G63H8 molecule, might result in a much lower concentration of GeHé
forming in the hét zone here thén in the GeéH6 cracking., This smaller
amount of GeHé would also exist in the furnace for é longer amcunt of
. time, giving it a better cﬁance to decompose into Ge metal and hydrogen.
BecauSevof the low concentratidn of GeHé, and its higher temperature,
it would be less likely to dimerize to form a GegHu gas phaée species,
either within or beyond the furnace. Then upon condensation {or even in
the gas phase), it could decompose to the germanium metal observed. Addi-
tion of CgHé'might indeed promote a reaction with this Geﬂé mornomer ,
thereby reducing its decomposition and the Hé formed, but the adduct
so formed could be so unstable as to further decomposé, upon warming,
back to C H, and a (GeHE)n polymer.

The higher pressures and flow rates of'the GegHg cracking, combined
with the stability of GeHu,.could readily cause a much higher concen-

tration of GeHé forming here than in the Ge H8 cracking. This would

>
account for the high yields of higher germanes produced by this cracking.
These GeHé’radicals could dimerize, either within the furnacs or beyond
it, to form the highly’unstable; . but also unreactive, GegHu species
(seen in the infrared), or perhaps a (GeHéjX telomer. This dimer

or telomer would not decompose to Ge metal and hydrogen upon condensation,

but rather polyermize to higher polymers, and it might partially survive

one or two transferrals around the vacuum system.

&
a2

i
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s Mass épéctroScopy'was not used to determine the presgncé of GeHé

or higher telomers in these crackings for several reasons: one, the crack-

_ihg of the germanes to produce-radicals_required high pressures, which

Could‘not be easily accommodated by a mass spectrometer; two, the

hydrogen present in the érécking products would'tend‘tb‘in:reaée the

vpréésare in the ionization region of the mass spectrometer beyond the
. allowable limits;-three, the short time required for the cracking would

necessitate a very quick, low. resolution, mass spectrometric scan; and - -

four, germaniﬁm has five naturally abundant isotopes, which would make

‘the G€+ - GeHu+‘mass envelope very complex to énalyze. Neither could
‘matrix isolation SPectroscopy'be utilized to solve this difficulty. .The

hydrogen_being produced would increase the pressure-within the cryostat.

to the point where heat conduction wduld make thé maintainance of QOéK

temperatures impossible,
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C. The Reaction of SiF, With GeH,4

Though:SiF,, was first discovered in 1958,18 it was not till 1965 that

its potential as a radical reactant in cocondensation reactions was rea-

2

observed that the reactive species at the cold surface is SizFu or higher

1ized.75 In:almost every reaction of SiF_ in cocondensation, it has been

telomers of SiFg,

has been attributed to'strong chemical forces between SiF2 groups,

Though the only gas phase species is SiF2 monomer. This

immediately dimerizing the monomer as it strikes the surface, the dimer

7 Most likely all this takes

then reacting as a carbenoid subsequently.
plaée in the LLIT state of matter. The reason for the stability of SigFu
could wery well be due to a partial double bond between the two silicons
in it (as is the case for PgFu)’

An attempt was made to react SiF, with GeHh in a cocondensation reaec=

2
tion. GeH4 gas was admitted to a stream of SiF2 plus SiFh emanating from

a furnace (in a 2:1 molar ratio of SiF :GeHu) and the entire mixture con-

2
densed at liquid nitrogen temperatures further downstream (a 1ine of sight
path was not required here due to the gas phase stability of SiFe). The

reaction proved a success. A description of the reaction and the products

it formed has been published,78

and a reprint of this article is given
in Appendix F, so that only a few details will be mentioned here along
with éoﬁe major points of interest.
Aftervformation via cocondensation and warmup of the solid resulting
from the SiFe—GeHu‘reaction, a foaming, flammable,.liquid_polymer is left
in the reaction vessel in which most of the silicon from the SiF2 is trapped.

This behavior is markedly different from SiF, - SiFu condensation by itself

2

where only solid residues are left. This liquid polymer reacted readily

with aqueous HF to form extremely unstable gases, violently explosive in
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air. These'gaseshuere.not'investigated further.. HoWever; a'small amount
of‘volatile.compounds also resulted from this cocondensation,-and_it uas
these compOunds that constituted the yield. Upon‘low~temperature, lou
pressure fractionation of these-volatiles, three distinct fractions were
_ohtained (besides,fractions attributable to simple perfluorosilanes
which almost always'form to some extent in SiF reactions).

The least volatile fraction was composed of highly unstahle compounds
difficult to characterlze and was not worked on very much (1t was believed

_ through mass spectroscopy, that some GeH F6H was present 1n this frac-

33
tion). The other two fractions Were found to be the first_two compounds
in the'homologous seriés,‘GeHBSinFénH. They uere identified through _
molecular weights, mass spectrosc0py, infrared'spectroscopy and hydrogen
and fluorine nmr spectroscopy (seevAppendix F). Neither of'these compounds.
was ever obtained above about 95% purity, and further attempts at pur1f1-
cation u81ng gas chromatography at 55 C resulted in their total decompo—
sition, As a matter of a fact the GeHBSiF H was believed to have a -

| small amount of a Slightly more volatile GeH_SiF impurity-that could’

573
" never be completely separated from it.
| The nmr spectra taken (at low temperatures to preyent decompos1tion)
_showed a general first- order form Which was readily 1nterpretable in
terms of the compounds previously‘mentioned. They are shown in Fig. 9;'
‘In interpreting’the nmr chemical shifts_observed} some”comparisonsb
should be madeVWith analogous compounds that have'been studied more care-
fully. Table IT lists some of the chemical shifts of related silicon,;v
germanium, fluorine, hydrogen compounds..‘ |
We see from the table that the addition of one- fluorlne to silicon-
reduces_the shjelding of protons attached'to that silicon a great deal,
but the addition of a second or.third»fluorine after this actually
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Table II

MMR Chemical Shifts™ of Some Compounds Confaining Siy Ge, F and P

Compownd . Proton Spectrum (Si-H) Flu?ginﬁ)spectrum'
l - - (si-
b‘SiH&ﬂ | | 47.0 -
Siﬂjﬁ , o B2k . 4218.5
SiHF, 45.29 o 52,5
|  SiHF5: | '.“, '. +5,u7' | | | a1l
S8iF) , - - 4160.1
S1,F, o R o . H1T.9
:.GeHBSiFQH  5.0h | | +;é6,6
: GeHBSiEFuH o +5.26 ' _ | ;.; i

aAll proton chemical shifts are'expressed in ppm and are in terms of tau
values = 10 - &, where d is the chemical shift relative to T™S; fluo-
rine chemlcal shlfts are relatlve to 0013F standard.

: Data taken from R. B. Johannesen, T. C. Farrar, F E Brinckman and T..D.
Coyle, J. Chem. Phys. hh 962 (1966), reference 79, and this work.
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increases the shielding a slight amount. Obviously, the first fluorine
is acting through the inductive effect due to its electronegativity. It

9

has been suggested that the cause of the inability of further added
fluorines to increase this effect still more is the existence of back-
bonding from these fluorines to the empty €ilicon 4 orbitals, which over-
comes the inductive effect when two or more of them are added to the
silicon. The chemical shifts of the Si-H protons in the two compounds

' I have formed are fairly close to. the values of the mixed fluorosilanes,
suggesting that fluofine backbonding is oécurring in these compounds as
well., Also, the Ge-H prdtons in these two compounds are at a slightly
higher field than usual, which could come from electron donation into

the GeH5 groups. Finally, this backbonding effect in the fluorine nmr

is noted in many of the fluorosilanes (with the exception of SiH,F, where,

5

as noted before, the inductive effect takes precedence), as well as
G;HssiFgH, where the fluorines show deshielding relative to'SiFu;

As was mentioned in the Experimental Section (see page 69), vapor
pressure plots can lead to values of the heat of vaporization (AH§ap)
and{Trouton's Constant for a compound. Extrapolations of such curves

-can also give an approximate bolling point. Though the two compounds
formed were slightiy impufe, the impurities present were not expected
to changé the slope of the log P Vs 1/T piots very much., In Table IIT
are listed the Trouton's Constants and melting and boiling points of
several known éilicon, germanium, hydrogen, fluorine compounds aiong
with two discovered here.

It is seen that the replacement of some of the hydrogens in GeHéSiH?,
or all of the hydrogens in the silanes, by fluorine, has a very large

effect on the melting points, but little (though opposite) effect on the

boiling points of these compounds. This would indicate that fluorination
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Teble ITI. Melting points, boiling points, and Trouton's
o Constants of some compounds contalnlng Sl, Ge,

F and H
o v ' Compound Melting - B0111ng : Trouton's Constant
o P Point (°C) . Point ( 4) (cal/deg mole)
SigHg I ) -14° 20,6
| SigHg. _ __-117 _ 53 | 22,4
| SiHGeH, . -120° 7 21.36
S12H5G6H5 v' : -115 .' X o ‘ X
’ [ : [
Ge2H6 51o9 31.5 20.5
81, F¢ o --19° -19 : 25,6
815F8 | -1 L L2 | _ 2705
. o o ¥
GeH SiFyH - -T7.5 1% - 18.6
- o o o '
GeH581 F)H Le | 86 ? N X

Data taken from P. L. Timms, R. A. Kent, T. C. Ehlert and J. L. Margrave,
J. Amer. Chem. Soc. 87,.2824 (1965); E. J. Spanier and A. G. MacDiarmid,
Inorg. Chem. 2, 215 (~965), reference 17; and this work. ‘

* - o : :
extrapolated; ? estimated; and X unknown
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has a pronounced effect on the crystal structure of these compounds, but
not on the intermolecular forces in the liquid.

It is unusual that GeHBSiFeH should have such an anomalously low o

Trouton's Constant. This indicates a high entropy in the liquid state

(which would exist if a large amount of GeH,_SiF. impurity were dissolved

373
in the liquid.)
~ One of the compounds that formed here, GeH5SiF2H,had only one SiF

group inserted into it compared to the original reactant, GeHu. As

2

was mentioned before, this is in contrast with most compounds that form

from SiF2 cocondensations which have two or more S:‘LF2 groups in them.

Perhaps we are dealing with an unusual type of SiF2 reaction here. More

éH is a decomposition product of compounds initially

formed containing m.ore-SiF2 groups. This possibility is substantiated by

likely, however, GeHBSiF

the fact that this germylfluorosilane would form (to a small extent)
when GeHLL gas was deposited on top of recently formed:silicon
difluoride polymer at 77°K, a reaction that is not a cocondensation

reaction and that must take place bebween GeHu and SiF, telomers, since

2

no.SiF2 monomer can be expected to survive the condensation process.
Thué, a true simultaneous deposition of the two reactants was not

necessary for some reaction to take place.

7 have reported that GeH_Si . H_ reacts

3725 7

rapidly with aqueous alkali evolving hydrogen but no monogermane, while

Interestingly, Timms et al.

3SiFQH reacts rapidly with aqueous alkali evolving

mdnogermane, almost quantitatively, but no hydrogen. While no detailed ex-

I have found that GeH

planation can be given to this phenomenon, most likely the:.attack of base
on the mixed hydride initiates at the Si-H bond, but not in the case

of the germylfluorosilane.
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.Thermel cracking.of GeH?SiFEH'at 450°C and b4 torr appeered not_tozl

- split off GeHé, as rn‘the cracking of GezHg, but greeter amounteiof the.
GeSiF; peek were seen in the mase spectrum‘of the-cracking‘product53 This
suggests that the compound GeH381F is a decompos1t10n product of GeH381F H.

 SiF Hé was also a product of the cracklng.

| D. Work on the GeF2 Species,
GeF2 wes the final group IV cerbenoid used in'anlattemtt_to effect
a‘cocondensetion reaction; Thevmethod employed forvits production, passing
GeF) over Ge metal'et 350-450°C (in a carbon furnace),‘has been used before
:to.produce it,80r Moderate yields of GeFé were.produced in this way, and
.cocondensation reections at-a-77fk surface ‘were attempted with CQHé and .
”PF5{ Though’ceﬂé did produce a small amount of some'unetablevmaterial,;
neither reaction gave any,new'volatile compounds in high enough'yield and‘
etability to:characterize.' It seeme that/Gng is a veryvunreactive
carbenoid.

»In working_On the GeF)_LeGeF2 system, it was found that GeFu has aﬁ"

‘extreme affinity_for weter adsorbed on the inner surfaces of the vacuum

line, and that 1t forms a stable, volatile adduct with-NHé;

E. The CS Radical and the Formation of 05§2

By'usiné the windings ofhthe.furnace in the - reaction veésel'(depicted
in Fig. 6) as a hlgh voltage conductor, the cocondensation apparatus can
be. used to react radlcals orlglnatlng in an electrlcal dlscharge set up
nlthln the'furnace; ThlS method was applled to 082 gas, perhaps to form -
the rcactlvevspec1es, Cs. | |
The procedure consisted of slowly passing 082 vapor (at a rate of
. 0.2 ﬁmoles/min) dowulthe_center tube of the-apparatus through the furnace

and then to the»TY°K surface below. A tesla coil, one-of whose output
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terminals wés grounded, was turned on and placed about % in. from one of
the electrical terminals %o the furnace windings. The other terminal of
the furnace was not grounded. The constant sparking in the high voltage
circuit was necessary to produce a discharge in the flowing CSE' A wire
wrapped around the outside of the glass tube leading to the furnace from
the top was grounded, so that the blue discﬁarge inside the glass tube
extended up to this wire, but not beyond. At the end of the experiment,
a brown-yellow coating was always noticed extending throughout the length
of the furnace tube.

Tt was found that, to produce a new product from this cocondensation,
the furnace had to first be heated. Since it is well insulated, it could
maintain a temperature over 300°C for a half hour, and the entire procedure
usually took no more time than this (the furnace could not be heated
directly, because then it would be grounded). If this heating was done
and the electrical discharge started in the flowing CSE’ a new product
appeared in the pump out of the gases condensed on the liquid nitrogen
éurface.

Upon warming the products on the 77°K surface, no violent reactions
nor light emissions were observed, in contrast to the results of Martinll8
when he warmed the condensate derived from the passage of CS2 first through
an electrical discharge and then onto a cold surface. The absence of
light emissions.in my experiment could simply be due to lower CS concen-
trations heré. Instead of these violent reactions, a small amount of
a reddish material was found in the pump out, less volatile than CSQ.

This material gave two main peaks in the infrared: 2085(s) and 1028
(doublet, m), The mass spectrum showed the following peaks,-which were

assignedvas follows : 32(s)-S+; 36(m)—05+; hh(s)-CS+; 56(s)—028+; 64(w)-S;;
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68( )- C 5" 76( ) CS ; and lOO(s) C S . The infrared . spectrum is in )
ll9'

_complete agreement w1th the compound C,S, as well.

372

noted above are its 1nfrared active anti- symmetrlc C= S stretch and antl-

, The-lnfrared bands

5 2

.molsture-sen81t1ve llquld that can be kept in;air,'but polymerizes |

symmetrlc C=C stretch respectlvely; is a red, sllghtly Volatlle,_

' rapldly at room temperature. It is the_homolog of”CBQg.

The usual preparatlon of C is carried out by submerging a high

3 2
' amperage carbon arc beneath cold €S, the C
119

forming being,immediately

3% T

stabilized in CS2 solution. has also been made by the passage of

A %%
C82 vapors hetween;the electrodes_of a 50 amp carbon arc followed by con-
,densatiOnpof-the'products.gé waever, no report of its fornation.under‘

the relativeiy mild conditions used in this work has heen published;
r_suggesting:that'a-coconuensation reaction might be responsible for its
formation-here. .

'Cocondensation-reactions With.benéene and.deuterated acetylene were
tried with thevmateriaiS'exiting frOm.the'furnacer: No'reaction”productp
'resulted ACtualiy, in the case of aCet&lene, some deutero-diacetylene
was‘observed, whlch must have come from.the actlon of the dlscharge on
the acetylene_ltself. The fact that thls could happen suggests that the
zhelectrical'discharge wasilmplnglng on the materlals condensed.out on the
cold surface, causing a reaction to take place in the solid, rathervthan the
LLIT'state of natter; HoWever,'avsinilar-process did'not produce the' |
0382,'s1nce a cold furnace plus a dlscharge dld not yleld any C5 o
" The polymers left on the surface of the reactlon_vessel, after the
pump out, containeu.some sulfur.' Perhaps CS formed in the discharge and
inserted’ 1nto CS twice to form the heterocycllc C

3

which- then decomposed to- sulfur and C S (the low concentratlons of CS

S rlng compound, CBSA"



-115¢~

present militate against this mechanism).
No further studies were performed on this system to elucidate the

nature of the reactions occurring.

THE PHOSPHORUS~FLUORINE SYSTEM

F. The Low Temperature Cracking of Eégh

At the suggestion of Dr. Peter L. Timms, the thermolysis of the
compound PéFh was investigated as a possible source of radicals for
cocondensation reactions.

. 20,21 .

EéFu was only recently discovered, though it had been sought
for many years., It is an endothermic compound at ambient temperatures,
decomposing to ETB and PF polymers, and therefore, at elevated tempera-

tures, would haVe a large driving force to fission into unusual high

temperature species, Specifically, by analogy with the NéFu-NFé equilibrium,
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it would be expected that P,F) would dissociate into PFé.radieals under

low pressure and high temperature. Indeed, Parry has glven some epr2o and
chemical81 v1dence for the. ex1stence of PF2 radicals in P Fh'“
PEFM shows unusual behavior whenever it is passed.around the vacuum

system from one trap to another. Although it is a white solid under normal

3 conditions, it condenses out yellow at 77°K. This yellewlsolid turns to a

white soiid with about a 50° rise in temperature, which, on further warming,

'llqulfles to pure P Fu.All that is needed to form the yellow. color agaln

is revaporlzatlon and recondensation of thls 2 4. What 1is Stlll more . un-
usual, is that very low pressure condensation of BT, (below 10 millitorr)

or very high pressure condensation (above 1/2 atm),vonto a T7°K surface,

‘vwill result in a mhite solid being formed, not a yellow.one. .Finally,

the.yellow color does not form when a foreign gas, such as PHz or PFEI
(neither of which‘reaet with P2Fh in any way), is mixed with the PéFh be-
fore it is eohdehsed.v

P F& éassed through the furnace in the reactien veseel-(debicted.in
Fig. 6) at a rate of 0.5 mmoles/hujland at a furnace temperature of BOO—

450° C, and the. dlrectly to the liquid nltrOgen cooled surface below, gives

rawmuch mpre 1ntensely.yellow condensate than under normal vacuum line
- conditions. This color again turns white upon slight warming and the vola-

~tiles giVen off consist‘mostly of IEFA'(with a slight*amount of PF, from

3
decomposition). Passing the P_F), through the furnace at 800-950°C wder

otherwise identical conditiOns gives entirely different results which will

be gone into in the next:chapter. Here we only need note that the conden-

~sate formed at the 77°K surface has a very light to transparent orange-

yellow color, not deep opaque yellow. .
This behavior can now be compared with. M N Fh forms a violet-

colored Olld when cohdensed at 77°K from the gas phase, due to the
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dpreSence of Nleradicals in equiiibrium with NQFﬁ ges_etjroom temperature.”
?Passing'Nth through a furnace at’a moderate temperature Vill'increase the
famount of NF in equilibrium, and hence:increase this.colorbformed in'
condensatlon.- If the pressure of N Fu ges condensmng is above 1/2 atmo-

'sphere, a colorless solld is obtalned rather than a violet one. This

'-behav1or is 1dentlcal'to that of the“h1gh»preSsure versus low pressure

condensatlon of P Fu, and, in thls case, has been explalned in terms of a
shlftlng of the equlllbrlum in NEFM gas at hlgh pressures to remove most of

the NF2 radlcals present. If the yellow color for PEFLL were caused by PF

o
'radicals, a similar explanation couid.be offered in its cese°

However, NEFM hesdno loukpressure limit to the formation of its violet
color upon condensation.? Also; this‘color‘remains upon'uarming_up the
violet solid to the 1iquid-state;:so that NF) canionly be obtained in a
coiorless’form upon condensationufrom the high pressure gas; .Thus, the:

'vNF2 violet species is'stebilized in the liquid phase, while the PF2 i

yellow{species is not even stable in the solid above iOO°K°
The_yellow color seen in-the Pth condensation can not simply'be due

to a lone-PF2 species trapped in'the'solid because such a species would

'be expected to form in hlgher ylelds at lower pressures, but does not

_ beyond a certaln p01nt° Also .PF2 1solated in the matrlx (see page 172)

_has been found to have no v1s1b1e absorptlon spectrum On the other hand
‘ult seems llkely that a PF2 radlcal is partlally respons1ble for this

,yellow color. Perhaps the explanatlon of this phenomenon lies in the

‘existence;of a cdmplex,structured'PFE;(PEFu)n,species in'the solid state.

* . ' P __ . ,
However, at still higher temperatures, and under immediate condensation

“conditions, no new compounds are observed to form with NoF), as is the case
with PQFN. Instcad the NQFh decomposes to No and NF3.
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This species would be yellow, due to the delocalization of the odd electron

in it, and would readily decompose by recombination of PF, radicals upon

2
warmup of the solid.

At very low condensation pressures, little heat needs to be conduéted
away per unit time to effect solidification. Therefore, the surface acti-
vity in the LLIT state would be small and the rearrangement of condensing
PF2 and PQFu molecules to form the yellow structure could not take place
before total solidification occurred. This ﬁould not be the case at
intermediate pressures, and at very high pressures the equilibrium con-
centration of PF2 in the gas phase would be too small to form the yellow
structure to any appreciable extent. Any molecules condensing with the
PgFu‘would tend to 5reak apart this structure as well, and this would ex-
plain the effect of adding an inert gas noted above. Finally, the heat
of the furnace produces more PF2 which increases the yellow color formed
upon condensation up to a point, beyond which there would be so little
PQFM céming from the furnace that the yellow would start to decrease
again.

Due to this strange behavidr, and the possible analogy with the NéFu -

‘ ¥
NF2 equilbirium, a search was made for the PF2 radical.

1. Mass Spectrometric Study of the P.F) Cracking

A mass spectrometric stﬁdy of the cracking of PEFM was done in the
hopes of identifying new species formed at high bemperatures, in much the
same way that Fehlner82 was able to identify several interesting species

" in the cracking of Pth,

x
Some of the results of this search, along with some other facts about
the PgFu cracking, have been publishéd in a preliminary paper: D. Solan

and P. L. Timms, Chem. Comm. 23, 1540 (1968), reprinted in Appendix G.
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 The c#aéki#g was done using a 5 mm I.D., 30 ém'long-Quértzitube
ﬁith é mov&blé-? cm 1ong.furnace,around it, attaqhed vig a‘direct inlét to
- the ibniZafion region.of é Bendixvtime;of-flight ﬁass Spectrgméter; Thé.
exit of Jc'he,'qﬁar_tz tube opéned into & 30 mm I.D. £ube that was 30 cn‘l-ferm“
the actuél ionizatibn region, so wall coliisions ﬁere experienced by some
‘Gf “the leecules exiting from the furnaqé before being,ionizea,and mole-
.cular sampling was.hotbbeing effected, .It is well.known_that hotter'gases
will giveLa smaller peak intensify'in a,ﬁass spectrometer, but this teﬁf
perature effect.ﬁéuld not be té@ important hepe because many of.fhe’molecﬁles
ionized first strﬁck the.coid walls bf_the 30 mm I.D. tube after thé
furnace bgfdré being ionized. The flow rates of PQF# going‘through the -
Turnace were very 16w (to»accommodate the low pfessures of the mass
.épethométer) énd‘it was éstimated that the pfeSsure inside the furnace
" Yas 0.0L torr. At this -pressure.therevv.iouj:d' be few molecule-molecule
collisiénsand 50 noidimerémonomer equilibrium'could possibly bé mainéained
: invfhe furnaée° Also, the eleétrén gun_in*thé machine héd a large spreéd
of ehergies, SO appearance potentials woﬁid bé’inaccurate; Finéliy, thé
instrumeﬁt'sensitivity for _différeht ions at different pressures was hgt
_ knbwn, sd nq:accurate éstiﬁate of  the relafiye amounts of species exiti#g.
from thevfgrnace‘could be made. | | | |
Déspitevall these difficUlties,Ithe,time4of—fiight machinebdid allqw
_ simulﬁaneous mohiforinglof any:tﬁo.peaks desired. The furnacé-was first
: poéitioned‘nearest the maés'épectrometer'é ionizafion regién and a conétant
flow of PéFu gas was maihtaiﬁed'thrgﬁgh:it_while its temperaﬁure wa.s raised.

