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SUMMARY

This thesis is concerned with electron impact studies on
organoderivatives of beryllium, aluminium and Group IVb metals (mainly
tin)e The primary objectives of the research were:

i) To obtain, from appearance potential measurements, comparative
and if possible absolute bond dissociation energies in both molecules and.
ions, together with other thermodynamic data.

ii); To examine the mass spectra of're}i‘esentative organometallic
compounds with a view to determining the effect of the metal, changes

in organic groups and spectrometer conditions.

From the appearance potentials of ions produced in the electron
impact mass spectra of some organostannanes, bond dissociation energy
differénces s heats of formation of triphenyltin compounds and the
dissociation energy of the bond PhsSn - X (X = Me, Et, Ph, I, Gelle ,
Srifes, SnPhj) ’pave been derived, The ionization potentials of beryllium
dialkyls and the appearance potentials of the major beryllium - containing
- fragment ions have also been measured and bond dissociation energies in

molecular and fragment ions evaluated,
In the mass spectra of organoderivatives of the Group IVb metals,

the most abundant fragments are even-electron metal-containing ions in
which the metal is three-co-ordinate., Parent ions are of low abundance
and decompose mainly by radical elimination €elo

Rl‘_M" —— R+ R
Bond energy measurements suggest that the bond most readily cleaved in

this decomposition is the weakest in the neutral molecule:s In further



(x)

fragmentation even-electron ions maintain their even-electron character
by molecule.: elimination.

Certain trends are attributable to the increasing metal-carbon
bond strength from lead to silicon. Molecular ions decrease in the
order Si)Ge) Sn) Pb while metal ions, M**, are appreciable only for tin
and lead. Ions formed by carbon-carbon or carbon-hydrogen cleavage,
although always of low abundance, increase in importance from lead to
silicon.

With beryllium dialkyls the abundance of all beryllium-containing
ions but especially di-and tri-metallic ions falls with increasing source
temperature due to dissociation of weak bridging bonds and thermal
decomposition before ionization. The major di-and tri-metallic ions
are even-electron and readily lose alkene, In contrast to Group IVb
derivatives, odd=electron CaHbBe"' ions are appreciable, Parent monomer
ions, (CLHop.q)oBe**, decrease in abundar;ce as the size of the alkyl group
increases and major fragments are produced from the parent by elimination
of the radical G Ho,1°, amd alkane, CpHonioe

Organoaluminium compounds give mass spectra which depend on
source temperature., This is especially true for dimethyl- and diethyl=-
aluminiun hydride which show thermal rearrangement above 100°C producing
trimethyl- and triethyl-aluminium respectively. The decomposition modes

of aluminium-containing ions are almost identical to those of Group IVb

organoions.
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1, INTRODUCTION.

A mass speotrometer is an instrument which produces a beam
of ions from a substance being investigated, sorts these ions into a
spectrum according to their mass to charge ratios and records the
relative abundance of each species of ions present. The theory and
design of these instruments has been widely discussed 1,2 but a recent
review sums up the salient points 3. Most early studies in mass
spectrometry employed single focussing instruments using a magnetic
ﬁeld to separate ions by their mass to charge ratio. The resolution
of such instruments nevei* exceeded one part in three thousand and
recent developments have been with the aim of extending their mass
range, versatility and precision. With a careful choice of design
parameters eleotr:l_.c and magnetic fields may be cox;lbined to increase the
'resolution by elimination of the two main . abewations limiting the
resolufion of magnetic sector instruments; a) the angular divergence
of the ion beam and b) variations in the velocity of the ions.
d Such high resolution mass spectrometers have brought & new
dimension to the subject. Not only are these instruments capable of
measuring ion masses, in some cases up to 1000 mess units, with a
precision of a few parts per million, but they can also give ion
abundance values to a high degree of accuracy. These instruments are
thus able to provide at least in theory, data which can lead.to the
exact elemental analysis of every ion in the spectrum. Such information

is often vital in structural analysis. For example the loss of 28 mass

IERS!

<y
BEC
a1
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units from an ion observed in a low resolution spectrum could be
identified as CO, Ny, CZHI.. or NCH, loss by the high resolution
measurements,

Although the majority of mass spectrometric investigations
resolvg ions by magnetic deflection, there exist . other techniques of
growing importance, For example the time of flight method has been
developed into a versatile technique and several commercial instruments
are available 2,

Various methods are available for ion production 1 but that
mbst widély used is electron bombardment of gaséous molecules when

the generally acoepted imteraotion ocours 1s4s5,6;

e + X2 —yXyzt + 2o
XXzt —> Xt + 2; or Yzt + X; or Xt + Yi eto
The electron beam energy normally employed (about 50 or 70eV) is in
excess of the minimm energy required to cause ionization, (Generally
the ionization potential rarely exceeds 10eV and the bond dissociation
energy 5eV so that the incident eleotron beem has more than three times
the minimum energy needed for the above reactions).

