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The thesis bhegins with an adcoupn of the behaviour of
wmolecules on élactxon im@ébﬁ;éﬁdlexgiains haw*bond |
dissoclation énefg%és niay bé deduced from a-gtudy of
ionization précesgéé.

‘The experimental work was carried oﬁﬁ with a fass
spectrometer deslgned and bullt for the puxpase;f@g& a;ful1
dedeription 6f this ins:t.imnexit is provided, together with
an dccount of the problems which arcose during its construcw
tion ahﬁ'deV@lopMent, and the performénce of which 1t wes
ultinetely eapable; 

Arter the’reliabillby70f'ﬁhe,inStrument‘had beenl tested
by investigatipg some simple lonization processes; it was
used to stuayfﬁhe formation.ef benzyl iéns~frém a number of
related aromatic compounds. When the aﬁpe&fanee potentidls
obtained in this way afe.cambineﬁ with the ioni%aﬁion”'
potential of the benzyl radical (which 1s the sﬁbjédﬂ"bf g
geparate and direést determination) it is possible to make
provisional estimates of the venzyl<X bond energy Li aibenzyl,
benzyl chlcrxde, and benzyl lodlde, The derived value of
D(PhCHy=CHoPHh) Ls used to. verify Szwere's velue'of 77.5 koal
for D(PhCH,~H).. From this quantity, the fdllowing bond
energies mey be deduced thermochemicallys: D(Pheggﬁqaéﬁh) -
45x3 koaly/




VL -

4525 koalj D(PhCHp~CH) = 6335 kealj D(PhCHp=Ph) = 74,443
koal, D(PhCHp~I) = 36,644 koal; D(PhOHg-0L) = 62%4 kcal.,
The last two values are confirmed by the direotAelection
impact data, Lastly, an indirect estlmate of iGPh) -
9,7 eV is based on a measurement of the appéaranae potential
6f~this radical from'benzene@ and & thermochemical value
for D(PheH)y

The thesis ends with a description of how the Lustrument
was modified by'thé inclusion of a reacbcr'fu;ngge in order
to sﬁn@y'the mechanisms of thermal déqqmpdéitiéﬁ.ﬁe@cbions;
Resulﬁé afe inc;udéd'éf‘a~brief experiﬁehm involving the
_gyralysis of‘b@ﬁzyi lodide oaf&ieﬁ-auﬁ by thisg means,
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PART X

THE PRINCIPLES UNDIRLYING THE DETERMINATION OF
BOND DISSQUIATION ENERGIES BY THZ METHOD OF
ELEOTRON IMPACT.




-

INTRODUCTLON

Reactivity is a fundamental interest of the chemist,
After charascterisation;, each new compound is examined with
a view to understanding its behaviour in different environ-
ments, and this knowledge can bhe gained only by a study of
dynemic as well as static systems, FEven in the most simple
cases, the experimental problems posed by the former type are
the more difficult, and for this reason the complete
investigation of the functioning of a living cell, whose
metabolism consists of a complex balaﬁce of labile materials,
is a problem which wiliﬂtax all his available resources for
meny years,

A chemical change can be defined by the stoichiometry of
the products and reactants, and its practicebility assessed
from their bulk propertiess However, classical thermodynamics
1s unable to prediet the rate of a permissible process, and this
vital information must be sought elsewhere, A full appreciation
" of chemical reactivity requires a knowledge of molecular
structure, and the mechanism of the change must be approached
in terms of structural alterations governed by considerations
of geometricel factors and fields of force. The geometry of
moleculeé has been studied with increasing precision for
several decades end stereochemistry now containg & large body
of accurate data, By contrast, although thermdchemistry

could/




could supply precise information asbout the energy
differences between initlal and final states, little was
known until récently of the energy required to extend or
rupture individual links, Since chemical reacﬁions oceur
by the breaking and making of bonds, a knowledge of these
factoﬁs‘is of fandamental,interest.

The practical determination of bond dissociation energies
~may be cerried out_in various ways. In a few cases the
equilibrium between a molecule and its dissociaheq prodﬁets
can be studied over a range of temperatures and & heat of
dissociation deduced, HMore often, dlssociation is induced
by the app;icatien.offenergy‘in a.centroiled way. |

The use of the eneigy of light has allowed very accurate
values of the disse¢iati°n'energy of diatomic molegules to
be deduced from molecular gpeetra¢ Qoeasionally,kdiffioulties
in the interpretation. of a spectrum have resulted in a\numbei
of equally plausible values being produced, each of which is
known to a high dégree of precision, as in the case of carbon
mbnoxide.‘ Unfortunately the speotra of polyatomic imolecules
are too complex for reliable values of bond dlssocliation
energies to be deauqe&. ,

In gas phase-néactions, energy i1s supplled to the
participants by molecular collisions, and the first step is
often the dissoclation of a weak bond. In kinetic work an

attempt/




attempt 18 made to arrange conditions .86 that this process
18 the vate determining step, in which case the activation
energy. deduced from the kinetic data may be identified with
the enargy reqﬁired to breek the bond. - In spite of the
experimental difficulties the field has proved a fruitful
one, and many data concerning bond dissociation energiles
have been deduced in this way,.

Inergy may b8 supplied to molecules in the gas phase by
bombardment with electrons of controlled emnergy, and this
direct and versatile technigue forms the subjeot of the work
described in this thesis,

A research team in St. Andrews has been engaged on a
study of the behaviour of & variely of compounds during thermal
decomposition, by the éhemical kinetic method, and the cholce
of substances in the studles of the author was determined, in
part, by & desire to supplement existing data on these coms
pounds using en alternative technique. AL the beginnihg of
this work, no electron impact data were available for these
molecules except for an early study'of benzene (1) and some
measurements of lonization potentials, During the ocourse
of the investigation several papers appeared dealing with the
epplioation of electron impact methods to various avomatic
molecules, but some of the results were difficult to correlate
with each other, and with existing thermal data,
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An effective study of the products of electron impact
on polyatomic molecules requires some form of mass analyser,
and & mass spectrometer is ideal in this respect. Although
no electron impeoct work had bheen attempted previously in
St. Andrews, & mass spectrometer had already been constructed,
but it was adjudged unsuitable for this investigation. This
thesis therefore contains details of the instrument which was
designed and built by the author for this purpose.

In principle, the determination of ionization and
appearance potentials by a mass spectrometer is not a very
involved process, but in practice there arise a number of
serious complications, Some of these factors are instrumental
while others are pecullar to the substance under investigation,
Most determinations have been made with one of a very few
models of commerecial instruments, the users of which have had
the benefit of & wide range of manufacturers! operating
experience, Since there are many points in mass spectrometry
where optilmum instrumental behaviour hes been achieved semi=-
empirically, it 1is desirable to have these fundamental
molecular quantities determined on instruments which are not
identiocal, Tven the small departures from conventional
desaign which were made in our instrument resulted in con-
siderable time being spent on preliminary adjustments and
modifications. It was gratifying to find, as shown later,
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that in the case of the inert gases, and some organlc compounds
where diffioculties peculiar to the substance do not arise,

the derived ionization potentiasls are in good agreement with
those of other workers and with spectroscopic values. = On

the other hand the author has to conclude that the lonlzation
and fragmentation processes are not simple in the case of

other organic compounds, and uunfortunately for the applicability
of the method, this opinion is growing in recent publications

on the technlgue.

THE IONIZATION OF MOLECULES BY HLECTRON IMPACT

A glven molécule'can possess electronic, vibrational,
rotationel and translatlonal energles; the first three are
guantised. Exeitation by irradliation, or by collision
with a high eﬁergy:particle may induce permitted transitions
between these quéﬁ%ised energy levels, which may be
accompanieﬁ by & change in the kinetic energy of the system.
The internal energy of & molecule is defined chiefly by its
electronic state, while the vibrational and rotational levels
pfo#ide deoreasihg”contributions. Only certain transitions
are likely to 6ecur, in accordance with the Franck-Condon
principlelthat vertical excitapion has maximum probabiiity.
The rule implies that the time for a transition is smgll in
comparison with the period of vibrationg and was formulated

to/
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to explaein photochemical disscelation (R) .{8)s = It was soon
gxtended to includes excitation by eleétpcn impact‘(é)ﬁ

The possible situations whilch may exist during the
bomberdment of a éiaﬁamic-mniseule by an electron are shown
in FMg. B The lowest curve I is the potentlial energy
diagrem for the molecule A+B in the ground étate; while the
behaviour of the iénized molecule 1s represented by curve II.
The permitted levels of vibfaﬁionaikenergy ave shown in each
case; and atrrﬁom-temperatuée-most‘molecules are in the
ground state, Gradual addition of energy te the molecule by
means of low energy_dolliéidna excites each vibrational level
in turn until the égnyeréence;limit 18 reached when |
dissociation occurdi Thie is the mechanism of thermal
aeéampositiona ~Ti-énsitifons to higher electronle stabes
result from collision with energetic particles; such as
eleetrons, suitably accelerated ., Typical examples are. shown
in the diagram and thelr relative‘prabahilities.are«governed
by the appﬁcpriate eigen=functions (curve IV) for the
molecule in the ground state. The consequences: of the.
respective transitions depend on the relatlve positions;of
" the two curves. Thus (&) represents the ilonizaetion potential
of the moleocule A=B, {b) is a transition in enargy; gredter
then I(A«B) by several vibrational energy terms, while (c)
corneébqnds to the appearance potential of ﬁhe ion A, _Ideally,
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sengitivity of the equipment should bhe great enough to

detect transitions between the two ground vibrational states,
but if the probablility of this process ig low, a more likely
transition such as (b) may represent the limit of reéponse.
In this case the vertical lonization potentisl derived from
the electron impaoct experiment will diffei from the adlabatic
ionization potential obtained from convergence 1imits in
speetra, Claims have been made that significant differences
have been observed in pracﬁice () (6). Some exeited states
may be unstable (curve III) in which the forces between the
constituent atoms arve always mutﬁally-repulsiveg Ay
transition to such a state'(d) would result in immedlate
dissoclation, | _

Exeitation of polyatomic molecules causes the perturbation
of complex vibrational degrees of freedom, which results in
the production of a variety of fragments whose abundance 1is
determined by the shape of the appropriate potential energy
surfece. In such capses, the tlme which elaepses prior to
discociation may increage sufficlently for hydrogen transfer
to ocourw, Thus the principal fragment of butyric acid hes
been proved Lo be CHZCO00H* (7).

Blectron impact phenomena may be clasgsified into various
typesi-

A=B + e - S A-BY + Pe/
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A=B + ¢ MR 3 A-’-B‘% Re

B—1 At B + 2e

wsd Sty B4 e

aw=d A+ BT
None of the first three processes is subjeet to a rigid energy
restriction, any excess kinstic energy being disposed of by
the electron. On the other hand, the last example is one
of resonance capture, and occurs at a sharply defined slectron
energy.

Since the Formation of an ion may take place in a number
of different ways which are accompanied by dissimilar chenges
in energy, it is necessary to identify all the products 1f an
unegquivocal value for the bond eneérgy is to be deduced.
Negative lon formetion is unimportant in electron impeact
work on most hydro'oarban compounds,* ag ils occurrence is
usually confined bé molecules. cc;ntaining many electronegative
atoms. Thus although carbon tetrachloride dissoclates to
001} 4 017, methyl lodide ylelds Cliz+ I. On the other hand
- a positive ion may arige by either of twe processes of
differing endothermiclty, and these must be dlstingulshed
from one another. Methane may yleld the methylene radical
ion in either of the following ways:- {(8) |

GH, =--=p CHf + Hy + o A(CHy) 2 15.3 e.V.
wed CHF + 2H + o A(CHj) = 20.1 8.V,
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'THE ELECTRON IMPACT 'METHOD

The hasic operavion consists of the ionization of an
injected stream off molecules by a collimated electron boam
whose energy is closely-controlled., The resulting lons
are removed from the lonlzabion chamber and -acceleratbed
through several kilovolis to minimise the effects of ine- .
qualities in initlal energy, They are identified according
to thelr e/m ratio by the aotion of a magnéﬁid:field, and
estimated quentitatively by some form of electronic detector,
The ionization efficiency ourve is determined. by observing
the change in ion cuf?gnﬁyWhich results when the electron
energy 1s. varied, and%the appearance potential of the-ilon is
deduced from this curve by a. suitable extrapolation

procedure.

IONIZATION EFFICIINCY CURVES

The shape of a typieal appearance potential curve is shown
in Flg 3. - Above the threshold voltage, the linear portion
BC shows the dependence of loniz&tion oross section on the
electron energy. The foot of the curve DE is essentially
logarithmic in ahéracter and in part is due t6 the thermal
energy spread of the electron beam. At high eollisional
energies the efficlency df the ionization process reaches

e maximum and the curve levels off.
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Methods of extrapolating I.E. curves.
(a) Linear extrapolation (d) Honig's critical slope
(b) Initial upward break (e) Empirical treatment of

(¢) Warren's method semi-log plot.
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Several theories have heen put forward to acocouat for
the shape of the lower.parts of these curves, which have met
with verying degress of experimental support., Robertson (9)
assumes that the lonization probability is'proportional to
the difference between the electfon energy and the‘ioni zation
potential, whereas Honig (8) finds that the square of this
peremeter ig. in better accord with experimental -data, Tor
energles near the threshold voltage. |

Obther Factors conbribute to the overall shape of the
curve, Kinetic energy posgessed by the ion, other
transitional'prooeSSea, vibratipnal_and‘fotapioﬁal fine
structure all affect the experimental relation. Oldenbery
(10) and Morrison (11) have included a structural factor in
the excitation function, while Long & Norrish (1l2) point out
that it would be surprising if inelastic collisions produced
- unexcited fragments from lerge molecules, and that in any case
: theréfwill he an energy oorresnonﬁing to a 6hange'in the
atomic arr&ngemenb between the parent molecule and the lon,

Normal techniques are not sufficiently sensxtive o
deteet a fine structure, although this diffibulty has been
surmounted by two workérs using suitable'refinements.'
Morrison measures the second differentisl of the lon current-
voltage rélation, and has used this function to study various
kinds of exgitation (13) 14) A difrerent approach to the
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problem has been mede by Tox et al who have deslgued a most
ingenlous source which eliminates the effect of potentisal
gradients in the ionization chember by a pulse tochnique,
and also.the curvature due to the thermal. energy of the
glectrons., (15).§16). The ionization effliciency curves of
the rare gggggﬁgéﬁghpaen ghown to . be essentially linear, bub
the correéponﬁing relatiqﬁ Por a more complex molecule such

a8 bhenzens retains consliderable curvature,

THE EVALUATION OF APPRARANCE POTENTIALS FROM TONIZATION
LFTICIANCY CURVES.

For reasons oublined in Part 4, these measurements are
made with reference to a calibreblng gas which serves to
fix the voltage scale. The appearance potential of the ion
1s determined by adding the extrapalated voltage difference
to the ionization potential of the standard, The rare gaseg-
are used-ﬁidely for this purpose,  Several methods of
menipulating these curves have been suggested by aifferent:
workers and have been applied with varying degrees of success,
the principal methods bvelng i1llustrated in Fig.3.

Linear extrapolation (17) seeks to avolid the uncertalnty
associated with the foot of the curve by relying entirely on
the well-defined linear portion of the curve, Simple cages

such as those of the rare gases may be analysed occasionally

by/
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by this methed, but in most instances the derived energy
terms have no obvious significance. |

In the methed of initial upvward breaks, the linear parts
of the eurve are flrst of all made parallel by suliable
adjustmen% of thé inﬁensity axis, (ﬁey which there 18 no
theoretisal justification) and are extrapolated by eye to
zero lon euxrent; Since measurements at high sensitivity
(1L) cohfirm'that lenization efficlency cﬁrves approach
the voltage axis'asymptotioally,'the treatment is liable
to subjedtive errors, although Stevenson has shown that in
the hands of an experienoed operaﬁorgit is capeble of ylelding
self~conslistent resultsA(lB)ﬁA

The treatment known as critical slope (B) springs from
the theory which Honlg developed to account Por the |
exponential neture of the foot of the curve. It entails the
construction of a tangent of prescribed slope which is
produced to give an interoeﬁt on the voltage axis. It is
debatable whether the accuracy of the results is compareble
with their consisﬁeney, sincé the underlying theory has not
been fully established. | .