As the tewperature rose from 25°C-t07800éb, the mass spectrum of ‘the
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effluent gas, taken at 20 ev, showed only peaks normally present in the

spectrum of PéFu, but their relative intensities changed. Above 55060,
the intensities of PQF;'and PEFJ‘ were observed to decrease, and that of

PF; to increase, with temperature, in a reciprocal manner., By 700°C, the

ratios of the intensities, PF;/P and PFEYPEF;} had each increased ten-

3
fold over their values in the spectrum of PeFﬁ. This reciprocal relation-
ship was reversible with lowering of the furnace temperature. When the
furnace was moved back from the inlet to the mass spectrometer, so that the
effluent gases from it experienced more wall collisions, a small decrease
in the PF;/PEFz’ratio was noted, as well as the appearance of two new

peaks, corresponding to PF. and P'.

3 o

S5till more important, at 13 ev ionization energy, no spectrum was

observed for the effluent gasés with the furnace temperature below 350°C.

+

Above 350°C, PF,

appeared and increased in intensity with temperature,
which shows that a new species is forming in the furnace that has a

+ v .
lower appearance potential for the formation of PF2 than PQFA has.,

2

radicals at high temperatures and low pressures, and that the‘PF2 radicals

formed have a low ionization potential and can withstand several wall

This mass spectrometric study proves that PQFA dissociates into PF

collisions without decomposing. The only other way to explain these obser-
vations is to assume the existence of a higher molecular weight phosphorus-
fluorine species (other than Pngj that has no parent peak*and decomposes
readily to PF;.upon électron bombardment. This is unlikely, to say the

least. This study also shows that at ambient temperature and very low
Al

pressure, little PF) exists in the form of PF

o radicals (unlike the

behavior of NgFu)°

* PF5 has a.large PF * parent peak.

3
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2, EPR Investigation of the Solid Formed from the“cra‘ck;ing of PF)
‘ At least four epr studles have been done in the past on a presumed

PF2 radical trapped in a SOlld matrix at low temperatures.' Parry and

20,85

coworkers performed an epr experlment.on solid PEFM condensed from -

the gas phase-and,found-a weak signal, wnich was not present when P Fh

Vwas SOlldlfled from the 11qu1d phase or when solid PgFu was warmed sllghtly
»and recooled. In Canada, Wan e’c'al.8‘LL radlmlyzed NDMPF6 with gamma rays
at 77 K° They found a triplet of doublets which they ass1gned by

’comparlson with the NF, epr spectrum, and by ellmlnatlon of all other>

2

'pOSSlbllltleSé to th_e_PF2 species. Since thlssmme epr spectrum could not

be reproduced on radiolysis of NHAPF6,their assignment was not conclusive.

85

‘ Recently,'Fessenden and_Schuler‘ centinuously radiolyzed a mixture of 99%

SF6 plus 1% FF. at -1%5°C with 2.8 MeV electrons, to preduce the identieal

>
epr spectrum of Wan. -They thus assumed an isolated'PF was forming,.
perhaps by a reaction of an excited S-F spec1es Wlth PF3 5till more
86 87

recently Gendell et al.” slowly passed P2F4 (or PFoH), mixed with av
200-600 fold exceee of_argon;vover a het Wire‘(apeve'200°0)é and trapped -
the'species fermed onva 21°K sapphire.rod. A twelve iine epr spectrum |
resulted that could pe interpreted as being due to oriented.PF2 radicalsd
b'rapidiy rotating about one of their axes. The folloning preiiminary assign-

nment was made;_g‘"- 5,2.0067;'8 i = 2.001; A I .(F)'= 217G, A i.(F) %'52G5”

: . E . * . - . :
: A'” (P) = 137G, A;l-(P) = 17G. These authors aleo.photolyzed both PFQH

v *U51ng “the last four values, we obtain averaged hyperflne splitting:
" constants of ap = 57G and aF = 9lqg, falrly far away from the values Wan
obtained (VLde 1nfra) . L
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and PQFA trapped in matrices of xenon,. krypton. and argon, to produce
the same spectrum. It was found that the PEFM matrix did not photolyze
"

H matrix to produce this ”PF2 spectrum. The photo-

as readily as the PF2

lyzing radiation used was from an unfiltered, medium pressure; AH-L lamp,
which could have been causing the photolysis through higher energy radiation
vthan the 270 nm radiation used in this work for effecting ‘the photolytic
decomposition Of-P2Eh'
In this work, PéFu was passed through a furnace at L00-500°C and

then quickly condensed at 778K in a quartz epr tube to give a yellow solid.
Since the lifetime of PF2 in the gas phase seems to be relatively long,
_it was hoped thét this method would increase the radicgl concentration in

the solid. The epr tube was then sealed under vacuum with the yellow material
inside alwdys kept below 100°K, and transfefred to the epr spectrometgf,

| The results showed a single, broad, medium intensity line at g = 2.010
with an approximate peak to peak line width of 55 gauss. Upon warming'to‘
ll5°K and recooling, the spectrum was wiped out, as was the yellow color. TWo
evidence of absorptions at much lower or higher fields was nqticed, suggest -
ing the absence of triplets. After the spectrum was taken, analysis of the
contenté‘éf the tube showed mostly PEFA? with some PF5'

If this were a spectrum of isolated PF2, with the hyperfine interactions

being wiped out in the solid, due to either dipole-dipole interactions
between the electron obrital magnetic~momen£ of one molecule and the electron
paramagnetism of another, or to lattice electron exchangé occurring between
molecules in the solid, so that a broad single peak is observed in °

place of ﬁany fine ones, then Wan's spectrum should.have certain

similarities to this one. Wan found a g value of 2.0108 (which does corre-

spond to my value), but averagedhyperfine splitting constants of aP‘z 36.0 G
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and aF 60 5.G. - These values Would mean that a broadened spectrum of

the -same: spec1es would- have a minimum half w1dth of 157 G, a value much
larger than ‘the 55 G observed. - Thus, more‘welght 1s'lent-to the contentlon
that th1s yellow color, Whlch most llkely does represent a radlcal ex1st—
1ng in the. solld P Fh’ comes from a more compllcated spe01es than-Just

1solated PF (such as rr (P Fu) - see page 117)

Ge ~ The High Temperature CraCking of Pogurand-Cocondensation

‘Reactions with Its Products -- the Formation of PhE6

As was mentioned previously, the high temperature cracking of PQFh

- gives markedly different results than its low temp'erature’cracking° PQFM

passed through a 800-950°C quartZ“furnace at approximately 2 torr pressure
and immediately condensed out at 17K, iﬁﬁthetreactionevesselﬁshown in

‘Fig. 6, produces high yields of highly_unstable'compounds upon Warmup,

' which_leave phosphorus-rich deposits on the surﬁacesof the'vacuum system

where they are condensed. Traces of- Whlte phosphorus are present and a
small” amount of an’ unstable, v1scous llquld that . can. be trapped out at” —60 C
is also formed, This llquld ig obtalned in. hlgher y1elds the hlgher thev
furnace temperature (though its yleld never amounts to more than 10%

.of the P Fh decomposed), and its yleld correlates with the yleld of the

unstable compound The yleld of this liquid’ also 1nc;eased when a 5.1

.exceSS of txenonygas Was?mixed with’the P before it was passed'throu h
N £

the furnaceo Mass. spectroscopy and nmr spectroscopy conclus1vely proved
that this llquld was PEF6’ and 1t Wlll be >referred to by that name from
‘TIOW O, '

Along with the unstable material and P,F,, PF, in large amounts is
: : . L6’ .

3

formed in the furnace. However, at no . time was SiFh noted -in the pro—»

ducts, suggesting that there wag no reaction in this case with the'SiOQ
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in the hot zone, and that the products observed were truly coming from
high temperature phosphorus-fluorine species. Passing PQFh through an
SOO}b, 6 mm bore furnace and then down a short 6 mm bore tube, before
condensation, produced no new volatile materials on warmup. This shows .
that the phosphorus-fluorine species reacting are quite unstable and must
be transferred immediately to the cold surface to effect a reaction,.
Since a small amount of white phosphorus (which would have existed in
the form of P,

2

lysis of Pth, an experiment was undertaken to see :what effect

in the furnace): was noted in the pump out after each pyro-

phosphorus had on the reaction. A double furnace attachment was set up
~in the central tube of the reaction vessel depicted in Fig. 6,‘so that Pu
vapor (from white phosphorus*) could be vaporized in a stream of PQFu
and then the mixture passed through the high temperature furnace and to
the 77<k surfacé below. Though a large excess of PLL was used, no difference
in the PMF6 yield was noted. However, above 850°C, a brown color did
form at the cold surface. It was found that this same brown color formed
when passing the gases exiting from the furnace some distance along the
vacuum line, so this color did not come from a highly reactive species.
From the etching of the quartz in the furnace, and from the presenée of
the brown color at the cold surface when Pu’was passed through the furnace
by itse;f, it was ascertained that this color came from a phosphorus -

SiO2 reaction product, and had nothing to do with the PQFu‘

Red phosphorus was tried at first, since it does not spontaneocusly
ignite in air and is safer than white phosphorus, but it was found to
have a very low vapor pressure. The resson was that though its equilibrium
pressure is high at the temperatures used, its rate of evaporation, due
to the structural changes necessary for this evaporation, is extremely
slow (see’ L. Brewer and J. S. Kane, J. Phys. Chem. 59, 105 (1955)).



o 'attempted for PH,

1o

The unstable substances belng formed.ln ‘the P Fh cracklng mean that
radlcal reactlons are occurrlng at the 77 °K surface. Therefore,,thls
'.'system mlght be.1deal_forucocondensatlon reactlons,?and several were tried
Wlth it, | | | |

Cocondensatlon reactlons Wlth the effluent gases. comlné from the
| furnace in ‘the low temperature (1ess than 500 C) cracklng of PgFu were'h
5, .and CeFu,and in no case was any s1gn-of a reaction
not_ed° |

'However, thefhigherdtemperatures, which produced'the P4P6'upon
condensatlon, also produced reactlons in some of the cocondensations® tried.
Cocondensnng P Fh with the products comlng out of the hlgh temperature
_'furnace increased the yleld of PMF6’ and mass spectroscopy of the pro- :
ducts_of the reactlon alsovshowed the presence of a mass peak at 288'anu,»

which Would correspond to P_F but no such~substance wa.s ever'jsolahle°

5 T
: Cocondensatlon reactlons with B Fh and C I ylelded no detectable products
other than & small amount of PMF6’ A,cocondensatlon‘reactlon'w;th NEFM:
'uas.contemplated “but it was found'that_this~compound reacts with P F#
at room temperature in the gas phase formlng unldentlflable products,
and so the reactlon was not carrled out
v5, and GeHh do not react with P Fh in the gaseous state at

-room temperature.' Yet cocondensation reactions of these compounds'with'r
,the products of the P Fh cracklng all seem to give new products other thans
‘ MF6’ as ev1denced for one - thlng, by the dlfferent phys1cal characterlstlcs
bof the polymers remalnlng 1n the lower portlon of the reactlon vessel
after_pump out. All three compounds formed some PHFQ, 1dent1f1ed by
dtsbvolatilitv and 1nfrared spectrum.BSf Both 02H2 and PH3 formed

_products which gave a set of peaks from ]OO - 102 amu in thelr ‘mass
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spectrum. The intensity alteration of these peaks with electron voltage

suggested that they correspond to PEIFEH2° However, this compound was

also too unstable to isolate. The PH, cocondensation gave the highest

3

yields of both PHF,. and of the unétable material that might have been

2

PQFEHE’ With CEHQ’ some mass spectral evidence for CEPF5

such a compound was not isolated. No volatile germanium compounds seemed

was obtained, but

to form in the reaction with GeHh.

H. . The Reaction of PF, and ‘PF_ with Superheated Phosphorus
. 7 7

The double furnace attachment mentioned before was used again in
an attempt to determine whéther the high temperature species formed
in the cracking of PQFu could alsb form from the simple reduction of PF5
or PF5 with superheated phosphorus, Unforbunately, the reaction of
Pu(or Pg) with 5i0, interfered here as it did before.

Nevertheless, some interesting observations were noted. First of

all, PF. plus P, passed together through the furnace at 900°C yielded PF, in
L 3

>
the products, showing that some reduction was taking place. P2FLL was
never observed in either reduction. A cocondens tion reaction of the
PA-PF57highvtemperature-species.with féFa.admitted from.the side arm did
form a very small amount of PAFé‘ Co¢ondensation with PH5 produced no

new products, such as PHF .



L. The Fluorine and Phosphorous NMR Spectra of Py »

Fairly-cOncluslve.evidence-for the identification of the unstable
llquld formed from the pyrolys1s of P, Fh followed by the 1mmed1ate con-
'densatlon of the products of this pyrolys1s, as being PhF6’ came from the
fluorlne and - phosphorus mmr's alone. Iow temperature nmr was feas1ble |
since this Substance cOuld be kept inrthe:liquid~phase for,many hours at
temperatures below -20° C without decomp051t10n. No broadenlng of the
.spectra was. observed rullng out any’ hlgh concentratlon of radicals such
-as PF 1n equlllbrlum with PHF6 1n the llquld phase. |

A proton ‘nmr was done on the compound and showed .ho. s1gnal from. —lh ppm
to O ppm  (relative to TMS) The observed phosphorus and fluorlne nmr
spectra are shown-in Fig. lO..‘Nopother peaks were noted. The phosphorus
nmr,'run at Lo, 48'MHZ,_was7unfortunatelj.complicated‘by 0verlapping machine
s1debands (whlch were necess1tated by'the fact that the phosphorus spectra
were, run in an unlocked mode) that had a frequency of separation (2500 cps) -
‘that was~very close to the separatlon_of the outer two doublets of the o
main triplet (2#48 cps),'thus\obscuring their:eXact form and mahlng in-
'vtegratlons and absolute chemlcal shlft measurements 1mposs1ble.

Both the fluorlne and phosphorus spectra dld not change to any
noticeable extent with temperature (samples were taken from ~20 C to the
supercooled llquld at -95 C), and the fluorlne spectrum, taken at 56 4 MHz
- appeared to duplicate the shlft, spllttlngs and-features of the one taken
at 9k.1 Mz, but with les’s:’r_esolution.' The ratio of the areas of the »
low field doublet to the high :f;ield-.doublet in the ;_f‘-luori_ne nmr was
mcasursd.to be:l.Ol, which isicloserenough'to l.OO‘within'experimental.'

error.. A fluorine spectrum of PMF6 dissolved in 082 at room temperature
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Fig. 10  The phosphorus and fluorine NMR spectra of
PMF6 neat liquid.
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(shown ianig.hll§.was'also taken, and duplicated'the spectrum_shown in
_Fig.>lOb' but with less of the‘“second order" lines present.
The phosphorus nmr spectrum of PH 6; assumed to have the structure
‘.:rP(PFv) as depicted in Fig.-lE,’should be a triplet of doublets of
"_triplets of quintets plus a’ 1/3 smaller quartet of septets, and the |
fluorlne nmy should be a doublet of doublets of triplets of: quintets,v
'1f only first order 1nteractions are conSidered. As’can be seen from..
Fig. lQ, both spectra do have these general first order forms, but also
havepmany other lines superfimposed on the simple first order_ones.v‘Tuo
possible'explanationSjof this !'second order" effect are that.intermolecular
ass0ciation:is complicating the spectra, or that more than one'form of .
h PuFé.eXists, perhaps as different rotamers. 'But one would.expect'these'
effects”to changerwith temperature, and no such change was'noted. " Also,
_one:would erpect the.former effect to change"with dilution in a solvent,
which did not produce any drasticbchanges, and to change with-eXternal :
magnetic.field and'reSOnating frequency, since this WOuld'change the |
.chemical shift differences, but as noted above, this was not seen in the
ifluorine spectrum._ Due to the steric hindrance in the P(PF ) structure;
© 1t is most likely'that PMF6 exists as a single rotamer in ‘the liquid phase.'

Thére are two other causes of complex spectra that might be operating |
‘here, ‘If.a'C5 structure for Ph 6 such as_shown 1n Fig. 12 is_assumed,’then
lthere would-be twd differentvsets of three.chemically equivalent“fluorine |
nuclei and'the'possibilitj'would arise of a splitting between‘two_adjacent
fluorine nuclei.being greater than a chemical shift differencevbetween:” |
them. 'This'would produce second order efiects. The fact that the'spectra
~did not change ‘appreciably from 56 k to ok,1 MHz resonating frequency sets

a limit to the. magnitude of . spectral complex1ty caused by this effect
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Fig. 11 The fluorine NMR of PLLF6 in 032 solution.



Theifinal:posslble‘cause,iand the:most.likely:one heré,fistmagnetic non-.
B equivalence89 of the phoSphorus and'fluorinefnuclei in a frozen cOnfigura-
‘tion of the.EAFévmoleculea This cause wouldlhe identical_to;the causerfv
,‘thé analogous "secondworder" effects in’the:nmr'spectra of féFusgoe‘The |
magnetic nonfequivalence is of suchla.nature, that;evenbif_the_phosphorus
rand fluorine nuclei Were:chemically:eguivalent with'the other nuclei of-
theirvkindsvin the‘molecule,uand euen:if»the molecule'were rotatlng freely‘
about 1ts P-P bonds and>1nvert1ng rapidly (on an nmr t1me scale) ahout-'
'.leach of 1ts phosphorus atoms, a complex spectrum.would stlll result.
Us1ng common nomenclature, we may denote the.central.phosphorus by the =
fletter A and with prlmes des1gnat1ng magnetlc non- equlvalence; we could
call thls an APP! P"FEFéFg spectrum. | .

Us1ng this assumptlon, the fluorlne and phosphorus spectra would not -
be as difficult to analyze as it first might seem. Due to the fact that
-_there are only three sets of.magnetlcally non—equlvalent nuclei, the nmr
spectral parameters determlnlng the spectrum, other than the obv1ous
-couplings w1th the central phosphorus_(A), can be reduced to three in
number : bthe'short range andblong range P-F coupling_constants, and
the short»range\PfP coupling constant.* Here the;short range F-F and
long'range_P-P couplihgpdoes not affect the_spectrumj(assuminé chemicalp

equivalence), and the long range F~F coupling constant can reasonably be

assumed to be negligiblef'_The'reason for thevapparent first oxder form

= J. dJ. =

This is true because J = J Pl and J Jppi = Jprps

pr = piE pE" T Jprge

Iprp = P"F and Jpp, = Jppu = Jpepn



. *
of the spectra might then lie in the facts that J is small and perhaps

PP
that nucleus A, because of its large chemical shift difference, doeg
couple first order with thevother nuclei.

The large chemical shift difference noted for the two different
phosphorus nuclel implies either a greater electron density on the ceﬁtral
‘phosphorus atom, or a diamagnetic shieldihg of it being created by outside
"ring currents" around the periphery of the molecule. The difference of
over 200 ppm is not, however, as great as it might seem, since trivalent
phosphorus compounds usually exhibit a large range of phosphorus chemical
shifﬁs. It is interesting to note here that the spectrum of the central
phosphqrus nucleus does not seem to be affected by complex nmr effects..

" The absolute chemical shift of this central phosphorus is about -60 ppm
ffém (CH30)5P; though thié value was measured only very crudely. The
fluorine chemical shift was measured using PFEI as an internal reference.

Detéiled calculations would be required to analyze these spectra
in order to arrive at accurate J values. However, approximate (absolute)
J values can be ascertained by'simply'méasuring the distances between the
highest peaks of the spectra recorded. Such values are listed in Table IV.
Not even fhe sign of J is certain. Manatt et al.,9l using various nmr
double resonance techniques, have recently shown that the assumption of a

positive directly bonded J_. value in some compounds is incorrect, the

PF

absolute value being negative.

In the fluorine spectrum, the fact that JPP' is small means that, in
calculating the spin Hamiltonian matrix, the spin states with the
three peripheral phosphorus's not all of the same spin will not add
.greatly to the complexity of the spectrum, while the two states with
the phdsphorus's all of the same'spin will simply give an intense

doublet, as is seen.,

\
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Table IV. Approx1mate NMR' spllttlngs in the

a,b
PMF6 moiecule :.

Fluorine .

' Phosphofus

Yap

- gpectrum’
o 1226
J-' . ) . v .
Jprap

Tyt v .i" L 15(?). .

spectrum .

;éau

.32&.5~and'522

60
26

- +Splittings in cps.

" A 1s the central phdsphorus, B
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J. The Compound PME6

If is clear that the unstable liquid formed from the immediate con-
densation at 77°K of the products of the cracking of P2Fh at 800-950°C
is PMF6’ both from the above evidence and mass spectral evidence to be pre-
sented shortly. It seems that freshly prepared PMF6 is more unstable
than PMF6 that has been transferred around the vacuum line several times,
since more decomposition occurs in these.transferrals with the freshly
prepared material. This might signify that a small amount of a very uﬁstablé

impurity (P5 ?) is present, or perhaps a linear P)Fg precursor to the

5
branched variety seen in the nmr.

PMF6 is a viscous, oily, colorless liquid, at times yellow-orange
owing to decomposition. It melts at -68°*2°C, though it supercools
readily, and upon melting seems to always form a black precipitate in
the liquid (this behavior,is unexplained). The liquid has no appreciable
vapor pressure throughout its range of stability. Though no values were
measured, it was estimated that liquid PMF6 has a wvapor pressuré of 1
torr at 0°C. At temperatures below -10°C, the liquid phase is quite
stable. With a slight rise in temperature, however, its decomposition is
very rapid, forming orange-yellow polymers (which have been analyzed to

have the formula PFl 4) and PF, gas. In the vacuum line, PAF6 can be

>
trapped out in a -60°C trap.

In handling PMF6 in the vacuum line; it was found that its decompd-
sition could be reduced considerably by slowing its rate of vaporization
during transferral to various portions of the line. This reduction was dye

not only to the lower temperatures at which the liquid could be kept during these

transferrals, but also the gas phase stability of PMF6 at low pressures.

\
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lhisfstability was also~demonstratedgin its'matrixfinfrared spectrum, where the
»'PuF6 was evaporated at pressures below OvOl millitorr, and where the ITB
lines were very small in comparison to the PhF6 lines. Slight amounts
of grease in the vacuum line greatly catalyze the decompos1tion of ‘gaseous
PhFé

AF6 fumes slightly 1n air, though does not catch fire as it oxi-
dizes, .It decomposes and dissolves completely in Na O aqueous solution.’
P F¢ Wasyreactedpwith a sample of,BSFL23 kindly supplied by Mr. Ralph |
Kirk, at -40°C.' The reaction was over in a few seconds5 and resulted
in the complete decompos1tion of the PMF6 to phosphorus fluorine polymers
,and PF gas. - Since most of the B8F

b)
~is likely that it merely actedvas a catalyst to the decOmposition of P4F6'

12 was recovered from the reaction, 1t
As would be expected, some” BM 6oPF Was'found_in the products; as well
as BF5 h-
Interestingly, PMF6 readily dissolves 1n CS (as does tetrahedral
:white phosphorus) ‘to form a solution that is completely stable at ambient
:temperatures, even.though the neat liquid decomposes'rapidly at these |
temperatures. ThlS solution shows no eprdspectrum, and 1ts fluorine nmr
‘(see Fig. ll) lS composed of a doublet of doublets w1th the exact same
splittlngs_found in pure liquid PAF6 at lower temperatures (no chemical.
shifts were measured here) Thi s spectrum5 as mentioned before, shows
less fine structure than neat PMF6 does. |

Since PMF6 in solution is stable at room.temperature, it is likelv
that the absence of its: decompos1tion in the liquid phase below -lO C
is not due to a temperature barrier to the decompos1tion of a s1ngle
.ful6 molecule byritself,_but.rat er to aubarrier to polymolecular con-
‘ . then; would isolate.

densation of two or mOre-PhF6 molecules. The CSE’
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single PAF6 molecules from each other,'preventing fheir polymerization,
and thus their decomposition. This mechanism for decomposition would also
be consistent with the low pressure stability of PMF6’ and with the
pyramidal arrangement of phosp@orus atoms in it, leaving them copen for
attack by phosphorus atoms of other PMF6 molecules. Indeed, T. P. Fehl-
ner82’92 has suggested, after studying their mass spectra meticulously,
that REHM and P5H5 do not decompose as monomers elther. He believes that
a second order wall reaction operates in their decomposition. A similar
type of wall reaction might be occurring in the case of gaseous PMF6’
since 1ts decomposition products are always found td‘coat the walls of
the vacuum system or to deposit out in any grease that is present.