Ions may also be formed by pre-ionization or m'e-dissociation7
when the interaction of an electron and a molecule does not lead directly
to the formation of an ion but to a neutral excited molecule. The
energy imparted to the molecule is postulated to be greater than, or

at least as great as, the ionization potential so that the excited
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molecule may subsequently decompose:=
Xl ———5 ¥zt + e
XYZ*—} xt + 2 + e

From the available evidence 8 indirect ion formation may compete with
direct ionization.

The mass spectrum produced under specified ionization conditions
is sometimes known as the oracking pattern, and is characteristic of
the compound. This pattern will contain aJ.l possible combinations of
ions as shown above, but it will also include ions of the type XZ* which
can only: arise by a rearrangement process since in the original material
the two constituents of this ion were separately attached to Y but not
to each other, | A

One of the difficulties encountered in the analysis of spectra
arises from the presence of these rearrangement ions. Although this
interesting and difficult field has been the subject of extensive and
detailed study for organic molecules with the aim of finding rules’ss5s9
which are broadly applicable, when the work described in this thesis was
begun, there were only few published reports on the spectra of organometallic
compourds. For example for the particular metal-compounds examined herein there
were only two papers for tin, both describing the mass spectrum of
tetramethyltin, and none for beryllium, aluminjum or metal-metal bonded
compourdds of main group metals,

Most of the reported studies on organometallic compounds
have involved mono-isotopic elements or elements containing one

dominant isotope. Furthermore only low resolution spectra have been




recorded and so have been without direct confirmation of the elemental
composition of ions in the spectra obtained, The present study has
made considerable use of high resolution mass measurement which for
polyisotoﬁdc metals is based on data specifically calculated for each
polyisotopic unit considered, This need for repeated mass measurement
has arisen for a mmber of reasons which are discussed in chapter ey

Caloulation of Results.



1e1s Mass Spectra of Organometallic Compounds of the Main Groups.

A number of papers on the mass spectra of organometallic
compounds of the main groups have appeared either during or since the
completion of the present work. Those papers of immediate relevence
and comparability to this research, which in soms cases have provided
confirmation of the results reported in this thesis are dealt with in
Chapter 4.2. of the Discussion.

In the following review the mass spectra were produced by
electron impact usj.ng 50 to 70 volt electrons. Ions in which the
mmber "'of-bonding electrons is odd are represented as (ion)**, whereas
even-electron ions are represented as (ion)t. This distinction hes
been found in the present study to have considerable significance for
main group organometallic compounds, though for transition metal
complexes, where ionization may involve removal of an electron from

a non-bonding orbital such considerations often have no relevance.

Group I Li.
The mass spectra of lithium aikyls are of interest since

they contain ions of associated species. For example ethyl lithium
vapour 10 gives EtgLif, Et,Li%, EtsLi, , Etzr.i;, EtLi; and Li*, The

| appearance potentials of EtsLi'g and Ethi'l"'_ are far lower than those of
the other ions amd from this it was temtatively deduced that the

vapour of ethyllithium consisted of a mixture of hexamer and tetramer

molecules (Etclig and Eth_Lih) which decomposed on ionization?

e



Btpli, + e —3Et _4Li} + Et* + 2 n=Lor6

Purther evidence for the composition of the vapour came fram a shift
in the ratios of ion intensities as a result of vazjing the temperature
of the vapour prior to ionization.
All other ioné produced were due to decomposition of the
+
Et)_,Li} species.

+ -+
Btpoqlin — B, p qLin g + (EtLi),

1

o \
Lithiomethyltrimethylsilene (LiCstiMe3) " vapour produced a
spectrum showing ions which could have been derived from tetramer
molecules (Rl'_Liz'_) via the ionization and decomposition processes

shown above,

Group IT Zn,Hg.

The compounds Me,Zn 12, (t-Bu)yZn 13,-Me2Hg, Et Hg and |
(n-Bu)Hg 14 have been examined, A1l give MR} , MR* and ¥' ions
(M = metal, R = alkyl) in high abundance, indicating that the major
d.eccnnpositidn prooessés are bond cléavages:

RM""— RM* — M
RMH"* and MH' ions are present in low abundance, Hydrocarbon ions

are major species in the spectra of the mercury compounds but may arise
from thermal decomposition before ionization.
' The ionic cyclopentadienyls (CSHS)ZMg and (0535)%&11 give

similar spectra producing fragment ioms, C 5M"' and M*, formed by



. 1 s
metal-ring bond cleavages 5,_ [?C5H5)2Mg 21%; C5H5Mg+ 384%;

+ + ' + +
Mg 31% and (C.H_),Mn  19%; 05.H Mn 29%; Mn  25%-abundances
5572 55 J
expressed as percentage of total ion ourrenti} The
bis=cyclopentadienyls of transition metals producén similar fragment
ions although in different relative abundances and the molecular ion

15,16

is generally the most intense ion

Group III Al

Trimethylaiuminium gives Al+, AlCH;.; AlMe; and AlMe;.
as the ﬁost abundant metal containing species 12. Rearrangement
ions AlH; and HAlMe+.are of low abundance.