In Warren's method (19) the slopes are adjusted for
parallelism, after which the voltage differences corresponding

to decreasing ilon ocurrents are plotted as a funetion of these

currents,/
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Qurfents. The procedure iséampirical but gives good results
whenever the curveture of the two ﬁéilé i8 similar. If-the
ourvatufe i“ very greatb, wepldftiné the curvéq on an»exPanded
voltage scale mey bring to light the onset Of an lonimetion
process (20). A

Another empirical method has been éeqorlbed by Lossing
(21) (23 which bears a resemblance to thebt of Werren. 'The.
resulta are p1otted on semx~log naper giving a. serles oP
nhearly parallel lines when the plObS are restrlcted to ion
currents below l% of the value corresponding to BO e.V., and
are finally oxtrsyolated by Warrvents method. The JBuUlt
ismcorrected from.&_galiarap§pn curve for the instrument
bdéaé on its pemformange‘wiﬁh gaSBS.Of known ionization
potential. |

While investigating Honig!s method, Morrison showed that
comparable results Were thained by‘maasurement of the
separatlon of the sami~log p30n3 at the end of the lmnear
portion {11). This is in keeping with the earlier claim by
Loséing that the voltage difference corresponding to_idn
currents 1% of thibse at 50 e.V,, is itself adequate when
measuring the ioniZatiGn potentials of the rare gases (15).
In (24) an attempt to derive the true 1onization efficiency
éurve depends on a mathematical treatment of the empcrimental
results to remove the effects of thermel energy spread,

In the case of curves corresponding to ions of very

different/
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different mags, errors can result from mass diserimination
effects which may arise from potentiel gradients lno the
ionization chember, TFurthermore, 1F¥ the threshold velieges
for the two processes are very different, changes in filament
temperature due e the opersation of the emlssion steibilizer
may alter the energy distribution of the electron beam, which
in turn can ﬂ:f‘febt‘ the shepe of the exponential foot of the
surves  From this péiini; of view, grid controlled emission

hes some advantages ove; the inore gommon method of temperature
limitation,

FROM HELRCTRON

THPAGY DATA.

The various energy torms irmilvea in the ionization
process X«Y 4+ ¢ e=d X 4 Y + 2e are related by the equation:-

AMX') = D{XeY) + (X)) + m(x J + B(Y) » B{Z~Y)

+ B(X") + R(Y) = E(X=X)
where H{R) and K(R) represont the interual and kinetic energles
of the species Rs In many cases the internsal énei'gy tarmg,
together with K{X-¥) may be neglected (85) (26), and freguently
the remaining kine‘tzia ‘c‘mex,gy terms are small, Stevenson
eclaims that the hecessary oondlition for the absence of
kinetic energy in the products is thati«
I{x) < 1{Y),

in/
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in which case the expression reduces to the form:-
('), o = D(EX) + I(X)
which may be solved for D(X«Y) in two ways:. In the direct
method, I(X) is ﬂeteréined by a subsidiary experiment
involving the subjeotion of free radicals, produced by
thermal cracking or photolysis, to electron ilmpact. In the
cape of simple species, such as atoms, I(X) might be
determined 5peetrpée°pically.' The practical difficulty
of measuring I(X) directly, led to the adoption of an
alternative procedure inlwhioh the need fai this datum is
eliminated by substitution from the equation
ME )gop = D(X=Z) + Z(X)
which related to the corresponding process
K= 4 © im-) X+ Z + Be,

If D(X~Z) is unknown, it may bé obtained by manipuleting
the appropriate thermochemical equations, whereby it is
expressed in terms of & known bond energy together with a
number of thermochemisel quantities.

The self+«consistency among the results obtalned from
different methods for the determination of a bond energy

is illustrated in the following table (18). .
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Method A o D(CH ~H)
4+
Blectron o CHS P GHS + 0
Impact : # 5 with o+
Direct OHy == .CHz+ H +e Ludyt 0,2
. CH4OH == CHy + OH + e 4odgh 0.4
Hleotron = COgHg =-=3 OpHg+4H +0 |
Impact ¥
Oglly == Oghy +H 4. .
1C4H) o =3 Ogflyf+CHy + © 4.8, 0,2
Ol --3 OgHg +H + e
104Hg ~-3  CgHg +CHy + o 4.4g+ 0.2
NG H, Cl--3 053,7*4- CL + @
-+
] -o o I z i
,n%ﬂlo =3 G-SHV :Cxig + e ekt 0.2
CH,OH «-3 - CH,0H +H +e
CpHOH <=3 OCHROH +CH; 4+ &  4.45% 0.1
' - Average value &edot 0.04
Photo- GHj;4 Br -~ OH, -+ HBr
chemiocal '
, HBr =~ H + Br &bk 0,04
Pyrolysis CHzI - CHg + I
HL -~> H 41 du4gt 0.04

The example chosen is partlcularly favourable, and such
good agreement is not aelways obtained. The difficﬁlty of
extrapolatihg ionization efficlency curves which possess long
taild, precludes anything like this accuracy being reached
in such cases. The extension of electron impact studies to

this/
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this class of compound has received little attention in the
paest, and a number of disorepancies in the literature may
be the result of a tacit assumption that the produocts are
formed .in the ground state, An example of this is the
formation of GN* from cgﬂé;(zv) (28), ‘It is also doubtrul
whether Stevenson's rule for the production of ions without

kinetic energy is obeyed in all cases,

MEASURTMENT OF THE KINRTIC JNERGY OF TLONS.

The presence of excess kinetlc energy smong ions has
béen knoﬁn for some time and an eafl&'method of measurement
was described by Lozier (29) in 1950, The technique is a
péwerful one for the examination bflﬁomonuclea? diatomio
molecules where the lon is unambigﬁous,lbut the absence of
mess dispersion makes it'ineffecti%é'for.polyatomio molecules
unless one ion predominates. It has been applied to
heteronuclear diatomics however. ‘Tons were produced by
a magnetically collimated electyron beam of controlled anergy
péssing along the axisg of two concentric oylinders. Slots
in the tpiok inner cylinder allowed only those lons moving
raqially to escape to the outer cdileeting electfade.in the
face of a retarding potential. Measurement of the lon
current feceivea'by the latter as the retarding potential
1s varied, gives the distribution of the kinetic energy of

the ions./
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(a) Focussing action of a sector magnetic field.

(b) Presence of K.E. among ions; half peak width method.
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the ions,

It is convenlent to measure the kinetic energy on
instrument by which the ionization is being studied, a
several atbempbs have béen‘made to modify mass spectro
for this purpose. This usually involves the insertioc
a retarding poténtial between the anaiyser and collect
that ions reach the latter with low energles. The va
in lon current as this potential is altered gives the
distribution aecross the ion beam. A general ieview s
use of stopping potentialg has been made by Hagstrum.(
with specisl reference to diatomic molecules, Kandel
deseribes an application of stopping potentials which
to a quantitatiVe'gstimation of kinetioc énergy, while
McDowell and Warren (8) éhowMits presence gualitativel

the basis of half pesk widths. They found that this
| was propértional to the acceleréting voltage for iqns
without kinetic energy, while its presence was indicat
line broadening. | The effect is shown in Fig 4(b) whi
correlates the results obtained during the experiments
toluene desoribeéd in Part V. The iens_o*'and'§4'ara
to possgess excess energy and do not fali on thé 1ine;

One serious limitation to all these methods of de
kinetic energy is that only the fraction associated wi

fragmenty
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fragments can be measursd. Slnce the collisions are su
to the limitations of-the conservation of momentum, the
energy will be distributed emong the producbs in amounts
inversely proportional to thelr masses,. Thus in the px
PhCHg;gg.Pth24*,H+e, only 1% of any exdess energy would
essociated with the ion, and if the limlt of detection w
-‘QaOS“ev aé iniKaﬂﬁel's method, an energy torm in the

dissociation process of less than BeV would pass unnobio

b

THE DEVELOPMENT OF POSTTEVE RAY ANALYSLS

Since the study of electron impact processes has be
bound up so closely with the development of positive ray
analysis in general, and mass spectrometry iﬁ particular
1% is useful to consider very brieflly éhe'steps th{ough
the subject haé evolved. |

Pogitive rays. were discoverad~by Goldstelin in 1836
found that perforation of the cathode in a low pressure
discharge tube resulted in the transmission of & strsamerx
discharge. 'The behavious of these rays under the infly
of magnetic and electrostabic fields was exemined by Wi
who-shgwed them to consist of positively charged particl
The extensive investigations of Thomson yielded'much Moy
detailed knowledge of their nature,and his parabola
gpectrometer was used to evaluate thelr e/m ratio, In

way he showed thait polyatomic molecules gave rise to a ¢

mass/
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nass speétrumg this CoClig yields-dﬁ d; Qf} od, Gig, ccf}
co01s together with C* CL* 0~ § (31) includes a survey of
this early work: |

‘In -contemporary experiments by Franck and Hertz (32),
Varioﬁs'éases were subjected to electron impact under~“
eontrolled conditions end evidence was obtained for the Bohr
theory of stationary spates. - Later refinements to the
method -allowed the absorpbtion of -energy by a resonance process
(oritical potential) to be distinguished from en ionization
porcess (ionization potehfials;

A year or ywb‘later Aston (33) built a spectrogreph for
mass determination, while in 1918 Dempster (&4) desoribed
the first sgpc?rometer designed specifically for the measurement
of reletive aburndancesj" théisuﬁject of mass spectrometiry
sp?ings'frém this;work.- These~early_instruments resembled
one anotherwinaﬁmﬁ¢h as the lons weré produced in a spark
discharge, or by thermal emission, but in 1982 Smythe coupled
an electron impact source with & crude positive rey analysgr (35). f

At about this stage, mass spectrography and mass |
spectrometry partéd company, and the«naxt importént
development in the design of mass spectrometers was due to
Bleakney (36) whose instrument employed the analysing preﬁerty
of a 180° magnetic field, coupled with en accurately construocted
electron gun, It formed -a model for most of the instruments

bullt/
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built during ﬁhe followiné decade. _

Thé growing interest in ﬁhé behaviour of substances
upon electron impact was stimulated further by Smithts
classlic paper on the ionization processes in methane: (B7)
in which is derived & value_for D(GHsdﬁ). Since that time
the subject has been dévelaped and reflianed considerably by
“the efforts of Stevenson,ﬂiﬁple, Honig, McDowell ,Morrison
and others., Many modern instruments are bagsed on designs
by Nier (38) (39) which employ the-refoeussing properties
of a sector magnetic field,

Recently, interest has widened to include a study of
neg&five ion formatioﬁ; the estimation of Kinétic~energy,
among louns, and spontancous diggeciation phenomena,

Another ingenious applioatibn of mass speciromsters
lies in the detection and study of free radicals and other
reaction intermedlates, and a summery of this work is
ineluded in Part 7,

Some attention has been pald te the measurement of
jonization potentials, and their relation %o other molecular
properties.(1l1l) (6) while gﬁtempts nave been made to apply
the theory of molecular orbibtals to the calculation of -
jonization potentials for a number of paraffing (40)(41)(48).
Iﬁ a similar way Franklin (45) has caleulated the ionization
potentials of & large number of pareffing, olefins, aromatics,

alkyl/
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alkyl halides, amines and oxygengted gcompounds. With a
few exoeptioné, the agreement be‘bw}reen the calculeted and
measured velues is exoelient. A review dealing with e
d}:tenii-qal éighific&nce 6;’.1011:‘1'&&'31011 potént:.ais ig given by

Walsh (44).



PART 2

THE MASS SPHCTROMETIR.
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BASIO PRINCIPLES

The motion of an ion of mass nm, moving with a velocity v,
perpendioular to & magnetic field of strength ﬁ; 18 represented
by the equation .

Her = mv
where e is the charge on the Lpn, and r is the radius of
ourvature of the resulbant patﬁ. It follows that such &
‘system will exhibit dlspersion according to the momenta of
the 1ncident.particlesh 'If the energles of the incident
ions are equalised by aoeeleration'ﬁhrpugh a large potential
V, the combination of electrostatic éﬁd magnetic fields
becomes mass dispersive since

Jmv? = eV
which, by substitution in the first eguatlion yields the
expression |

e 2V

m - PR

in which case the radius of curvature 1s proportional to Jm
- Early instruments used magnetlo fiqldg of 18Q0; but the
theoretical éaperé of;Bérber and Stevens describing the
focussing properties of sector flelds were scon applied 1n
practice) (45)(46) the resulting economy in magnet construction
being quiﬁa considerable,
If its boundaries are sharp the effect of a homogeneous

magnetic/
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megnetic field on an incident pencil of ilons is represented
By the eq“‘uationw (47)
r.Sin(D)_f Ll.cos(noel) +_L2.GQQ(D~02) - Ll.La.sin(D»el—eg) # 0

cos(el) cos{eg)  r cos(al). cos(eg)
where r 18 the radius of curvature of the principel ray as
it travewsés_the fleld
D the angle oF deviation,
el and ey the angles of ingidence and emargenoe, and
Ll and Ly ‘are the gource and imsage dmstances
reSpeotively.
In a sector fialﬂ instrument e, and e, are made zero whensw
T sin(D) - (I + Lg).cos(D) - Ll.Lg/r.sin(D) = 04
Under these condltions the. iens are refoouSSed at aYpoint
collinear with the source and: the apex of the sector Pield,
as shown in Tig 4(a). Usually a symmetrioal arrangement is
chosen wheré Lis Ls , in which case the expression reduces to
the form .
e L/r = cgt(D) +-cdsec(D).

In the pracﬁicéchasé~£hé reﬁOcuségng'is not peffect,
since the dive?gehce[othhé ion beam leaving the source
results in a*ggharipél aherration of £x(l -cos a) where a
repréSehﬁs the halrgangie;of spread. This approximates to
ra® when a is small, Many other aberrations affect the

image/
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image oross seetbion and these have been dealt with fully
by Barnard (48).: The more imporbant ones are dlscussed
below in the appropriate place. _

A sector Tield mass spectrometer 1s the practical
realization of this focussing conditiomn. In order that the
correéﬁ geémetry'may-be followed, the source, collector and
intermediate lon path must be evaeﬁated to such a degree
that the mean free path is ;arger than the dimenulong of the
apnaratus. In order to aohieva thls the whole systen is
placed 1n a vacuumn tight envelope and pumpsa until the

pressure has been reduoed below 10 mm.

_\mcr;qmmmf 7O, THE »PR ST I mmﬂm o

‘The 'design of the spectroﬁetérAwas'ianuencod by several
impdrtant faetors ., .glts resolving power~must be adequate
for the uneguivocal detection of benzyl radicals, and ideally,
of even higher masges. = Bvenbtually it was deeclded to aim at
a figure of 150.mads units, Secondly, the assoclated
slactronic cireuits must permit the measurement of jlonization
efficlency durvgs wiﬁhin'an energy range of 5 -~ 20 oV,
Lastly, i% must incorporate a reactor in the vicinity of the
gource for the production of free radicels, and for the
general study of resction mechanisms: The variely of uses
which was envisaged for tlhe instrument meant that demoun ntability

was/
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Diagram of source, including the reactor furnace used
in. the measurement of I(PhCHg). Section of drawing

between the dashed lines is a side elevation
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wad an important aspeet of the genepel design.

. The megs spectronebor waich euisted already in the
Chenietry Department ab-5t. Andrews Ald nod possess aulficlen®
rasolving power for the present lavestigation, nor could it
have heen édapﬁ&ﬁ easi£y~fcr uge ia conjunction with =
resctor furnace,  Conseguently, the construotion. of a new

instrument became esgeniisl.
L HOURGHE,

The most important, -and yobt in some waye the least
gatisfoctory part of a-mass spectrometer is the sourpe, where
eleatrah impact vcecurs and the long are formed iuto a
géametriaal beam}priox~$a-entering the anelyser. The source
used was basloally Qf.ﬁﬁa Wior type ond is illustreted in
Pig. 5¢ TFlectrons are emithed fyom a filament ¥. |
{08 x 0,08 x 0,001 in,) under temperature limited conditions,
and are aeeélarats& towarde the hox by neans of &.potentlal
applied between the filement swd the Lirst slit. The
enitter congisbs of a tungeten »ibbon spotwwelded o Midy K
rods which are held in position by insuleting blooks of |
steatite, In ordéy te accomnodate the reastor lnmediately
'above the lon box, the filament agsenbly was moved back and
the electrons mede to traverse a second slit. The incressed
length of ﬁha;alggtron gun was tumned to good account by the
provision/
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provision of & hole in the top of the intermediate section
by means of which improved differential pumping was obbtained
between the filament and the lonizatlon chember.