Te P. Fehlner92

has claimed the production of PAHG by the decomposi-~
tion of PBHE-passed through a long tube leading into a mass spectrometef,
The P4H6+ ion at m/e 150 was clearly observed. In an attempt to isolate
PHe in a "hot-cold" reactor, he formed a white solid that was neither
PHB, P H),, P5H5, nor "polymer." Every attempt at vaporization of this
so0lid resulted in its decom.po_sition.95
A mass spectrum of PMF6 was/obtained at 50 ev, and is shown in
Table V. The 238 m/e peak, which is the highest mass peak seen in the
spectrum, increases relative to the others at lower electron voltages,
though at no voltage is it observed to exceed the 69 (PF2+) peak. The
2 >

fragments were forming in the ionization section of the spectrometer,

fact that PF.' was so intense in the spectrum, would mean that many P FA(P(PFg)g?Y

+
some of which would be expected to give the P Fh icn. This peak, however,

3
was exceedingly weak. Perhaps the PBFM+ ion is metastable, decomposing
+ +
to PF% and PéF , and indeed, a very intense EbF peak 1s observed. How-

ever, because of the nolse level in the time-of-¥light machine, no weak,
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Table V. Mass spectrum of P)F,

Mass number Probable identity ' Relative height

2.58. 3 . v | f"quzn T 15
".',’1_70 R - N R 1
%9 P,T), o - 0.5
sy B,OF,(?) | , 0.3
150 B |
138 - _ B, : . 6.

19 . BFs R 2

100 CORE, e
88 w3
B ".' RF 16
6 o, | 100
e P | _‘ o BT
s e . o -
by f o o Pb(?) ST 1
L. o P 2

v r 03

Spectra take at 50 ev.‘ionizationvenergy'on a Bendix Time-of-
Flight Machine. Sample evgporated directly from the condensed
phase into the mass spectrometer ionization region. L
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broad metastable peak corresponding to the decomposition of P5Fh+ to P2F+

: : +
and PF, could be seen. Also, the intense Ib ion observed could have

>

+
formed from the decomposition of a metastable P_F, ion (which itself

35

+y . +
5 from P, Fg } into P, and PF5°

The P(PF2)5 structure shown by the mmr evidence would lead to either

could come from the splitting off of PF

05v or 05 symmetry, depending on whether the fluorines attached to the
phosphorus's pointed back in the direction of the central phosphorus,

.or to one side, creating a "propeller-like" structure (which would have
optically active d and 1 forms). In either cése, the ﬁu superstructure
would be expected to be pyramidal, since the lone pair of electrons

on the central phosphorus would make a planar structure extremely unlikely.

Figure 12a shows a proposed picture of P4F6 in the C, eonfiguration, and

5

Fig. 12b shows the Newman diagram looking down one of the P-P bonds for
this configuration. Notice that 6 = 180° corresponds to the CBV struc-
tu?eo

The electronegafivity of fluorine combined with the available
electron pair on each phosphorus would tend to put a partial negative
charge on each of the fluorine atoms, which would then repel each other.
These large F-F interactions around the periphery of the molecule would
reduce © from 180° (see Fig. 12) ahd promote C5 symmetry. C5 symmetry
would also be favored by delocalization of the ﬁhree lone pairs of elec-
trons on eaéh peripheral phosphorug by means of the empty d orbitals oﬁ
adjacent peripheral phosphorus atoms, since this bond formation would be
favored by 6 less than 180°. Dative bonding into the vacant d orbitals
of the central phosphorus by all of the peripheral phosphorus atoms is

probably quite insignificant here, because the central phosphorus could

not accommodate much overlap from each of the three peripheral phosphorus
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. Fig. 12 The proposed Cj structﬁr_e of the P F, molecule
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atoms. 'On the other hand, assuming the following values for the bond
distances and bond angles of P Fg-- P-P = 2.12&, P-F = 1.78&, PrP-P = 106°,
F-P-F = 94°, P-P-F = 100° -- a geometrical calculation of the F-F distance

between fluroine atoms in neighboring ETé groups in the C structure gives

v
h.?6£, a distance that would seem to preclude any strong F-F repulsive
interactions.

Phosphorus has a remarkable tendency to form tetrahedrally arranged
species, as evidenced by such molecules as Py, POy, P, 0,,, and Ph(N(CHE))6’
in all of which the three bonds emanating from each of the phosphorus
atoms are connected, diréétly or through one intermediate atom, to each
of the other three phosphorus atoms. Thus the peripheral phosphorus
bonding hypothesized for PhF6 would make it a form of fluorinated PM’
as 1t were,

The guestion of how PMF6 is forming in this reaction will be deferred

until a complete description of the matrix isolation evidence has been

©glven.

K. The Matrix Infrared Spectrum of Phgé

Due to the gas phasé instability of PHF6’ its spectrum in an infrared
gas cell with sodium chloride windows at ambient teﬁperatures was cbm-
plicated by'extensiVe decomposition to yellow polymeric materials. The
lines observed (in Kaysers) were: 1025(w,br), 977(m,br), 922(m), 895(w) -
B, , 828(s), 508(w,br), 486(w,br) and 46h(w,br). Tt is highly suspect
whether all, or even any, of these lines correépond to gaseous PAF6'
However, the absence of any lines above 1025 K rules out the presence
of oxygen in the decomposition products and hence in the original com-

pound, since the P=0 stretch would appear at approximately 1400 K, and

the phosphorus-oxygen bond is a strong bond that is not easily broken,
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: Ausolid‘infrared>spectrum of‘PuF6vfr02en‘outron anhNaCl'platerat
':80 KX showed one very'broad, symmetrlcal peak at 807 K with two very weak
‘_broad peaks at 908 and 877 K.
E Slnce PAF6 does not decompose in the low pressure gas, it was thought
:that the slow flow of PMF6.at very low pressures onto a matrlx target
(w1th the rare gas.cocondens1ng on the target to effect 1solatlon) would
resuli An falrly pure PMF6 trapped and 1solated in the matrlx env1ronment
Furthermore, this matrlx would glve an 1nfraredvspectrum free of the
.pbroadenlng and compllcatlng effects of rotation that a molecule as large
'as PAF6 mlght be expected to produce in the gas, thus giving sharp (matrlx—'

_shlfted) peaks correspondlng to the normal modes of vibration for P4F6

' Solld P4F6,.1n a glass contalner at -120°C, . was allowed to slowly
evaporate through the furnace entrance Jet of the matrlx flange (w1th the
.furnace,atvroom temperature) onto ‘the target. Tt was assumed that a
‘volatlle‘lmpurityvin the'PhF6_was not interfering.here. Xenon_was added
from the side jet as usual. Tt is estimated that ’M/R.ratios. of about 500
'.and lOOO were achleved in two separate experlments. Both Spectra_were'the

same in these two experlments suggestlng that ne (concentration-dependent)

o dlmer was belng trapped*ln the matrlx.

~ The 1nfrared absorptlon spectrum of PAF6 1solated ln.a Xenon matrlx
(M/R 500) is shown in Flg._lB, and the llnes are llsted in Table VI. The
spectrum showed seven fundamentals in the phosphorus-fluorlne stretech region,.
and no clearly dlscernible peaks in the lower frequency portion of the
spectrum to 300K, though several questlonable very weak peaks observed
"~ are recorded in Table VI. It should be noted that little, if any,.PFBgf

was observed inthis spectrum, suggestlng that under the deposition .
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in a xenon matrix
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condltlons malntalned llttle decomp051t10n of the PAF6 was occurrlng.-
fPhotoly31s of thls matrlx u31ng a mercury hlgh presuure AH-6 lamp showed

no change after one hour of photoly51s.

Table VI, P F/ matrlx 1nfrared bands in xenon 1nclud1ng
ST thelr tentative as31gnment ’ »

I |
' Very Weak Bands |

1118, .985, 9%#; 938>and7819. 876(w, PFB?) seen also. prer frequeney '

iines: 519, 56l”and égu.

~ Seven Fundamentals in P-F Stretch Region
A Species

stretch, all in-phase _ v_955(vs) and 959(m) (count as

Symmetric PF
o one mode)

FF
' Antisymmetric_fyé sfretch; all in-phase - n82h(vs)

_E.Species

Antieymmetfic FF, Streﬁch, one>ont-of-phase- '855(ms) and SMB(m) -
o v Co . split by s1te symmetry
.'symmetriC-PFg'sfreﬁéh,_one out-of-phaéev : 857(5), 851(m) and 810(ms) -
o g - : . -+ . split by site symmetry‘and a
Ferml Resonance

A1l frequencies ianaysers;.assume,C 'symmetry, spllttlng of E species

5

‘bands, and a Fermi Resonance.

Iﬁ_is assumed that_only ene typejqfvisdlated PAF6bexisté>in fhe.-
matrin.envirOnmenﬁ and tnaf-all “the major peaks obéerved correspond to ;
' thls 1solated P4F6’ not an 1mpur1ty, nor ‘an overtone or combinatlen
_band, nor an . aggregate peak |
| To arrlve at the abOVe aesignment; we begin wifh the assumption tnat

PAF6,has either.'C3 oryC5v"éymmetry.v Of its 30 degrees of'fTeedom;'Eh'_

R /‘fl - ' ) : _ ‘H‘ .
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would be vibrdtional modes., Ité symmetry would then determine the number
and kind of normal modes of these 24 that would appear in its-inffared
absorption spectrum. By using the method described on page 43 of this
dissertation, we can obtain the irreducible representations for the
molecular movements of PMF6 vibrations. For CB’ these come to 8 A and

8 E species of normal vibrations, and for C these come to 5 Al’ 3 A2

5v’
. ) , /
(these are I.R.-inactive),' and 8 E species of normal vibrations. Thus,

altogether, 16 lines should be observed for C P4F6 and 13 lines for

)
C PhF6(in general, the lower the symmetry of" a molecule, the larger

v

the number of fﬁndamentals‘observed in the infrared spectrum). The B
species modes are doubly degenerate in the gas phase, but because of
the bulkiness of the PMF6 molecule, they might split in the matrix en-
vironment (even of xenon) into two separate lines (see page Llk).

Since the spectra taken in the phosphorus-fluorine stretch region
proved to give the only intense peaks, we must find which of the above symmetry
species correspond to P-F stretches. These stretches, of course, would
be accompanied by movements of the PM superstructure, but the Latter would
be expected to be of low amplitude and not change the stretching vibrations
very much from-normal P-F stretches.‘,

To determine theispecies corresponding to the phosphorus-fluorine
stretches, we represént the configuration of PAF6 in terms of its six
phosphorus~fluorine bond distances, labeled one through six. This gives
a partial six element column matrix representation. We now find the trace
of the 6x6 métrix*corresponding to each symmetry element of PAF6 that is
to operate on these six element column matrices. The reducible represen-
Lalion therchy obtained has within it the répresentations of the phosphbrus—

fluorine stretches, which can then be simply obtained by reducing the
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- representatiOn,' The ‘exact calculations for C_, and C are shown in

5 v _ _
'V_Table.VII. The. final fesult is 2 A and 2 E species of,normal,vibrationél_
'l_P-F’Stretchéé for C5 $ymmetry, and 1 A and 2 E species fOfICBV"

Table;VII; Stretchinglépecies for’PuF6.‘

B ) R S c
: 5. -
reducible - . lE | C, | C3 : : IE l 2C; | 30
- representation |6 0 |'O. _ : -|6 l_O 'l 0
- feduced to: - 2 A and 2 E species s 14,1 AE,'and 2 E
; . , v - speCies
final result, _
infrared active: 2 A and 2 E species o ‘1 A, and 2 E species

1

~ From these and more detaiiéd cOhsideraﬁions, the ﬁentative assign5 
ment listediin Tabie'VI.was.ébtained. Recourse has béen héde:to matrix.
splitfimgs Qf_thé‘Etspecieé'modes andvg-Fermi ReSoﬁance for é C5iP4F6*
_ﬁﬁmﬁm& |

5

'In order to more clearly understand the~nature of the cracking of"

L. ~The Matrix Infrared Spectrum of PF

EEFA’ matrix isolation studies on EEFM and its cracking products were -

undertaken.j Krypton_and_xenon'wére_used as métrix gases (it was found :

' that xenon gave better isolation) with M/R ratios from 50 to 200, Both -

_infrared and ultraviolet absorption studies were dQne on these resulting

mﬁtficés, as well és difquioﬂ»and‘ﬁhbtolysis”exPeriménts, In the

'-infrared, several Weakibandé appeared that could not be accognted for (See D.

- These bands;ffof‘the.most part, will be ignored in what is to follow,

L

173).
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since the major bands that did appear gave consistent results. In the
ultraviolet portion of the spectrum, such complications did not arise.

Since PQFA is‘aﬁ endothermic compound, one of whose decomposition
products, PF5, is quite volatile, and since EéFu was to be passed through
a furnace which might further enhance this decomposition to PFB’ it was

thought advisable to first obtain a matrix spectrum of PF, by itself

3
before the féFu work was undertaken.

Despite the fact that PF5

*
fluorine compounds, 1its chemistry is not known in great detail, with the

is one of the’ longest known phosphorus-

possible. exception of its action as a coordinating agent in transition
metal complexes. For instance, up until 1964, an accurate value for the

heat of formation of PF, was not known, though it does undergo reactions

5

that are capable of accurate calorimetric study. This lack of knowledge

about PF_, has also shown up in the interpretation of its gas phase infra-

3
o

red spectrum. This spectrum was analyzed correctly by Wilson and Polo
to give the following fUndgmentals for PF5 (vl to ?M consecutively):
892, 487, 860 and 344 K. Due to the complex rotational structure of the
bands of PF3’ and the poor resolution of infrared spectrometers built

twenty years ago, two previous assignments for the fundamentals were

95

\

wrong. Yost and Anderson’” gave the four frequencies as 890, 531, 840

and 486 K, and Gutowsky and Liehr96 gave them as 892, 487, 848 and 532 K.

Figure 1lha shows the gas phase infrared spectrum bf PF5 in the P-F

stretch region, and Figs. 14b and 1lhc show the same region of the spectrum

of PFy in the matrix state in xenon, at M/R ratios of 200 and 2000 re-

spectively. It is interesting to note the extreme simplifying effect

,XL : ’ i
PF% was mentioned in the literature as early as 1884 -~ see H. Moissan,

C. R, Acad. Sci., Paris 99, 655 (188k4).
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the very dilute matrix (M/R = 2000) introduces into this spectrum (in the
lower frequency matrix spectrum, not shown, one éees the slightly shifted
487 and 344 K bands very clearly as well), making the assignment of
fundamental frequencies trivial. The fundamental frequencies of PF3 in
the gas phase and in the matrix are listed in Table VIII along with

the VB/Vl absorbance ratios and average half-widths of each band.

Table VIII. The Fundamental Frequencies of PF

3
Average Absorbance
Y1 Yo & ot 1 width ratio for
VB/Vl
Gas phase 891 (s) 487 (s) 860 (s) 34k (mw) ~30 2
Krypton '
/R - 150 - 88% L88 87 350 16 1.6
Xenona ’ : ; ‘
M/R = 2000 O10+2 - 843.0 - 1.5  1.85
Xenon ' . : .
M/R = 200 0783 b5 843.5 3438 5.0 1.5

All freguencies in Kaysers

& Also'seen were 831.6 and 871 K bands, both weak and broad.

Aé an aside, one may note that this tablé clearly shows the varying
effects of the matrix environmeﬁt on different modes of vibration. The
red shiftg-are predominant for the higher freéuency modes, xenon giving
a larger shift than krypton, while the blue shift takes effect:at the
Lower fregquencies, krypton giving a larger one.than xenon, just as would

i

be predicted{
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Table VIII does not glve all the matrlx bands observed for PF (as

I‘ can be seen 1n Flg. lhb) Even at M/R 2000, one- sees weak broad peaks
31n.the PFB_spectrum These peaks, and others, become much larger at

' smaller M/R ratlos.j Table IX lists these"aggregate» peaks. Furthermore,
d:a warmupp of the-xenon M/R QOOO matrix above the xenon phase trans1tlon
-,of 60;7°K¢(See chapter'Q'in'this section)y'and subsequent coolrng causes
:lthe two fundament;ls to‘decrease.ln size drastlcally, w1th the‘formatlon'

.vof three weak, broad peaks at 870 851 and 815 K ‘and w1th a. net decrease

"'rn the total PF, integrated absorptlon of at least»50%,_

3
Tablé IX..‘Aggregate bands of PF?-
. Xemon  ~ 873(w)  850(m)  833(m) = 825(m) 815(w)
krypton  87h(w)  851(m)  &36(m)  86(m)  816(w)

* . . 0 ‘v . o v‘ . . L - . .
similar bands also appear on warm up of isolated PF, in a xenon matrix.

5

- 'Usually;‘an M/R;ratio of;édo isbdulte sufficlent-to_isolate.an unreéj"
actlve compound'in'a matrix environment, especially“with high boiling :
"xenon‘as the matrix gas.’ Yet here ‘this dilution seems to be éuite iné‘i

sufficient for isolation purposes{ Obviously, PFB molecules have.a'4

Strong attraction for one another in-the.condensed phase at low temperaé‘
- tures, and therefore*have a tendencylto dimerize or.telomerize in the:lI

matrix, most llkely as they ‘are conden81ng out in the LLII state of
-,_matterl ThlS attractlon of two PF molecules for. each other can_bev’

>

rationalized. First of all, PF3 has a large dipole moment of 1. 025 D"'i

.to.help'this’dimerization.v Burg97 has shown that. PF5 and (CH )5N form

a weak compound that d1ssoc1ates at 78 C, even though both are - bases.

e L
i .
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Apparently, the lone pair of electrons on the nitrogen dative bonds to

the empty d orbitals of the phosphorus in PF_ . There is no reason why a

5

gimilar bohding could not exist in pure PF Carbon monoxide, a compound

5

that behaves chemically like PF, in certain circumstances, was also found

3

to haVe an anomalously high tendency towards dimerization in matrix isoi
lation deposition.29 Thus, the peaks listed in Table IX can be attributed

to telomers of PF._.

3

. Since PF5 will always be produced when PF2 is produced (especially

after the furnace becomes contaminated with P-F polymers), we should expect

AT

to see at least four increased PE

3.

temperature is raised, and perhaps. three more for Efé (unless any of these

-absorptions in the infrared when the furnace

latter ones overlap the four bands of PF5)° Furthermore, some of the

aggregate bands of PF, might be causing some of the weak peaks seen in

5

these spectra that were not defiinitely identified.

In the ultraviolet, PF, has no absorption above 200 nm in either

3

the gas or the matrix, as would be expected for such a stable molecule.

M. The Ultraviolet Absorption Spectrum of PoF),

Before we go into the observétions on the matrix photolysis of PéFu,
it would be wise to investigate the ultraviolet absorption of EEFA which
causes this photolysis to occur, | |

The ultraviolet absorption spéctrum‘of gaseous EEFA in the pressure
range of 0.05 to 5.0 torr has three major bands above 200 nm, one of
which is very,strbng and all of which are broad and partially overlapping
(see Table X).  In the hopé that one of these bands might be due to PF,,
temperature-préssﬁre variations were carried out on PéFu gas in the ultra-
violet cell to see if a marked dependence in the absorbances of any of

U o : 22
thene bands on such variations could be observed, as Colburn  noted
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Table X. . The. ultrav1olet absorptlon spectrum.of PéFh‘
o a-
in the gas and matrix phases o

R K ‘ e b
TR c I . .:.b,c  Extinction Krypton® ~  Xenon
Gas Peak™ — Half Width Coefficient’  Matrix - Matrix
299.6 © 39 . T80 | |
260,617 20,500 26& 9 L 267.7
o . ' T © (red- ~ (symmetrical)
| ; ‘ . _ ' shaded) .
202.2 18 2600 i

a Taken:a£-25°c'and approximately 0,5'torr pressure.
~In nanometers (mm).

Coat a'peak absorbance of 2 units.

d

In’ llters/mole cmy calculated by ‘the. formula € (AXV)/(an), where ¢
is the extinction coefficient, A is the absorbance, 1 is the length
of the cell, and n/V is the molar den81ty of the gas.
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for ﬁhe 260,2 nm absorption of NF2 in equilibfium with NéFu. Consistent
results of variation with temperature or pressure were not obtained for
any of these bands. Part of this inconsistency was due to the decompo-
sition of EéFu under ultraviolet photolysis and elevated temperatures,

and to the limited accuraéy of the Mcleod gauge used to measure the low
pressures involved, but most likely, 1t was mainly due to the lack of

any such dependence in the absorbances. The absence of any appreciable
amounts of PF2 in equilibrium.with-gaseous EéFu at these temperatures and
pressures is also borne out by the mass spectral studies mentioned earlier,
in which no PTé+ peak was>observed aﬁ all at 13 ev ionizing voltage when
the furnace through which the PEFM was passed was kept at room temperature.
However, the relative absorbances of the infrared peaks assigned to PF2
and EEFM’ in the matrix isolation spectra of PéFu passed through the furnace
at room.tempefatUre,’did amount to 1:15, so. presumably some PF, does form
from PéFu at very low pressures at room temperature., Since ET2 was shown
to lack any noticeable ultraviolet absorptions at high concentrations in
the matrix, it is not surprising that no such absorption shows up in the
gas at low concentrations.

Figure 15 shows the 260 nm absorption of P2Fh in two different

matrices and in the gas phase. One can see the noticeable red shift

In highly concentrated matrices of PFE’ it was sometimes noted that
after photolysis of the PF in the matrix, a series of extremely weak bands
in . the 330 nm region could be made out. These bands were never strong
enough to have their frequencles measured well, and could have beén due to
some residual PF in the matrix as well as to grating defects rather than

to a PF2 absorption.
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combined with the broadening effect that the matrix indgces in this ab-
sorption, and how these effects differ in krypton and xenon.

The infrared evidence for PéFh points to a frozen trans structure
having CEh symmetry. This suggests that a partial double bond exists
between the two phosphorus atoms in the ground state, hindering rotation,
which could come from a delocalization of the‘lone pairs of electrons on
each of these atoms (two ”resonanqe" structures would be possible here) into
the vacant 3d orbitals of the other atom, and the geometry of the d or-
bitals wQuld explain the resulting trans structﬁre, as opposed to a cis

98

structure. A double bond between the two phosphorus atoms in }éFh

would also be consistent with theoretical arguments concerning P-P bond
strength in PQFM versus PéClu,gg and indeed, the PfP stretching frequency
of P,F), (5&1\K20) is larger than the PP stretching frequency.of P5CL),
(u10 k199,

This gxplanation, however, has.some difficulties. Double bond forma-
tion (utilizing 7 bonding p orbitals) is much more likely for atoms of the

first row of the periodic table than for atoms of the second row, and since

NéFu is presuméd to have C
101 ‘

o symmetry with hindered rotation about its

central bond, and therefore to have a single central bond, it is hard

to see why PéFu.should have a double bond. Furthermore, IéHﬁ is also

102

presumed to have C, symmetry with hindered rotation about its central bond.