From clastograms (Plots of ion current VS. Electron energy)
and appearance potentials of the major ions it may be deduced that
simple bond cleavage decomposition of the parent ion occurs.

AlMe'——> AlMe, —— AlMe' —> 41"

Although trimethylaluminium is known td be dimerie in the gas
-phase 1 A;ZMé; was the only bi-eluminium species detected in
extremely low abundance. Work described in this thesis however,
shows that this is most probably due to a high source temperature

(~200°C) an important instrument condition not specified by Winter
and Kiser 12 in their study.
‘ 8
In contrast (R2A1NCPh2)2 , R =Me, or, Ph, ! produce a
+
weak peak corresponding to the molecular ion and Ph4(CN)2A12R3

is the most abundant aluminium-containing ion. Weak ions

7.



corresponding to monomer species were also observed but the major ion

40
in the spectrum was PhZCN .

Group IV  Si,Ge,Sn,Pb. _
Althoﬁgh allnthe work published prior to 1966 is described
below, some later papers are more appropriately dealt with in the
Discussion of this thesis.
The mass spectra of a variety of organosilanes, mainly
methylderivatives, have been described. All show low intensity
moleoniar ions and major ions are produced by bond cleavage .

decompositions in the moleocular ion. For example cyclic silicon

'-/:X\'sme

e VAN
N /

Mezs-i SiMe \

\x/ 2 Mezﬁ\ . /émez

organocompounds such as

X = —CH2— y OO wNH=

(1) (z)
' give similar specira, loss of methyl from the molecular ion producing
the most abundant ion 19:20,21,22,23. g eight-membered ring

compound II (X =°CH§ =) in addition gives ions of high abundance
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resulting from ring fragmentation,
In general the cyclic compounds are more sfable to electron
impact induced fragmenteation than linear cﬁm@s containing the
same number of silicon atoms. Thus for Meh‘Si,Me3Si-CH2° SiMe3 )
MeBSi‘ CHye SiMez" CHy°SiMe 3anc1 Me;Sie CH,r Sille CHy SiMey CH2°SiM93
silicon-carbon bond cleavage takes the form of methyl radical loss
for the lighter compounds but for Sij a.nd Sih cmnpouqis fragmentation
of the silicon-carbon skeldon occurs by cleavage of Si - CH2 bonds. 19@4
Substitution of the methylene hydrogen atoms in Mejsi’CHz' SiM83

by methyl or benzjl groups, ﬁomues the probability of the molecular
ion decomposing by cleavage of the central Si - CR, bonds, 19 Such
behaviour is perhaps not surprising being paralleled by a.lkanes which
also tend to fragment at highly branched carbon atoms. 159 The
observation is useful s however, in that it allows a clear distinction
to be made between isomers of the type HoMeSieCH (Ue)*SiMe H and
HMe,Si°CH,*SiMe He The stability of the skeleton to electron impaot
induced fragmentation is also reduced by increasing the number of
methylene groups between silicon atoms. Thus MeBSio(:Hzo CH2° SiMej
gives Me3Si+ a3 the most abundant ion whereas for Mo, CH » S:LMe},
(P-Me)* i.e. (parent ion minus methyl) is the base peak., 19

Replacing eny or all of the methyl groups of I (X = CH,) and
Me;Sif' CHy S:I.MeB does not affect the lability of the molecular skeleton

to fragment after ionization 21, fThe loss of H ﬁvm.fully methylated

compourds is not generally observed but with HSSi°GH£ S:’t.T:I3 dissociation



10,

of oarbonedlydrqgen bonds must occur gt sone stage since all the ions

from CH7'Si"2' to C-Si'; ere observed. When silicon-hydrogen bonds are

present in a molecule (P-H)' ions are always observed in addition to

(P-e)* ions but methyl groups when presemt are lost mreferentially, 2421
With alkylohlorosilanes R,SiCl, R_SiCl, and RSiCl, where R is

3 2 2 3
CH, or C_H_, loss of both alkyl and chlorine from the molecular ion

3 2’5’
ocours but again oleavage of the silicon-carbon bond predominates, 25,26
Rearrangement ions are often observed in the spectra of
organoéila.nes. For example Phenylchbrosilanes, Ph,SiCl, amd PhSiClB
Froduce Piy* and PhC1** 2 and with Me SiH, (n = 0,1,2,3,4) compounds 2+
rearrangement ions are of high abundance, the elimination of a stable

molecule from an ion often being accompanied by a metastable peak:

Ye,Si% —— MeSiH} + CH,
+ +
ESiMe, ———H,;Si + C.H,
HSiMet® ——> sgsi** + CH,

Although no metastable peaks were reported in the mass spectra of
siliconw-methylene compounds 19,20,21 s ions of low abundance were

often observed especially for the cyclic compounds which could have
resulted by emission of methane from (P-Me)* ions, Similarly silezanes 22
eliminate neutral moiecules from (P-Me)* ions and in some cases metastable
peaks are present. Thus (Mezsilqﬂ)3 and (Mazsmﬁ)l+ show loss of both

CH, and NH; from (P<le)* ions, the loss of N; although requiring

L
considerable rearrangement being confirmed 22 by a metastable peak,
Similexrly MeSSiONHoSiMeZCI shows loss of HCl from (P-Me)* while . ‘

(MeO)Mez‘SioNH-SjMez(OMe) eliminates formaldehyde after losing a methyl groupe.



Though the molecular weight of an alcohol is often found from
the mass spectra of its trimethylsilyl derivative (MejsiOR) which

show a large (P-Mes)® ion 27, the origins of the rearrangement ions
 were not elucidated 28 using deuterium labelling until 1967. The

me-bhanisms_involved are illustrated by the fragmentation of
pent an=1=0l trimethylsilyl ether which exhibits peaks which appear in

the speetra of practically all trimethylsilyl ethers

+o
CH3(CH2)50H208:LM33
/7 0.5%
/ °
-CH;/, -CIFH 9
p
/
/ H )
CH,CH,CH_CH,,CH,_“0S1Me —Mc CH,CH,CH, -CH,_§S1Me CH,=D-SiMe
3CHR L, .2=H322&9’°2U2 2 3
\_—N’_J
H 23.5% : 7%
<0 <\ P
\% v
+ + +
H-0=Sille, CH,=0-ie, Sidie
26.5% » H 1245%
_ L

In the above solid straight arrows represent processes confirmed by
metastable peaks and the rumbers are the percentage of the total ion
ourrent carried by that ion. Curved fishhooks (/7) represent
movement of one electron and curved arrows (/) movement of two.

R'
7 .
The trimethyl derivatives of secondary alcohols Me3Si_o..cH\ ; in addition
R

give an intense peak corresponding to loss of the larger alkyl group

R? or“ R.

11,



12,

An umisual feature of the methylsilalazanes, methylsiloxanes
and methylsilicon methylene compounds is the production of multiply

charged species often in quite high abundance. Thus
Ve,
Si

7\
ClMezN\Si/NMeZCI produces (P-2Mes)** as the second most abundant

Ve,

ion and the cyolio siloxane (Me,Si0); shows (P-2tee)* and (P-sites)™
Dibeler et. al. 25 first observed this high abundance of doubly charged
ions when there were two silicon atoms present and triply charged ions
when there were three and proposed that the-most probable ionization
process involved the removal of one electron and methyl group from each
silicon atom within the molecule,

As with organosilanes, molecular ions of lead alkyls are of
low abundance as are all ions heavier then CH, st". With the
compounds Me,Pb, MesPbR (R=Et, n-Bu, s-Bu, t-Bu), Me [PLEt ,, MePbEt,
and EtLFPb loss of the heaviest alkyl group f‘rom the molecular ion

gives R Pb* as the most abundant ion in the spectrum.z9

3
Rearrangement ions were very common. For example with tetra-n-propyl-and
tetra-iso~butyl-lead )CHSPb"' was the most abundant ion in their spectra.
No metastable peaks were reported, however, that could indicate the

mode of formation of these rearrangement ions even though some, such

The mass spectra of the tetramethylderivatives of carbon,

30,111

as hydride ions, were quite abumiant,
silicon, germanium, tin and lead have been compared = 7, Again the
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molecular ion is scnail and MegM* is ‘the_.most abundant jon. This led
to the suggestion that ionization occured by loss of a bonding
electron between the central atom and a methyi group. The abundances
of ¥y ¥R*, and MR} inorease from ocarbon to lead while ions resulting
from the dissociation of hydrogen atoms decrease from carbon to lead,
| Hydride ions HMCH{ and HJM" also decrease in abundance from
silicon to lead and it was postulated that extrapolation of the
abundances could give information concerning the origin of same of the
peaks in the spectrum of tetramethylmethane. Thus the height of the
Hz}* peaks varies from zero for tin and lead to 5.1% for Si (base
peak for all compounds is Me3M* = 100%) whereas the abundance of the
methyl ion decreases from 12.4 in tetramethyllead to 5.07 in
tetramethylsilicon, The abundance of the CH:;’ peak has an intensity
of 9,3% and it was argued that the trend observed with the other
tetramethyl compounds showed that some of the CH; ions were in faot
trihydrides of the central carbon, Measm‘ementsﬂjcMeh_ showed J1
however, that no 13CH} ions ocours in the spectrum illustrating the

unsatisfactory nature of the use of one element as a homologue of

another.