Collimation of the 6lectron beam is achleved by means
of an auxiliary maghet. - The existence of this field in the
souree reglon 1s one of the causes of mass discrimination and
the majority of workers strive to keep its value as small
as -possible although Thode et al (49) and Robertson . (9) used
strong fields, A range of magnets with field strengths of
100, 250 and 650 gauss was avallable, of which ﬁhe second was
found by experlence to give the best compromise between
effective collimation, good resolution and smell mess
discrimination; The mounting for this source magnet allowed
motion both along and about the two axes at right angles to
the direction of the electron beam. - After traversing the
lonization chamber, the elecﬁrons pass through a further slit
and fall on & collector eleotrdde I termed the trap, TIts
function is to monitor the intensity of the electron beam,
secondary emission'ﬁeing;prevented.by malntaining it at a
potentlal greater than that of thé ion box.

‘The substance under examination is introduced through
a hole in the top of the chamber and those ilons which are not
neutralised by collision wiﬁh the wall eare removed by the
combined action of voltages appliéd to the répeller plate R
and the draw-out plate D. The deflectlon which would

otherwise/
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otherwise be oaused by the field of the collinating magnat,
is counteracted by a small diffarantial voltage applied to
the foous plates Gli Gga  In order to reduce the defocussing
effect‘c& the 'initial enérgy' of the ions, theé beam is
accelérated through about 2 kileﬁolﬁs:by raisiﬁg ths whole

of the source assembly %o this,paﬁential with'fespect ﬁo the
earthed collector slit.

The resolution . of the 1nstrument is governed chiefly by
the size of the exit slit, the voltages applied to the
§ariaus electrodes in the ion gun being much less critieal
than miéht be imeginedy Thus aitefing the mean 0perating
potential of Gy and Gy from 1600V ﬁO,5¢0v had  small effect
on the resolution, Very little information has been puﬁﬁ
lished on the focussing properties‘of this kind of élit system.
PrDVision was made for variation of the width of the exit slit
by forming it from two moveble stainless steel knzfa edges
bolted to the underlying plate B through elongated slozs.

For normal operation, a size of 0,2 mm was chosen..

The chief uncertainty in ionization efficienéy curves
arisgs;from the exisﬁéﬁca of potential graéienﬁs in,the gource
reglon, 'This hBB‘bééﬁ removed by the technique of~pulse&
emission, to whith’ brief reference has already been made,

Ions are produoed vader field free conditions by & pulsed

eleohrcn/
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electron beau, and are wmthdrawn from the box by voltage
pulses which are out of phase with the former., .Another.
uncertainty arises ¢:Qm the Maxwell«Boltzmenn eneréy .
disﬁribution of the electrons leaving the filament, Since
this is temperature dependent, the emission regulator'ﬁculd
itself introduce errors in a system relying upon the cbndition
of temperature. limitation, Space dharge limitetion has
been used in a few cases (B50) but the complexity of the
attendant grid structure is a disadvantage where spaoe is
limited. If the filament is directly heated by 4.0, the
electron energy is modulated by twice ﬁhiS"frequeney‘and
further errors arerintrodncedg The- circuit used in thig
work supplies the £ilament with D+Cs; -the energy of the
eleotrons being measured by & valve voltneter.

The walls of the ilonization chamber conslsted or salia
‘blocks of Nichrome V to achieve temperature uniformity,
provision being made for outgassing and temperature control
by a coil of 40 S.W.G. nichrome wire and & thermocouple,
insulated from the source potential by glass bubing, The
plates were made of stainless steel 0.085 in thick, aﬂﬂ were
geparated by glass spacing rings, cut from glass sheet by a
eylindricel brass tool, used in conjunction with an agueous
Asusgénaion of carborundum powder. Byl this means, the
pro%iSion of & bellows Giat the foot of the stack effectively
sealed/ ” |
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Fig. 6.

The complete source.




FIGURE 7.




Fig.?.

The stack, comprising the electron and ion guns.
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Fig. 8.

Specimen components used in the source.
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sealed the-region surrounding the filement from the rest of
the atmosphere iﬁ the tube, giving the facility of diffepential
pumping. For ease OFf assembly the-stack is built as a‘
demountable unit, whose base 1s & ring of inconel, .B. . The
ﬁaricus plates ave located on stalnless steel rods serewed

into this ring and from which they are insulateé by thin

glass tubes. The whole unit is supported in the head by

four kin, inconel rods, A Al, Hlectrical leeds to supply

the verious source po#entials are Brought in through

commercial metal/glass seals, P, The general construction

of the source can be seen by reference to Figs 6, 7 end 8,
THE MAGNET,

The enalyser conslsted of & megnet of the 60° sector
type; and waé’m%%é o, the,premiséé with the'excaption of
the winding of'ﬁhe colls,  The yolk was Pormed Trom éough
slabs of'L9w4Mo¢r 1roﬁ,'héltaﬁ'tégeﬁhar at milled bearing
facés, The end planes of ﬁhé éylindr;oal cores and the
sector-poie capsvwére‘made‘parallél by.turning and sgrfaoe
gfinding“respectiﬁely, while the lnner faces of the yolk were
milxad«ta the same tolerance of 0.001 ine  These components,
tosether-with fﬁe colls, were then bBolted rigidly together.
In order to allow for movement of the megnet during the

fodussiﬁg/ ’




focusging operation, the lower surfaces of the sgides of the
volk were milled parallel and fitted with guides for roller
bearings. The horizontal posgition of the magnet ls .con~
trolled by means.of' sorewed rods. The general ecnstnucﬁion
and mounting of the magnet can be seen by referenco to Fig.9.
Current through the colls can be varied giving rise to fields
of up to about 5000 gauss with a pole gap of 9/16 in, Ia
order to.prevent distortion of the pole gap dué to the mutual
’attraction-of the pole faces at high field strengihs, a small

brass egpecing ring was placed 1ln the gap.

QOLLECTOR ASSTMHLY

The general method of construction ‘of this unit resembled
that of the ion gun consisting of stainless steel plaﬁes built
up from an inconel Ting on étainless steel rods protected
by glass insulators, A8 before, the stack was mounted on
inconel rods springing from the lower main flaﬁgei' The
appropriate ion beam 1s selected by an earthed collector slit
veually 0.030 ins. wide and falls on to a collector plate,
secondary emission from the latter being prevented by the
insertion of & suppressor electrodg carrying a negative
potential of B0 volts, - The design of the collector slit
resembles that of the exit slit in the source, and its width
is variable from 0 - 2 m m, For the work on appearance

potentials,/




potentials, an aperture of 0,080 ln., was used, Since the
0‘l4

ion currents under investlgabtion may be as small‘as 1 amp .
the insulation of the lead from the.collector to the imput
of the D,C, amplifier demands special care., The connection
was carried through the main flange by means of a large metal
to glass seal debigned in such a way as'to-reduoe,fhé=leakage
to a negligiblé amount

The housihg‘ﬁor the inpubt grid leak resistors and the
electrometes vaive was bolted rlgidly to . the other.side of
the flange, in order tp‘prevent'vibration~giving rise to
eapaclity effeats, AIthas’made of metal Lo screen the cir~
cuit from electrostatic fiélds, and weas completely closed.
to prevent photoelectiic 'effects and thermal drift, Moisture
condensation on the high value grid vesistors wag eliminated
by the use of silica gel, and a smell heater built Inte the
wall of the box the keep the ambient temperature of the
enclosure slightly above that of 1ts external surroundings.
In addition, the resistors were coated with a silicons vernish.
The electrometer valve was spring mounted to reduce microphony,
and the size of the inpul resistor was countrolled hy a
swltehing device mounted on the end of an insulating glass rod

actuated from outside the enclosure.
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Fig. 9.

Tube in position, showing pumping system and magnet.




GENERAL - CONSTRUCTION

The mass speotrometer tube was made of inconel, with
the exception of the bend, which was formed of flattened
eopper'tﬁbing. The nickel alloy was chosen for its
mechanical strength, freedom from cocluded gases, heat
resisténce, and nonmagnetic properties., = All the joints
were sealed by hard solder. The general design of the
iﬁstrumeht is evidentAfrom Tig 9.

. Bfficient pumping of both ends of the analyser tube was
obtained by by-passing the imﬁedance of the narroﬁ copper
bend.gy ahz in. dia, inconel tube. The lower énd of this.
tube was attached to a metal odia.trap, mounted above the
diffusion pump. A second pumping lead with an ihdependent
vold trap and diffusion pump gave the facility of differentlial
pumping of the filament reglon. Originally, two Metrovae
oil diffusion pumps, Type 0.3.B were instailéd, backed by an
0.2 diffusion pump and a D,R.1l. rotary oil pump. 01l |
diffusion pumps were chosen because at that time it was
planned to study the electron impact behaviour of mercury
alkyls, In addition, no mercury diffusion pumps of
ccmpérable speed were oammerci&liy avaiiéble. At a later
gtage 1t was found that'oontaminatioﬁ of the source was
ocourring from traces of diffusion pump oil, and-thay'wére

subsequently/
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subsequently replaced by Hdwards Speedivac mercury diffusion
pumps, Type BM3./. These gave exeollent service, and after
thelr installation, no further contanination troubles arose.
In order to reduce the amount of rotary pump oll wvapour
back-diffusing into the mass spectrometer, a glass trap
cooled by solid COz'was interposed 1un the backing line,.
This also served to reduce the emount 6f mexreury vapour
esoaping into the rotary pump.
The gaskebts used as saatiﬁgé Por the various flanges

L, LlFig, 5, consisted ot Fluon (P.T.F.B;)rings T«6 which wore
turned from discs on & lathe. They were 1/16 in. thick
and & in, WideAand when inserted in carefully mated scatings
gave excellent service, A Penning gaﬁgé wag fitted to the
side pumping lead %o jindicate the vacuum conditions in the
tube. Although less senglitive than an ilonlzation gavge 1t
gave adequate service; having the compensatién of simplicity
and greater robustnéss¢ - |

d The high ‘vacuum standérd which 18 required for the
saﬁisfactory operation of a mass spectrometer demands stringent
control in the fabrication of the components, and leak:
testing becomes.an veccupational hazard‘ Fach oomponent wag
exemined indlvidually, before incorporation in the rinel
agsembly, with the help of a special vacuun system containing
both Pirani end Penning gauges. The method of searching.
for/
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for a leak depended on its size. The larger holes were
found by noting the effect of a guitable probe liqﬁid such
as 0Cl, on the discharge produced by a high frequency apark
coil, A more sensitive method employed the response of a
Pirani guage to a hydrogen probe;' Minor flaws were detected
by coupling the vacuum line to the mass sgacﬁrometer already
existing in the Department. When the tube was cdmpleted
and capable of operating as a mass Spectremeﬁenmit was made
to find its own leaks, and & number of mioro holes were
detected by the use of Hg or COp a&s & probe gas, in this way. |

Electrical leads to the source were brought into the
vacuum by commercial metal to glass seals soft soldered into
seatings in ;hg‘mg;n,flange, that had been wiped pregiously
with silver sélder;‘ These soft soldered joints proved most
unsetisfactory and SOme.Bo unsuccesgsful attempts to produce
a series of tight jcintslwere made, using a variety of fluxes
gnd soldering teohniques} In desperation the whole area
was coated with Araldite cement -and baked, but after a time
eracks developed under the latter, and finally the seals had
to bé replaced completely. The second batch were soft-
soldered to short lengths of Nilo K., tubing which had been
brazed onto the main flenge. This arrangemeﬁt'preveﬁ fairly
satisfactory and had the advantage that seals could be re-
placed individuslly if necessary.

The/
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The tube was elamped to the maln suppertiag Tramework
at threc places by means of two pieces of angle girder,
bolted to the bottoms of the mﬁtal traps iﬁ the two pumping
leads Pig. 9. Since each of these paintslaf suspension
could be adjusted verticelly éndoindependently of each other,
the orientation of the tube could be aa3uaﬁad~with rospect
to thet of the megnet, the movements baing c@%p&hmangary
to theose produced by horizontal movement of the latter,

The ssgential feaﬁnree of the apparaﬁnﬂ used during the
measurencnt of appearance potenticls are Ilncluded in Fig. 88
end call for little comment., In order to avold the absorption
of ovganic materials by #ép-&xaase, the raservelr  holding
the mixture under smerinetion is sealed by a mﬁraﬁry cut-off L.
Gages were'stareﬁ in large @lass bulbs ¥, ¥ from which they
were abstracted via s gas burette G.  Idoulda were
introduced in a controlled nanner from ulorceburettes through
a glass sinter O covored with mercury. éamplas of sollid
materials could anl& be inserted by letting the system up to
- atmospheric pregsure rollowed by & lLittle glass blowing, for
the small number of such substances 4id nob wa&w#nt‘thé design
'§f a more elabornte arrangenent. La prder L0 gain
sufficient sensitivity on the mass speotrometer, & semple

pressure/
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pressure of about 1«2 mm. was required, and to eattain this
in the case of the less volatile materials it was necessary
to lag the whole of the reservoir system M, and wind the -
exterior with heating tapes by which the temperature could
be controlled. In the case of benzyl iodide, the above
system had to be modified since this compound will react
with mercury vapour from the cut-off, This substance was
placed in a separate contelner, which after evacuation, was
sealed off from the rest of the apparatus; apart from its’
own leak into the mass Specﬁrgmeﬁer‘inletviube. The partial
pressure: of these léss volatile compouﬁds was kept coustant
by immersing a shortﬁ%ength of tube without legging in a
vapour bath, L,

The leak into the mass spectrometer consisted of a
pieoe‘of grade 4F Metrosil, K, sealed into gless tubing. Tater
experiments employed a twin Metrosil system for reasons
already explained, and this had the additional adventage that
the relative pressures of the two substances under investigation
were adjusted more easiiy. The tube containing the leek was
connected to the source of the spectrometer by a metal to
glass seal, and a stainless steel bellows for flexibility.

The source could be removed by unbolting e small flange with
Muon gaskeb. In order to prevent condensation of less

volatile or polar materials, the whobe of the inlet line was

lagged/
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lagged with heabting tape. The inflowling gaseS'were'lediinto
the ifonization chamber by a glass tube whose lower end was
constricted slightly to seat in a hole on the top of the ion
box.,

The two .reactor furnaces which were constructed for the
examiﬁation, by electron impact, of the products of the
pyrolyses of organic compounds will be described in the

gectlon déaling-with the work in yuestlon.

ZELECTRONIC CIRGUITRY

Circumstances dictated that part of the electrical
supplies of the existlng mass spectrometer should be shared
with the new instrument, - The common units consisted of the
'magnet sgppiy, e stabilized 2 XV, supply for the ion gum,
and a raﬁée change unit assoclated with the output meter, in

the form of a Brown Recorder.

THE BIISSTON STABILIZMR

‘Regulation of the conditlions existing in the gource is
achieved by coantrol of the totel emission from the filament
with the unit shown in Fig. 10. 'This is based on a circult
which is desoribed elsewhere (BL).

Power is supplied to the filament in the form of D.C.

by the rectification and smoothing of the square wave outpub
Aof a multivibrator comprising Vy and Vp. The emission

gurrent/ -
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Fig. 10.

Ri4

: "7 o 41 .

PineC

EMISSION STABILISER

.1 15k R.23 470k «+ Vo1 12E1

2 47k 24 10k 2 12E1

3 47k 25  33ohm 3 DH63

4 27k 26  33%ohm 4 ECC35

5 25k 27 10k 5 EF37

6 470k 28 1.2k 6 ECCI9l1

7 8k 29 0O.4ohm 7 85A1

9 2M 30 2M
10 470k 31 8.2k G.1 0.0l/uF
11 50k 2 O.l/uF
12 470k VR.1 1M 3 1.0/uF
13 1k 2 50k 4 O.l/uF
14 100k 3 1M 5 4.0

15 18ohm 4 25k helipot 6 470/pF
16 18ohm 5 200k 7 470 pF
17 330k 7 50k 8 150/uF
18 33k 9 l/nF
19 10k M.l 50 ua 10 l/uF
20 47k 2 BOdua
21 470k 3  1liha B.1 50v
22 47k 4 S5a




current flows along & resistor chain formed by By, VRy and
VRl, genérating-a voltage which is - -backed off Ey g réferance
battery of 50 volis, This is achieved by epplying the -two
voltages to the grids of & double triede V, whose cathodes
are coupled as a long tailed pair, dr&Wing'GOnétan%-eﬁrrént
Trom the anode of the pentode Vy. Any difference hetween
these two signals 1s amplified and fed back with the correct
gign to the multivibrator through the-cathode follower Vg,
whodse diodes are connected to the grids of Vl and Va
respectively. | -

The potential sxisting bebtween the filament end the
ionization chamber is varied by oohnecﬁing a cathode follower
Vg to the negative end of the VRy. ' The resuliant voltage
is controlled .by:-the setting of the helipot VR, + Any wipple
otherwise eppesring on this potential is suppressed by the
addition of a-cdndanser'oi, ?