2
The best answer is that each of the phosphorus atoms d orbitals are low-
ered in enérgy in EéFu, so as to make them capable of participating in an
overlap with the lone pairs of electrons on the other phosphorus. Iow-

lying d orbitals do not exist for nitrogen and presumably arenot low-lying

enough in energy in PéHh'
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'The:question remains of why'are the BdlorbitalS'of:phosphorus Tow- f
A _lYing in Ithé: In bydrogenélike atoms, d and pdorbitals have the same
;energyb(to\a_hiéh-approximation). ln multiuelectron'systems,von'the
other'hand;;d orbltals'are higher in-energy'than P orbitals because
(given a’Slater-type\approximation) they'are too'diffuse and do’not
penetrate the.closed shell“far enough. This,results infan electron in
lsuch an orbltal not-being able,to-get.very’closeltofthe positlve core to
reduce‘lts energy nor.being able.to overlap uell with another orbital of
another.atomav But_it'has been shownvthrough Hartree-Fock calculations
that”d orbitals in-multi?electron atoms can bevfarfmore compact tban the
corresponding‘Slater-type approximation when electronegative groupsrare

103

attached to the atom»under'consideratlon. In particular, for SFg, .
whosevcentralwatom is next to phosphorus in the perlodic‘table, tne elec—
tronegatiVeifluorines_are presumed to cause aigreat enough charge drain
from.the central'atomrto contract the'radial d wave functions SO as to-
produce the stable: hexavalent coordlnatlon of sulfur in thls compoundloLF
l~(the same argument probably applles to- PF ) “

Thus 1t appears that the P P bond in P Fh is indeed: partlally double
vdue to d orbltal part1c1patlon. The hlgh intensity of the gas phase P, Fh
. absorpt1on at 260 6 nm (a lower Timit of 0.09 was calculated for its

f value neglectlng devlatlons from_the linear curve-of growth - see

Another analogy is with Si. Fh - This spe01es almost always forms flrst
in 8132 cocondensatlon reactions and then subsequently inserts in. bonds
of the stable cocondens1ng reactant. = Its stabllluy could also be due to
d orbital participation.  If this were so, one mlght expect to see a- very_
}v_strong ultrav1olet absorptlon for it trapped 1n a matrlx, as is the case

for PéFu, No uuch absorptlon has been reported yet
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Appendix A) can then be explained as being due to a transition from a

bonding, delocalized moleculaf orbital to the corresponding anti-bonding
orbital of the P-P Bond. The intensify of this discrete charge transfer
band would come from the large shift in the electronic distribution upon

excitation. - This possibility is shown in the figure below.

P@P —> QP —————P

- Tl bonding M.0. Tly onti-bonding M.O.

ground state excited state
Fig. 16 The 260.6 mh electronic transition of P,alT‘br

This absorption would be analogous to the intense Schumann-Runge
bands of 02, which occur at about 170 nﬁ (and which are responsible for
the inability of ultraviolet speétrophotometers to give readings in air
below 185 nm). As a result of this excitation, the P-P bond would become
single, freely rotating. and Weaker,'thus increasing the reactivity of
this excited state, as is observed in'photolysis experiments (vide infra).

Rth isolated in a matrix was obsérved to‘have only one absorption
band in the ultraviolet, corresponding to the most intense band in the
gas (see Table X). The 299.6 nm gas phase band was not seen and neither
was the 202.2 nm band (in the latter case, this was due to the cutoff
in the efficiency of the grating in r&flecting short wave radiation in
this regjbn as well as to the inefficiency of the SWR plates used, to

respond to such radiation).
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Tn both xenon and krypton_matrices;'the 260,6 nm bahd.showed smali
red shifts.’ This would corroborate the above hypothesis as to the origin
‘of this band,*ﬁor not,ohly'would the ihcrease of polerizahility in;such a-
" transition he small.(due»to the largeupolarizability in'the delocaiized
’ ground state), but also the ex01ted state would have an electron far
from the center of the molecule (1n an antl-bondlng orbltal) 80 that
electronaeleetron repulSIOn forces would ralse the energy of the excited
‘state‘in'the matrix (es it does in the case'of.atomic transitions) and
thuSgtherenergy of the transitioh as a whole, thereby reduciné'the red

shift.

N The Matrix Photolysis of.Rggut

Photolysis experiments were performed inrthe matrix as mentioned
previouslyt Since an undetected ebsorptioh*band'might.have.been";'
causing the'photoiysis; it was experimentaily‘verified, through the use
L of'filters, that'thevldght oausihgvthe photolysis‘of REFM in the matrix
environmentvwas that light strongly sbsorbed by PoF), from 260 to 285 nm.
And since the hlgh pressure mercury ‘arc- cuts off all ultrav1olet radia-
tion in the 253.6 to 260 nm region through resonance.self absorptlon, it
was mostly the portlon of the P Fh absorptlon band shaded to the red that
bwas absorblng'the photolyz1ng radiation.

When Iéfu'is photolyzed’in the matrix; ho new.bands in the ultra-.
.violet/absorption spectrum are observed to appear as the 270 nm absorption
_'dlsappears, even when large amounts of P Fh are . photolyzed away; In the -
1nf1ared, all the maJor absorptlons attrlbuted to P, o h (see Table.XII
on page 169 ) are observed to decrease. In their piace a great many.other

absorptiohs appear. Thus, new materials are forming that have an infrered
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but no visible-ultraviolet spectrum. Four of these infrared absorptions

correspond exactly to the four absorptions due to PF, fundamentals, and

5
increase proportionately as photelysis continues., At least ten other
major absorptions are observed to increase during photolysis. Their
ffequencies, along with weaker bands that appear, are tabulated in Table
XI. TFigure 17 shows a sample spectrum of B F) and PF, (and some PFB)’
from the high temperature furnace,trapped in a xenon matrix at M/R = 200
before and after photolysis. These spectra were only taken in the phos-
phorus-fluorine stretch region of the infrared.

Photolysis of EéFu in the matrix gave quite erratic resulté as far

as its rate was concerned (though the products formed were always the

Same) -- sometimes a few minutes of photolysis would completely destroyv
10 micromoles, and at other times one hour would be required, and, atA
still other times, an hour of phéotolysis would not be sufficient, and a
certain amount of residual PéFh remained. More perplexing was the fact
that photolysis from behind the matrix (the irradiating light going
through the target first and then striking the matrix where it ﬁas ini-
tially deposited) at times was totally ineffective in‘removing any appre-
ciable amounts of PEFH’ no matter how long the photolysis continued, in
matrices that were easily photolyzea from the front. Various hypotheses
were‘offered to explain these phenomena (shuch as selective absorption of
certain radiations Ey'the target material), but when experimentally
tested, all failed to give satisfactory results save one.

The clue to this anomalous behavior came from the products of the

photolysis themselves. PF, was definitely one of the products, since

3

the four infrared absorptibn lines attributed to 1t all increased pro-

portionately upon photolysis. At least four other distinct bands in the



Table’XI'. Infrared bands that appear and 1ncreaoe from the matrlx photoly31s
ofPFu T
| | | V(PBF5FBands) 7 _' S |
Phosphorus-Fluorlne Stretch Reglon v o  Low Fréqugncy Region
" Dual Grating (4000~ 650 k) - ' o CsBr Prism (700-300 K)
. Xenon- ‘; - o KTyPth g ' .j IQVXéhon.’ - ;5  o . Krvbtoh,- ¥
S 956.5(m) 96o(m) 475 (ms )-PFy o 48T(ms)-PRy
915.5(s) o a1ss(s) ~4o0(m) -
4 L .

- 891.5(m) . . " 394(m) 3
889.5(n) T o 368() N |
878.5(3)-??5 (-and P F5?) 881(s);PF3 (and P5F. ?) R 547(m)-PF5‘ e - 55O(m)-PF5 B
85 (vs) - o BM6.5(vs)-BE, S s(m) o

75 () )  500(s)
Very weak bands'increa81ng:- Xenon 969, 890 7&8 557, 381, 553, 322 and 514
' '~ Krypton: 836, 578. SR '
> _ .

& a1 frequencies in Kaysers.
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Fig. 17 The infrared spectra of matrices containing EEFM and PF2 before

and after photolysis. (a) before photolysis; (b) after photolysis.
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lP F stretch region (750 lOOO K) arose: that were due to the other pro—.
.duct( ) formlng.v ThlS number“ofﬁbandScls;too great to be produced by
vdlatOMlC PF whlch would be the obv1ous st01chlometrlc guess. In any
event, 1t was belleved that PF had already'been trapped in the matrlx 1n
’ the pyrolys1s of P, Fh (see page 180), glVlng a series of bands 1n the ~v
: 5500 »reglon of the U‘V._spectrum, Whlch the EéFh photolys1s products
-didvnot'have; Assuming nothlné loSt to the gas phase hor-polymeric
'prOducts formlng during-photolysis, the only other products that could .
form from the photolys1s of a s1ngle P, FH molecule are atomic P 'and F.
Thls is a virtual 1mposs1b111ty cons1der1ng the infrared spectral evidence
'and the hlgh react1v1ty'of these spec1es° It was concluded therefore,
that more than one P, Fh molecule is requlred for production. of each -
b_molecule of photoly31s product

In the P FM ultraviolet spectrum, the 260.6 nm band most llkely is a
discrete band spectrum trans1tlon, not a contlnuum nor a predlss001atlon.
Injthe matrlx environment, which would tend to increase the steepness of
' thelpotential energy curve fOr PvFu, it is probable thet this absorption
by‘ltself does not result in any spllttlng of the bonds of P Fh There;
fore, the photolys1s mlght be ascrlbed to a reactlon of an exc1ted P Fh
'molecule(s) w1th, most llkely,‘one other B, F), molecule. '.

To_test:out this:hypothesis, photolysls of‘EéFhrwas‘done'atoveri;f
ous'concentratlons”in'the-matrix. At high concentrations_(M/R = 30),
' photolys1s was complete 1n a matter of minutes. _The lower the concentration
of P Fh the slower the photolys1s rate. An experiment wesoalso performed
with pure solld PéFh dep031ted.on top of a concentrated PéFh matrix,
Photolysis_for two hours gave no noticeableireduction‘in ther(blurredt'

out.) PyF) infrarved bands. This last result is explicablé since
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the solid layer of IbFH would be expected to absorb all the radiation
rcapable of photolyzing matrix isolated EEFA’ and so i1f it did not photolyze
dway, neithef would the EéFh underneath it. Another experiment was per-
formed with a large predeposition of pure rare gas on the matrix to bulld
up a thick M atom‘baék layer next to the target before any‘PéFu was added
at all. Photolysis from the back in this matrix did destroy the PéFu,

as 1t does from the front. Upon warmup of a photolyzed matrix, the bands
arising from photolysis (other than PF5) disappear (without new bands
taking their place), yet no reformation of PéFu OCCUTrsS.

Though the four fundamentals of PF, all appeared upon photolysis of

5

IEFA and increased proportionately, none of its aggregate bands appeared

at all. This would suggest that the PF, forming was in a well-isolated

3
environment.

’ It is suggested that the reaction of two PeFu»molecules is occurring
upon‘photolysis, énd that this reaction could fully explain the above re~
sults., When the matrix becomes too dilute in EéFu, no photolysis reac-
tions can occur. When it becomes toé concentrated, the cage effect
predominates, and the photolysis: produets, 1if formed, immediately
réact to reform the reactants (two PéFh molecules). However, irreversi-
vbiiity of the photolysis reaction upon warmup suggests that a simple

monomolecular fission is unlikely, since the latter would be expected
“to resﬁlt in the reformation of EéFu on warmup. A §ite .in"the matrix
that had two contiguous.. EéFh molecules, would probably not also have a
PF, molecule nearby, so the reaction of two PéFh molecules to produce a

3

single PF, molecule would form it in a well-isolated enviromment, and

5

the consequent abrupt cooling would prevent diffusion and dimerization

of PF5 to .form aggregates.
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"Reactions of two matrix-isolated molecules upon photoiysis ere common

59

" in matrix work. For instance, Pimental and Haller”” have. shown that

photolysis of a metrix contaihing NQO and. CgHé'results in the formation
of-O atoms that then react with the acetylene_to form HéCCQ. Such photo-
lytic reectiOns occurbbecause the bond rupture necessary to form the
radlcals from the parent is accompanied by excess energy in these radlcals
whlch ‘causes’ them: to dlffuse through the so0lid: a short dlstance. B

But in the present work, it is proposed that we heve a reaction of a mere
excited state of a molecule, not a dissociated one; evkind of "excitation

"

'photolysis. Since one of the "advantages" of matrix phase photolysis is-

. that'it is supposed to stop secondary photolytic processes coming from?
.4aﬁoug other thihgs, chemical reactions of excited states, this'behavior'b
noted is Quite.unusual. |

An explanation of this behavior is that what is really occurring
in the matrix photolysis of féFu is a reaction of tﬂg_excited PéFu
molecules. EEFA’ as noted before, has a»verythigh intensity absorption
from 260 to 280 nm in the matrix. It was calculated that because of this
high absorption, 90% of all incident light on a M/R = 50 matrix would be
absorbed in juSt three.wavelengths of thickness of the matrix. Thus the
pdssrbility exists that two contiguous Ibfm_molecules would each absorb
. a photon approx1mately‘w1th1n the lifetime of their excited states, and
.1t 1s the reactlon of these two excited species that produces PF3 and the
other product(s). Such a mechanism would be very dependent onprelaxation
rates in the matrix, since it would involve a sort of "hot leyer” of
continually excited molecules in the nutrix. In back photolysis, thiss
layer of cOntinualvexcitation would exist close to the cold target, so'

that the target could take enough energy away from one excited EéFu‘
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molecule before a nearby one could be excited to react with it. Photo-
lysis from the front, on the other hand, would produce this hot layer .
insulated from the cold target by a large amount of inert gas plus matrix.
Localized heating could occur to effect diffusion and therefore a reaction.
The same principle applies to the observations on back photolysis of a
matrix with a large predeposition of pure inert gas.,

"If a double excitation reaction is really the cause of the REFM
photolysis, then the rate of disappearance of PéFu upon photolysis should
. depehd on the intensity of the light squared (as well as the concentration
of EéFu squared). This dependence could vary over a considerable range
with.élightly different intensities of light or concentrations of P2FM’
and would explain the large variability noted for the photolysis rate.

As was mentioned previously, the excited state of PéFu wduld be
expected to have.a weakef P-P bond than the ground state, énd 50 would be
expeéted to be more reactive thah this ground state, especially with re-
spect to either fission of, or insertion into, its P-P bond.

Such a mechanism would also explain the photolysis of PF (PF is
produced whenever PFé is produced, as shown in Chapter R of this section).
PF isolated in a matrix (along with EEFM) will not photolyze away when
the radiation it absorbs is incident on it. However, 270 nm radiation
will readily photolyée it away, even from the back. In one experiment on
a dilﬁte‘krypton ﬁatrix containing a relatively large amoﬁnt of PF (ob- -
taiﬁed by premixing the FéFu with krypton before passing it through the

furnace -- see page 189, as well as PEFM’ PF. and PFE’ after a photolysis

>
from the back, the three high frequency peaks to be assigned to P5F5
all formed to a clearly discernible extent as the PF disappeared. These

peaks are the strong ones appearing in the photolysis of PéFu, yet
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‘pfesumably'no.FéFh photolyzéd here at all. It seems, therefore, that the
 uitrgviol§ﬁ rédiétion is éxciting PéFuvmglecules; makihg them mobile and
reactive enough to react with PF and scavenge it away in the matrix,
»Mosthlikeiy; PF»céhndt'insert into the partial doﬁble bond between the
.phosphorqs atoms.of Pth in.its ground étate, but can aﬁd-does inserf,
‘as a carbenoid, into the weakened P-P bond in the excited state to form
1P5F5. .T@is.is:also_corréborated'by'wgrmup experiments on PF matrices,
. which ;héw PF to be an unreactive species.

If we ignore the fact that here we have a mobile P_’E'FLL molecule, not
a mobile Pf'molecale, wé‘could ciaim from.this piece of evidence thét a
transient, mobile'PF speéies is also:the'reacfant in the pure PéFu photo;
lysis, rgactiggvthere with an excifed PEFA' waever, it is difficult to
explain why.one ekcited féFu should remain éxcited while another one
dissociates;

Tn a pardllel photolysis expéfimeﬁt on PEFA gas in ﬁhe photolysis
cell mentioned on page T1, with the. cold finger of this cell maintained
at'—65°C, an unstable compound was fbrmed that condensed out on the cold
-finger.._But its sﬁability was too lo@ and its yield top smgll for any
'analysis té.be undertaken.‘_Perhgps this cémpound was EBFs, as it is also
believed to form'in matrix photolysis of EEFM as well gs i@ the coconden-
satién.reaction at T7°K of the proaucts of the PEFM pyrolysis.

There are many pieces of evidence, besides that mentioned above,
'which'would éuggest that P5F5 is thé other product inbthe EéFu photolysis;

First of:all,-many P compounds have been prepared in the past [such

R

375

as P,\(CFB )’510,5], and their instability has been attributed to their tendency
The possibility of a PF absorption overlapping the PoF) absorption and

causing its photolysis is excluded because the gas phase absorption spec-
trum of PF should not have any strong bands in this region -- see page 180,
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to polymerize, not to a weak PrP-P structure, Therefore, isolation in the
matrix could stabilize such compounds relative to the condensed phase.
P5F5 would probably not have any ultraviolet spectrum, as is observed..

It would have CS symmetry and its infrared P-F stretches would be five in
number (3A' and 2A" species) and all be infrared active.' Though only
four peaks were seen in the infrared that could possibly be ascribed to

P-F stretches, the fifth band could be accidentally degenerate with ancther

|
P_,F_ band, could be too weak to be observed, or could be overlapping a

375

PF, peak. The best explanation I can offer is this last one, specifically,

5

that the fifth P5F5 band is overlapping the vy PFB band in the matrix.

As will be mentioned in the next section, careful measurements on the

increases of the absorbances of the v, and v, bands of PF, during photoly-

1 3 3
sis showed that the ratio of these increases (Ayaﬁﬂvl) was lower than that

which is normal for pure PF, in the matrix (this ratio was measured to be

5

1.0 in krypton and 1.1, 1.1 and 1.2 in three experiments in Xenon). This

could be explained by assuming a P

5T

of PF5' Since P5F5 has low symmetry, it would be expected to have many

bands in the lower frequency portion of the infrared (13 altogether), and

band growing in with the vy band

~

as much as ten were observed in the xenon matrix, Upon warmup, P.F_ would

35
be expected to polymerize, and the infrared bands of the ‘product do disappear

© upon warmup without any new bands taking their place. And of course,

stoichiometrically is quite plausible.

BsTy

There is one problem however, and that. is why there is no P,F_ ob-

55

served on initial deposition of PéFu that has gone through the furnace.

(Actually, an extremely small 918 K peak was observed in one PF,, deposi-

tion when the P2Fu was premixed with krypton.) The best answer I can

give is that two factors may come into play here. One, there is a large
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excess‘of inert gas-condensing on the target making'it unlikelylthat a PF

molecule will collide w1th a P Fh molecule in the LLIT state before belng
frozen outo Two, perhaps PF can only insert in activated PéFh that might
exist from a reaction'of'two_PFe.species in the LLIT state. But there,

with large amounts of inert gas condensing all around it, the quenching

rateslarelso fast that this newly formed_ekcited EEFM is quickly quenched
» before it collides with arPF molecule'so that no'insertion,does take
place (such uould_not he the.case in normal cocondensation reactions
wherevho inert‘gas is'present; and where condensation temperatures are
much higher). | |

| - Another stoichiometric and chemical possibility in this photolysis

'1s the formatlon of two PF5 molecules and one EéFg molecule. Slnce NéFé

:and P Hé are well known ‘species, the existence of B2F2 cannot be precluded

on snmple chemlcal grounds. However, in- such a reaction, one might expect

some’ of the aggregate bands of PF, to appear; since two molecules of them

5.

would be forming close to each other, but only the four bands of PF5

.characteristicﬁof the iSOlatedvmOlecule;appeared; The activation ener-

getics of'such a reaction would seem highly unfavorable, since it would:re—

/

quire the breakihg of two P-P bonds. Trans P F would be expected to be

the stable isomer, and its C,, symmetry would.only allow one infrared active

2h
P~ stretch,'but at least three are seen. Recourse to asymmetric sites’
onuld haue to be had in order to_eiplain its actual spectrum in the P—Fv
stretch region. In any eVeht,‘the large nunber of other bands in the
v'low,frequencynportion of the infrared spectrum could not he explalned.
Flnally5 I% D with a double bond between the phosphorus '8, would be

expected to have an ultraviolet absorption spectrum, but none was obserVed.
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0. Pyrolyzed P F, in the Matrix Enviromment -- the Matrix
nfrared Speétrum of PF. -

Parry and coworkersEo have analyzed the infrared and Raman spectra
of PéFu in the gas and liquid states respectively, and, since they found
mutual exclusioﬂ to hoid, assigned most of its predicted fundamental
modes on the basis of a rigid trans structure having C2h symmetry. As
was pfeviously mentioned, such a structure would be in agreement with
the strong ultraviolet absorption band observed in this work (see page 155).
If their assignment is correct, PEFH in the matrix would have only two
infrared active fundamentals in the P-F stretch region, corresponding td
the gas phase values of 842.9 and 8%0.8 K, which are the PF,, antisymmetric,
out-of-phase pair of stretches, and the PTé symmetric, out-of-phase pair
of stretches (v5 and vlo)'respectively; and two infrared active funda-
mentals in the low frequency region, corresponding to the gas phase
values of 565 and 361 K, which are the PF, symmetric, out-of-phase de-
formation, and the PF2 antisymmetric twisting (Vll and v6) respectively.
Due to its center of symmetry, these are fhe only vibrational modes of
Bth above 20Q K that are predicted to be infrared activé. However,
because of the near impossibility of removing all PFEI from PQFM’ strong
PFQI bands at 412.2 and 378.7 interfere with the spectrum of EéFu in the
gas phase, and presumably do so in the matrix as well.

& The matrix infrared spectrum of EéFu isolated in krypton and xenon is
listed in Table XII (see also. Fig. 17). Frequencies that can be attributed
to PE2 or PF5 have been omitted from this ta’ble° The assignments of
Parry are verified completely. Furthermore, one sees that the matrix

shifts from the gas phasé bands for the lower frequency modes differ from

one another, especially in krypton, the deformation having a much greater
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" blue shift than the'twistinge " This differénce’ is explicable;innterms,of
the'geometryVof the_site the molécule finds itself in.

' Table XII. The fundamental frequencies of BF)

v v

R 0 ‘i V6
Gas Phase o 842{9(vvs)*‘ 850;8(VVS)*.. 565(m) 361 (m)
 Krypton 828(s) . BL7(s) - 385(w) 563 (m)
CYemon  85-828(s)  813(s)  367(ww)  355(m)
Also, MO?i(Kr; v ) and 398(Xe, v ) observed; perhaps a PF,I impurity.

M : :
" R-and P branches averaged.’

rBesides'the-bands shdwn in Table XII, four  very weak bands corre~

o sponding exactly'With the four fundamentals of PF, are observed, owing

b

to the’ slight decomp051tlon of P Fh to PF v, seems to be inordinately

373

1 in. this PF5 spectrum. Another'very'weak band between the

two P Fh fundamentals ‘stands out in the phosphorus fluorine stretch region.

.larger than v

. When P FM is passed through the furnace at a temperature of 750°C
(at the same rate as the_room.temperature depos1tion,.about 20 micromoles/
hour)vbeforevdeposition_inpthe matrix, its two fundamentals in the P-F
stretch region qeorease in_intensity’as_expected{F‘Also, the two PE5:fun;
fdamentals’increase.greatly in intensity in this region (because of
_decomposition of the P Fh)’ mith the absorbance ratio of v /v becomingi

still 1argtr than before, and much larger than in pure PF (see Table

5.

CXTII). Lasily, that very wealk band mentioned before increases greatly ‘

in intensity. We will refer to this deposition from now on as the PFé

blip
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depbsition. ‘Other weak bands do appear in this PF2 deposition, but onlj

one of them has beeh assigned (to the stretch in PF, as will be discussed

beloW)r see ‘the. footnote for:Table.XIV. | : .
If the photolysis of PéFh’ in these. matrices continues long |

enough, the two large IEFL absorptions in the P—Fvstretch region as well

as the PéF21L absorptibns in the lower frequency range can be completely

wiped out. No other peaks are observed to disappear. In their place arise

- the four fundamentals of PF,, and the peaks assigned to P5F5. In experi-

5)

ments on a pﬁre PéFu deposition, and on a PF2 deposition, measurements

of the intensity changes of the 878.5 and 843.5 bands of PF, upon photoly-

5

sis were carried out. If these two bands were caused by only one compound,

PF the ratio of their absorbances should remain the same as they increase

5)

irrespective of the concentration of PF, in the matrix. But in fact it

5
‘was noted that the ratio of their absorbances differed in the pure EéFh

matrix and in the PF, matrix, and the ratios in both these matrices

2

differed from the ratio in pure PF, (as stated above). The ratios differed

P

before and after photolysis as well, approaching the PF, ratio as photoly-

5

sis continues, and did not increase during photolysis ih proportion to
their original value. Sample results are shown for two such experiments
in xenon in Table XIII.