Group V As, Sb, Bi.
Fof triphenylderivatives 32 polecular ion abundances diminish

in the order As ) Sb)Bi whereas metal ion abundances M* follow the
reverse order, as expected from the variation of metal-carbon bond

strengths within a group. Similar observations concerning M* ions



may be made for the trimethyl-compounds, 12,35

Of these compbuﬁds trimethylantimony has been studied in
most detail 12 and clagstograms and appearance potential measurements
on the major ions Me,Sb*’ (78%), Me,Sb* (100%), MeSb** (36%) and
Sb* (37%) indicage simple bond cleavage decompositions

Mebe"'-——) e _ 1Sb‘* + Me*

Loss of H, (or 2He) from RM" ions is observed for all the

arsenic and antimony compounds but not the bismuth,

14.
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1.2, Tonization and Appearance Potemtials.

.The first iomization potential of a molecule is defined as the
energy difference between the ground state vibrational level:. c;f the
low@: electronio state: of the molecule and the molecular ion, This
is sometimes refemed to as the "adisbatio" ionization potential and
1s of importence in understending the strusture of moleoules, Electrons
of sufﬁ.cienﬁ energy can jonize molecules by the process:-

e+ AB—AB" + 2o

The .condition-s under which ionization takes place are governed by the
Franck-Cond.dn rrinciple since for electron bombardment ionization the
time of inmteraction is so short (of the order of 10~15 gec.) compared
to the time necessary for a vibration (1012 to 10~13 sec.) that nuclei
may be considered ag fixed at their equilibrium distances during the
ionization process. If the potential energy curves representing the
molecule before the transition and the molecular ion after the
transition are plotted, the points on these curves representing the
conditions before and after _ioniza’cion will correspond to the same
nuclear separation and will thus lie on a line paréllel to the energy
axise Such a transition is refered to as a vertical transition, and the
jonization potemtial measured in this way as the vertical ionization
;;)tential. For the case of diatomic molecules various possibilities of
electronic structures are shown in fig. 1.

It can be seem that ionization potentials of molecular ions

which are obtained by electron impact measurements must be considered



Fig.|

AR

AR b)

Kﬁ.;auj |leluziod —> -

Internuclear separation r——
Potertial energy curves showing:-
a) Equal vertical and “adiabatic” ionization potential V=A . b). V
c) Vertical ionization potentials leading to dissociation of the parent

into fragments ~ d)’ Upper potential energy curve repulslve with
ionjzation leadlng to dissociation.




as upper limits of the "adlabatic" value, However even when the
interatoni;c distances of the two possiblg states @iffer appreciably as
in fig 1.b)l,o). there is still a finite possibility that ionization to
the lowest vibrational level of thé ionic state will occur. This
suggests that in some cases the measured value of the ionization
potential may depend on the sensifivity of the detecting apparatus used,
Increasing the sensitivity is, in fact, equivalent to "broadening" the
Franck-Condon region. | |

Fig. 1(d) shows a transition to a mimlsive upper state,
Fragmentation accompanies all such transitions and the excess energy,'of
the fragments formed is given by the height of the transition region
above the dissociation asymptote; Thus the appearance potentials of
fragments obtained by methods involving vertical transitions also give
values which are upper limits of the "adiabatic" or "true" value,

The experimental problem in measuring appearance potentials is
to determine accurately the intercept, on the voltage axis, of graphs of
ion current versus accelerating voltage of the ionlzing electrons
1(‘.i.oniz§tion efficiency curve)s The general shape of these curves is well
established. With decreasing voltage the curve increases to a maximm
value followed by a region of linear decrease. The curve then approaches
the energy axis élmost exactly exponentially, there being two reasons why

this should be so. |
Firstly, this behavior is inherent in the ionization process

as may be understood from considgratién of fig. 2.
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Fig. 2. : '

~Binding curve of
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Suppose that Precisely monoenergetic electrons are used of

‘energy equal to the energy of the transition shown on the diagram., As

the energy is reduced so that there is only sufficient energy for
transitions first to the v' = 1 and then v' = 0 levels, the requirements
that the transition must be shown as vertical line means that the |
transition must originate from further to the right in the lower state.
However the probabilify of finding AB molecules with suchAintenmclea.r
separations is decreasing, consequently the mmber of ionized AB* formed
(i.es ion current of AB* ) decreases following the shape of ‘the probability
curve of the v" = 0 level. ’

Secondly, a non-monoenergetic electron beam causes further

: cm'vafure of these graphs, Normally a mass-spec‘l:rometer source forms

the electron beam by acceleration of electrons emitted from a hot
filament, The energy distribution of the emitted electrons will be
essentially Ma::cwellia.n3 l;fi? thus even when the minimum value of the
electron energy is equal to the appearance potential of AB [A_ (AB*)]
appreciable ion ocurrent: persists because appreciabie numbers of electrons
with higher energies remain, Purther reduction of the electron energy is
required before the ic;n current at mass AB* disappears and the approximately
éx_ponential curvature of fhe energy distribution of the emitted electrons
must lead to the ionization efficiency curve approaching the energy axis
asymptotically.