By means of a sultable selector switch, the meter My cen
display either the trep ecurrent, the current flowing:to the
repeller plate when this is made largely positive; or the
voltage across R1;+,V§g;+‘VRi, thus indicating whe%hér or
not the cireult is sbabilizing correctly.

In this form tﬁé unit gave reliable service, allowing
variation of the emission current from 0.1 to 1.0 ma., the
electiron accelerating potential from b to 95 vy, and the

trap/
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Fig. 1ll.

R2 R3 F3
PIN 4
=-=OPIN 5
V2 R4
v3 PLUG |
F4 !
PG=OPIN 6
OPIN 7
—_ =ER7 a
vi\[
OPIN 8
EMISSIQN STABILISER POWER PACK
R.1 470k C.d 3) /uF
2 25k// 25k // 8k 2 24/11.‘5‘
%3 ©80ohm 5 30 /u.F
4 1M L 3) /uF
5 470k 5 6
6 20k // 4k
7 1M P.l 3a
8 25k 2 la
3 250Oma
V.l FW4-500 4 500ma
2 VR105 5 l.5a
3 VR150 & 250ma
4 5Z4G
5 VR150 T.1 500-0-500, 250Oma
6 VR150 6.3v,5a
7 VR15C 4.0v, 4a
) P | 5H T.2 400-0-400v, 1lOOma
2 S50H 5v, 3a
3 10H
4 S5H
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VALVE VOLTMETER AND POWER PACK

10x(1C0+C.1)ohm VR.1
25o0hm 2
22k >
1Ck

110ohm V.l
S5ohm 2
150hm

180hm M.1
3x2400hm in//

237+%3+40.20hm L.1
12.73+0.01lohm

2.7k B.1l
20k variable

20k/ 100k F.1
2x3000hm

3x5000hm

3.

100k helipot
10Cohm
100o0hm

54
VR1O05

BO-O-BO/ua
10H
Weston cell
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troep box,voitaga of 0 to 80 v, The ourrent supplied to
the filament could be varied between 3% and 5% a. and Load
mebeching wes achieved by the sultable choice of the resistor
Rgg. AuC, ripple in the output was of the order of 0, lp-
Voltage supplies are provided by a st&biliZed'power pack

of conventional design as shown in Fig, 1ll.

JALYE VOLIMETIR,

The accurate measurement of the eﬁgrgy-of the elecirons
entering the ion chember requires a voltmeter of high inpﬁt
impedence, gnd a suitable valve voltmeter wes designed and
built to serve this purpose, Fig.l2. IV employs an
telectrometor connected! 954 acorn.pentode (52) with an

assoclated balancing nebtwork of the Barth type (53) to make
the system insensitive to changos of filement temperature,
The directly heated fiLament'is un@er»run and fed by a.current,
set to a predetermined value by the rheostat VRy in éonn‘
junction with a standard cell in & potentiometer network.
BSince this current feeds the potentlometer Ry, & drop of
exactly 80 v. across this resistor chein is ensured, The
instrument is of the null type, the output of the valve
being displayed by the micrommeber Mj. The voltmeter is set
by connecbing the control grid of the valve to the positive
end of the potenticmetar and adjusting fthe tapping point of
Ry /




R TN

VRp ‘until My reads zero. If the unknown voltege is applied
to ‘the grid With the éérrect‘palariﬁy,'the iﬁifial donﬂiﬁions
'may be restored by hacking off with a ccrresponﬁing drop in
potential along the potentlomcter. i |

| Tha 1nput impedance of the circuit is beﬁween Lold and
1044 ohm and the sensitivity at balance is 0,08 volt/div,
All the iééistive components of the poténtiométer were»wound
to an adcﬁrac§ of better than 0l Power supplles were
'derived initially from the mains through & stabilized power
pack ag shown in the diagram,,but ow;ng to the difficulty of
preventing - A0 signals from belng transmitbed to the
amiésioﬁ*stabiii#er'ddring'ﬁeaSureﬁenﬁé, this was-repiadéd

by & 50v, storage battery.

H,T. . SUPPLIES FOR THE ION GUN.

The stabilized H;T.’uﬂiﬁ‘used ﬁ§ feed the mass
spectrometer already existiﬁg in the Department provided a
potential variaeble from 1 « B kV, This supply was fed into
a suitable switch and resistor network from which the
various valtages for the ion gun were tapped off. .The
potential of the repeller plate could be varied from -8 to
| 18 v, W1ﬁh respect to the ion box, while the focus plato
one of which was strapped to the drawout plate, eould be
altered independently from 0 to =300 v.. Both halves of
the/
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the beam centring plates were kopi at earbh potentisl unless
maximum gensitivity was recuired, in which case one of thenm
could bhe altered from O to 300 v. A large potential -of
about .l XV could also be applied %o this plate when it wss
neceggary to obsgerve the emplifier zero., The H.T. supply
wag capable of continuﬁugﬁvariation over a small renge to
make provigion for~eﬂéﬁﬁroétatiq-scanning, should this be
reguirééa The super-~imposed A.C, ripple was of the order

of 10 mv,

MAGNZT_CURRENT.

The exlisting stabiliéed supply for the other masgs
spectrometer could be utilized by means of a suiltable
switching device, The current could be varied from 4~1355 ma
at which v&luehthe'magnet was approaching'éaturationeﬂ The

size of the ripple on,the oubput was about Oﬁév.
i

D.Cs ANPLIFIER,

This unit, together with the housing for the electrometer
velve, was bullt originally by Mr., R.C. Naylor, to a desgign
whlch has appeared elsewhere in the literature (54). It is
dolible sided, of the bhalanced type to ensure minimum
temperature drift, and employs 100% feedback with a voltage
gain of L. The electrometer valve has an amplification of

rather/




FIGURE 13%.




*3

*

o1 2??:’
é 228
-Icotucron 8 R3O
r‘ R33 .
= ae ":..L_ r g#rl
s |5 49 +3 ? 2
R36 VRS - v‘n’e
K40 R4| R42 l‘;
“If L
DC. AMPLIFIER,
1 2x10]l_(l)ohm R.21 100k R.41 24k
2 3x10"“ohm 22 100k 42 650k
3 3,3k 23 100k 43 780k
4 2,2k 24 100k
5 470ohm 25 100ohm VR.1 100k
6 330hm 26 100ohm 2 50k
7 60k 2% 10k 3 100k step
8 100k 28 100k 4 25k
9 100k 29 100k 5 1M
10 15k 30 100k 6 50k
11 15k 31 100k
12 1M 32 1M V.l BDM20
135 15k 33 100k 2 128C7
14 50k A4 100k 3 128C7
15 100k 35 3350k 4 1235
16 100k 56 330k
17 100k 37 100ohm C.1 50 pF
18 47k 38 o8k 2 O.m/uF
19 100ohm 39 20k 3 B /pF
20 50k 40 24k 4 0.01%F
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rather less than unity, while the loop gain provided by the
two double triodes is about 400.. The output of the second
of these valves is gingle ended and is fed into a cathode
follower, By this means tho current magnificetion is
inoreased to 107 enabling the output to-be féd into a low
impedance meter, For preliminary work a-Simpson meter
(seneltivity 5000 ohme/volt) proved uéeful on account of its
robusiness, but accurate measurements were made with a
Brown recorder (10 mv. 5 sec,) fed through a matched
attenuator., | A

However, .in its original form the noise Level was too
high to achieve the senslitivity needed for the accurate
measurement of the lower portlon of appearance potential
curves:; and & conslderable amount of bime was sgpent in
improving the éeﬁfd&mﬁﬁbe of this unib prior %o commercing
the investigétion.

- The orlginal electrometor valve type DEMBA was replaced
by BDMEQ neoessitatiqg_amall alﬁerafions to the supply'
volbages. Although the rate of drift was as small as Ll~2mv./
hour, the noisge level .was objectionable and séVeral steps
were taken to minimlise this. The high value grid resistor
In the compensating side of the clectrometer valyve was reo-
pleeced by & 1 megohm grid leak while the signal side was
provided with a small condensSer of 30 pf. in parallel with

the/



the 2 x 10tlohm resistor used throughout the work.,  This
condenser was constructed speclally to possess the necessary
inter-plate insulation, and its value represented a compromise
between adequate damping of tﬁe nolse, and an undue increase
in the time constant for the input slgnal, In addition, a
small amount of A.C. ripple wes removed from the H,T. supply
by the inclusion of a sultably connected triode. In this
way the nolse level was reducged from 5 = 10 mve to less Than
£ mvs During the measurement of smaell signels, further
aocuracy was obtained by replaciﬁg the Brown recorder by

a Tinsley spot galvanometer of high sensitivity, which hed
been suiltable damped. The final form of the'cirouit‘i§
ghown in Fig:l3. .

A further sowree of trouble arose from slight modulation
of the -100 v. sapply'which was used to feed a voltage oua: to
the suppressor plete in the collector assembl&. This in
turn induced a signel on the collector plate by a cepacitive
effeot and caused a digturbance of 5 « 10 mv on occesions.
Thereafter the electrode was fed from a baﬁ%ery.

After these modifications, the emplifier gave
satisfactory service within-tﬁese Limits and had a lianearity
of response of 0.1% over & range of input signals of 0 - 18
volts, apart from effects arising from the voltage coefficient

of the input grid resigtor.
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PART 3

SOME MATTERS AFFECTING THR PERFORMANGE OF THE
MASS SPECTROMETIR.,
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RESOLUTION

When the mechanical construction of the tube had been
completed, the next step was to achieve the best possible
resolution of which the instrument was capable.

The position of bestAfooua was achieved by making small
alterations in the orientation of the tube with respect to
the main magnet, and obsérving the effect on the peak shape.
The relevant adjustments may be considered in terms of the
theee co~ordinates.x, y and z where z is the field direction
and y the axis passing through source and collector.

Motion along the z., axis and ahout the y. axls is achleved
by m;ﬁipulation of the screwed rods which locate the
horizontal position of the magnet with respect to the frame.
On the other haend, movement along the y axls, and about the
x and z axes is obtainediby means of the adjustable clamps
by which the tube is located in the supporting framqwork,
The relative importance of these movements is discussed by
Barnard {(48) the most critical being the motion along the

x axls. | |

When the resolution had been improved somewha§, xylens
was introduced as a test substance, since the twin pesks atb
maess 105 and 106 to which it gives rise, endble an
estimation of the resolution to be made by simple inspection
of the spectrum. It soon became apparent that adjustment

oft/
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of the megnetic field was insufficlent to produce the
expected impro#emenﬁ, and that some other disturbing factor
was present which prevented atbainment of the theoretical
performance. Consequently a comprehensive series of checks
was carried out te identify and corrvect the disturbance.

The electrical supplies Tor the lon gun and the
analyser fleld were monltored for the presence of A.C.
modulation, but the amount found was insufficient to cause
trouble. The geometry of the ion gun and the collector
assembly were ch@xed;‘bdth intrinsically, and in relation
to the tube; but ail-pgrallglisms were correct to wifhin 3,
Special attention was paid to cleanliness during source
assembly, and a number of different %ethods were tried using
a variety of A.R. Solfeﬁts,‘aguepus detergents and distilled
water. By means of batteries and potential dividers,'it
was possible to investigate the effect of source potentisls
on resolution. The @ffeet'of alterations in the strength
and position of the auxiliary collimating magnet was examined,
but although these changes appeared to affect the resolution
_ somewha%, the improvement was small and no useful conclusions
could be drawn from ﬁham. |

On further consideration, some of the results obtained
in all these expeéiments did suggest that the resolution
deteriorated over a perlod of time, but that it could be
partially/
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Fig. 14.

MERCURY XYLENE.

H 106

Ta0O . Tu= 60 rain. T = 120 N,
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Resolution of the instrument.
(a) Spectrum of the mercury isotopes (doubly charged iona)
(b) Efféct of xylene upon the resolution.
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partially reétored by readjustment of the focus volbtoges

or the position of the collimating magnet,. From this it

was inferred that éharges were building up on dirt layers

in the source. 1In view of the care token to cleanse all
parts of the stack during assembly, these eoulé come only
from the diffusion pump oil or the xylene which was injeeteé
as the test substanse, The latter material was proved to

be the cullprit by scanning the speetrum with a clean source
immediately after the introduction of the substaﬁce. By
this means excellent regolution was obtained while repeated
seanning et incressing inbervals of time showed a striking .
deterioration in the spectra as shown in Fig, 14(b). Since
it had been the practice duvlng all-previoﬁs work to allow
the system ample.time to achieve equilibrium before commencing
readings, this ihitial behavieur had passed unnotiged,
Whether the effect was due %6 p-xylene polymerising; (55)

or to some other impurity was not pursued; it éuffioed

thaﬁ a gimilar experiment with toluene showed no deﬁeriordtion
of resolution with time.

The .experience which had been gained from the above work
regarding the effect of the various source potentials was
suffidient to assess the flexibility requtrad to achieve
6ptimum performance. At this stage a potentisl divider
wag built capable of supplying all the necessarvy voltages
when/



B

“BLm

when fed from the H,T, unit mentioned in Part II, With
the aid of this unit a definitive procedure forlfoouSSiﬁg
the instfument was worked out. Maximum resoluﬁion was
found te coincide with maximum sensitivity for a particular
value of the repeller voltaga, but' that undue increase of
this parameter had an adverse effect on the ultimate
resolution, In practice, the é@peller wes Opéréﬁed at a
potéﬁti&l of about +2 volts, With the focus plates
shorted ‘together, the %oltage diffetanOe between the drav-
out plate and the ion box was increased until maximum bemm
siZe wes obtained under which sondition the focus plates
were freed, and a bias- vcltage applied until maximum
sensitivity was again achieved At this stagerthe instrument
was ready‘for operatign, but when maximum sensitivity was
réquired, the beam gentring platé Was-givén e smell bias

to achieve.this,

' The resolution provided by the spéetrometer under these
conditions i8 illustrateéed by Fig léa whiéh shows the spectrum
of %he~déubly charged ions of the mércury isqtapesa. This
behaviour approaches the theoretical limit of the instrument
and was more than adequate for the later'meaSurements on
benzyl ions.

DIFFERENTIAL PUMPING

The/
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DITFFRENTIAL PUMPING

The need for differential pumping to prevent contamination
of the spectrum by fragment ions produced by pyrolysis on
the filament was pointed out by Stevenson (48) who showed
that A(q5h6 } in the spectrum of di-methyl butane =
 I{propylene). '

Tiﬁe_did not permit an exhaustive examinsetion of the
effectivensss of the steps taken to achleve differential
pumping ﬁevertheleas results were oﬁtained which sﬁggestad
thet the design of the source was sucoessful in this respect,
Precise comparisons between the performances of diffefgnﬁ
Ingtruments are impéasible owing to the dependence of
eracking pattern;én temperature, mess -discriminetion aend
other féctgys} However, the cracking pattern of the mejor
peaks of toluene differed from the publisghed Ffigures by an
emount greater than is likely to be accounted for by such
effects, and in a direction correSpdnding to a decreased
production of the fragment ion. These findings are
summarised in the following tebles-

92 /91 | '

0.90 Mean of 16 determinabtlons at different times under a
variety of source conditions in the range 40-~95 eV.
with full differential punping.

0.86 Mean of nine consecutive determinations at steps of

5 eV./




5 eV, in the range 40~-80 &V, with full differential
punping, |
0,83 *Mean 6f nineg similar determinatioﬁs after ﬁhe bellows
and lérge glass gpacling ring had been reméved. |
0,78 Meéan of 6 publiéhed values in the range 50,,55 eV.(56)
| It is interesting to note that the one experiment in -
which tle péaks of xylene were resolved satisfactorily,
yielded & value of 0;57.for~the raﬁio 1086 /ldﬁgfwhereas the
weighted mean of the publisﬁed fﬁgures-(ailowing for the
isoméri} composition) is 0,44, This again indiéétes a

deore&sed_abundance Qf.ﬁhe fragment ion.