Notice that in this experiment we are making use of the fact explained

~

on page 52, that infrared: peak heights in the matrix can be considered

direct indications of the amounts of materials present, due to the broaden-
{

ing of rotational lines. The agreement between the ratio of the increases
of the absorbances upon photolysis and the ratio of the absorbances in

" pure PF, is only fair (and has been explained as due to an overlappiné

5

with a P5F5'band =~ see page 166 ), but an overlapping at the 843.5 K peak



Table XIIT. Behavior of PF, band intensities on photolysis of PF), and PF,
’ ’ xenon matrices ' ' o

IéFh thru cold furnace - - : N PéFu_thru hot furnace

%. Trans. Absorbance Ratio - ’ Réﬁio % Tfans. Absorbance Ratio
Before. . »
Photolysis _ E : L
8u3.5 . - 26 0.585 R | 03 2.3
878.5 55 .0.276 2.2 L5 20 0.698 3.62
After g | | ”
Photolysis s T , _ -
k3.5 10 1000 _ 0.25 2.60
8785 22 0,658 = R Loy 0.770 3.58
Ratio of Increase of _i.O9 (1.5) = | S 1.10

Absorbances After Photolysis

STLT-
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is substantiated quite strongly by the evidence. It is therefore believed

that one of the PFQ fundamentals overlaps the v fundamental of PF,,

3

and that PF2 does not photolyze away while EbFu does (during photolysis,

the PF2 peak‘that does not overlap any other peak remains the same, showing

3
and PF2 fundamental is required

that the entire chahge in the intensity of the 843.5 line comes from PF

forming). The presumed overlapping of a PF

5

in both krypton and xenon to explain the observed spectra, so that the

relative matrix shifts for PF2 and PF. must remain the same in two

5

different matrices.

The lower frequency region of the infrargd is more difficult to inter-
. pret because at the M/R ratios employed in these experiments, aggregate
or multipleysite peaks occur in this region,/ After eliminating those

deposition,

bands due to EéFM and PF5’ anocther band, appearing in the PF2

seems to be the PFE band, due to its intensity, position and lack of change

upon photolysis. The ETé bands observed are listed in Table XIV. The

and v_, will follow in the next

1 3

chapter. The '"gas phase' values for PF,, are its matrix values adjusted

Justification for the assignmentsof v

to the most probable gas values by adding average extrapolated xenon and

krypton matrix shifts for PF_, and Eth to those matrix values for PF

3 2*

PF2 Was shown to have no observable peaks in the ultraviolet. A

Qiffusion experiment carried oﬁt on a PF2 déposition showed the PF5’ EéFu
and ETé peaks all decreasing proﬁortionately in the infrared as the tempera-
ture of the matrix was raised, even though one would expect PF2 to disappear.
faster than the others, and form PéFu as its product. However, the PEFM
absorption was observed to increase in the ultraviolet ﬁpon warmup, and

80 perhaps its decrease in the infrared came from its absorption there

being broadened as the temperature was raised.
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Table XIV. The fundamental. frequencies.of ETé

14 v V.

| 1 2 Y5
krypton - 8h(s) - 529(w)  . 826.5(vs)
B xenon 8&3  _ - 8o
"gas phase">, 850 ._ SoR5 ‘850'

Also, 509 (Kr;'Vw)'seen.,'

*Other weak bands- observed in the PF. deposition, not attri-

‘butable to PF, PFp, FFz, EQFA nor PzFs, included, in krypton,

836.5, 831, .824 and 809 K, and, in Xehon, 835, 830, 818.5.
.and 803 K. - o R

" P. A Force Constant Analysis of PF.

'Thus,'we'now have the three normal frequencies of the bent, triatomic,

' vsymmetfical molecule PF,. . These frequencies-correspond to the v"=0 to

2

v"'=1 transition in the éround state of_PTé; and not the harmonic frequehcy

Tfor this state that could be.derivéd'by‘a detailed analysis of the

ultraviolet emission spectrum of PF,. As was stated previously (page LbL),
the vibrational contibution to the absolute entropy of PF, can be deter-

minéd from these frequencies. From this determination, combined with other

v thermodynamic estimaﬁés for PFE,_the sfability‘of PF2 as an equilibrium

gas phase speciesiéan bé}prediqted (as will be done in Chapter T of this
Sectioﬁ); By assuming‘vérioﬁs equations for the expreésion of the potential
eﬁergy éf thé PTé moleéulé, these three frequencies can also lead us to
estimates of the Bonq fofce éonstants of the PFg_molecule, as will be
discussed here. .

‘EpreSsing the potential enéfgy in terms of simple cenfral forces

was not attempted, since this method is highly unreliéble.uu However, a

simple valence bond force calculation was_done, for two'différent
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assignmenté of the normal modes of PF,, the results of which aré shown in
the second and third columns of Table XV. The stretching and bending
constants were derived from Egs. (8) and (9) on page 40 of this disserta-
tion, the first two equations in the simple valence bond expression. Also
in_TaBle XV is shown the consistency of this valence bond approach as
judged by the prediction of the wvalue of xlxz from the third equation of
this approach, (10) on page 40, as compared with the actual value of this
product derived fromvl and V.e It is seen that by assuming that the

2

symmetric stretch, Vs is smaller than the antisymmetric stretch, Vs

for PFQ, which is the case for most C2v bent triatomics, we obtain un-
believably good agreement with the simple valence bond force assumption =--

such good agreement that it would seem this v, < v assumption is wrong..

1 3
In going to a more complicated valence force assumption for the po-
tential energy, as expressed in Egs. (11), (12), and (13) on page 4l,

we again obtain evidence against this v, < v, assignment. In this case,

1 3

the interactioﬁ between the two‘P-F stretches term, klE’ is equal to zero

(column five of Table XV). This is highlyrunlikely. But fairly reasonable

results are obtained in both of the above approximations for the assign-

ment_vl > vB, thaf is, assuming that the symmetric stretch is 850 K and

the antigymmetric . stgétch is 830 vaor PF,. |
This assigmment, actually, would be consistent with. that for other

difluorides of elements near phosphorus in the periodic table, such as

CF,

Y NF2 and OFQ, all of whose assignments are known concldsively. The

relative intensities of v, and v5 (the 850 band is observed to be at a

1
smaller intensity than the 830 band) would also agree with this assignment,
since the dipole moment does not change as much in the symmetrical stretch

(vl) as it does in the antisymmetrical stretch (VB). Since it is well



- Table XV, PF, fOrcévconstants-frbm'the'”gas phase"” normal freduendiés
o : ' _ ) -Mbsf_cémpléx‘
Simple Valence Forces- Complex Valence Forces Valence Forces
o - ’ Vl = 850 . Vl- = 830 . Vl= 850 . ‘Vl = 830 | . Vl .= 850
Force Constants v, =830 v, = 850 - = 830 = 850 ~ ' v_ = 830
e 5 -0 Vs T U Tl Tl
iy L, 596 hog20 7 b.830 ),820 o C LoT1
ks - o=3ke  -0.0001 | 0.5755
w /1% o.6k0 -okebs . 0.l238 0.kek6 o o b1i2(min.) L,
kj_a/l o - = - - S 0.,1619 - 0
For Simple Only . '
hlké‘(actual) ’ . 2648,3 | 2525.2
56%0.0 252L,8

M (cal¢.)a_

1 = P-F bond length; vé'; 325 X for all calculations; and force constants in units‘bf'millidynes/g .

Assume 20 = 96°

®  (Calculated by means of Eq. (10) on page LOi.
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known that the electronegativity and compactness of fluorines can cause
them to repel one another in the same compound (as has been hypothesized
for P4F6 - éee page 138 -~ and PF596), it might be expected that this.
effect would make itself felt more in the symmetric stretch than the anti-
symmetric stretch, since‘iﬂ the former the two fluorines experience more.
_steric\hindrance, and so raise the frequency of the symmetric strétch.

The most general expression of the potential energy of the ETé mole-
cule results in four independent quadratic force consfants (see Egs. (15),
(16). and (17) on page 41). Since only three frequencies have been given
‘ (and no isotopic studies were poséible), a fourth condition must be imposed
before we can solve for the four constants uniquely. This fourth condi-

ol is that the value of the bending

tion, according to Linnet and Heath,
constant, ka/lg’ be at a minimum. Using this condition, plus the three
equations mentioned above, plus the frequency assignment vi > v5, the
results shown in the lasf cblumn of Table XV were derived (see Appendix
C for a sample calculation). These results are reasonable, as can be
seen by comparison with other difluoride values listed in Table XVI.
Table XVI also gives other information comparing the difiuorides, and
includes values for EFB that were calculated by me from known frequencies.,

+ Table XVI shows a relatively large value for the angle-bend interaction

.constant, k 2, for Eﬁé. This means that the P-F stretching force

10/1
constant changes quite a bit with a change in the F-P-F angle. Since

the stretching force constant is dependent, to a certain degree, on the
hybridizatién of the phosphorus atoms' orbitals, the large variation in
the fqrce constant implies that this hybridization changes a greaﬁ deal
with angular bend. Given a simple sa'epk2 hybriaization for the bond of a

central phosphorus atom to fluorine, it can be shown that one of the

hybrid orbitals is,
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Table XViAT  Normal frequencies, angles and quadratic force
' ~constants for some fluorine-containing molecules

‘a - b b e - d

| CF, NF, OF, CSiF, T 'PFE PF,

v, l2e2 1070 %29 855 850 891 -
v, 653 '1' 461 3k 325 - L8Y

vy 1102 931 86 872 830 860

| " R | (and v) = 34k)

Ky 6.76 5.1 4.6 5,019 4,971 h.ooe

klg 2.21  »1.5. o 1.5. 0.310 _o.u 0.27(kl'),

k@/le,. 1.39 ”1.15- .1.Q | otuuo_ 0.4 0.6k

khm/l ,.0.92 O "1.0 : Q.125 - 0.16 (0.1%-5&/12)
g)jtl‘n.lated 05 104°. 103° : 101° U '960 : 98°io"

Observed Angle

ALl frequencres in Kaysers and correspond to the (l 0) v1bratlonal
transition of the ground state; all forece constants in mlllldynes/A
and angles correspond to the Y-X-Y angle 1n XY or XY .

3°

B. A. Thrush and J.*J.>Zwoienik, Trans. Faraday Soc. 59, 582 (1963);
D. E. Milligan, D. E, Mann, M. E. Jacox and R. A. Mitsch, J. Chem.
Phys. 41, 1199 (196k); reference Th4; and force constants were cal-
culated by this author,
M. D. Harmony and R. J. Myers, J. Chem, Phys. 37, 636 (19€2).

¢ V; M. Khanna, R. Hauge, R. F. Curl, Jr. and J. L. Margrave, dJ. Chem.
Phys. 47, 5031 (1967) |

g

The author's calculatlons, based on the work of F. Lechner, Wien.
Ber., 141, 633 (1932) and reference 46, The value for the F-P-F angle
~came from Q. L. Hersch Ph.D. dlssertatlon, University of Mlchlgan

(1963).
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6,y = —==—(als) + xlp)) (28)
a +k? '

and that the angle between such hybrids is 6, where a2 = —k2 cos 0.
Differentiating a2 with respect to°6, and cohsidering k to be a.constant,
we find that the maximum change in hybridiiationvwith'changé in angle
occurs when the angle 6 is 90°. Since, presumably, we have a large change
in hybridization with angle for FF,, its angle is probably close to 90°
(my estimate was 96°). However, this reasoning seems to fail completely
for OF2 (whose values have not been accurately determined).

The comparison of PF, with PF2 is instructive in several ways. The

5

larger value for the bending constant of PF, is explicable in terms of

>
the greater steric hindrance of three fluorines versus two fluorines.

The twoAcompounds, however, have almost identical stretching force
copstants. Since Morse's La;w106 tells us that the stretching force constant
for the bond between two particular atoms in any ground state molecule is
proportional to 1—6, where 1 is the distance between the two atoms in

the molecule in question, the P-F bond lengths in PE2 and PF5 must be

nearly equal (in PF, it has been measured to be 1.5572, and my estimate

5
for ETé was 1.552).

Q. The Xenon Phase Transition

An interesting effect was noted in the warmup of xenon matrices of

PTé and PéFu, and those of PF, alone, especially in those matrices deposited

5
for a long time and which consequently contained much xenon. At 60. 7°K,
a sharp increase in the slope of the temperature versus time curve was

noted., If the warmup was continued long enough, the slope would again

level off, This behavior was noted for a PF, matrix that was very dilute

5
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- andvfor a>concenprated PFé métrii; thusvstrongly suggesting that the
recomblnatlon of phosphorus fluorine radicals had nothlng to do with the
-plncreasevln.the slope of the warmup cur&e, Also, the abrupt change in
: fhe_wefﬁihg-rete.et 60,7?K.wes accompanied by an almost instantaneous
jump in phe pfesshre, the gauge going.from 2><lO_5 ﬁicrons to ovef 1x10~
. micfohs in a second of-less;' fhis hehavior'is quite common in exotherﬁic
soiid phase_transitiohs, and is due‘either to a momenfary heet rise, of to
a phese.change’causihg entrapped air ahd other permahent éases:tovbe
released from fhe interstitiel.sites in whioh they were trapped in the
metaétable solid. Furthermore,'thevamount of heat needed to warm up the
‘-entire ﬁaréet_holder'of the cryotip could never come from the.Small amounts
- of P—F cpmpounds used;.and 80 mﬁst be coming from the ineftlges itself.
' Therefore, it is.belieVed that the observed heat effect arose from a
metastable.to stable xenon phase'tfansitionr*
Exactly‘what kind of phase'trahsition this corresponds to is very
- questionable. Purevxenoh itself hes‘a cep structure, at all temperatures.‘
Xenon, that contains a dissolved impurity, usually takes onvanihcp struotﬁre,
‘at gli_temperatﬁres. Thus; neither type of soiid xenon after deposition
woﬁld be expected to ﬁndergo any'phese transition upon warming;v:A possi-
rbility'here,.suggestedvbykProfessor Leo Brewer, is that the phosphorus-
fluorine compouhds used'are-eiphef extremely insolubie(ih xenon at low
_temperatures,_of do not "dissolve" iniit under ﬁatrix deposition condi-
tions, and so allow.the xenon ﬁo form the cCp'structure,‘chareeteristie
of xenoh'in ifs pure state,upoh deposition_(even though thej would be
interfefihg with the_regularplattice); Upoanafmup however, their
solubility inoreases to‘the point where theypcause a ccp —)hcp.transitioh
| to an homogeneous,mslightly'impure, solid xenon. | |

Exothermic processes that occur on addltlon of heat are necessarily

: 1rrevers1ble,
b
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R. The PF Diatomic Molecule

Douglas and Frackowiaklo(

discovered the PF diatomic molecule
spectroscopically in the gas phase in 1962. A flowing mixture of helium

plus a trace of PF, was passed through a glass tube within a microwave «

3

discharge, the emission spectrum of the discharge being photographed at
very high resolution. Bands appeared from 500 to 220 nm, with the most
intense emissions occurring around 330 nm, where, unfortunately, the

band heads were diffuse and a great deal of overlapping occurred. They
were able to posgitively identify six separate electronic levels of PF from
this work, four in a singlet system and two in a triplet system. No
singlet-triplet transitions were observed, either in the cavity or in

the afterglow,

The PF radical has twelve electrons. If d orbitals and partial ioﬁic charac-
ter (which probably would not interfere with the following order of energy
levels) are ignored, and we assume a molecular orbital model, for its
ground state configuration we would have the following molecular orbitals
filled: 2so0, 2so¥*, Qpc, 2pﬂx, and 2pﬂ§' These account for ten electrons.
The last two electrons in the grbund state would fill the degenérate
anti-bonding 2pﬂx* and 2pﬂy¥ orbitals. According to multiplet theofy,
these two electrons in these two degenerate orbitals can occur in a 52_
state (the lowest-lying) or in a singlet state,lZﬁ, where the two electrons
would each occupy one of the 1 orbitals, of in a doubly degenerate singlet
state, ;A, where the two electrons would be both in one of the T orbitals. - .
In the excited configuration, 2pﬂx, 2po¥*, there would exist a low-lying
5ﬂ state and an.excited lﬁ state. All these five states were claimed to

1
have been observed by Douglas., Also, he observed a very high energy g m
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_state, that might have.been a Rydberg state, not spec1f1able by simple
'dmolecular orbltal models._
Since the matrlxvenvironment quenches'all molecules-to'their ground .
' electronic states,‘tne single transltion that would be -observed here'is
BB O 1, o

in the matrix). This will be the only'trans1tlon referred to for the

the triplet system; 52 (assumlng s1nglet trlplet prohibition
rest of this chapter.'
- The constants for the two states are as fOllOWS’ 3'Z,_“lrlas an d%
of 8&6 75 K and the 57T‘rst'ate has an approximate @, (actually a AG (v +3)
value)_of h36 K. The grqund‘BZ state has no noticeable triplet
o 5 ‘ :

"splitting, but the -7 state has a very large splitting of 142 K. This

means that thevdlfference between the Ty and i, levels for each vibrae.
tional state is 28k R, a nuber that is close to the spacing‘between the
vibrational states themselves'(h56 K). In the’matrir, where the states are
broadened 1n energy cons1derably, the absorptlon spectrum.would probably
give a smeared out, poorly resolved set of bands, as opposed to a regular,
lsharp Pprogression of'bands. |

Douglas measured the rotatlonal structures of the 0-1, O M 0-5,"
1-0 and l l trans1t10ns falrly‘completely, but only reported two band:
heads: - the Ofl band at”28,gOO K and the 1-0 band at 29,790 K (to the
BWO substate),:and dld not report the relative intensitiesiof-any of
these'bands. vSlnce‘the ground.state has a l.59£ internuclear distance,
while the triplet m has a 1.75A internuclear distance, the Franck-Condon
' factors in absorption fron the v"=d level of the ground state would be -
expected to be greatest for_fairly highly excited v' levels of the excited

T state, so that the transitions around 4-0 would be expected to have -

the highest intensity. Such a transition would have a gas phase value of
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about 31,050 K. Due to the matrix red shift for molecules, as well as

the change in the potential well for the excited electronic vibrational

levels, this maximum intensity peak would shift tolabout 50,000 K in xenon,
When EEF& is passed by itself through the hot furnace oﬁto the

matrix in the PF2 deposition, a pseudo band system is observed in the

ultraviolet, with a maximum in the region of 29,800 K in a xenon matrix.

This system does not form when the furnace is at réom.temperature and

increases in intensity as the furnacé temperature is raised in deposition.

‘, Tt does not correspond to any bands of PFB’ PéFu, PFEI, nor Eé.108 Neither

can it be FF for it photolyzes away quite rapidly, even upon back

0

photolysis, while the infrared bands ascribed to PF2 remain upon photolysis.

The fact that the high intensity mercury arc can photolyze it away in

seconds shows thatvit corresponds to a very small amount of material

trapped in the matrix with a large extinction coefficient (and thus would explain

why no large. infrared bands were observed :corresponding to this 29,800FK band ).
The actual spectrum observed consisted of a series of about seven

absorptions, that were not evenly spaced nor of equal intensity, impressed

upon a much more intense continuum-like background. The fregquencies and

intensities of these absorptions in two different‘matrices are.listéd |

iﬁ Table XVII. From the smearing out of these absorptions, their

position and intensity, and their mode of formation,-it is quite clear

that they belong.to the PF diatomic molecule, trapped in the matrix at

sﬁall concentrations. Also, the changes in frequency from one band to

the other (Délﬁa Frequency) vary in units of three. If we assume that

the 30,248 to 29,223 bands ‘in xenon correspond to the 31,173 to 30,089

bands in krypton, we obtain relative matrix shifts between xenon éﬁd |

krypton that décrease with decrease in frequency of the absorption, just

as would be expected.
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' Table_XVII.A PF matrix ultraviolet absorption bands

PF in Krypton ‘

Intensity Wavelength (A)a'~ Frequency-(K)b* .~ Delta Frequency
w E -y@5v, g 29206 . : o
W - 338 29534 2 ~—2§S
m- - 3351 .. 29833 o6
vs .. , 3322.5 ' 30089 281"
Vs ' - 3291.7 : '50570 ’ o 277'

S oms Loseee ko 306k3 o
mw. - 3237 30884 289

v 3207 | 51175

PF in Xenon

v 2 S 5&88 S . 28662

i S 3kl o903 ggi
omso 0 3389.2 - 0 29ko7 567
s T 3%58.6 2976k |
s 3334 - . 29985 263

w3305 - <. 302L8

S5

Transitlons are. from.the X2

state to the Bom states.

0,1,2
a .. e
_ Wavelength in air.

bv Frequency corrected to vacuum by d1v1d1ng by 1. 000287 (approx1mate
refractlve 1ndéx of alr) : o
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~ The exberimenfal results dn photolysis of PF in the matrix have been
discussed on page 164,' Suffice it to say here that PF does not photolyze
away by absorption of the radiation it absorbs in this 30,000 X region,
‘but rather by'EéFu in the matrix absorbing 270 nm radiation, which pre-
sumably weakens the P-P bond‘in it making it susceptible for PF insertion
to form PBF5.

From Douglas's report we .can calculate the expected v'"=0 to v'"=L
vibrational transition in the ground triplet state, using the formula
¢(1) - a(o) = ®, - Ewe X . This comes to 837.8 K. Given a reasonable
xenon matrix red shift of about 8 K, we would expect to observe a small
infrared absorption ét about 830 K in the matrix. Indeed, a very small
831 X peak has been observed in a xenon matrix in the PE2 deposition that
disappeared upon back photolysis of the matrix (while all other peaks
remained the same) at the same time that the ultraviolet absorption
spectrum for PF was seen to disappear.

Warmup experiments on PF matrices were done. PF did not disappear
in a krypton matrik until the matrix was maintained at 55°K for four
minutes. This would suggést that PF is quite an unreactive carbenoid.

Fluorescence experiments were tried taking great care to exclude
all exciting radiation but that which corresponded to the most intense
absorption of PF. 'The emission'speétrum was observed from 330 to 400 nm,
but no fluoréséing radiation wasﬂéver detected other than light scattered
from the mercury high pressure arc. ?Nb flurocescence studies on gas phase
PF have ever been reported elther.

A very intriguing result was obtained when EbFu was premixed with a

200-Told excess of xenon and the mixture passed through the furnace at

550°C. In this case almost no P;Fh bands were observed in the matrix infrared
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~

2
strong band at 831 K If this band-were due ‘to PF, it would be forming

'at all Instead, PF,, and PF5 bands were observed along w1th one other

-here at much'greater concentrations than it does when EéFu is passed through
the‘furnace by'itself.- Furthermore, passing a mixture of krypton and

'PQF; (Kr:B,F) = 17:1) _through. aj-.6oo°c .fur/nace. onto the matrix increased
the'intensity.of the PF ultraviolet absorption greatly5 as weli as making

it much more*difficult to back—photolyze auay uith the mercury arc.“ |

The formation of PF under these conditions would closel&*Correspond

to the conditions Douglas used. to obtaln his PF gas rhase species, since
_'he also used a large excess of inert gas (hellum)to stablllze the PF

formed in the microwave dlscharge. PF}could pos51bly‘be.stablllzed in a
large excess of inertvgas thrOugh'three distinct processes: one,vit'could
be quenched by the inert gas from an exc1ted state, that is very reactlve ,
and/or unstable; very qulckly'after it forms from P, 5 u,flss1on; two, rt
. could be 1solated ’from,other spec1es such as PF5 withvwhich it:couidr
react;.and three, the EéF& would suffer manyvmore'coiliSionsewith hot.rare
gas atoms in these experiments, because of the high pressure, than it would
with,the'hot»walls in the experiment without rare gas passingethrough'

the furnace, and soO could be ralsed to an approprlate temperature for
heterolytlc flss10n (550 C) w1thout g01ng so high (around 800°C) to cause
further decomposltlon.