In addition to difficulties é.rising from the shape of the

ionization efficiency curve, other sources of error can enter into the

measurement of appearance potentials by mass épectrometry. These have
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been discussed by Waldron and Wood and are briefly outlined below,

The occurence of a potential gradient within the ionizetion
chamber will lead to the electrons being given an additional inorement
of energy and for this reason the ion repeller voltage is kept to a
minimum, Provided the voltage of the repeller is kept constant however,
thié effect should not lead to an error in measuring the difference
between two ionization potentials. The field within the ionization
chamber is partly due to penetration of the ion accelerating field
through the slit via which the ions emerge, Thus if the field within
the ion chamber is to be the same for the examination of two ions of
different mass, magnetic scanning must be used, The slit leading from
the ionization chamber to the electron trap is usually relatively wide and
the voltage of the trap cen produce a considerahle field penetration
extending to the ionizing region, It is therefore ideal to work with

the trap at the same potential as the ionization chamber, There is also
the effect of the magnetic field in which the lonizing region is immersed,
This will give rise to discriminations in that ions of different mass
which are obsérved will originate in different regions of the ionization
chamber and might thus receive different accelerations as they travel
along the weak fields within the ionization chamber, This effect will be
negligible if all the ions are formed in a region in which the lines of
equipotential are parallel to the electron beam.

If the temperature of the filament, producing th;a electron
beam, increases so does the energy spread in electron energy. It is

therefore desirable that the filament temperature should be held constant

20,




during measurement of a pair of j.onization efficiency curves, Contact
potentials within the ionization chamber may vary when a sample is
int:ﬁduced and for this reason it is usual to use an "internél standard”
when measuring appearance potentials i.e. to introduce a second substance
of known ionization potential whose ionization efficiency ourve can be
compared l\1;rith that of the substance under investigation while they are
both in the system and thus identical potential conditions,

The problem of determining the true origin of the ionization
efficiency curve and hence the appearance potential has been critically
discussed by Nicholson 37, The early means of determining the true value
for the ionization potential was the "initial break" i.e, extrapolating
the ourve back to its intersection with the energy axis 38939, The method
is not very satisfactory because of the effect of the electron energy
spz_'ga.d in making the curve asymptotic to the energy axis so that the
pc;;nt detected in this way will deperd on the sample pressure, the
number of bombarding electrons and the sensitivity of the detector
employeds When a rare gas is introduced at the same time as the sample,
differences in the electron energy correspording to the minimum
detectable current in each case can be used to obtain the appearance
pbtential. There still remains the objection that the shapes of the
curves may not be the same very near to the ptentials at which the two
cwrrents vanish,

A second method, now little used, was inmtroduced by Vought 40

who extrapolated the linear portion of the ionization efficiency curve

to zero ion current using the extrapolated value as the ionization

21,
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potential, Its main disadvantage is due to using the current/voltage
relationship comparatively far above the ionization potential where

the ions may not be in their lowest energy states, The results obtained
are generally higﬁer than those from other methods especially when
appearance potentials of fragment ions formed by camplex reaction paths

are being studied. It should be noted however that the method of Vought

is practicdly the only one available for the determination of the potentials
| of second and higher breeks in the ionization efficiency curve,

An extension of the "initial break" method is due to Warren.!

In this method, which uses an internal standerd of known ionization potential,
‘the ion current scales for the two graphs are adjusted so as to make the
straight line portions parallel. The difference in voltage between
correspording’ ion currents on the curves is plotted against ion current

and from the voltage difference at zero ion current the appearance potential
is fc‘aund. The same objections apply to this method as to the "initial
break" but the method has the advantage of rendering differences in the

shapes of the two curves clearly visible.

Several other methods which also depend for the;.r success on the
shapes of the two curves being compared being closely similar are classified
by Nicholson as the "logarithmic" methods. The first of these due to
Honig and Wannier l"zwhilst not attempting to eliminate the electron energy
spread accounts for it in an analytical expression which indicates that
for about 1 eV below the ionization potential the curve will be approximately

exponential. A semi-log plot of the ionization efficiency curve will give

a slope of 2 at the ionization potential., Dibeler and Reese 43

(3 %T)




measure the voltage difference between the particle being studied and a

substance whose ionization potential is accurately known, The two graphs

of ion current/electron voltage are plotted on the same scale so normalised

that the two graphs are parallel, This normalisation is obtained by
adjusting the partial pressure of the two components of the mixture until
the ion current of each species is approximately equal with an electron
beam of 50 - 70 eV energy. Another method similar to this is due to
Lossing, Tichxer and Bryce.u"The Iressure is again adjusted so as to get
comparable intensities at 50eV, amd a log. plot of peak heights, as
percentages of the abuﬁdanoe at 50eV, against the electron energy yields
parallel curves at the onset. Generally, voltage differences at 1% of
the intensity at 50eV are taken as significant.