THE_BEHAVIOUR OF THE MLEOTRON GUN

- If a true measuremeﬁt Qf tﬁa ioﬁizabion cross section
is Yo be'made; the elegtfon density of the source must be
kept constant. Barnard (48) has discussed the relative
merits of s&sheﬁs employing stebilization of the trap,
emissioh or filament ourrent to achieve this end . The bo=
haviour of the electron gun wes in some degree-anomalous
due to the unusually long distaneé between the filament and
the ionizatlion chamber, and oceasionally to layers of dirt
which were deposi@ed on the edges of the slits. It was -
found over a range of electron voltages that the beam sixme
was not always linearly dependent on ﬁhe trap current, A

better/
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better relation existed with the current flowing to the
repeller plate, when this was made largelynpositive, although
this is an inoonvenient.parameter to wee in routine work,
since the ionigation process ig disturbed. In addition,
the stabilisation of the emission ourrent caused conslderable
variation in the trap current when the accelerating voltage
was altered,'owing to its effedt on the angular disﬁribution
of electrons leaving'the'filament, complicated by the effeot'
of the collimating field. Several small modifications were
made to the electron gun in an atbtempt to simplify this be-
haviour,‘including variation of slit sizes and shepes, and
the insertion of copper gauze in the first slit, However,
these expe:%mentS‘wers not pursued very far since it was
found that éuitable édjustment‘of the collimabting magnet
yielded trap currents which remained essentially constant:
over the range of voltages for which the ioniz&tion,effioiency
curves were measured., Thig is illustrated by the Following
set of figures taken from experiment 37.
eV, 18 17 16 15 14 13 12 11 10 9 8 7
1y 213 28} 24} 213 814 85 25 82} 22, 82 22 22 x B pe
It was therefore unnecessary to correct the peak helghts
which resulted from alterations in the electron accelerating
voltege with a stabilized value of 1,.,.. The validiﬁy of
this reasoning was endorsed by comparing the value of an

appearance/
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appéaranCe potential measured in this way with the wvalue
obtained from an experiment in which the totel emission was
altered manually to maintain a constent trap ocurrent,

No significant difference could be detected, The effect

of trap volts on the measured eppearance potential was
1nves£ig&ted'during the preliminary experiments with krypton,
which are deseribed in Part 4, In experiments 33 and B4
Vi® 80v while in experiment 35 Vg= 0 No difference hetween

the results could be detected;

SEERATIONAL BAULIE

During the experiments whiech have just been described, the
trap current was observed to suffer from periods of instability,
which also appeared te affedt‘the filament current to a
proportionately smeller extent. 'By substituting a battery
for the filament supply, the fault was locallzed in the
filament 1tself. A number of new filaments were tried, some
of which reproduged the fault while others behaved normelly.
fxamination under a microscope showed the existence of
transverse flaws in just those filaments which had proved
unsatisfactory, and also in the ribbon from which they had been
cut initially. By selecting new filaments from portions
of the ribbon which were free from these lmperfections no
further trouble was encountered,

Another/




Another fault associated with the Tilament sgsembly
wag the breakdown of the insulation of the oéramic supports
for the filament leads due to the deposition of a surface Tilm.
The symptom was a steady disappearance of trap current, and
the cause was not at first obvious since break-down oceurred
only when the insulator was hot, In all but the most severe
cases the insulabor had to be tested within seconds of rew-
moving the filament currvent, otherwise 1t appeared to hehave
normally. - The only cure wasg the regular replacement of the
ceramics.

Previous'menyion hes been made of the replacement of the
original oill airfusion pumps with coﬁparable meroeury typés.
This was done as a result of the persistent deterioration |
in the reéolution of the instrument with use. The experlence
galned with xylene pointed to dirt layers of an organic
nature, while comparison with the behaviour of the other
instrument in the department suggested diffusion pump oll as
the culprit. The non-recurrence of the trouble after the

change amply Jjustified the extra outlay.



PART 4

MBASUREMENT OF THE APPEARANCE POTENTIALS
OF SOME SIMPLE IONS.
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IXPIRIMENTAL PROCEDURE

The energy of the electrons entering the ionizat;on
chember may not correspond exactly to the voltage which is
applied between the filament and the ion chamber cwing‘to the
existence of contact potentials in the source region, thg
potential drop along a ﬁireehly'heated fileament, and to the
effects of Maxwell~Boltzmann energy spread, This means that
the energy scale of an lonization efficienoy'ourve must he
calibrated by some independent method, if a reliable sstimation
off the appearance potential is to be made, This ié achie#ed
by the simultaneous admission of some standard substance whose
ionizetion process is studied at the same time.(5). Under
these oonditioné, ény uncertainties in the energy scales apply
to both curves, and although'the volteges obtained by
extrapolating the ocurves individvally havé no significence,
their differenceis real, Thus if the energy associated with
the ionlization process undergone by the standerd, is known
from other data it is possible to derive an absolubte velue for
the eppearance potential of the ion under investigation. In
most cages the standard substance consists of one of the rare
gases, « usually argon -« whose first lonization potential is
known acocurately from spectrosopioc measurements,

In order to check that residual pesks from the gas slready

present in the mass spectrometer do not contribute to the

measured/
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measured currant; the background apechrum must be examined at the
mass npumbers of the ilons under exemination, If these are of
reasonable size, bheir appearance potentials must be measured

to ensure that they provide a negligible contribution to the

ion current at the voltages employed in the determination.

In the ideal case, the ionization potential of the
sbandard should coinoide with that of the unknown in order
that any persistenﬁ errors connecved with éh&nging source
conditions should af'fect both curves and thus cencel oub.

The effeect of change in filament température on the energy
spread of the incident electrons has beengnotad olready and

has received attention elsewhere (57). Argon hes rather 8 -
high i@n;zation potential in this‘regpacti but‘iﬁ ﬁaa seleeted
for the following reasons., It WES f%adily eveilable in &
pure form, and was singularly free from inteifefence with other
ions of the same mass; it is also the most widaly used .
gbtandard, consequently,-comparisons with other published data
éould achleve greater gignificance, However, in a few of the
later experiments, benzene was used as a secondary standerd.

The method of making a measurement was as follows.‘ The
gas handling sysbem ¥ig 23 wes evecuated and a sample of the
substanée admitted to the rveservoir, The menner in which this
was carried out depended on the nature of the sﬂbstance, as
dlsoussed previously. A quentity of argon was then added by

means/
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meens of the goswburette sufficient to yleld an ionization
efficlency curve whose linear portion was roughly parallel
with thet of the testssubstances In order to homogenise the
two sﬁbstances, use wag made of the smell mixing volume H in
caseé‘ﬁhére the other substance was a gas. When argon had
to be added to a liquid, previously injected through the sinter,
the mixtursc was allowed to stand for at least half an hour to
achleve equilibrium, use being made of this period to condition
the.souree; by bleeding in the ssnple. :The large expaunsion
ratio helped to speed up the mixing process, and checks were
made With the mass spectrometer to ascertain that this had
been completed. Towards the end of the wobk it proved possibia
to instell a second Metwslil leak thus enabling the two sub-
stances to be isolated in separate containers; Not only were
equilibrium conditions achieved much more rapidly but the
relative concentrations could be adjusted with ease.

After the zero of the amplifier had been set and the
valve voltmeter Standardised, the appropriate lon was focussed
by means of the magnet sweep control. The voltages in the
gource were then adjusted to provide maximum sensitivity and
resolution as described in Part 3. The ibn current was then
noted for each of a series of values of the electron
acceleratiﬁg voltage, This was achleved by setting: the

potentiometer/
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potentiometer of the valve voltmeter to the required value,
and “dltering the accelerating potentisl by meens of VRQ, Fig.10,
until & null reading is displayed by the valve voltmeter,
Under these conditions the vqltége applied t& the electron
gun is equal to the setting of the potentiometer. The
égparation between readings variled in different parts of the
ourve, and observations were made at intervels of 0.1 or 0.2
volts in the lower section, whereas steps of 0.5 or 10, vqlﬁs
usually sufficed fof the linear part Qf the curve. The beam
was kept ih focus by meking smell alterabtions in the magnét‘
sweep control When necessary. _ When the size of the ion
current approached the limit of detection, the beam was supw
pressed and the amplifier zero rechecked, after which the
electron accelerating voltage was readjusted go reproduce the
initial reading;.iﬁ‘order to ensure that conditions had rew
mained constant throughout the course of the measurqment.
Without any alteration in the voltages in the ion gun, the
beam of singly charged argon ions wes brought inte focus by
megnetic seanning and the whole procedure repeated. Through-
out. all these rqadingé the source was operated under the
condition of constent emission, note being taken of the trap
current to ensure that it remained reasonably constant over
the range of accelergting voltages used. Occasional checks
were mede to see that the repeller current behaved in a
similar manner as described in Part 2.

| The/




The gets of readings thus obtained were treated in the
following way. After subtraction of the amplifier zsro,
the upper parts of the surves were plotbed in order to
determine the ratio of the linsar slopes. This cuantity was
used as a multiplying factor to normalise one curve with
respect to the other as explained in Part 1, The coﬁrected
ion currents were then plotted as ordinate agalnst the
corresponding electron voltage, on enlarged SOaies,and the
appearange potential deduced by the Warren method, The
sensltivity of thé instrument was such as hQ allow meagurement
of ilon ocurrents less than 0,1% of the sigual. corresponding
to B0 eV., andAin practice the Warren extrapolation was only
carried out for currents below about 1% of this value, Ui
less otherwlse stated, values fov appearance potentials quoted
in this thesis have been obtained in this way, ag is illustrated
in. the following example (HExpt 37)
Procegs Kr sevewd Kf+lf @

eV. Raet Reads, Range. Volts. Corrected -~ Normalized
* for amp.zero value

175 30,3 10v. 3.03 3.03 (Ratio of

17.0 91,0 3. 8,78 B8 ~ 8lopes 0,797)

16.5 78,8 2,35 2.35 AfKy

16,0 60,5 » La9%7 1,97 ,

15,8 51.7 .65 1.65 ( Amp%¥ zero

15.0¢ 41.5 : L1.285 1.256 801:'11\1’.)

14.5 30.5 0,915 0,915

14.2 74,0 1w, 0.74 c D74 Normalized

14,0 6L.5 Q615 0+B15 Value

13.8/
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ev., Rect Read®, Range. Volts, Corrected Normalised
. for anmp.zero value,
13.6 50,0 0385 0.8956
13.4 30,0 , 0.30Q 0,298 238
13,8 85,0 300my, 0.858 0.8bB8B 202
15.2 89,2 - Q.07 02056 .64
15:1 55,0 0,168 0,163 130
13.0 44,5 . 0,134 0.158 106
2.9 54,5 e 0.1.04 0.102 8L
1z2.8 8040 100mv. 0,080 0.078 62
18.7 5940 0,069 0,057 45,5
18,6 - 45,0 0.045 0.045 - 54.5
12,5 35,0 0,038 0.033 26
12.4 79 30mv, 0.0857 “0,0317 17
12,5 6l 0.0183 0.0163" 13
12.2 45 00,0135 0.0L15 9
18.0 80 10mv. 0.008 Q0086 5
11,8 49 0,005 0.003 2

Multiplication of the figures in the last column by 0,5x1071%.
gives the lon current in amps sinee the input grid resistor is
2x10%L ohms

Process A ----3 A* + o Ig(A) = 15.77eV

Ton Current.

(58)

eV Regorder Range Volts Corrected for
' ' Reading amnp,. Zero.

%8;0 28 % SV %‘Zgb i.z¢

7.5 80 A ¢ 5% ' R A 55 X
17.0 59.2 1176 TR
165 89.7 iv. 0.89Y 0.897 *
16,0 - 62 .8 0.6283 0.682
15.5 8545 0,385 0,355
15,4 BLe5 , 04315 0,318
16,3 89.5 JOOMY « 0.2685 0.26565
15.8 75.5 0.2865 0,2235
15:0 55.0 0.165 0.162

14,9 45,5 0.1565 0.,1355
14,8 3% 8 0.1185 0.1095
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Experiment 37.
(a) Warren extrapolation of the ionization efficiency curves.

(b) Ionization efficiency curves of argon and krypton.
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Semi-log plot of the results of experiment 37, showing

Morrison's empirical method for obtaining dV.
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Ion Current.

eV, Recorder, Range Volts Corrected for

Reading emp. %Zero.
14..7 89 1O0mv, 0.089 0 0,086
14:.6 68 . 04068 : 0.065
14.5 B4 : . 0,054 . 0.051
l4.4 44 . 0,044 ; 0.041
14,3 54 . 0,034 ; 0.031
14.28 83 SOmv,. . 0.085 ; 0,022
14.1 66 . 0+0R0- ; 0.01%7
14.0 53 : . 0,016 . 0,013
15.8 35 . 0.,01086 : 0.007
15.8 6% L0mv. . 0.006%7 ; 0.004
13,4 60 . 0,008 . 0.003

Multiplication of the last column by 045xL0"11 gives the ion
curvent in amps.

The.graphical.representation of these results can be seen in
Tlgs., 15( ) & (18), the latter consisting of the lower part
of the curve on an enlarged scale, From them, Values of dV
were measured for' a range of ion currents, enabling the
ionization potential to be obtained by a Warren extrapolation
¥ig.l5(a). The extrapélated voltagé.differenee at i=0 is
1.74 volts corresponding to an ionlzation potentmal of 14: 03
volts for the process Kr —-w) Kr + o. '

" On a number of occesions, Morrison's method of ..
exﬁrapoiation'wés applied, the semi iog plot of ion .current
agdinst electron volts yielding a series of gtraight lines
corresponding to the exponential tails of the curves. Fig.l?
shows the resulﬁs of experiment (5?)tplotted in this WaY,
Although/ |
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Although the measurement of 4V was made eagier, this method
of disblaying the results tended to disguise peouiiaritias
in. the curves as the limit of sénsitivity was. approached, and

ror this reason, Warren's method was.the one usually adopted,.

THE TONIZATION POTENTIAL OF KRYPTON

In: order to test ﬁhe‘reproducibility and accureacy of the
experimental procedure which has been des6ribed in the prevlious
section, measuréments of the iénization potential of krypton
were made,since the energy of this traﬁsition i8 knowvn from
gpectroscopie déta. The results of these experiments eare

tabulated below,

Experiment Ionization Potential
Lin, Extrap. . Warren HExbtrap.
28 v 14,06 . 13.96v
23 ' I R g 14,07
24 14,02 13.96
25 14:.95 13.99
26 ITh97 13,72
27 14,082 14:.0L
33 14,00
34 . 15,98
36 - 14,08 14,01
57 14,087 - ° 14,05

The mean of the linear extrapolations is 14,04 v. while that
of the Warren extrapolations is 14,00% 0,03v (exoluding that
of 6xpt.86) which differs from the rest by more than flve
gtandard deviations. The spectroscopic value is 14.02v. (58).

it/
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Tt must be emphesized that the accuracy quoted for this value
for the lonization potential is the standard deviation of the
set of results, and therelfore does not include the effect of
any persistent errors. '@ Many of the acouracies guoted in the
literature are misleading in this respect, and purport Lo
assign en abgolute error to the experimeat when in fact they
represent simply the counsistency of the procedure for o small
number of runs rebeaﬁed under identical conditions, Since
both curves are of the rare gas btype, it is not sﬁfprising
that the two methods of extrapolation give similar values for

the ionization potential.

THR TONIZATTON POTFNTIAL OF ACETYLINE

Several measurements of this quantity were made at
different times, meinly in the very early stages of the work.

The results are tabulated below with an agsessment of their

reliability.
Bxperiment Warren Extrapolation . Reliability
98 11l.42 Tair
98 1157 Poor
1.00 1L .47 Tair
i 11 .45 : Good
78 11.64 Poor

Spectroscopic velue 11,41 eV. (59}
Independent E.I. Value 11,45 eV. (5)
Only experiment %7 can be considered %o be really rellable,

but/
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but the geuneral measure of agreement ig quite good.