If ‘PF is indeed formlng under these condltlons in large quantltles, a

‘photoly81s of 1ts matrlx would not destroy all the PF s1rce the amount of P Fh
in the matrix would be lessthah the amount of . PF ‘and this seemed to be

the case for the krypton experlment; Remov1ng all the P. Fh by‘photolysls mlght
show up PF bands that were hldden by the P FM absorptlon.s Also,,s1ngletf
triplet tranSJtlons or fluorescence might be observed, under these condi~

tions of high concentrations of PF.
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S. General Interpretation -~ the Radicals in the
Furnace anhd the Reactions at the Cold Surface

Quite a bit of the evidence I have obtained points to.the exiStence
of radicals iﬁ thé pyrolysis of féFL} especially‘at high temperatures..
'It"seems'thesé radicals reach the‘coldhsurféce~in_thé reactidn vessel

and reéct there as they condense. . 5

Some  evidence. comes from cocondensation results. It ié highly
_unlikely that-the unstable compounds formgd'céuld ever. have exiéted in
the hot zone itself. So they must have formed beyond the hot -zone at the

cold:77°K surface, either upon condensation or upon pump off. Furthermore,
if the condénsation,of the'pdeucts of the.fdrnace Qas not done imme-
diatélytbeyond-the furnace, no unstabie pfoducts wefe formed. This shows
thatlthevhigh'temperature épecies re sponsible for the reactions decompése
or recombine readily at iower temperaturesvin the gas phase. Fihally;"
cocondensation reactibns wefe definitely observed for PHj and GeHu. In
these reactions, the pressure was so low and the geometry of the cocon-
denSate'sﬁrayér was of such- a nature that gas phase reactions could be‘
ruled out. Thus the reactions took place on the cdld surface, and only
low-valent, reactive Speéies would react at these low températufes.

Passing phosphorus plué phésphorus trifluoride through a very hot
furnace probably also prodﬁces a high témperature species. The evidence
for this comes from fhe cocondensation reaction éf the product of tﬂisv
high temperature reaction and PéFh (sprayed from the cocondensate arm);
which did produce a small amount of PﬁF6; Unfortunately, the-under—
standing of this redction is hindered greatly by the reaction of super-

heated phosphorus and SiOE.
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v'Natrix.isolation spectroscopy on the products formed'in the EéEu.
pyrolysis gave more directlandlcondlusive.evidence for the existence
of radicals in this pyrolysis.’ Pressures were SO low in the furnace in
this;case;_hoWever.(using Dushman's;equations they5were calculated to be
sereral_millitorr)5 thationly‘the qualitative features observed here,
concerhihg the kinds’of:species detected ‘could be extrapolated to the
much hlgher pressure P Fh pyroly51s 1n cocondensatlon reactlons.'

h The JANAF tables of thermodynamlc propertres109 list the follow1ng

'gaseous‘phosphorus-fluorinefspecies: P, P y PM’ F, F PF PF

02 5:.'-‘

and'PF5. They do not mention'PéFu; T ‘have added one other possible

'species to this list: From the existing chemical evidence and

B T, |
massvand ultravioletvspectra on the phosphOrus-fluorine'system_and_related
systems, it can be.predicted‘that novother-species mouldsbe important -
here; The question arises which of these species forms and reacts‘
under the conditions of the experiments described in this dissertation,"‘
The evidence féi :F5 forming is conclusive, along with_Some of the
origihalrEéFh,‘Which might not be eXiting‘from the furnace as such in thev
higher pressure crackihg, but which nevertheless is almays recovered to
some extent in the pump out.
The evidehce for,PF2 forming is a;so conclusive, coming»from.chemical
analogy‘with NEFH and ﬂFg,.mass‘spectroscopy5 epr spectroscopy and matrix,

isolationvspectroscopy. However, it is unlikely that low.concentratiohs

of PFE'can effect'a cocondensation reactioh_on'the cold surface by them-

<

_selVes; Matrix 1solatlon suudles show that moderate ‘furnace temperatures
(mboui 500 ¢) do produce a cons1derable “amount of PF from P Fh’ yet __'»
cocondensatlon of the radicals coming from such a fUrnace w1th PHB produces

no reaction, nor;does a moderate furnace temperature produCe much»P4F6 _
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withodt cocondensate, as the high temperature'cracking>does. Alsb, PFE'

seems to have a very high stability in the matrix phase and remains in
the matrix up to very high temperatures. Finally, on the basis of bond

energy considerations, PF, would not be expected to be capable of abstract-

2
ing fluorine from another P-F species, and, in general, would just react
with other doublets in a rechbination reaction. This fact 1s not deducible

frém the ineffectiveness of PF, to abstract fluorine in the cases of CQFA

2

and BgFu,vsince the C-F ande—F bonds are much strongerbthan-ﬁhe P-F bond..

| Although it is unlikely that ETé is the sole reactant in these coconden-

satlon reaéﬁions, it might ha#e something_to do with the reactions ébsérved,
vThe'evidence for'PF_forﬁing is almost as conclusive as that for PFE,'

Cand it appears‘that PFyis one of the main réactants at the cold surface;

Stoichiometrically; bhe would expect its formation both because PF5 is

observed coming out of the furnace, and because, at room temperature,

b

gas phase ultraviolet spectrum of PF, observed in emission, corresponds very

PQFA decomposes to PF, and PF polymers. The most intense portion of the

nicely with the absorption spectrum of pyrolyzed EéFu seeh in the matrix.
Finaily, a small infrared matrix absorption is noted at just tHe frequency
.one would expect for the PF sfrétch, and.correlafes with the ultraviolet
absorption mentioned above. ThiS'infrared absorption increases greatly:
when PéFg plus a large excess of inert gas.are pass;dthroﬁgh the fqrnace
together, a condition that might be expected to stabilize PF‘in the'gas
phase. ANéFg‘is,different from PéFh in that itvdoes not héterolytically:
fission to NF radicals at high temperatures, and this difference could be
~due to its 'weaker' N-N bond.

There are some analdgies between this system and the BF radical

s

work of Timms.2 In Timms"BF cocondensation work, a higher yield of B

5
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'hours at 50 Co Here 1t is poss1ble that
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'and B8 12 was noted when B Fh was cocondensed w1th the BF radlcal just

as I noted-a larger-yield of PMF6 (and .perhaps P F5) when P Fh was cocon-

densed,with the species exiting from the furnace. B.F_ was formed flrst

3°5

:1n this reactlon, and was then converted to B8F upon standing.for several

could be forming along with

5 5

| the_PuF6. Flnally, B8 1o is belleved to be the ‘dimer of B(BF ) from

-ray analy51s of B4F6 PF llO andvso 1s'structurally related to PMF6’

| Slnce a very small amount of wh1te phosphorus was always noted in the
punp out after each reaction, another species that might be reactlng 1n,>
the cocondensation,reactions'is Eé;- waewer, when.thiS‘idea was tested .
by'addlng;a large encessuof Ph=vapor to P Fh Just abOVc the furnace
entrance, no change ln the yield of productS-was noted. PTobably, neither
2

Pu nor P are reactants in the furnace nor at the cold surface.

The questlon arises of how PMF6 is belng formed in the solid during

cor after condensation. E FE can be ruled out as a reactant since it was

never observed, and since Ib has just.been ruled out as a possible reactant,

the only two radical reactants‘left that could possibly be precursors

to PyFg formation are PF

» and PF. It is likely that both these radicals

‘ partlclpate in the formatlon of PA 6

The yields of Ph 6 increase with 1ncreas1ng furnace temperature,,
and from matrix 1solat10n we know that these hlgher furnace temperatures
do produce:more.PF | P Fh plus a five-fold excess of xenon passed together
through the furnace of the reactlon vessel did increase the y1elds of v;
uF6,‘and these condltlons are believed tO‘stablllze‘PT.: The fact that the

P+ PF3 high temperature reaction produced a small amount of PMF6 upon_.

~ cocondensation with unheated P,F), and the fact that this high temperature
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reaction is knoWn not to'produce'any PF2 whatsoever (from the absence

of P Fh in the pump out), would again add weight to the contention that
a PF species is the reactant at the c¢old surface (and that, in this case,

it is forming by reduction of PF, with B, in the - furnace). Finally, in

5
the matrlx phase photolysis of PF in a P Fh matrix, PF inserts into
a weakened P-P bond in P Fh to ﬂorm P5F5, a reaction that could be a
preliminary to PMF6 formation in a cocondensation reaction.

One-simple set’of reactions to explain both.P5F5 and PMF6 formation

in the cocondensation reaction follows:

FF, + PF, - F Fu (where ”%” means excited)
EF + P2F_4 —>P5F5
PR O+ P5F5 —->.PLLF6
In'this.set:of reactions, the PF radicals merely act as sources of
energy to excite the resultant P Fh molecule maklng it amenable to an
insertion reaction by the carbenoid, PF. Thus, PF only inserts into an
excited molecule like P, F4 , Or a hlghly reactlve one like 5F5, and
is otherwise nnreactive. This scheme is also plausible on the grounds
that PF insertion.might take some time, beoause it is a triplet insertion,

b,

Another set of'reactlons would involve the active chemical partici-

during which a second PF could. 1nsert into the P F5 forming.

pation of the PFE species:

P Fh + I@‘ —>IT‘ + P F, or PF + PF, > P F

2 3 0273 2 273
PF + P FB-a P5F5
PQFB -+ PQF5 "VPMFG

Since‘nOIQVidence for the PéFB radical was obtained from the matrix
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-isolation'studies, this latter setfof reactions is less likelyL ‘Notice
‘that the ffrst schema of reactions wonldvmost probably'take.place in the -
1-‘LLIT state of matter, while this is not:necessary‘for the second schema.
There is quite'a bit of evidence to suggest that the very unstable
'materlal that forms with: the PMF6 in the cracklng and immediate low

temperature condensatlon of P FH’ is (be51des the analogy with Tlmms

5 5
work as‘mentloned above) The yield of thls materlal correlates well with
the yleld of PMF6’ so that the former could form from the same general
reactions (as~those above)'that produced PAF6.f The photolys1s results.

-~ also agree w1th the ex1stence of P5F5 l'Thebunstableamaterial.formed de-

'vcomposes completely in three or four transferrals around the vacuum.system,'

{

but only upon condensatlon, not in the gas phase (as does PMF6) Callen

and Fehlnerlil state that the characterlstlc 1nstab111ty'of compounds

.f:such as P Hé, P HA and P H5 is not due to weak phosphorus—phosphorus bonds

in the chaln, but to the extremely facile condensatlon reactions which

they undergo, reactions that would be promoted~1n the condensed phase_(see
page 167), The decomposition'of'thls unknoWn,materfal-is indeed promoted

‘in the. condensed phase; The- polymers fbrmed from,the decompos1tlon of this
unstable material have been shown by analys1s to have llttle fluorlne present
‘These same.authors‘state that the above-mentloned compounds decomposelto

form phosphorus-richvpolymers; such as P Hé. So perhaps just’tvovneW'
compounds are formlng 1n'th1s cocondensatlon reactlon, P F

35

formed from the photolys1s of P h in the matrlx does - not

and PAF6

5 5 .
decompose upon warmup in the matrlx to:. form PhF6 Therefore, it is'un;
likely that the P5F5 formed from,any of the radical rcactlons mentioned
above acts as a s1mple precursor to Ph é upon warmup of the cocondensate

rln the reactlon vessel after the deposltlon 1s completed of course,_ o

the actual set of reactlonS'taklng place upon warmup of the cocondensaoe
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could. be mueh more cbmplicaﬁed than the radical reactions outlined above.

T, _Thermodynamic Calculations on the Phosphorus-Fluorine System

Thermodynamic calculations on the high tempefatu;e phosphorus-fluorihe
system were\performed to see how the expected equilibrium concentrations
compare WithAthe actual species qbserved reacting in cocondensetien
reactiohs and isolated andyideﬁtified through matrix isolatien.spec-
troscopy.

In order to do this, four main sources of thermodynamic data wefe
looked into: theiJANAF values, a Russian compiiation,ll2 an Argonne

113

National Laporatory report, and my own estimates. The JANAF, Russian
and Argonne data themeelves come from estimates, and such experimental
observations as heatsvof reaction, heat capacitiee from‘absolute zero,
Vaporfpressures, spectroscopic determinations of energy levels and
dissdeiation limits, electron or x-ray diffraction, kinetic data. and
oéhers. It was found that the values‘given.in the JANAF tables were
superior to. those given in the Russian tables for the phosphorus—fluorine
species mentioned above. . The JANAF data were aiso:accepted for’PF and P,
though in these two instances ﬁhere was disagreement with_the»Argonne
values. My own estimates were.based on extrapolations.from.the‘known data
of other substances that might be related to the unknown species in

' equeétidn, as well as comparieons with the Argonne values for PF2 and EEFM‘
Known-bond_energies, heats of formation, bond distances and angies, and
fundamental frequencies for NF,, NH,, NFB,' N, , PF,, PHs; NEFE, N,H,,
~EéHé, NéFu, EéHM and others were used to estimate the data for fTé, EéFé
and PF). | |

~The goal in any thermodynamic calculation to obtain equilibrium

concentrations is to find, at a particular temperature, the free energy
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'of formation, from the elements in their standard states, of the compounds

“odn question (AE‘ ) 'From,these values, by Simple addition and subtraction,

l

, where'Ki is the equilibriumiconstant for the reaction expressed as a

T g .
We obtain the free energy of reaction, AF%, for all the equilibrium reac-
tions at; that, temperature. Using AF, = -RTan [Eq. ‘ (19) on page. 46];

product of pressures (in atmospheres) of the speCies involved we can

fderive thebequilibrium constant for each reaction and hence the concen- .

trations of the various speCies involved.

A computer program, ECOM ("entropy'calculation ‘---see.Appendim D :

for the program listing), was written to use the equations on page h?

" to obtain two numbers- the third law absolute entropy'and the enthalpy
'content difference from.298.l K,_for any_gaseous substance, The third .
filaw_entropy of a gaS'is_approXimatelyvthe sum ofiits translational
rotational and:vibrational components; ‘This program computes the tran

vlational entropy from the molecular weight of" the ‘substance (Mw), the

rotational entropy from the product of. the principal moments of inertia

©oof the molecule’ (D) that is calculated beforehand from the bond lengths

~and angles of:the molecule, and from\a combination rotational“symmetry_
factor plus electronic degeneracy of the ground state factor (S) that
increases as the rotational symmetry increases and decreases as the elec—
tronic degeneracy increases; and the Vibrational;entropy from the normal

. frequencies of the molecule.in.question (W(J)) The units of the variables
fed in_are as followsf T in K, D in units of lO -117 g5cm6, MW‘in amu,
and the-W(J)—in.Kaysers. The program prints out some of the separate
contributjons to the entropy and the enthalpy content difference as well |
as the total values._’ -

To obtain the actual enthalpy of formation at T,vone_first estimates

its value ab 298.1°K. ‘Then, using the change inﬂthe‘enthalpyicontent from
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» 298° to T fbr‘thé elements in their standard states (obtaihed from the
.JANAF tabies), and for the compound in question (obtained from ECOM), one
-can Calcﬁiate its enthalpy (or heat) of formation at T. The entropy of
‘fofmation at T can be simple\calculated by subtracting the absolute en-
fropieswof the elemeﬁts in their standard states (obtained from the JANAF

tables) from the absolute entropy of, the compound that is composed of

o

f

derive the free energy of formatidn of the compound at the tempefature T

them (obtained from ECOM). . Then using AF. = AH; - TASE (Eq. 18), we can
(see Appendix E), and from this value, as noted before, we cbtain the-
equilibrium concentrations of all species involved.

Table XVIII lists some estimated and derived thermodynamic variables
Eé, EéFu and PF,. Eéfé and EEFM are not listed at all in the

>
JANAF. tables, and the valﬁes for PF2 are different from the JANAF values

for PF,, B,

(the JANAF'frequencies are approximated, while those listed here are
those observed ).

Thelenthalpy of formation of PF, was taken from.mgre recent calori-

5

metric determinations, which have thrown the JANAF data for this compound

114

into serious doubt. Duus and Mykytiuk™ ™ = experimentally found the heat

of reaction a£'298°K for, PClB(g) + 3/2 CaF2(s)-a PFB(g) + 3/2 Ca012(s)

to be -2.36 kcal/mole PCl,. They did not check, using x-ray diffraction,

5.
whether the“"CaFg” formed in this reaction contained any CaFCl or not.
From this. value, using the thermodynamic data found in the Handbook of

Chemistry and Physics, they calculated a AHg for PPy of -221.9 keal/mole

(corrected for the red, V modification.of phosphorus as the standard state).

Using their heat of reaction, but more accurate values for CaF, and CaCl,

2 ,
109 115

f'rom the JANAF tables, and for PCl.5 from NBS Technical Note 270-3,

I calculated the'AH; of PF

5 to be 219.3 keal/mole at 298°K, quite far
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Table XVIII. Tt?erynodynéxnic variables for’ PFZ’ P2F2, PZFIJ and FF3 &

distances

D velue.

(10-117 g3cm6 s

291,33
(JAMAF = 191)

Lo68. 7

P-P-F = 109°*, P-F = 1.50A%,
P-P = 2.08A% .

159, b425.3

1838,37

R FF, © P, © BF, PF, 4
298,10 1wod - 1eod 298.1° 1100° 1200° 298.1° 1100° 1200° 293,1° 1100° 1200°
Thsolite entrORY  ga.5 19.06-  Bo.2k 68.71 oL.27 92.94 79.65 1565 1833 65.15 87.58
enthulpyb content X ) e )
ut K (keal) [¢] 10.20 » 11.55 0 k.25 16.17 o] 22.79 25.87 [} 14.20 16.11
entropy of for- as . 5 -
‘mation (cal) -8.95 -11.76 -11.75 -9.36 -31.07 -30.95 28,14 -65.99 -65.65  -12.98 232,98 232,75
‘enthalpy of for- o)« _yxe _ - 100" R - o - ) > 2ol bl oMh§
mation (kcal) (ﬁm}' _ 135.3 . 1}5.3 100 | 1420 141.9 257 , 297.3 96,9 (JMt’AI‘ ) bl 7
-105) ) -212) .
free energy of ) . . ’ o : - . .
formation (keal) S11.33 - -12ak -121.2 -97.2 -107.9  -10k.8 -248.6 22,7, -218.1> -220.1. -208.5 -205.3
E?ZTB%K?ZZ:?)" 850, 325 and 830 8l5*, 1085%, kso¥, 843, 831, 825, 803, 5M1, . 892, u87, 860 (2) and
8 - (JANAF ‘= 775, 376 & 890) 810%, 320% & 155% " 453, 377, 365, 361, 21k, kb (2) ’
. 200% & 120% :
symmetries, Cayr planar, F-P-F = 96“*, Cpys» Planar, PP-F = 12;“*, Cpps trans, F-P-F = 104°%, C}v’ pyramidal, .
angles, and B - 1.55m¢ PP - 15585, pap = 1,96 4% FuP-F = 98°12', P-F ='L.5374

(a) For-phosphorus; crystalline red phosphorus is the standard state up to 7O°K, and beyond, Pp ideal gas at one gtmosphere is the standard state.

Fp'ideal pas &t one atwosphere is the standard state for fluorine at all temperatures.

{b) . From 298.1°K," at which the enthalpy content is optionally assigned to be zero.

(4) JANAF values.

(¢) My estimated values. P indicates estimated value by extrapolation of values of known similar variables for pther related materials.

A1l numbers calculated by adding machine and ECOM.
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away from the JANAF value of =212 kcal/mole. Still more recently, E. H.
Van Deventer, E. Rudzitis and W. N. Hubbard burned PF, in fluorine using

3
the method of fluorine bomb calorimetry. They obtained a AH; for PF5
of ;22h.6 kecal /mole (corrected to the red, V modification of phosphorus
'as>the standérd state).ll6 ‘Since their work in fhe‘past, using flﬁqrine
Bomb calorimetry, has been very successful (they measured the enthalpy

117

of formation of FF. to be -380.8 * 0.3 keal/mole, ' while the JANAF

5

tables list an earlier determination as -381.4 * 0.4 kcal/mole), the value

I have used here for PF, is close to theirs, -224 kcal/hole.

3
None of the'species in the cracking of PéFM was'expected to have
low—lyihg exéited electronic states that would influence the thérmodynamic
data at teﬁperétures around 1200°K. The doublet ground stéte of PF2 and
tﬁe triplet ground state of PF were taken iﬁto éccount in the calculation

of their’entroby. The standard state for phosphorus wés taken as the
crystalline, red, v form below.?thK, and Ravideal gas at one atmosphere
fugacity from TOL°K to 6000°K..-This change in'standard'state for phos-
phorus accounts for the sharp break in energies of formation of the
phosphorué-containing species between 298°K and 1100°K.

Uéing'the data in Table XVIII, along with JANAF data, some .equili-
brium cthentration calculations were done with respect to a select few of
all the possible reactions among the P-F species listed on page 187 (a
Sample of these calculations is shown in Appendix E). Tébie XIX lists-thé'
results of fhree.sets of such calculations assuming an equilibrium between
PéFu andrPF2 only, Eth, Pr

and PF only, or PF,, PF, and PF only, re-

> 3
spectively, along with the equilibrium constants used to obtain these
results. We cén see from this table that the data prediét that the relative

driving forces for the two types of BEFh fission should be about equal; and

that both of them are guite large at elevated temperatures.



Table XIX. Equilibrium concentrations df phosphorus-fluérine species at -

1100°K-and 1200°K with respect to three selected reactions?

2 PF. s PF + PF,

PQFA s 2 fTé | | | Pérh =‘PF_+ PF5 o o | 5 3 o
298.1°K . 1100°K  1200°K 298,1°K. 1100°K 1200°K 298,1°K  1100°K . . 1200°K
Kp:_ 8.69x'1o'20_ 986k 26680 L, L5x 1070 35516 73010 - 5.12 %1070 3.6007 2.7362
Gaséous
. Substance™ _ o
, e -7 T ) -8 - -8
BF), 2.0 . 5.34 %10 1.97 x10°" 1.835 3.7x107° - 1L.8x107 - - -
- -8 . | | D SR -7 B
FF,, 1.15 X10 - 2.0 2.0 - - - 1.k x10 0.7 O.hole  —
PR - - - ©0.0787 1.0 1.0 1.0 0.791 0.768
Py - - - 0.0787 =~ 1.0 1.0 - 1.0 0.791 - . 0,768
’ a. Assuming a total pressure'of.abOut 2,00 torr and a fluorine/phosphorus ratio of about 2.00.
b Values listed here are'thé'concentrations-of thesé speCies in partialvpréssures of torr. These numbers

“would only take on physical significance if all other reactions possible at the temperatures in‘question
were kinetically hindered. This assumption is quite untenable at 298°K for the PF species, which would

polymerize readily at these temperatures.
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Tﬁe values in Table XIX do not yieid the equilibrium concentrations
of'P-F speciés relative_to the elements.. To. obtain these, a computer
‘program waé developed called PFIT (standing for "phosphorus-fluorine itera-
tion”){ which is listed in Appendix D.- Tt -was used to calculate equili-

3’

tures in‘the gas phase. The program will not give -any values for a'non-

brium concentrations of PF ETé,'EF, F{_P,’Eé5 Ph and PéFg at high tempera-

equilibrium situation, noér can it take into account any reaction of the
species mentioned with the containing walls. It assumes that no solids
or liquids are entering into- the equilibrium, and that molecular Fé, EéFu
and PF5-are not present to any appreclable extent so that they can be
. _

ignored.