All the methods discussed give values which are usually
reliable to O,1eV for ions which give curves similer in form to those
of the inert gas ions.

Morrison %2 has proposed an interesting analytical proceedure :
for treating ionization efficiency curves, which enabled him to remove
~at least partly the blu‘ﬁ.ng effect of energy spread and to obtain from a
given curve more informatiom (particularly about excited states of ions).
It is the derivative method, The method shows that if p(E), the
probability of ionization to a given state, is a polynamial of the Kth
degree, the (K + 1)th derivative represemts the electron energy

distribution, reversed with respect to the energy scale. An electronioc

device may be built to obtain automatically the derivative of the ionization




efficiency curve 46 o With this technique, Morrison was able to detect
the appearance of excited states bf ions -a.nd correlate them with known
spectroscopic states. The technique is capable of giving interesting
results, it has for instance allowed the estimation .. of relative
probabilities for electronic transitions 4/ o Ionization efficiency
curves become easier to intérpret if mono-energetic electrons are used
since any fine structure whioh is smoothed out when thereA is a spread

in electron energies is more easily observed, If, as is suggested by
I\_Ticholson5 ! all errors arise from the fact that ionization efficiency
curves do not have the same shape and differences in shape are due to
different contributions of upper energy levels of the positive ions to
the jonization efficiency curve, accuracy will be increased by any method
which oan detect fine structure in the curves. Clarkel"susing a beam of
nearly mono-energetic electrons has shown that as the spread in electron
energy »is reduced the curves do, in most cases, become segmented straight
lines with little curvature as the ionization potential is approached,

A quite different approach to the problem of obtaining the
effect of mono-energetic electron beam has been made by Fox, Hickem,
Kjeldaas and Grovtel+9 ’S%ith their "retarding potential difference method,‘".'.
Tonization potentials determined by this method give results much closer
to those calculated by spectroscopic methods than do the methods which
" "do not employ "mono-eneigetio" electrons, This is especially so for
molecules such as benzene 21392:53:54 in wnich there are excited states

of the ion close to the ground state 55,56 . N_evertheless there are some
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difficulties in the results obtained by this method which have not
been resolved 2/ .

In addition to the instrumental .difﬁ.culties involved in
reducing the electron energy spread, such reduction gives a correspondingly
smaller electron current and therefore worse signal-to noiée ratio in

the final data, Morrison 57

has recently proposed an analytical method
for reducing the effect of energy spread. This "deconvolution" method
is based essentially on the use of Fourier transform relationships and
communication theory and obtains a marked reduction in the scatter in
the experimental data and reduces the effective electron energy spread
by a factor of four or five times. Although an exact knowledge of the
Aform of electron energy spread is not required, the better this knowledge
‘the better the ultimate result, Tests made on several artificial
examples 9nd on two actual cases show that the methods are of soms
promise, Eland, Shepherd and Danky 58 used the same technique to obtain
the ionization potentials of a series of aromatic amines, The method
however does not mean that there is no advantage to be gained by using
a beam of ionizing electrons with reduced energy spread, Morrison found
it not possible to estimate an energy spread to a much greater acocuracy
than about 1 to % of its width, so that the smaller the width in the

4
first place the better the ultimate result,
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1.3« Derivation of Therochemical Data from Appearance Potentials

Appearance potentials may used in conjunction with ionization

potentials, and/or calorimetric data allowing an estimation of certain

thermodynamic quantities such as heats of formation and bond dissociation

energies. Ionization by electron impact and subsequent fragmentation of

the molecular ion by bond oleavage may be represented in a cycle of the

form
D(A*—B)
(2¢ + ) 4Bt ~> At 4+ B
A S
I(4aB) A(AY)aB I(a)
(e+) AB - %A+ + B
D(A—B)
where I(A) ionization potential of A-

A(A*)B appearance potential of A* from molecule AB
D(A—B) dissociation energy of the bond A—B,

From this oycle the following relationships may be obtained.

A (A*)aB I(aB) + D (&%—B) + E, 1.1

A (A*)aB

I(s) + D (a—B) + E, 142

Here the terms E1 and E2 represent excess kinetic energy: of the

(+ 2e)

(+e)

+ .
dissociation plus any excitation energy of the products A™ and B-.
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The alternative products B* and A- may also be obtained leading to
A(B*) 4B

A(B") 4B

I(B-) + D(a—B) + E 1.3

I(aB) + D(B—A) + -Eu S Y

The values of E1 ’ E2, E3 and EL., are not necessarily the same and in
general will differ,