THE TONIZATION POTENTIAL OF WATER

A single determimétion was made on this substance with
the following resulti-
Experinent Ionization Potential Spectroscopic
180 - 1@.7eV, | 12,68eV,
Spectroscopic value 18,61 oV. (60)
Independent BE.I. (Morrison) 12.76 eV. (1L)
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PART B,

THE APPRARANCE POTENTIALS OF SOME AROMATIC IONS.
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CHOICT OF. GOMPOUNDS

Over a period of years, a teom of regearch workers ét
St. Andrews has been investigeting the behaviour of a series
of aromatic molecules under conditions leading to their
thermal decomposition; Reactions whose kinetics have been
studied 1nvolve toluene,; dlbenzyl, diphenyle-methane, phenyl
iodide and benzyl iodide, and an accurate evaluation of the
strengths of several bonds has been obtalned from the
activation energies involved in these processes, It was
felt desirable to éstimate these boﬁd energies by an
independent method, and asg the fragmentation of this class
of compound had not been studied by electron impact, 1t was
decided to use this technique for the purpose. |

At a later stage 1ln the work,; several papers appeared,
notably those by Lossing (81)(22)(6l), Field & Franklin (62)
and Kandel (30), which discussed some of the lonization
processes undergone by these substances,; but Lt was evident
that the various sets of figures contained serlous anowalies.
Yor instence, the data by which Schissler & Stevenson ssek
to verify Szwarc's value of 77.5 Keal for D(Ph.CHZJH) in
toluene imply that the lonization potential of the henzyl
radiecal 1s 8.45 eV, whereas Lossing (2lL) claims to have obw
tained the much lower Tigure of 7.73 &V. by direct measurement.

In/
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In the event, ionization processes were studied which
involved the following parent moleculest Dbengzene; toluene,
ethyl benzene, dibenzyl, diphenylmmethane,lphenyl lodide,
benzyl chloride and benzyl iodide, In addition, a direct
measurement of the ionlzation potential of the benzyl radical
was successfully carried out, and will he described in Part 6.
The following pages include detalls of the methods by which
these bompounds were purified, together with én agcount of
the experimental results obtained for each compound, The
rellabllity of each set of figures is'discussed, and compared
with any published values which have lately appeared. The
remainder of this part of the thesis consists of a discussion
of the significance of these estimates of the appearance
potentiais for the various processes. The related nature of
the compounds allows cross checks to be made, and bond energies
ere determined by both the direct and indirect methods, In
this way reliaeble values obtaihed'by one bechnigue may be used
to verify less reliable estimates made by the other. These
findings are used to assess the general applicability of the

electron impact method to aromatic molecules,

FICATION OF MATHRIALS

BENZENE: A smell quantity of analar benzene was redistilled
from sodium.

TOLUENE: /
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TOLUENE: Two.dlfferent samples were used, the first of
whieh consisted of toluene which had been disfilled, and twlce
pyrolysed - a treatment suggested.by Szwarc as & means of
preparing samples suitable for kinetic studies. . In vioew of
the unsatisfactory nature of the resulis, a small guantity
of toluene was obtalned from the bank of pure hydrocarbons
controlled by the D,S.I.R.

ETHYL-BENZENF: Commerclal ethyl benzene wes fractionated

in a Fenské column, 18 in. long, and closely packed with small
glass rings. The portion passing over at 135 t_0625°d.'was
colleoted and subjected to further purification, as follows.
The sample was placed in a small test tube, supported by a
larger tube immersed in liquid air. By this meens, freezing
tock place slowly from the bottom upwards, and after ebout 2
of the contenfs had solidified, the supernatant liquor was
‘decanted away. After the frozen material hed melted, the
firocess was repeated three times (63).

DIBENZYL: A sample of the compound (prepared initially
by the reduction of benzil) was freed from traces of stilbene
by recrystallizing thrice from alcohol. The melting point of
the product was 51.9°C,

g;gﬁENgL;METagmﬁ}'A'fairly pure semple was distilled under

vacuum, and the produet which passed over at 185.5°C, under a
pressure of 1l2mm, was collected and subjected to fractional

freezing/
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freezing, repeated twice. The melting point of the product
 was 264%C | |

PHENYL-TODIDE: Material previodsly purified for kinetic

experiments was redistilled, anﬂ.the'ffaction collected between
1880-900 was retained, and stored over mercury. -

BENZYPéIOD;DE: 100gm of sodium iodide were dissolved in
the minimum quaﬁtity of ethyl alcohol, to wﬁich were added
6% gn of benzyl chloride, After refluxing for 1 hour, the
mixﬁure wag poured into 1500 cg of wafer, ﬁheh the product
separated as an oil, This was collected and solidifiéd by
immersion in an'ice/salt~bath, and the solid product filtered
off b§ an ice-cold filter., TFinal purification was effected
by recrysfalliﬁing twice from alcohol, glving a product which
melted at 24°¢C, | |

BENZYL&QHLQRIDE:_A commercial sample was fractionated in
the Fenske oolumn, uged for the'purificatiOn of ethyl-benzene,
and the fracti&n which passed over at 179 t+ 0.5°C was retained,
and subjected to three successive aﬁpiicatioﬁs of fractional
freezing. .

The ARGON uéed as a standard in these experiments was
obtained ffdm the same source as that employed in the
experiments described in Part 4., and consisted of B.0.C.
cylinder gas, purified from organic contaminants by passsage
through a liquid air trap.

(The/
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{The author's thanks are due to Dr. R.B, Cundell and

My, ReN. Pittilo; for the gift of aa@pléﬂ of pyrolyaaﬁ

preparation of the bengyl iodide.)

Bhié,_

T o
Ogilg ==~> Cgllg + @
Thraec neasurements of the ilonlzation potentiel of beuzene

weroe made with the Pollowing regults:

Lxpb., , E(CgHg)
165 9,50
166 9,53

Mean 9,52 + 0,08 eV,
Since benzens was used as & secondary standerd in the
messurenent of the lonization potentiel of the benuyl radiecal,
degeridbed in Part 6, it is important to consider this wesult
in the light of other values which have been ascribed to 1%,

and whlch include:

9.84 eV, Spoctroscopic, Price & Wood _ {04d)
0,8 Electron Impaet  Hiel {65)
Q.43 Honig { 5)
.58 . Field & Franklia L (62
Q.54 Morrisoh {6)
0. 58 Higagi et al {66)
2.58 Theoretical; Franklin {(43)

The/
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The difference.hetween the value obtained spectroscoplcally,
and the majority.of the electron impact methods, is good
evidence for the cokrectiness of the claim that significant
differences between vertical and.adiabatic lonization
potentials have been detected, These results have been
correlated by Fox & Hickhan'(ef) in a paper describing the
application of their pulsed lon source to a study of the
ionization processes in benzene, The greater refinement of
thelr experimental technigue brings to light the existence
of fine strusture nedr the.foot of the curve, corresponding to
energy levels near the ground state. If the ionization
potential is deduced fébm their plot by linear extrapolation,
@ value of 9.59 eV, 1s obtained, whereas. extrapolation of the
curve 1tsel? through the fine structure gives a velue of
9.8l eV, in good agreement With.the~3pectroscopic value of
Pfioe & Wood. The- variation among the results of the
electron impact experiments can be explained in terms of these
energy levels, and the differing sensitivities of the
instruments employed by the authors concerned. In view of the
agreement between the resulis obtained by the suthor and those
of Morrison, Field and Franklin, and Higasil, this value will
be teken ag an accurate calibration of the apparatus when
benzene is used ag & seccndary‘standard.

I{0gHg) = 9.5 eV,

CeHg *==3 cezfg + H +e/ -

6
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Seven determinations of the appearance potential of
the phenyl ion by this process were made on two different -
occasions, These are indicated by grouping the results
within the column, and this procedure will be followed in

subsequent cases,

Expt., A(Pu')
122 14,11 eV,
123 14,07
124 o 14.15
125 14,11
164 | L]
165 14,15
166 14,153

jean 14,11 t 0.02

The last three of thesé méasuraments were made conjointly
with the determination of the Lonization potenﬁial of benzene,
described above, and this is added cbnfirmation of their
correctness, Two other estimateg of this appearance potential
have appeared in the literature, namely:

14,54 + 0,02 oV, Kandel (80)

14,30 + 0.18 ‘E‘ield & Ffam{lin.(éz)
Kandel/ r
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Kandcl clalms that no excess energy was detected in assoclation
with the phenyl ion, but by the eonservation of momentum,

the limit of detectmon for the process is 8% eV, The value
obtained by the author lies within the precisidnn of the

second of the two values quoted above, and will be taken as
ooﬁrect | |

AP )y = 1441y 6V,

TOLUENE,
o =}
PhCH; ~=+3 PhCHy + e
Expt. I(PhCHg)
49 9.21 eV.

This result shows excellent sgreement with other published
B.I. values.

9,25 eV. (®lectron Impact) Honig (5)

9.83 Sooon Morrison (6)
9,20 migasi  (66)
8,77 Spectroscopic Price & Walsh (68)

The value of the experiment is as a check on the performance
of the instfument at low values of electron energy..
I(PhCHs) - 9.2 o. -
PhCHg=Il mw= PhGHn + H + e
The energetics of thilis process were of considerable interest,
since it was hoped to deduce a value for D(PhCH,-H) from the
data./
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data. For gome unexplained reason, the reproducibility of
the extrapoiatéd values of the energy te:ﬁm obtained from
dlfferent sets of experiments were not. as good as with most
of the other pwocésses studied. in all, fifteen determinations

were made:

Taxpt, A{PhoHY) Sensitivity
14 18,49 eV ‘0.7(arbitrary units)
15 12.57 0.7
16 12,25 0,75
56"—«-*-6”—5_-‘»&—-5-5—:52." | 0.7
58 12,48 0.5%

%9 o a3 0445
40 18,62 0455
4 18,60 | 0.71

49 18,45 0.86
N e e W S IR VP VR (e i S VO e e e e e
5% 12,51 2.18
54 12.40 2,54
55 12,50 2.8
81 18,453 | 0,34
62 12,34 0,58

Means 12,34+ 0,12
Experiment/
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The contribution of a fragment at mass 40 from toluene,

to the argon peak.



Bxperiment 49 includes the reliable esbimate of the
ionization potentlal of toluene, and was cerried out with
a sensitivity sufrfielent to allow extrapolation from ion
currents down to 0.1% of the value at 20.eV. -‘The,ﬁean of
the 15 determinations coincides with the value obtained in
this experiment, No corfelétibn exists belween the de-
rived value of the appearance potential and the ion besm Bilze,

A(PRCHZ ) py oy ¥ 1844 £ 0,15 oV,

The only other published figure is ene of 11.8 + 0,1 eV.
in a peper by Sechissler & Sﬁévenscn (69), the discrepancy
outgide the 1imits of brééiéi@mu_being 0.35 eV,

Three errors which may a:ixe in.the'meQSuiement of
ionizatioqjeffiqiency cuivés are léck'éf'sensitifity-in
detection, poor resolution and GOntaminationrdf the pesk of
the standard gas by background ions or by a ffagment of the
molecule under investigation., The last of these effects
was eliminated frdmzéoﬁsidérétion be measuring the ionization
efficlency curve for the mags 40 fragment from'toluene. The
regult is plotted in Fig 18 whi.oh shows sonclusively that the
contribution of this ion to the argon beam is negligible.
Poor resolution could ceuse.contamination of tho peak at mass
91, by ioms of‘thé parént~moieeule,_leaaing to & low velue
for the sppearance potential, by reason of the smmaller energy
reguired for iﬁs fragmentapion; this might be the

explanation/
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explanation of Stevenson's low value. On the other hand,
poor sengitivity would lead to the opposite effect, but
for reasons already staved it does not seem likely that the
results quoted iIn this thesis should suffer from this erIor,
and it is likely that the appearance potential for this
digsociation process contains a conslderable excess energy
term., The relative masses of ﬁhe two fragnents praveﬁts
the presence of kinetic energy being observed, and the point
corresponding to the benuyl lon falls on the graph shown in
rig 4 (b).

LTITYL, BUNZENE,

PhCHp — CHy ---$ PhOHb + CHz + o

The appearance potential of the benzyl wvadical from ethyl

benzene was determiuned in two sets . of experiments:

Bxpt. A(Pﬁoﬁg')
1y  11.45 eV,
8 11,23
19 < 11 .43
56 R RUPE 33
57 11.49
58 ' 11.45
59 . 11.4%7

Mean 11.43 + 0,07 oV

The/
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extrapolation down

Two values for the
in the literature;
11.28
11.8
but the dirference
the author are jus

determinations.

=80~

the experiments was such as to allow

to 0.05% of the ion current at 20 eV,

energy of this process have been published

1+ 0.15 eV Field & Franklin

(62)

+ 0,1 Schissler & Stevenson (69)

8 between these values andithat obtained by

t on the limits of precision for the two

As in the ocase of toluene, the process is

probably associated with an appreciable excess energy term,

DIBENZYL

+
PhCHg-CHgPh ---3PhCHp + PhCHp + e,

Expt.
64
65
66
67
68

A (PhCHY )

4;66 eV 1li.1l
4,88 |
4,86

4,84

4.882

Sensitivity

0.27 (Arbitrary

0,27
Q.25
0.24
Q.24

VI B G e v G SR el o Ay S e ek A iy GED R WD QAR T W P S0y VoS G T W WS S WS Ged MY VY e S D S S

units )



FIGURE 19.



Fig. 19.
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Ionization efficiency curves for dibenzyl and argon,
together with the extrapolation used to combine the

results of all the experiments..



=31

Expt. i A(Phcﬂg.) Sensitivity
74 B 0.95
79 .59 0.%%
76 ~ 5.37 0,77 (0.2% of |
e T e e e e value at 20eV,
8l " Be8D Q.39
106 4,98 0.35

Inspection of these resulis suggests that the extrapolated
value depends on the sensitivity of the measurement, and this
is confirmed by plotting the results in graﬁhical form as
shown 1n Fig 19, In this dlagram, the values of the
appearance potential are plotted agalnst the rgciprocal of
the conoentrations, (represented as the slope of the linear
part of the appropriate argon ionizétion efficiency curv@;

The intercept que by'the best straight line through these

points, (determined by the centre of gravity method) on the‘
axis corresponding to (1l/sensitivity = 0,)was taken as the
appearance potential for the process.

A(pnort ) = 120.0 ev.
the only other quoted figure being 10.5 + 0.1 from the work
of Schissler & Stevenson (69). Since the wolatility of
dibenzyl is not very greats it seems likely that the lower
value obtained by the author is due to attentlon paid to
matters of sensitivity in this work, and as the fragment under

lnvestigation forms an isolated beam, it could not be caused

b¥/
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- =88

by & lack of resolution in the mass 3peoﬁrometer.

DIPHENYLMETHANE,

PhCHz “Ph e Ph(ﬁig + Ph+ e
PhCHp-Ph ~-=3 Ph* + PhCHp+ o |

Two processes were studied, and ionization efficlency
ourveé plotted for the formation of both benzyl and phenyl
ions, but the curvature of the extrapolated voltege diffefence
was very great, The following results were obtained for

the appearance potential of the benzyl ion

Expt. A(PhoHs )
111 | 15,07 oV,
118 12.67
1153 12.77
114 12.77
Mean 12.8 + 0.2 eV,

In the case of the second process, even a rough evaluation of

the energy bterm is impossible a8 can be seen by reference to

Fig 20.

BENZYL'OHLORIDE.

PhcHiaCl -~ PhOHY + Cl.+ e

L4+ Expt. A(PhoH' )
50 10,61 eV
‘ Sl ' 10.86 Sensitivity allows

52/
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Txpt. ' A(PhCHg' )
~ : Sensitivity allows
58 10,83 ~extrapolation to 0,05%
of value at 20 eV,
Mean 10,77 &+ 0,15 oV, ‘
Two divergent values for this appearance potential have
been published; namely:
11.13 + 0.1 eV, Franklin & Lumpkin (70)
10.35 + 0.1 Logsing et al. (22)
Losging suggests that the other value of 11,13 eV, is due to
a lack 'of sensitivity in the measurement since the figure
corresponds to the separation of his own curves .at an ion
current, 1% of that at 50 eV, The results obtained in this
work éonfirm this explenation, but the extrapolated value
obtained by measurements to .ilon currents 0,05% of the valﬁe
at 20 eV, is still significantly higher than the filgure
quoted by Lossing.