The units of the variables used in the program are as follows: AF
values in kcal/mole, concentrations in partial pressures.of torr, tempera-

tures in degrees Kelvin and logarithms to the base 10. Thé following

equilibrium reactions are taken for the gaseous phosphorus-fluorine

system:
8 PF5 + Ph = 12 PF2 Eé 52 P
2 ITé = PT5 f PF - 7 PF =P+ F
\ ‘Pu = QEE : 2 PF = Eéfé

Fluoriné, in any form, will not form until very high temperatures, at
which it weuld be dissociated into F atoms; it is presumed that all the
PéFh put into the furnace, will be dissociated at equilibrium; and no
PFB_ﬁas every observed in the products aftgr FéFu.was passed through

“the fuinace.
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(Notice.theththere'ere other sets.of reactions equivalent}to.these six,
but they‘conreniently‘stoichiometricallyvrelate every species’to every
othcr spec1es, and were the .ohes used in the calculations of the program.)'
The 1nput to the program cons1sts of initial concentrations

; (guesses)_of PFj (CPFj)'and P (CPM),'for the purpose of,providing valnesb
bfor.the program's first'iteration.to work'on' the molar fluorine/phosphorusb
ratio (FPRAT), the total pressure of a1l the species together (TOTP); |
the " temperature of the system (T), the log Kp values for each of the
speCies in question (LK(J)), which are obtained from the JANAF tables
.or,my'own-estimates, and_which are printed,out by the program.along with
'_-thé free'energies of'formation (DFF(J)) they correspond”to (obtainedr
from,AF; = -2.303 RTiogK?);van@.finaily, the uncertainties.in the logKP
Values (U(J))‘for.eachfof‘the'species, if a‘printnout’ofvthree different
" sets of eqcilibrinmAconcentretions_is desired corresponaing to the
additioh or‘subtraction of these uncertainties from'the'longvvaines.

(1f only one-set of'concentretions iskrequired, this card is left
blark, ) . o

' Brieflj, the progrem operates in the following:manner;‘ Given the

stoichiometric relationShips for interconversion of the various species
into one another, given the equilibrium constants, Kp’ for each of these'
reactants, and given the initial concentrations of just two of the resc-
. tants,_PF

3

the equilibrium concentrations of all the species involved in the equili-

and Pu,rthe program completes one iteration by'calculating

brium. It'then_checks‘ﬁo see if the results compare within a specified
limit to the desired P/F ratio and total pressure. If not, it cha,nges
"the concentrations of PF, and Ph accordingly and performs another 1tera-v

5

tion, constantly gOing on like this, checking also to see 1f its 1terations
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‘are converging towards a limit and correcting the-concenifations if they
are not. Several print outs occur after a given number of iterations,
and if the correct values have not been errived at after 150 iterations,
the final values are prinﬁed whether the& are within the limits desig-v
nated or not.‘ The results are shown in Table XX.
ﬂﬁst&ﬂesﬁmstmm,gﬁmntmsmﬁtpnmdﬂevﬁuasﬁmimefmm

energies of formation, mostly FF, and F, or P) will exist at 1100°-1200°K.

3 2
HoWever, within the range of the uncertainties involved,»PF2 could be a
very important equilibrium species af these temperatures,'or at slightly
higher temberatures,.though no~PEE‘2 formed when Eé and-PT‘5 were passed
through the furnace together. ‘Eveh if PF2 is at low concentrations at
equilibrium under éhese'conditions, it probably will not have®a great‘
thermodynemic driviné force for its decomposition, SO that a slight
kinetic barrier to this decomposition could insure‘s very large conden—h
tration of PF2 from the homolytic fission of the‘P—P bond in IbFu.

On the other ﬁand, this table clearly shows, that, under conditions
of equilibrium at 1200°K or lower, the highest possible concentration of
' PF, given our lack of knowledge, is less than one tenth of one percent.
(ﬁotice that the PF and fTé oOhcentrations rise with temperature, and it
was ooted that a higher yield of PAF6 resulted when the furnace tempergture
was faised;)» Yet PF production is believed to be one of the main require-
.'ments.for the observed cocondensation reactions to take place. vThis’would
suggest, therefore, that the production of PF was beling carried out in-
this cracking'in a non-equilibrium situation with respect tovelemental
phosphorus-and ITB'

Many other fucts are consistent with the hypothesis that the souroe

of PF here is a heterolytic fission of the P-P'bond in E,F). First of



_ Table XX. Equilibrium concentrations of phosphorus-fluorine species at 1100° and i200°K4

Free Energy of Formation & (kecal/mole)

- Bquilibrium Concentrations b-(torr)

Gaseous
substance = 298,1 K © 1100°K 4 1200°K4 298.1°K € 1100°KL 1200°KT
L L S | - 1.68% 1,639
‘ PF5 2220,1°% 1 -208.5 - =205,3 1,796 1,679 o 1,635
| | . 1,360 1,1k
_ . _ 0,368 0.592
PF, <111.3 % 18 -122.h + 12 -121.2 £ 12 0 10,0017 -0, 0049
o . . A T 10-5‘. |
| - 1077 0.000151 | &
. L. T . o - . (@]
PF -21.18 # 3 -39.13 £ 3 - -39,L7 £ 3 0 107 1072 = B
| 10 107 |
T 414,78 +3.01 +1.50 o 107 107
P +69. 80 +43,69 +42,29 10746 _10'8 | 1077
B 430,39 £ 0.5 - 0,00 0.5  0.00% 0.5 107 0.261 0.35%
Py +17.33 £ 0.5 -1k, 4740.5 -10.96 * 0.5 0.21%2 - 0,067k 0.0163-
o : | 1077 1077
ByF, o 9T.2 * 18 :_,-107.9 + 13 '710u;8_i 13 0 10'8 1077
_ : : ’ a - 10-11 loflo
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Table XX (Continued)

Relative to standard states of Ea ideal gas, and crystalline red
phosphorus V below TO4°K, and E, ideal gas above TOL°K, Values ob- .

tained from the JANAF tables and my own estimationse

Assume a total pressure of about 2.00 torr and a fluorinq/phosphorus
ratio of about 2,00, Coneentrations are in partial pressures, and

calculated by the PFIT program.

bThese are the actual full uncertainties appended to the free energy

valuess,

Notice that in some cases, the uncertainties used were smaller than
the actual full uncertainties. These uncertainties were used to
calculate the limits of the conecentrations shown in the 1100°K and -

1200°K columns to the right.

‘The values listed here do not consider solid forms of phosphorus and
phosphorus~fluorine polymers, as well as F2 gas and perhaps PéFh’ that

all might contribute to the equilibria at_this temperature,

The,middle value-given for a particular éompound is simply the coneen-
trafion caleculated from the best value for the free energy of forma- =
tion. The upper limit of the concentratibn'is obtained.By'taking the
lower value of AF for the compound in question plus the higher valﬁes

for the AF's Qf all the other compoundé, ahd deriving a set of concen-

trations for these AF's, and conversely for the lower limit of the

concentration,
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- all, the yield of PF ls observed\to rise, ae_evidencedlby P Fg formétiou.
and the lncrease in intensity of the'matrix infrared and ultraviolet |
.absofptieu of PF;.when a largeieXcess of inert:gaé is passed_through the
fufuace with theiféFu. If PF were fhefﬁodyﬁamieeily'unstable under the -
' cendifione of‘ite‘forﬁaﬁiou,uthen an inert gas could sﬁabiliée it by the:
prOCeeses mentioned on page l85;7 Aecording to_the"results listed in
‘4Ta51e XXQ.elemental phosphorus-speciee should.be ver& lﬁpoftant at equlli-'
brium at the‘temperatures wofked_with, yet no such species were ever noﬁed
in aﬁy greaf quantity as eVidenced by‘thebvefy'small umeunt'of Pa reeult7
ing after warmup. Finally, adding'Pu vapor to theiggfu just before it
enters the furnace does not seem.fo have any effect oh the products
formed, yet one would expeet, if equilibriumpexisted 'that this large
excess of P (or E, ) would ‘shift the equlllbrlum over to a. completely
different set of concentratlons, which would, in turn, affect the final :
.cocondensatlon results. So it’ seems that most of the PF formed is pro-:
duced from the direct heterolytlc fission of P Fh v
Though P, F2 would be hlghly unllkely to form.under equlllbrlum w1th'_
vrespect to the elements, it can be readlly calculated, u51ng the data for

Ibﬁé and PF in Table XX, that 2F Would be thermodynamlcally favored

at 1100°K and 2 torr total pressure 1n‘equ1l1br1um.w1th respect-to Pr.
However, no matrix speetrescopiclevidence.was noted for its formation

»in the fufnace.or from the dimerization of PF iu_the matrix upon Warmup. -
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U. Possible Future Work on the EEEM Cracking

Without a'doubf, a great deal more experimental work could be done
én the phoéphorus-fluorine system, utilizing the cracking of PéFA'

of course, the chemistry of PAF6 can be investigated further, es-

pecially the nature of its solution in carbdn disulphide. TIts matrix
~infrared spectrum also needs further verification and analysis.

The matrix containing‘PF and ITé could be lopked'into further,
especially with fegards to the fluorescence spectrum of the excited
triplet state of PF, and the possible weak absorption transitiqn of'ground
state PF to an excited singlet state, thereby obtaining the exact triplet-
singlet energy difference f;r the low-lying triplet and singlef states,

~which would lend insight to the validity of molecular orbital calcula-
tiéhs. The ultravidiét absorption spectrum of EFE definitely needs fur-
ther ihvestigation, perhaps by looking iﬁto thé shorter wavelengfh
portion of the spectrum.

There exist a great mény synthetic possibilitieé with the concentrated
PF matrix (formed from the cracking of P,EFLL premixed with a large excessv
of inert gas). A third, normally unreactive species could be cocondensed
on the matrix along with the‘PF and inert gas, and the chemical reactions
upon warmup followed using infrared or ultraviolet absorption spectro-
scopy.

The photolysis of IéFu is still a mystery, in that the explanation
of‘é mobile, excited state of PéFu diffusing through tﬁe matrix upon
photolysisvis very unusual, and might not be the entire exposition of
the c;ﬁse of the phenomena observed. TFor instance, exactly which
excited state of PEFH is reacting? Possibly a photolysis of a dilute

l%hw matrix with shorter wavelength radiation could give more readily
o ‘r -
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'undérstandable results. -Also, the possibility of" flliorescence occurring
in the:'PeFu- photolysis from_'an excited triplet state of-PéFu has not been

looked into. v
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APPENDIX A

Sample Calculation -~ The Oscillator Strength (or f Value)
of an Absorption Transition .

Light of.radiance %; falls.on a cell in which is a gas that undergoes -
an h-e-m.tranﬁition throughout a rangé of frequencies, w, and light of‘radi-
énce I& comes out of the cell, where I; can be considered a constant for
all w's (and so we shall hereafter call it I°), but iw is a function of w. If
we let T stand,for the radiance. of a small enough inérement df frequency
of the light going through the cell, we may.write:

PR O C N e
where,k(w) = extinetion coefficient as a function of w; 1 = length of
the cell; and n/V = molar density of gas présent in thé cell,

The ultraviolet spectrophotometer used yields a vaiue for absorbance
| k(w)i(n/V)

equal to Alw) = log(Id/%D), so that A(w) = , and combining

2,503
this with (29), we have,
I =10 2 303A) | (30)
w : .
We now let I f(I - I )da), whlch is equal to the total .radi-

ance of the llght absorbed by the transition in question, - Thus, comblnlng

this with (30), we have,

nmm 6 -2.303A(w) ' 1y
Iabs—./I (1 -e Ydw (5)
| o N > |
But, we also know from Einstein's relationships. that,
™ - INB e 1 (32)

abs m m hnm

where, N = number of (m) molecules per om = (n/V)1(1/1000), where
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I

]

Avogadro's number; Bmh = Kinstein transitioh probability of absorption;

h

'Planck}leonstant; wnm = frequency absorbed; and 1l = length of the
cell (in.cm),as befbre. Thié équatioﬁ~is only exact for a siﬁgie rofa-
tional transition, .SihCé different rotatioﬁal-vibratipndl transitions
@il have different N énd'Bﬁn vglues,'the application of this equation
-to_a spread of freqﬁehcie; can only'be simply doﬁé by‘assuming‘the vibra;’
-vtional—rOtafiqhal sum rules wqfk,»that is,'that thé;sum of the an valﬁes
;_fbr all the fotational transitions of éach vibrational_fransition”are
the*séme, énd so are additive. Using this simplification, we can éccept
Eq. -(32) as:valid for what foilows. > | o

We also have,

ML sm oy (33)

| where, £ = oscillator strength for the n « m transition, me_; mass of
the electron; ¢ = speed of light in vacuo; and q. = charge'oh the electron.

.SO,“frqm'(§é) and-(5§), we have,

mecglOOO_ m _ -
= ——— /T \ (34).
mq S (n/)a P o
. ' - ' S -10
Substituting, m_ = 9,109x10 28; c = 3xlolo; T = 3.1416; q, = L4.806x10 "7

L

1l

5 . o .
6. 0225x10 3; 1 = 9.5% cm (for the cell used); and n/V = P/RT, where

i

P = 0.1085 torr and T = 300°K (these values pertain to the 260.6 nm gas .

- phase absorption of B F), shown in Fig. 15), and including Eq. (31), we have,

P 5.59éx16"5 x;/f (l_e-E.BOBA(@))&m I (55)

From the actual cﬁrve plotted out by the ultraviolet specfrophotometer,*

we. can derive the above integral., What 15 done is an approximatipn of
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the absorbance integral by an isosceles triangie, a fi_gur_e whose outline
can be readily graphed and integrated as é. linear function of w.‘ Speci-
ficaliy, using the curve for the 260.6 nm absorption of PEF‘LF in thel
gaseous state (at a total absorbance far sbove the linear cuive of
growﬁh -- near l.1 -- and so this calculation will not y_iéld a true T

value) shown in Fig. 15; we can derive the following equation for A(w):
A(w) =21.866 - 0.00053658w for w between 40,750 and 38,700 (36)

This will give half the contribution to f, which can then be doubléed to
yield the actual f value. Using an exact calculation, we have,

_ L0750
2 3.302x1077 X 2.00 X / [1-

728700

' -
~2+303(21.866-5.5658x10 ©) a4

(37)

and £ comes out to be 0.0887.
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- APPENDIX B

I PO Dushman's Fquations of Flow for Fluids

The flow of fluids down uniform tubes can be qualitatively predicted
from the tenets of kinetic.molecular theory. - The formulas are derived in
Saul‘Dushman's book6o and are here reproduced in limited form.“

The equatlons for fluid flow down’ a cyllndrlcal tube make use of

'the follow1ng var1ables*

P = average pressure along length of tube

'P, and P. = entrance and exit'pressures respectively

o Ny

= temperature’

"a and 1 = radius and length of the tube respectlvely

' av/dt and dn/dt = rate of flow of gas in unlts of volume or moles,

respect1Vely, per unit time
FJG and FV-= molecular and Viscous flow conductance respectively =
(P(av/at))/(P,-F;)

collision cross section of the‘molecules of the gas’

o=

M = molecular welght of the molecules of the gas : '

v, = average ve1001ty of the molecules of the gas = J?§§537?EM7”

L¥= Avogadro's number = 6.025 X 10 23 molecules/mole

R = the gas constant = 8. 517 X lO( dyne cm/mole °K and = 62 MOO torr cc/mole °K
n = the v1scos1ty of the fluid = » §RT ' |

2,355 2 Lﬂoeva

For molecular flow, where collisions with the wall are much more
frequent than collisions with other molecules,vas exists in ideal gases -
or in any gas at low enough pressure, we have the following formula for

conductance :
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> b2 8l | |
F, =T (2a/31)v, - 5;% a "ﬁT (38)

For viscous flow, where collisions with other molecules are much
more frequent than collisions with the wall, as in the case of liquids

or high préssure gases, we have the following formula for conductance:

4 |
P 2 )
R = %Xxi—:{(f = 01472 a N2 (PL/RT) ™ o F, (39)

2. Sample Calculation -- Pressure in the Furnace in the
' Reaction Vessel Shown in Figure 6

In order to éalculafe the preséure inside.the'furnace in the reaction
vessel from the known flow rate of gases through the furnace, and from
the preceding equations (using.them,in reverse to calculate the pressure
from a given dn/dt value), we will have to make certain éssumptions re-
garding flow conditions. We will assume that the furnace nozzle has a 2 mm
bore and is 1 mm in length, and that this nozzle offers ail the restriction
to the flow of the gases through the furnace; We will also assume that
P =0, B, = unknown, T = 900°C and the fléwing gases have an average
molecular weight éf 66. Using1these values substituted in EQ. (38),
we obtain a value for'Ft of 1.283% liters/sec at all pressures. At a
flow rate of 0.6 mmoles/min, or 1077 moles/sec,AWe would have a pressure
in the furnace of 0.57 torr. For viscous flow, assuming a collision
cross section ofv6.5-lO_8 cm, for the same flow under the same conditions,

the furnace pressure, calculated from Eq. (39), can be shown to be 0.50

torr, surprisingly almost the same as molecdlar flow.
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APPENDIX c

Sample ‘Calculation -- PF. Force.Constants Assuming Most Generalized
- : Poten%lal Energy Formula v ;

-From_Linhett and Heath'7 (see Fig. 5):

(l/mY + 2S1n a/mX)(k _ ) 5 o  'f e o (HO)

‘51 (1/mY + 2cos a/mX)(k + klg) + 2(1/mY + 2gin a/mX)(k /1 )
e(khx/l)(gsinatoea/mx) » '-' . ' B <41> 
2(1+em/m) [ o -
:MB=_'2YWZ Dk+kakﬁ) 2@mﬁ)]_ (k2)
wheré,‘xn 4ﬂ2c2vn and_vﬁ.: wave_number>ef normailmgde ih Kaysers (see

page Hl).

For v, = 850, v, = 525 and v, = 830, and assumihg a mass conversion

5
factor (amu to gms) has been placed onto the rlght and left hand 81des

of Eqs. (ho)through (42), we have,

Az ux5.14159x2.9979 x;o rx1.66028x10'2”e(gm/amu)x85oe - 0. k2562107

and likewise, Ay = O.O6222X105‘and'x5v='Q.hO582xlO5‘v

Here, mX = 50.9758 m, ='18.998u and 20 .= 96°.
' From.Eq. (MQ) we have,.“ RS 'f -
' o 2, 1463 + 2(k / _ L
k) ko= = — S (43)
T (ka/l L :

From Bq. (41) we have,

L e | e
Ty Ky, = 5.982%6 + l.57499(kld/1)-2.165526(k0/i ) (uu)
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Equating Egs. (43) and (44), we have,

2 2
2.1463 + 2(kla/l)2 = 5.98236(ka/1;) + l.57499(kba/1)(ka/l2)—2.165526

2.2
(k,/17) | (45)
o Ca(k,/17)
Now taking a derivative with respect to (khm/l)’ we let ————— =0
for a minimum in (kO/lg), and we obtain,
. , . |
(kyo/1) = 0.393747 (k,/17) . (46)
Substituting Eq. (46) into (45) we have,
1.855&5(1%‘/12)2 - 5.98256(ka/12) + 2,146364 = 0 (47)

Solving Eq. (47), we have ka/l2 = 2,81297 and 0.111233. Taking

only the last value as physically meaningful, we find:

.ka/l2 0.411233,

/1

312 0.37532,

i

0.16192,

il

and k= k97153,

i

. o
all in units of millidynes/A.
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APPENDIX D

The ECOM Computer Program

CCOMPUTATION OF ENTROPY FROM MWsDsSsW DATA

505
1

14

10

15

DIMENSION W(8)sSV(8)sDVH(B)

REAL MW

IF(EOF 211791

READ(242)ToMWeDsSsAC

READ(2+3){W{J))st=148)

FORMAT (4F10435A40)

FORMAT (8F1041) o .
STR=(14987/2,0)%(3,0%AL0G(MW)+5,0#AL0GIT)})=24315%
SROT=1,987%(0s5%ALOG(DY + 145%ALOG(T)~ALOG(E))1=0,033
DO & JU=148.

U=1e438T#W(J) /TS U2=1.4387%W(J) /298415

1F(U)Bs 798

SV({J)=0408DVH{J)=0,0

GO TO &
SV(J)=14987%#(U/(EXP(U)=140)=ALOG(1e0=EXP(=U}))
‘PVHIIY =1.987*((T*U*EXP(—U)/(I-‘EXP“U)))-(298.15'
cu2 = ‘XP(—UZ)/!I.—EXD(-UZ))1)/1000 0

CONTINUE

PRINT 5sSTRsSROTIAC

FORMAT { //#TRANSLATIONAL ENTROPY = 'Fl!cToSX*ROTAT!ONAL ENTROPY = #
CF1347sA26)

PRINT 65(SV{J)eJd=1e8)

FORMAT ( *SEPARATE SVSS = 'GFIO.S)

VHD=0e08TSV=0,0

DO 14 J=1,8

VHD = VHD + DVH{J}

TSV = TSV + SV(J)

- CONTINUE

TOTSSTSV+STR+SROT

~PRINT 93TSVsTOTSsToMWsDsS :

.FORMAT (#TOTAL VIAs ENTROPY = ’F10-60#X’TOTAL ENTROPY = % o
CF11e792XF6e1* DEGREES®F9,4# = MOLECULAR WEIGHT D =# FllohoFS.l’

" C2 5%}

PRINT 10s{W(J). 9J=148) o

FORMAT (* OMEGAS = #* 7X8F10,2) 1

OIFH = VHD + 4,0%1,987#(T~ ?98-15)/100000

PRINT 15sVHDsDIFH ’

FORMAT (#*ENTHALPY DIFFERENCE FROM H AT 298,13 VIiBe CONTRIBUTION
Ca* F9e8+8X#TOTAL INCREMENT 2a#F1045) :

GO TO 508

RETURN

END
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2., The PFIT Computer Program

CITERATION METHOD ON P =F SYSTEM
DIMENSION DFF(B) sJ(8)
REAL LK{8)sK
10 FORMAT (5F1245)
2. BOOK=0,0
TIF{EOF$2)6978
78 READ(2910) CPF3+CP4sFPRATSTOTPT
11 FORMAT (8F10,%) }
7 READ(2511) (LK(JY9JI=148)
READ{2911)tU(JS)sJIm1e8)
DO 4 J=148
L IFLULI)Y 18498
4 CONTINUE
GO TO 9
8 300K = 2,9 :
12 FORMAT { 7/ 29HFLUORINE /PHOSPHORUS- RATIO =. F6e3+6X146HTEMPERATURE =
CFBa2+6X1THTOTAL PRESSURE = »F7439X4HTORR/ 30H+INITTAL CONCENTRATIO
CNS ARE =)
9 PRINT 12+FPRATTsTOTP i
13 FORMAT {31X6HPF3 = sE13¢4912H TORRy P& = sE134495H TORR)
PRINT 13+CPF34CP4
14 FORMAT(/ ~34HASSUMED FREE ENERGIES OF FORMATION-/1H-9X3HPF39X3HPF2
C11X2HPF12X1HF12X1HP11X2HP211X2HPA10X4HP 2F2)
505 DO 15 J=1.8
DFF{J)= =44575#T#LK(J)
15 CONTINUE
PRINT 14
16 FORMAT (SHLOGK +8(F1245X))
17 FORMAT { 6XB(F1243X)//)
PRINT 16s(LK(J)sJ=118}
PRINT 17+(DFF(J)sJnleB)
A=0$B=03C=0 |
1 K=10, %8 (128K (2)~LK(7)-82LK(1))
CPF2=(K#CPF3R#gRCP4*TE0 ,#%3)#%(1,/12)
K=10%#(LK(3)4LK{1)~2#LK(2))
CPFa(K#CPF2#82) /CPF3
K=10, %8 { 2#LK(6)=LK(T))
CP2=(KRCP4RTE0)#%,5
K10, %% (28 K(5)=LK{6))
CPa(KRCP2RT60) 4,5
K210, 8 {LK{5)+LK(4)=LK(3))
CF={K*CPF®T60)/CP
K = 10, #%(LK{R)=2,#LK(3)})
CP2F2 = (K®CPF##2) /760,
DIFRAT=(3#CPF3+2%COF2+CPF+CF+2%CP2F2)/ (CPF3+CPF24CPF+CP+
C2HCP2+4#CPL+2RCP2F2) ~ FPRAT .
COMPaCPF3+CPF24+CPF+CF+CP+CP24CP4+CP2F2-TOTP
IF(DIFRAT+404120920021
20 CPF32CPF3~(CPF3INTIFRAT/(5=C))
GO TO 22
21 IF(DIFRAT=004123924924
24 CP4=CP4+(CP4#DIFRAT/(6=-C))
22 CP4sCP4=CP4XCOMP/T
IF{CP4) 33433434
33 CP4=, 1#{C+1)n82/(B2%3414)
34 CPF3=CPF3-CPFI#COMP/6
IF{CPF3) 35535531
35 CPF3 = (c+1)¢¢2/(au's+1.v

11 ELES!
1F(B=3011432432
32 C=C+1
LETJY]

IFIC=-5)26125025
23 iF(coupa'z-.ooxl)zs.zz.zz
25
26 PRRAT = DIFRAT + FPRAT

PRPRS = COMP + TOTP
27 FORMAT{12HF/P RATIO = F9.6s3X11HPRESSURE = F9.6+5H TORR/7X3HPF3

C13X3HPF213X2HPF 14X 1HF 1 SX1HP15X2HP2 16X 2HP414X4HP2F 2 )

PRINT 27sPRRATsPRPRS
28 FORMAT(8(E1544X)/)

PRINT 285CPF34CPF24CPFoCFsCPyCP24CPa1CP2F2

TF{A=111342+1
42 IF(BOOK)2s243
43 AOOK = BOOK = 140

1F{BO0K)2+52451
81 DO 53 J=148

LK{JyeLK{I)+U (D)
83 CONTINUE

GO TO 509
52 N0 54 Jal48 :

LK(J) = LK(J}=240%U(J)
S4 CONTINUE

GO TO %05
6 RETURN
‘ END
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APPENDIX E

1. Sample Calculatlon -~ Determination of AET for PF2 at 1200°K from the
: OQutput:6f ECOM and JANAF Data '

ECOM gives 82

T and AHT-298 for the compound agd the JANAFvﬁables |

L. o o .
. g}ve ST and AH298 for the elgments.-

: i ° i + '
For PF2 at 1200°K, we have, 5 Ib . Fé‘—a PTé
| ENTROPY.

AS° ( FF,) = S (PF ) - 8°(F,) - 38 (P )

S ' -
\\\\\ 65 811 =2 = -31.905
: e =60, 08
: -91.989
- +80.242

_11.7h7

50, AS%’(PFE) = —ll.?h? cal/deg mole
o ‘at 1200°K

- ENTHALPY

. Tstimated AHS  for PF, is -11k keal/mole, P(r) + F, — PF. AH =
. e fogg 2 > 2

- =11k kecal/mole

A(AH®) from 298° to 1200° = AH°(PF ) —‘AH°(P(r)) -'AH°(F )

\ . , -7.690
: -6.021

_ ~13. 711
S -1lhk. +11.552
-2.16 . -2.159
AH. = -116.16 ‘

~1200
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We must now shift to the standard states:

1/2 B, - P(r) AH} = - 19.17
P(r) + F, - FF, , AH | = -116.16
1/2 B, + F, - PF, AH = ~135.33
AH; - = -135.33 kcal/mole
1200 - \
FREE ENERGY
AF% = AH; - T As; ' -
1200 1200 \\1200, -135.3%3
+ 1k2
-121.2
AF = -121,2 kcal/molev
1200

2. Sample Calculation - Equilibrium Concentrations of =
Species in the 2PF2 = PF + PF, Reaction at 1100°K ,

>

For, EéFu(g) s PF(g) + PF5(g) at 1200°K we have,

AE?, (B,F),) = -218.1 keal/mole
1200

AF, (PF5) = -205.3 kcal/mole
1200 ,

AF;' (PF) = -39.5 keal/mole
1200

50 oF, = -26.7 keal/mole

1200 .

where the word "mole" stands for one mole of the compound in question,
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or one mole of reactants going'to.one mole of products.

?&FromJAFRX>%ifRTanb Eq. (19 ), we have,
, . {26.7x1000 \
k=10 \E5ToXI200

where, RinlO :‘4.575 cal/deg'mole.
Ki_fbrithis reaction comes out to 75,011, sb that mostly'PF and

PF, exist at equilibrium at 1200°K. With a total pressure of two torr,.

>
we can-éssume’that the concentrations of PF and EF5 would each be 1.00

torr partial pressure, making'the concenﬁratibn ofvEéFm;équal,to:“

[PF][PFBJ N : 8
— 1/(73,011 X 760) = 1.82 x 107~ torr.

'
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APPENDIX F

{Reprinted from Inorganic Chemistry, 7, 2157 (1968).]
Copyright 1968 by the American Chemical Society and reprinted by permission of the copyright owner.

CONTRIBUTION FROM THE DEPARTMENT OF CHEMISTRY,
UNIVERSITY OF CALIFORNIA, BERRELEY, CALIFORNIA

Tlh'e‘Reaction of Silicon
‘Difluoride with Germane

By D. SoraN anp P. L. Trans?

Received August 28, 1967

-Gaseous silicon difluoride, prepared at high tempera-
tures from silicon and silicon tetrafluoride, has been
shown to react with many volatile compounds upon
cocondensation at low temperatures.®—4

These reactions of silicon difluoride provide a con-
venient way of preparing types of compounds contain-
ing one or, more commonly, two or three -SiF.- groups,
which are difficult to synthesize by other methods.*
A reaction between germane and silicon difluoride thus
suggested itself as a method of making compounds
which would be analogs of the known silicon-ger-
manium hydrides$:® but-with -SiH.- groups replaced

() l)t.ﬂ:\r(nn'nl of Inorganic Cheatistry, University of Bristal, Bristol,
Eogland.

“(2) D. C. Pease, U, S Patent 3,026,173 (March 20, 1062), assigned to
the Du Pont Co, Wilmington, Del,

(N P.L Timms, R, AL Kent, T C. Bhleet, and J. L. Margeave, J. Am.
Chem. Soc., BT, 2824 (1063),

: ({)’ P. L. Tiwms, 7. C. Eblert, J. L. Margrave, F. E. Brinckman, T. C.
Fatrar, and T. 1), Covle, bid., 3814 (1965).

W) AL G MaceDiarmid and E.J. Spanier, Inory. Chem., 3, 215 (1983).

(6) P. L. Timuwms, C. C. Simpson, and C. 8. G! Phillips, J. Chem. Soc., 279,
1467 (1964, :

() PoL. Timms andi J. L. Margrave, unpublished work, Rice University.

by -SiF.- groups. An attempt to make fully fluori-
nated germanium-silicon commpounds from silicon di-
fluoride and germanium tetrafluoride had led to the
explosive formiation of silicon tetrafluoride and ger-
manium fluoride polymers instead of the desired prod-
ucts.’

Results

Condensation of a low-pressure gaseous mixture con-
taining silicon difluoride, silicon tetrafluoride, ~and
germane in a roughly 4:2:3 mole ratio, at —196°,
gave an orange-yellow solid. When this solid was
warmed under vacuum, unreacted silicon tetrafluoride
and germane were pumped off first, followed by a mix-
ture of reaction products. The solid became colorless

as it warmed up, and at about 0° it melted and fogmed ,

vigorously. The residue at room temperature was an
air-sensitive, viscous liquid, containing mainly silicon
and fluorine with a little germanium and hydrogen.
At least 809 of the silicon difluoride which had been
condensed was retained in this residue, and the re-

-mainder was combined in the volatile products.

Reaction also occurred if a: mixture of silicon di-
fluoride and tetrafluoride in a 2:1 mole ratio was first
condensed at —196°, and then germane was condensed
on top of it. The behavior of the combined condensate
on warming was similar to that observed when the
compornents were cocondensed.  However, the yield

of volatile reaction products was lower than with co-

condensation.
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Inorgunic Chemistry

TasLe 1 _
Mass SPECTRA OF THE (vFR\(\IFLUORObIl ANES AT 50 EV.

m/e ] Assignment
C 47 ) ) SiF+
66 R SiF.* .
67 R - SiF.H*
- 7078 v . Ge-GeH,*
85 ' SiF;*+
99-106~ - o GeSiH-GeSiH:+
1y ' SiFs*
114 Si,F;H * ]
117-1257 ‘ GeSiF-GeSiFH, +
" 133 - SiFH+*
136-145 GeSiF~GeSiF;H; +
145-153¢ GeSi.F-GeSi,FH,*
155—163“ T GESIF;-GQSlF;;Hz
151 S Si,Fs*
- 183-192+ : : GeSi:F;~GeSi, )F;;HJ
- 203-211¢ GeSi;F{H-GeSi,F{H;
250-257¢« GeSi;F;H-GeSi;F;H, +
269-277¢ GeSiJFsH—GESianHJ +

© @ The intensities are based on the sum of the heights of all of the peaks within the ngen mass range.
ties in the gemlylﬁuorosxhnes -

For either of the above reaction conditions, the prod-
ucts pumped off during warm-up proved to be a very
complex mixture of compounds. The mixture could
not be separated completely even using an efficient
low-pressure distillation column. Attempts to use gas
chromatography to separate the mixture, which had
been very successful for the silicon-germanium hy-

. drides,® caused complete decomposxtlon of the prod-.

ucts.

" Five main fractions were collected, the compositions
of which, judged by their mass spectra, were not ap-
preciably changed by further distillation on the col-

.umn. Two of the fractions were shown by their mass

and infrared spectra to be nearly pure samples of the
known perfluorosilanes Si.Fs and Si;Fz.® The. other
three fractions were quite widely separated from one

» another in volatility. The amounts obtained of each

-

- were the
hydrogen atom of molecular _tormuh GeSiFH,, GeSis-
FHy, and GeSi;IFgH,, rcmmtiwh

GeSiFyH; as a possible impurity.

“decreased sharply from the most to the least volatile. .

The mass spectra of the three fractions (Table I)

'showed that each contained the elements germanium,
silicon, fluorine, and hydrogen.

For all three, the most
abundant group of ions was at m /¢ 70-78 corresponding
to "Ge+-"GeH.*. With the fractions considered in

decreasing order of volatility, the most intense peaks

at high m/e corresponded to GeSiF.H;™, GeSi,FH; *,
and GeSi;FsH;*, respectively. The loss of at least
one hydrogen atom on electron impact is known to
occur frequently with th \Uiier germanes and silanes.®
Thus these ions sugge i* ’t}nt the parent species
saturated cor )oumls containing one more

The ifons SiF;* and GeSiFH,+ seenin the mass spec-
trum of the GeSilH, fraction indicated a cotmpound
Similarly, the small

Camount of the SuFp+ jon seen in the spectrum of the

GeSiFyHy fraction suguested that a compound con-

[

~ {8) F. E. Sualfeld and H. J. Svec. I'norg. Chem., 2, 50 (1963).

fluorosilanes™ and germares.'

——————————Intensity (relanve to (,e-GcH-» = 100)

GeH:SiF:H  GeHiSi:F4H GeH;SiFsH
40 - ) . 83 . 12
20 . - 7.5 -
5. 7.5 1.5
100 100 _ 100
1200 15 . 13"

5 : 68

: 3

1.5 . 2

9 - 10 ) 76

33 . . S 22 - 66

: 63
4

7.5 53

8 79

48

50

" b Peaks believed due to impuri- -

‘taining an —Si,Fs group was present, but no more posi-

tive identification was possible.

Vapor density measurements on the GeSiF.H; and
GeSi,FiH, fractions gave values close to those expected
for these formulas. Small amounts of impurities like
GeSiF;H;, slightly richer in fluorine, would not have
much effect on these measurements. Instability and
low volatility prevented a vapor density determina-
tion on the GeSizFsH; fraction. ,

The infrared spectra of the vapors of the three frac-
tions each showed a strong absorption in the ranges
2190-2215, 2076-2150, and 774-778 cm~%.
were assigned, respectively, by analogy with the silanes
and germanes, to Si-H and Ge-H stretching frequencies

and a GeH; symmetrical deformation frequency.® The

group of strong absorptions in the 800-9S0-cm~! range
in all of the spectra could be assngned to Si~-F stretching
frequencies.®

On . the basis of the infrared and mass >pectra re-
sults, the structure of the main components: of each
fraction was indicated to be of the type GeH;5i, F., H.
The position of the hydrogen atom attached to silicon
in GeH;Si,F\H and GeH;Si;FeH was left uncertain
by these results. Final confirmation of the structures
of the components of the two most volatile fractions
was obtained from their nmr spectra, but GeH;Si;-
FsH proved too unstable in the hqmd phase to obtain
reproducible mmnr spectra.

The proton nmr spectra (Table II) sho“ ed reso-
natices with chemical shifts similar to those of known
The observed split-
tings corresponded to expected first-order interactions
in the structures GeH;SiF.H and Gel;SiF.SiF:H. In
the spectrum of the GeH;SiF:H fraction, the ratio of
the area of the Ge-H to Si~H resonances was 3.3:1.0.
The F nunr spectrum of the sample showed, in addi-

(9) W.L. Jolly, J. Am. Chein. Soc., 5, 3033 (196:3).

(10) E. -A. V. Ebsworth, “Volatile Silicon Compounds ”
Press, 1963, :

(11) J. h Drake and W. L. Jolly, Proc. Chem. Soc., 379.(1961).

Pergamon

These
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Tasre IT .
NMR SPECTRA OF THE GERMYLFLUOROSILANES

JF-8i-H.  JP-8i-Ge-H, JH-8ite-H, ¥ _8i-Si-H,
Compound Assignment Chemical shift, ppm . Hz Hz Bz Hz Remarks
. A. 'H Spectra, Si(CH;), Reference _
GeH;SiF:H Si-H —4.96 33 3 . Triplet of quartets
Ge-H -2.72 9 3 Triplet of doublets
GeH;SiF,SiF.H Si-H —4.74 55 5 Triplet of triplets
Ge-H —-3.00 7.5 Triplet
B. YF Spectra, external CCF Reference
GeH,SiF.H Si-F +126.6 M.5 8 Doublet of quartets
’ Jugi_r = 344 Hz Doublet of doublets
. _ of quartets
GeH,SiF;? Si-F +106 8 . Quartet

Jng;.r = 343 Hz

tion to the doublet of quartets expected for GeHs-
SiF.;H, another quartet at lower field. The area of
_this was approximately one-tenth the area of the dou-
blet of quartets. ~ Similar couplmg constants were found
for these two sets of resonances with both the F-Si-
Ge-H and the F-2Si interactions. These results
were consistent with the presence of the molecule GeH;-
SiF; together with GeH;SiF:H. This had already been
indicated in the mass spectrum of the fraction, and the
two compounds would be expected to be of very slmllar
volatility and thus difficult to separate.

The main components of the three fractions can be
called germylluorosilanes. Only the fraction con-
taining GeH;SiF.H and GeH;SiF;, which was gaseous,
was stable at room temperature. The other two frac-
tions, particularly the GeH;Si;F¢H fraction, decom-
posed readily above 0°. The fractions were pyrophoric
and extremely sensitive to moisture. They all evolved
germane on treatment with 109, KOH solution.

-

Discussion

There is much evidence that the normal pattern of
reaction of silicon difluoride  with another compound
at —196° is as follows.!*¥" Two or more molecules
“of silicon difluoride come together upon condensation
on the cold surface to form a short-lived diradical spe-
cies. This can either interact immediately with other
molecules cocondensed with the silicon difluoride to
give products containing two or more silicon atoms or
 form a less reactive silicon difluoride polymer.

The reaction of silicon difluoride and germmane does
not fit this pattern. Reaction occurred both when the
~ two compounds were cocondensed and when they were
condensed one after the other. The major product
containing germanium and silicon was GeH,;SiF.H and
‘not the disilicon compound. This suggests that ger-
mane attacked the silicon chain in a (8iF.), polymer,
breaking off units containing one, two, or more silicon
atoms.  The of the germyl-
Afluorositanes with increasing numbers of ~SiF.— groups
illustrates the a germyl group has ou an
“Si‘F:" ChLIiKL GCH,SL;F;;H

diminishing  stability
large effect
The fraction containing

(12) J. M. Rass<ler, P 1.
724 (1966).

(13} H. P, Hopkins, J. C. 'I‘hnm",\\'nn, and J. L.
! Soc., 90; 901 (1953). I

|
a ok

Timms, and J. L. Muacgrave, Inory. Chemn., 8,

Marvgrave, J. Am. Cheu.

Doublet of quartets

gave polymers amd lower germylﬂuorosxlanes on de-
composition. ‘

Apart from theiir unexpected low stability, the spec-
troscopic and otlzer physical properties of the germyl-
fluorosilanes indacate they have. some characteristics
of both the silicein—germanium hydrides® and the per-
fluorosilanes.?

‘Experimental Section

Silicon difluoride: was prepared as previously described? at
the rate of about 0.8:mmol/min, at a pressure not exceeding 200
. It contained umweacted silicon tetrafluoride, the SiF.:SiF,
ratio being about Z:11. Germane was made by hydrolysis of
magnesium germanidle and was carefully distilled before usc.
It was added to the: liow-pressure silicon difluoride stream at the
rate of about 0.6 mumol/min. The gas mixture was condensed -
on being pumped thrrough a trap at —196°.

A few millimoles off volatile reaction products were pumped off
on warming the abowe condensate. These were fractionated on
a 3 ft long distillatiion column. The column was of an uun-
published design uswd in the laboratories of R. Schaeffer at
Indiana University,. iin which the volatiles moved under vacuum
up the annular spawe between two vertical, concentric, glass
tubes. Cold nitrogem gas, passing into the inner tube fromn the
top, was warmed i jpassage down the column establishing an
axial temperature giradient. The fractions collected off the
column were handletl in a grease-free vacuum hne employing
Viton OQ-ring stopcoeiks and joints.

Vapor Densities.-—The vapor densities of the GeH;SiF,H and
GeH:SiF.SiF:H fractiions were measured on 10:mg samples in a
calibrated constantavolume system, using a mercury manometer
to determine pressurre. The molecular weights were found to be
144 = 4 (correct forr GeH451F H, 140; for GeH SiF-H + 10¢,.
GeH;SiF,, 142) and: (208 = 6 (correct for GeH;SiF.SiF, H, 200)
respectively.

Mass Spectra.—Sumples were evaporated directly from a
condensed phase intiv the ion-source region of a Bendix Model
1400 time-of-flight nnass spectrometer equipped with an all-glass
input system. This method was well suited to getting reliable
spectra for the less sttable germylfluorosilanes.

Infrared Spectra.-—All spectra were taken in the vapor phase
at 3-20 mm in 6-cm.;glass cells with KBr or NaCl windows using
an Infracord spectronuneter. Quite rapid decomposition of GeH;-
Si;F¢H was noticed.. The observed frequencies (em~!) for the
three germylfluorosilinne fractions were as follows (intensities in
parentheses): GeHuSiF:H: 2198 (s), 2000 (s), 980 (m), 960
(s), 883 (s), 870 (s),. 774 (vs); GeMSi:FH: 2190 (s), 2076 (s),
981 (m), 957 (s), 932 (vs), 881 (m), SH (s), 807 (s), 778 (vs),
346 (m); GeH:Si:Fsitl: 2215 (m), 2105 (m), 963 (vs), 943 (s},
870 (s), 830 (vs), 82 (m), 809 (m), 779 (s).

Nmr Spectra.—Proton nmr spectra were run on a \arwl
A-60 spectrometer usiing neat liquid samples containing about 27
tetramethylsilane, cemtained in 3-mm bore, thick-walled tubes.
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A,\Spe'ctra were run at —30° for GeH,SiF.H an‘(l at 0° for GeH:-

Si:F{H. The ¥F spectrum of GeH SiF:H was ubtdmcd on a’

Varian HR-100 spectrometer at 94.1 Mc.

Physical Properties.—The melting points of the GeH;SiF,H
and GeH;Si,FH fractions were measured by the Stock ring method
at —77 and’ —4°, respectively. Vapor pressure measurements
on the GeH;SiF:H fraction over the temper}.tture range —70 to
—10° and on the GeHJSI FH fraction over the temperature range
—40 to —4° gave log p ws. 1/T plots which could be fitted
 approximately to the equations log puwm = 6.93 — (116’/_T)
and log pawn = 10.10 — (2365/T). From the vdpor pressufe
equation of the liquid GcH,SnF H fraction, the bmlmg point of
the compound is estmmted to he 1‘3°

-223-

al of 10% KOH solution frozen iu an ampoule.’
- was sealed, warmed to room temperature to allow reaction to

‘the Army Research Office, Durham, N. C.

Inorganic Chemistry

The Reaction with KOH.-—A sample of the GeH SiF:H frac-
tiun, corresponding to 0.30 mmol, was condensed on top- of 5
The ampoulc

occur, and then reopened on the vacuum line. The gas pumped
out contained 0.28 mimol of germane, 94 % of the theoretical
yield.
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The Thermal Dlssoc1at10n of Dlphosphoros Tetraﬂuorlde and the
Formation of Tetraphosphorus He\:aﬂuornde :
-By D. Sorax and P. L. Tx\ms‘f

- (Department of Chenistry, Universily of California, Berkele_v,

IT is well known that "dinitrogen tetrafluoride,

N,F,. dissociates readily into -NF, radicals.!* By
analogy, the compound P,F,, described by Parry?
and Colburn? might be expected to dxssocnate

thermally into -PF, radicals, but: only tentative.

evidence for this has been-previously pubhshcd 2,4

In anm: attempt to demonstrate the formation of . .
*PF,, the thermal decomposition of P,F; has been -
Gaseous P,F, at |

studied by mass spectrometry.
a maximum - pressure_of about 2. mtorr, was
passed through a 5- mm _bore quartz tube, which

California, U.S.A.)

could be heated. The gas emerged from the-tnbe
into the ionization region of a Bendix time-of-
flight mass. spectrometer, The condmons were
chosen to give rapid escape of unstable specivs |
from the quartz.tubec into the mass spectrometer,
but thermodynamic equilibrium was nut estoh-
lished within the tube. :

As the tube temperature was raised fromi 25 to
900°, the mass spectrum of the effluent gas, taken
at 20 ev, showed onlypcaks normally present in
the spectrum of ’.F,, but their relative mtcn:nt-c*s'

1 Present address: Q¢h001 of Lhenu\tr\ v niversity of Bn\tol Brxstol 8
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changed. Above 350°, the intensity of P,I;+ and
P,F,* was observed to decrease, and that of PF,+
to increase with temperature. By 700°, the ratios
of the intensities PF,+:P,F,;* and PF,*:P,F+*
had each increased ten-fold over their value in the
spectrum of P,F,. '

At 13 ev, no spectrum was scen for the effluent
gas with the tube temperature below 350°. = Above
350°, PF,+ appeared and increased in intensity
with tcmperaturc Up to 900° no other ions were
detected. '

These results indicate that the -PF, radical was
being formed by dissociation of P,F, at high
temperatures and low pressures, and that it was
probably the only new species generated under the
experimental conditions.

When gaseous P,F, was passed through a quartz
furnace at 900° at a pressure of about 3 torr, and
thence by a collision-free path to a liquid-nitrogen
cooled surface, a transparent yellow solid collected
(the e.s.r. spectrum of such a solid in a parallel
experiment, showed it contained up to 19 of a
free radical, possibly -PF,). On warming the
deposit to room temperature, PF; and P,F, were
pumped off, followed by several highly unstable
fractions  which deposited  yellow phosphorus—
fluorine polymers on the walls of the vacuum
system wherever they were condensed. From
this mixture, low temperature fractional distilla-
tion eventually yiclded a small amount of a less
unstable colourless liquid.

The mass spectrum of this hquld showed that it

contained only phosphorus and fluorine. The
highest molecular weight ion appeared at m/e 238,

1541

corresponding to P,F,*, and the PF,* ion was the
most intense in the spectrum at 50 ev.

The ¥F n.m.r. spectrum (94-1 MHz) of the
liquid at —30° showed a doublet of doublets
centred at +88 p.p.m. relative to' CCl;F.. The
3P n.m.r. spectrum (40-5 MHz) showed a triplet of
doublets of triplets, and a less intense quartet of
septets 245 p.p.m. upfield. The area ratio of
these two features was three to one. The spectra
were those expected for first order P-F, P-P-F,

" P-P, and P-P-P splittings in a structure P{PF,),.

However, neither spectfum was simple first-order,
as each had impressed upon the above first-order

form many other lines of lesser intensity. Fortun-

ately, this -second-order form was much less
dominant than has been described for P,F,5 where
it was due to the magnetic non-equivalence of the
phosphorus and fluorine nuclei. The observed
splittings in the 1°F and 3P spectra were in agree-
ment, giving approximate coupling-constants
(considering only ‘first order interactions), Jppp
36 Hz, Jppr 61 Hz, Jpp 323 Hz, and Jpp 1225 Hz.

The compound P(PF,), melts at —68° It
decomposes very rapidly in the vapour phase and
in the liquid phase above 10°.

A more detailed study of the high temperature
decomposition of P,F, and of the properties of
P(PF,), is in progress.
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