+ :
A(PhCHg )thigdl = 1047y

BENZYL TODIDE

PhCH,I -~-3 PhCH; + I + o
Two sets of experiments, oompriéing 12 measurements,

were made of this process wilth the followlng results:

Expt. A(Phoﬁg')
140 _ 9,44 &7
141, . 9.55

142/



Expt A(PhCH;)

1428 9.68

143 9,78

144 9,61

145 9.64

146 Q.74

147 9,70 L
148 0,056

149 9.89

150 . 9466
58 T eler

159 9465

Meamn 9.65 £ 0.1 eV

The results of two other determinations of this cuantity
are avallables |
9.83 4 0,05 eV.- Losging et al (23)
9.88 + 0.1 Calvert (71)
These results together with the figure for benzyl chloride
quoﬁed above,; and the value of I(PhGHx) discussed in.Part 6
bring to light e curious discrepancy between values obtained

in this work, and those by Lossing. viz;

This work Lossing . Difference
I(Philp) | 8.06 7,78 0.33 V.
A(PROHZ) pry o, 1 9.65 9,25 0,42
A(Phcﬁgyphcﬂzck - 10,77 | 10.35 0.42

This/
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This diseérepency in the absolute values 18 hard to explain
since the experiments have been carried out at epproximately
the same sensitivity. It should be noted that the last
measarement of the appearance potential of the benzyl ilon
from benzyl chloride followed the experiment in which an
éxoéllent value for the ionization potential of toluene was
obtained, and this serves to check the performande of the

instrument used in this work.

PHENYL IODIDE.
PhI =+=3Ph + I 4 o

PhI ---3 IV 4+ Ph + ¢

Three measuremﬁntSOf the appearance potential of the phenyl

jon were mades

Expt. - a(prh)
167 11,59 eV.
169 . 1L.72
170 11.458
Mean 11.6 + 0,15 eV,

However, this result is in error, since as will bé shown later,
I(Ph) is about 9.7 e¥., which would imply a value of (1ll.6 4+ 9.7)
= 1.9 eV. Tor the bond ensrgy of phenyl iodide. This
cuantity has been well established at 60.7 Koeal = 2.6 eV. (72)
from/ |
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from which it follows that the appearance potential of the
phenyl radical measured above, is low by some 0.7 eV, Up—
fortunately, time did not permit the investigation of this
discrepancy, |

No satisfaoctory measurement could be made of the energy
associated with the production of the I+ ion from phenyl
iodide, partly owing to its low abundance, but more because
of the ourvature of the Warren extrapolation, which resembled
that obtained in the case of the phenyl ion from diphényl-

methane shown in Fig. 20,

BOND ENERGIES DERIVED BY THE DIRECT MBTHOD,

In the next part of the thesis is a description of the
direct measurement of the lonization paﬁential of the benzyl
radical, and anticipating the result I(PhCHa) = 8,05 eV, it
1s possible to aééigp.upper limits to the dissdciation energy
of thg ﬁond (PhCHzﬁX) whenever the éppearénoe potential of
the ben;yl radical from this molecule is known, since in such
cases . '

‘A(PhCHE)PhOHé_X = D(PhoHg-X) + I(PhCHp) +
where B 1s a term denoting any excess encrgy assoclated with
ﬁhe fragments, .If tﬁis trgatment is applied to each of the
prqéesseé of benzyl ion formation which are desépibed above,

the following upper limits may be deduced!

Toluene/



Toluene '
R D(PhCIIgéﬁ)

Ethyl benzene

Diphenyl methane

Dibenzzl

~ ™ D (PhCHy<CHyPh).

Benzyl 911]_.9;‘169 ‘

Benzyl Todide - .

DAPROH,~H)

GHae.Ph )

OHgp=01) |

-8

<

< 0 4.29 eV, (99 Koal)

( .

< 11.43 = 8.08

< 3.88 eV. (78 Keal)

< 12:8 « 8,05

<  4.75 eVs (109 Keal)

< 1.9576V. (45 Keal)

< 10,77 - 8,05

— . S .

& 2.72 eV,  (62.7 Kocal)

<  9.65 = 8,05

< 1.6 eVs (36.9 Koal)
DISOUSSION.

An evaluation of the disgociation energy of the benzyl -

nydrogen bond was uwade by Szwarc (65) from a study of the

pyrolytic reaotioﬁ PhOHg~H «-=3 PhCﬁ§-+ H, and after Turther

discussion of the accuracy of these wresults (73), the value

of/
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of 77.5;& 3 kecal was confirmed. Indirect support was ob-

tained by combining this quantity with his own figure of

83 koal for D(PhCHp~-CHz), from which can he deduced a value
of 103 kcal for the dissociation energy of methane, in good
agreement with the accepted value of 101-1028.kcal, On the
other hand van Artsdalen favours a higher value of 89 koal

deduced from experiments on the photobromination of toluene
(74). The resuixaAof Steacle et al, (75) cannot really

be compared with those of Szwarc sinee the conditions were

not identical,

In an attémpt to confirm one or other of these values
by an independent‘mathod;;Stevenspn.(69) measured the
appearance potentials of the benzyl ion from toluene, ethyl
benzene, and dibenzyl, obtaining 11,8, 11,2 and 10,5 eV
respéctively. If his derived wvalue for the toluene bond
energy (77 kcal = 3,45 eV) is subtracted from the eppearance
potential of the benzyl ion from toluene, the difference of
8445 eV, must represent the ionization potential of the
benzyl radical, By direct measurement, Lossing (21) obtained
7.73 eV. and later (61l) 7.81 eV. with a weighted mean of
7:76 eV, Suspicion was thus cast on the correctness of
Stevenson's work, especially as Lossing claimed that the
ionization efficiency curves for these.pmacesses pogsessed

congiderable/



considerable curvature, meking extrapolation difficult.
The work of the author supports Lossings claim that the
ionization poﬁentiél is considerably less than 8.5 eV,
and that the appearance potentials quoted by Stevenson are
unreliable, In the circumstance, the agreement between
Stevenson's derived figure for D(PhCHp-H) and that of Szwarc
must by conisdered fortuitous,
It has been shown already, that the electron impact
experiments on toluene give an upper limit of 99 kcal, far
In excess of aither'of the two:postulated values, However,
the measurements on dibenzyl verify Szwarc's estimate, as follows:
The energy terms inveolved in the two processes:
PhOHp=~CHpPh ===y PhCHp + PhCHj
PhCHg~H ==-~» PhOHp + H

may be combined in the two equations

.Qf(PhGHB-OHQI_’h) + D(Ph‘CHB-CHZPh) = 2Qf (PhCH,)

Qf (PhCHp-H) + D(PhOHz-H) = 4f (PhCH,) + QE(H)

and eliminating the term Qf (PhCHg)

D(PhOHo=H) =~ 4D (PhGHy-CHpPh) - Qf(PhCHp~H) + Qf (H)

+ }Qf (PhCH,-CHyPh)

In this way, the toluene bond energy has been expressed in
terms of a bond energy derlved from electron impa§§ deta, and

a number of available thermochemical quantities.  Now,

D(PhCHp-CHoPh) < 45 keal ( see above)/



D(Ph@geecﬂéPh) £ 45 keal (see above)
QE (PhOHo-H) = 11,9 keal (56)
'QI)PhOHQ«GHQPh) é.2§q7 kcal (see sppendix II)
Qe(H) = 52 koal (76)
and ‘substitution ‘of these valued in the last equation gives
(DPhCHp~H) £ 77,4 keal, thus verifying the value of Szwarc.,

D(PuCHp-H) = 77.5 + 5 keal

D (PhCHp-CHpPh)

h direct estimate by ﬁhefmélzperIYSis was made by Horrex
and Miles (77), who obtained an eﬁergy of activation of 48 koal
on the bQSiS of a first.order deoompoSitioh. It now seems that
the reaction 1s more coﬁplex than waé‘at'first thought, and
that the interpretation to bé~p1éééd'on this activétion energy
uncertain, |

It has been ShownfthatAthe:électrdn impact data yield é
value of about 45 keal Tor the €-C bond, and that this is in
agreeﬁent'with a toluene bond -e'ne:‘?"gy' gr "7'7.5 chl, It is
therefore permissible to reverSe the thermochemical cycle,
and to use this walue to recalculate 'D(PhCI-Igi-GHzPH)‘ .empl'oying
thermal data only. It follows that

D(PhCHg-CHgPh) = 45 + 3 keal

D (Ph(ifp-CHg)

An/
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D(PhCHg-CHg)

An experimental value of 63 4+ 1.5 kcal was obtained by
Szwaro; based on the pyrolysis of ethyl benzene (78). No
direct confirmation of this is possible by eleefrdg impact,
owing to the shape of theliohiZation efficiency curve;
However, it is now permissible to caloculate it in terms of
the toluene bond energy by thermochemical reasoning; The
processes: |

PhCHg~CHg---9 PhCHp 4 CHg
PhCHy~H -=-=3 PhCH, + H
may be represented energetlically by the equations:
QP (PhOHy~CHz) + D(PhOH,-CHy) = Gf (PhCH,) + Qf (CHg)
Qf (PhOH,-H) + D(PhCH,-H) = Qf (PhOH,) + QF(H)
end eliminating Qf(PhCHp) |
D (PHCHp~CHg) = Qf(CHg) - Qf (PhCHg=OHg) + QF (PRCHp-E)
-fD(PhCHi—H) - Qf(H)

Now,
Qf(c%) = 32.5 keal (79)
Qf(—PhCHz-GHB») = 7,12 kecal (56)
D(PhCHp~CHg) = 62.8 + & keal
. D(PhOHy~I)

The earlier work of Butler and Polanyi (80) suggesting
a figure of 43,7 kcal, together with a direct estimate of 39
kecal by Szwarc, has been rendered lunvalid by the discovery

that/
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that the decomposition is inhibited by the presence of iodine?
thus diéproving the supposed first order kinetics.

The bond energy may be derived thermochemically'from that
of toluene in a manner analogous with that used for eﬁhyl
benzene, o
D(PhCHp~I) = Qf(I) - Qf(PhCHp-I) + D(PhCHp-H)

o + Qf (PhOH _-H) — Qf (i)
Now, QF(I) = 85,5 keal (76)

Qf (PhCHp-I) = 26,4 + 5 keal (81)

and substituting these data in the equation, D(PhCHp-I) =
56.5 4 4 kcal, This result is confirmed by the electron
impact figure of & 56,9 kcal.' (iossing's data suggest aboutb
34 kcal,) In a recent paper,(82) Graham Nichol  and Ubbélohde
suggest a higher figure of 43 kcal baséd on their own"
determination of Qf(PhCHo-I) # 18.8 koal. It 15 diffiowlt %o
assess the relative merits of the two sets of ‘thermochemi cal
data directly, but the electron impact results of both
Lossing emd the author are in O figure
for the heat of formation of benz&l'iddidé. Hepnce it will
be assumed that

QC (PhCHp-I) ® 26.4 + 2 koal

and
D(PhCH,-I) = 56.6 + 3 keal,

D(PhCH,~C1)




D (PhOHp~CL)

Thé decomposition of benzyl chloride hes been studled by
Szware & Taylor (83) who applied the toluene ca£rier ges
technique, and obtalned a rate equation whose A factor was
rather high (lOll‘-"'8 Sec“l), and for which the corresponding
énergy of activation was 68 kcai. As in the case of benzyl
iodide, the bond energy may be deduced theﬁmoohemically from
the toluene data:

D(PhCHg=Cl) = QFf(Cl) - Gf (PhOH,~Cl) + D(PhCH5=Cl)
+ Qf (PhCHp-H) ~ Of (H)
Now, QF(cL) = 29.0 keal (76)
QF (PhCH «01) = 5.2
(The heat of formation of benzyl chloride is calculated by
(69) on the basis of the constant differenoe Qf (benzyl-X)
-Qf(allyl-X) from data found in (84». Substitution of these
figures in the equation shows tﬁat D(Phcﬂz-cl) # 6l keal.
This is well supported by direct electron impect data which
give a figure of & 68,7 keal. Similar data by Lossing glve
60 kcal, for the bond energy. It will be necessary for an
accurate evaluation of the heat of formation to be made belore
a reliable figﬁre for the bond energy can be deduced, but it
secems reasonable on the evidence quoted here, to séy that

D(PhGHzeCl) = 82 £ 3 keal

D(PhGH,-PH)/
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D (PhCHp~PH)

Ionization processes involving the formation of both
phenyl and benzyl ions
PhCHg<Ph ---3 PhCHZ + Ph + e
PhCHp-Ph <=~+«3Ph 4 PhCHs+e
were studled with a view to estimating both the C~C bond
energy, and the lonization potential of the phenyl radical,
by the successive solution of the two equatiouns:
D(PhCHp~Ph) = A(PhCHE) - I(PhOHp)
I(Ph) = A(PH') - A(PhoH}) + I(PhCHp) — E
The mean of this value TorI(Ph) and the figure obtained from
a stﬁdy of the process PhI ===~ PHT + I for which the bond
energy 18 known accurately by kinetic measurements (72), was
then to”bg tsed té calculate the Ph-H bond energy in benzene,
by combining it with electron_impactldata for the process
Ph-H ~---3 Pht+ H in which case D(Ph-H) = A(PhY) - I(Ph).
Unfortunately, the electrénfimpact data on diphenyl.méﬁhéne
glve upper limits for the benzyl-phenyl bond far too high to
warrant discussion.
A value for the bond energy can be calculated in terms
of the toluene bond strength, as before:
D (PhCHp~Ph) = Qf(Ph) - Qf(PhCHp-Ph) + Qf (PhCHp-H) + D(PhCHo-H)
- Qf (H)
Yow, /
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Now, Qf (Ph) = 70 kcal (86)
Qf (PhCHg=Ph) = 33,2 keal (85)
.*+ D(PhCHg~Ph) = 74,4 kecal

I(Ph)

No direct determination of the dissociation energy of the
Ph-H bond in benzene has been made, although a number of
estimates Suggestédvlolwl03 kecal asja likely figure. Thisg
hasg been confirmed by'the recent experiments of Ladackl & Szwarc
who calculate 10l.4 kecal.(87). It is therefore justifiable
to combine this quantity with the appearance potential of
the phenyl -ion from benzene, and to derive a value for the

lonization potential of the phenyl radical:

Ph~H
= 14,1 - 4,4 oV,

= 9,7 eV,

I(Pn) = A(PEY),, . - D(Ph-H)

Thig is in. good agreement with the figure of 9.9 eV obtalned
by Kandel (30) on the basis of electron impact wobk on ethyl

benzene.,

Conelusion. '

Owing to the complexity of the jonization process in the
case of aromatie molecules, it appears that the results of
electron impact experiments are less valuable than those arising
from thermal  data, at any rate in the absence of the refinements

which/
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whigh permit the agcurate.measurement of kinefie energy, and
the unmasking of. fine structure,.by the elimination of the
effefts of thermal éhergy spread. In sbite of these
limitations, even simple-eléetron impact experiments may
enéble a decision to be mede between rival values for a bhond
SHETEY « The confirmed value mayiihen be used to calculate
other bond energies by means of suitable thermochemiéal oycles,
some Of which may be cross checked by direct E,I. data,

For this reason, the accuracies of the derived bond energy
terms are usually thosg_asscciated with the thermochemical
data employed, alfhough.fn-caSes where good support is
provided by direct E.I. cToss checks, they may be improved

somewhat,



=975

PART 6.

THE IONIZATION POTENTIAL OF THE BENZYL RADICAL



i o} 3 F

INTRODUCTION

It was explained in Part i,that the derivation of bond
eﬁergies from electron impact data by the direct method;
involves a measurement of the ionization potenfial of the
radical formed in the fissile step, and it was suggosted that
the experimental difficulties iuvolved in such an eiperiment
were So great that thig energy term was usually calculated
by indirect methods, .

Prior to the experiment about to.be described, the direct
measurement 6f the ionization potential of a radical by
electron impact had been accomplished by two research teams.,
In 1943 Stevenson and Hipple reported values for I(OBB)'and
I(Beﬁs), the radiqals having been ﬁrbduoed by injecting the
appropriate lead alkyllinto the mass 8pectrbmeter, and.
decomposing it.on the wall of a small furnace (88), Later
I(CHy) was determined by the same metbod. (8%). ~ The only
other coﬁtfibution to this Tield was a paper by Lossing
describing a reactor by means of which he was able to re-
determine I(GHa) and also obtalin values for the ionlzation
potentials of the allyl and benzyl radicals. (21)

In view of the importance of the lagt of these quantities
in an iavestigation of the general proﬁiem of bond cenergles
among aromatic compounds, ib was felt desirable to repeat the

determination/
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determination, and thereby confirm or refute the Tfigure of
773 eV quoted in his paper. |

More recently, further papers have appeared, one of
them (90) describing the measurement of I(CGls) and I(CFs),
and others giving a value for I(HOg). (91) and I(OH) (98).

The original intention had been to produce benzyl radicals
by the pyrolysis of dibenzyl in the reactor which is dsescribed
in the next section, but owing to a delay iun its construction,
a simpler system was devised. The method resembied that used
by Stevenson and Hipple (21) mentioned above, and details
of the unit are included in the diagrém of the source in
Fig. B, | |

The usual inlet pipe to the lon box was replaqed'by a
quartz tube O wrapped with & coll of tungsten wire W, 1In
order to increase the efficlency of the furnace, 1t was
surrounded by e radiation shield consisting of a polished
copper tube Q. Originally, nichrome wire had beénAemployed
for the windiﬁg, but at the temperature necegsary to produce
the radicals, cnough nickel was vapourised to short the colils
of the heater itself, and to break down the insulation of the
ion gun.. Rdugh temperature measurement was achieved by the

insertion/
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insertidn of a themocouple (not shown) in the gas stream in
the centre of the heated region.

It did not prove possible to observe beniyl radicals
using dibenzyl as a source, since the temperature requiréd
to rupture the hond was high enough to cause breakdown of
the glass insulators in the ionization chamber., However, the
substitution of the less stable'ﬁenzyl iodide reduced the
wattage needed in the heator coil, and radicals were produced
in abundance, The furnace temperabture was held fairly
constant by taeking power supplies from a variac, backed by
a constant voltage transformer, and high enough to cause
totsl decomposition of the iodide; in this way small
fluctuations in temperature did not affect the yield of
radicals,

The agsociated gas handling system on the high pressure
side of the inlet leak, was identical with that employed for
the measurement of the appearance potential of the benzyl
radical ion from benzyl iodide, including twin metrosil-leaks,
the partial pressure of the compound being controlled by a

vapour jacket as described previously.
RESULTS

Seven measurements of the ilonlzatlion potential of the
benzyl radical. were made, and in view of the large difference

between/
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between its value, and that of the iwnization potential of
argon, benzene was introduced as a secondary standard, The

following results were obtained:-

Experiment I(Ph-H) -I(Ph-CHjy)
51 1.46 eV
52 l.44
53 h.46
. B4 | | 1.46
55 1.30
56 ~ , 1.46
57 1,43
mean value 1.46 eV

The value ascribed to I(Ph~H) is 9.52 eV on the basis
of the experiments described in Part 5, and which is in.agfeement
with other reliable values whioh have appeared in the
literature. JIFrom this assumption it follows that
I(Ph=CHg) = 8,85 oV
The only independent estimates have been made by Lossing‘
et al (21) (61) who give values of 7,73 and 7,81, with a

welghted mean of 7,76 eV. Tn view of the practical

diffiouities‘associated with the experiments, the difference
between the two values is not large., -~ It is interesting to
" note that a recent theoretical computation of the lonization

potential/
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potential of benzyl as 7.98 eV. has appeared since this work
was completed (93): ~ The implications of this determination

of L(Ph-CHs) have been discussed already in Part 5.
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PART Y.

DEVELOPMENT OF THE MASS SPECTROMETER FOR THE
STUDY OF THE MECHANISM OF PYROLYTIC REACTIONS,



104

INTRODUCTI ON

Meny of the papers hublished during the last two decades
dealing with the mechﬁnism of homogeneous reactions in the geas
phase have served to emphasize the important role played by
free radicals ln such systems. Thié interpretation of the
evidence has been gained laboriously by inductive reasoning,
since the properties of these radicals do not lend themselves
to direct investigation, Their short half lives preolﬁde
any method involving colleection and examination in bulk, and
in general their U,V. absorption spectra are not amenable
to qu&ntitative estimation, The electronic configuration
of free radicals with one unpaifedlelectron might suggest
electron spin resonance as # method of detection and measure-
ment, but elthough it has proved possible to design a cavity
suitable for incorporation in & flow system, the signal
strength is difficult to interpret in terms of concentration,
as the relation’ is not ailinsar one, ]

The limitation posed by theilr short life under normel
eonditions.of temperature and pressure, could he surmounted
1f the reaction were 'frozen' in some way. If at some time

during the course of the reaction, a portion of the mlxture
is abstracted suddenly into a regioun of low pressure, the

collision frequency will decrease concurrently, thus effectively

stopping/
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stopﬁing the reasction at time t. If now this 'frozent!

sample ié examined‘ﬁy'afdetector of,suffiéientlyfhigh
sensitivity in a time significantly less than that of-the

new half life of the reactaht; oven free radicals may be
examined with relative ease, Its high sensitivity under
conditions of high vacuum renders the meass Spectrometeg
particularly suitable for thils purpose, The first successful
applioaﬁioﬁ of the instrument 1n”ﬁhis way was descfibed by
Eltenton (94) (95). 'His apparatus consisted of a reactor
furnace situ&ted'abbve,the ionization chamber of his mass‘
spectrometer, the inlet leek comprising a small hole punched
in a sheet of gold foll, He réported the presence of methyl
radicals in the decomposition products of methane, ethane,
dimethyl ether;, and lead tetra<methyl; methylene in the
decomposition of diazoméﬁhane, while ethyl and propyl radicals
resultéd}frem the reaction between methyl radicals and athane
and propylene-réspectively; . The results of hls experiments
with low pressure flames suggested the existence of HOp in
propane-oxygen {lames and CHO in methane<oxygen systems.

This work has been followed by Losging and hié‘cqllaborators
at the National Research Council Laboratories in Ottawa, who
h&ve,stuﬁied the formation of a variety of radicals by this
means ., (QGY (97) (99). By an ingenkous development of thié

technique, these workers were able to make a direct assessment

Yy
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of the rate of recombination of methyl radicals. For a given
geometry of a reactor furnace, the inlet leak, samples the
products at a time t after leaving the hot zone, where t is
determined by the rate of flow of carrier gas. Goﬁversely,
for constant flow of carrier gas ( and reactant), t is
dependent on the geometry of the system, so that if it is
possible t6 inerease the distance between the hot zone and

the leak by making the furnace element retractable, the vate
of disappearance of the radical with time may be measured.
Details of this work ﬁay be found in (99).

By a method similar to that of Eltenton, FToner and
Hudson have carried out a search for the HOg radical in
flames (100) (1lOL).

One or two instances are on record of decompositions
being induced after the substance hés entered the high vacuum
system of the mass SPectr&meter4 The work of Hipple and
Stevenson (88) has.been mentioned already in Part 6,while more
recently, Robertson has studied the decomposition of a number
of hydrocarbons on a hot wive (102), He has developed the
method to study a number of gimple hydroxylic compounds.

(103) (104).

PROPOSED . INVESTIGA TTON

It was intended originally that a number of reactions

involving/
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Diagram of the reactor furnace described in Part 7

used for the study of reaction mechanisms.
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involving benzyl radicals should be investigated by this
method. In particular, the therﬁal decomposition of mercury
dibenzyl, and the rate of the subsecuent dimerisation of

the resultent benzyl radicels., - The preparation and properties
of this compound were studiéd by Calvert, (108) who showed
that unfortunately 1t wasvnot posgible to get a sufficient
quantity into the vapour phase for the investigation, due

to its low vapour pressure and temperature sensitivity,

This part of the work had therefore to be abandoned. Time
did not permit more than a brief application of this technicue,
but the résuits obtained in the case of the thermal
decomposition of benzyl lodide, serve to illustrate some of

its poteantialities Tor the elucidation of reaction mechanisms,

THE REACTQR.FURNAGE

This unit was desgigned to replace the uppermost inconel
flange of the mass spectrometer supporting the normal inlet
line, and its main features can be seen by reference to
Figs, '8l & 22, Gas enters the hot sone along a quartz tube
(a) fitted with & thermocouple well(B). After reacfion the
products are swept past the inlet leak (C) and are pumped
away along the outside of the Turnace. The ofiter body of
the reactor (D) is composed of inconel tubing fitted Witﬁ

a water jacket (E). Heat is supplied by @ solenoid wound

from/
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from nichrome tape (F) on a former of silica tubing (G).

The coils are prevented from sagging due to thermal expansion
at high temperatures, by a servies of minute blobs of silica
produced by touching the surface with a silica rod in a
hydrogen flame. An inconel sleeve (H) ig interposed between
the former and the furnace wall in order to achieve a more
even temperature profile, By means of rods (mAm’) attached
to this metal heat spreader, the furnace mey be raised or
lowered at will from the outside of-the apparatus, The
central quarﬁz reactor is held along the axis of the assembly
by means of a locatihg ring, comnstructed from nickel foil,
surrounding its lower end. The seal between the two units
is made by & rubber '0' ring (X) protected from excessive
heating by a water cooled copper block (L). The nichrome
tape leading down to the solenold i1s covered by coramic
insulators,

Two kinds of leak (C) were investigated, bearing in mind
the necesslty for withstanding temperatuves appreoaching 1000°C,
Initially, an attempt was made to simulate the quartz thimble
described by Lossing (96) but efforts to produce holes in a
controlled manner by means of a high frequency discharge proved
unsuccessful. As an alternative, pleces of gold foil 0.001 in,
thick were silver soldered to the upper ends of short cylingers
of Nilo X' tube, After brazing, the foll was supported on
the/fgia



FIGURE 22.



Fig. 22.

The reactor furnasce dismantled.
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the flat end of a centre punch covered with a single layer of
tissue paper to act as a pad; a hole was then punched.in the
foil with the ald of a suitably sharp pointed needle. This
was made by stroking fhe end, 6f'a heated tungsten rod with a
stlck of sodium nitrite. In this way holes of 0.001-2 in.
diameter could be produced with ease. The leak was then fized
 into position by soft soldering the other end of the Nilo K tube
to a silver disc () withihigh mélting point soft soldor

.(95% lead), the whole unit then being sealed into the bottom

of the outer case of thelreactor by eutectic soldef.‘ Owing

to the stringent wacuum conditions required in some parts of
the apparatus, a carefully devised sequence of operations was
neceasary for the construcfion,-each one being followed by an
~appﬁopfiate leak test. rig., 2R shows the essential components

of the reactor.

ASSOCIATED FLOW SYSTEM,

Details of thig part of the apparatus are shown in Fig. 23,
The substance under examination was swept through the reactor |
by means of 8. carrier gas opgrating in a closed loop. Argon
was employed for this purpose and was circulated by a mercury
pump (8), traces of mﬁrcufy vapour being removed by & cold
trap (T) and demister (UL& |

The sﬁbstance was injected into the gas streem in the

saturator/
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Fig. 23.

P
N/ I
" B
4 S
¥ P'X
>
e £
G Y
. S aiasiens S Ll
g i
i |
!
|
i Z :
H
¢ | _ |
t I
Ty ik ﬂ:ﬂ '
' BRI, - oo
¢ =
oy %
' =¥ N
P .
X X
4 R Q ‘ IEE
X 7

Complete gas handling system, including that used during
measurements of appearance potentials, and the flow
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saturator which consisted of two parts. In the first
soction (V) which was immersed in a bath some 10° higher than
the temperature of that surrounding the second parf (W), an
excess of material was taken up into the Vapour phase.
Passage through the cooler chamber allowed equillbration to
be ‘achieved, corresponding to the saturatlon vapour pressure
at. the lower temperature,

The gas handling system was connected to the reactor
by a silica to pyrex seal (X) and a metal to glass seal (Y).
Two stainless steel bellows‘(z,z') offered_protécfion against
ghock, the former being interposed in the gléss line with
the aid of two metal to glass seals (X} ¥}, Any condensible
products are removed from the effluent gas by the cold trap
{B) and the carrier.gas is¥them returned to the circulating
pump through the caplllary tubes (D, D'), tﬁe rate of Flow
being indicated by the pressure drop acrossg the appropriate
capillary, as measured by the twin McLeod gauges (L, E!).
Since the reate of many rosctions is modified by the preseﬂce
of traces of oxygen, & sodium tfap (C) was incorporated,
through which the carrier gas might be cireulated ﬁripr to
the experiment. o

fﬂe vecuum tightness of the apparatus was checked by a
high sensitivity McLeodlgauge (¥), pumping being provided
by a rotary oil pump (R), mercury diffusion pump (Q), and

cold/
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cold trap (P). All taps aund joints were coated with a
rubber=-based high vacuum grease, except those coming into
contaecet with the compound under study. These were treated

with the minimum quantity of a silicone preparation.

THE DECOMPOSITION OF BENZYL IODIDE.

Pure benzyl iodide wag placed in the first half of
the saturator, and degassed by alternate heating and cobling
(Goz/acetone) the latter operation being accompanied by
prolonged pumping, The benzyl fodide was;finally frozen
down, while argon at 0.75 mm was circulated over hot sodium
‘for one hour,  The sodium trap was isolatéd from the rest
of the apparatus, and baths at 209 and 10459C were placed
round the two sections of. the saturator.

The ftrét experiment was to search for the eppearance
of benzyl radicals in the decomposition products, as the
temperature of ﬁhs reactor, through which the benzyl lodide
was flowlng, inereased., In Pavts 5 & 6 the values 8,05 eV,
9.65 eV, and 10,0 eV. have been shown to represent the
ionization potential of the benzyl radical, and the appearance
potentials of the bénzyl lon from benzyl lodide and dibenzyl
reSpec#ively, It follows, that-if the electron accelerating
energy is held aﬁ a valﬁe intermediate between the last two

figures, the contribution to the ion current at mass 91 from

benzyl/
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benzyl iodide will be small but obseirvable, while that from
dibenzyl will have vanished. On the other hand the instrument
will possess a high sensitlvity towards benz&l radicals.,

Power was supplied to the furnace heater from a variac
fed by a constant voltagé transformer, and the temperature
of the hot 2zone was recorded with the éid of & chromel-
alumel thermocouple. Tige. 24 shows the variation in the
size of the beaﬁ at mass 91 as a function of furnace
temperature, The fall in ion ourrené which oceurs ag the
temperature riseé, shows that inofeaaing'decomposition of
the bénzyl iodide 1s taking place, but that some mechenism
is preventing any benzyl radicals formed in the process,
.from reaching the léak; Above 620°C. the size of the 91
peak beging to increase qgain. It wés.assumed ﬁhat the
results. could he explainéd by an initial. decomposition
Ehcﬂxnl —-q:PhCHé-r I, followed by a dimerisation of the
resultant benzyl radicels.

In order to verify this, the mass Speétrometer was tuned
to mass 182 (the parént ibn of dibenzyl), and the experiment
Arepeated over the same temperature renge. . Further reference
to I"ig 24 shows that there ié a close correlation between the
increase of dibenZyi'and thé disappearance of benzyl iodide.
Turthermore, above .800°C. the dibenzyl itself begins to
decompose, and this explains‘the increase of the 9l peak at
‘higher temperétures, already noted, since the percentage

decrease/
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decrsase and inerease of the ﬁwg paaks.éver:tha temperature
range 600-700°C, are in agreement .

The failure to observe benzyl radicals was due simply to
inadequate pumping spesd through the reactor, and although
attempts were made to increase it, the . speed was still
insufficient for the purpose., Unfortunately time wasg: not
available te effeet.the necessary. elterstions to remedy this

defect,
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APPENDIX II

Collated 1ist of thermochemical data used in this thesis.

4f (H) 5240 koal  {we)
(01) 29,0 \ g (76)
(1) 85.5: , g (78)
(Coa) | 94,05 (76)
(Hgo) 68,32 (76)
~(GH5) 88,5 . (79)
(Pn) - | ' 7040 - (86).
(PhOHg) 11,95 - (58)
(PhOEH,CH) 7,12 | (56).
(PnCHgPR) 5348 a (85)
(PhOHpCHpPh) 2947 from Woomp,™ 1805.7 keal

o (105)

Lovap = 1B.3 keal (106)

Lpys ™ 5e64 (107)
(PhCHGT) 26 & (81)

(PhCHpCL) 5.8 (69) & (84)