One simplfying assumption often made is that E , E

1 ? 2"
are zero l.e. that both the ion and the radical are produced in their

E,E
3’

ground state and that the kinetic energy term is zero, As E2 4 E3 ard

E1 {: Eh, in general, this assumption will be true for only one of the

two series of possible product_s.. Stevenson 27 , has pointed out that

one might expect that ionization e + XY—>X* + Y+ 2 where I(X-) < 1(Y°)
may lead to the fonnation of the ion and radical in their ground states,
In many cases where the hypothesis that one of the excess energy terms

is zero may be tested it has been found to hold *® , 4 fairly
extensive series of measurements has been made for singly substituted
nétha.ne derivatives CH3X and these are shown in table 1.3.1along with

the bond-dissociation energies estimated by other methods. The agreement
between the values from eleotron impact studies and other methods is

'gdo& L supporting the view that the fragments are produced in their electronto
ground states ard that E = O, The use of equation 1.2. to estimate
aqcurai:e bond dissooiéfion energies requires an estimate of the ionization
potential of the free radical. Few direct measurements of such quantities

have been made for organometallic radicals and accurate estimations of bond



Table 1,3.1

Bond~-dissociation energies D(CHj—X)

X Electron Impact Other methods® .
(ev) (ev)

H b3 8 e 37

cHy 3.99 & | 3.60

NO,, 2,504 ® 2,34

OH 395 b 3.90

c1 3.40 P 3.47

Br 2,33 b 2.91

I 2,30 b 2430

a) reference 6
b) R.I. Reed and W. Snedden Trans. Faraday Soc., 5k, 301, (1958).

¢) "The strengths of Chemical Bomds" T.L. Cottrell, 2nd Edition,1958,

Butterworths, London., (1st Edition 195k. )
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dissociation energies by other methods from which ionization potentiels
could be calculated by a combination with the appropriate appearance
potentials are often lackﬁ.ng. For exasmple various workers 60,61,62
'have measured appearance potemtials of the Me381+ ions from various
trimethyl silyl compounds obtaining good agreement. Accurate bond

dissociation energies for Me_Si—X bonds remained in doubt, until

3
recently 63 because of different estimations of D(MeBSi—SiMeS) from

which I(Me331° ) is calculated,

Relative bond dissociation energy measurements may still be
calculated however without knowledge of ionization potentials. If
for the compounds LnML-R the appearance potential of L M* is measured

then by a subtraction of the two equations,

A(L )L M—R, (o) + D(Lp—ny)

AL )LnM—R2 I(an' ) o+ D(LnM—Rz)

Bond dissociation energy differencgs are fourd.
D(L ¥—R,) - D(LM-R) = A(LnM")LnM-—R1 - A(L M) ¥R, 145
Hess, Lampe and Somner6° have introduced an indirect method
of estimating ionization'potentia.ls which is applicable to the organo-
compounds of metals which form homonuclear metal-metal bonds, To
explain the method equation 1.2 must be mod;fied to involve other
thermodynamic data, The bond dissociation energy D(A—B) is the heat

of reaétion

AB—A+ + B-




hence

D(A—B) = AH;. (4:) + OB (B2) - AHg (48) 1.6
where AH; rerresents the standard heat of formation.
Thus 1,2 becomes

A( A*)A;?: I(ar) + OHy(a) + AHg (B0) - AHp (#8) 1.7

3

_assuming
E2 = 0
Also
1(a) = AH;, (at) - AH}(A-) 1.8
and so .
A(£*)AB SAE (a%) ¢ AHfB) - Amy(an) 1.9

Suppose that for the oampound 4B, ANHg (4B) amd AH; (B:) are known,
then AH;.(A"') cen be found from the measurements of A(A*)AB. With this
value A(A*) cen be measured from A—A., If AH;,(A—-A) is known and it is
assumed that any excess energy release associated with the formation of
A* and A’ is zero, the measurement permits a computation of AB;(A Do
The Aionizétion potential of A- can then be estimated using 1.8. Using
this "indirect" method heats of formation and ionization potentials of

the radicals SiMe3 and SnMeS have been evaluated and bond dissociation

energies D(le,Si—R) €0 apd D(ie,Sn —R) 64 found,

The high abundance 'of the metal ion (M*) in the spectra of

some organcmetallic compounds has prompted several workers 65,66,67

to measure the appearance potential of this jon in order to determine the

heat of formation of the parent campound Or mean metal-carbon bond
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dissociation energies. Aside from instrumental errors, it will be
apparent from the preceding discussion that the validity of using
appearance potentials in the derivetion of thermodynamic quantities
depends primarily on the correct designation of the process involved
in the threshold measurement, Since this may be difficult for processes
involving extensive fragmentation, more reliance maey generally be
placed on values derived from appearance potentials of ions formed by
less extensive dissociative processes. Ewven so quite accurate
estimations- of thermodynamic quantities have resulted from the
appearance potential of M* for various transition metal carbonyls and
cyclo_pentadienyl complexes,

Mean metal-carbon bond dissociation energies for a ML,
compound (M is metal and L ligand) may be calculated if we assume that
the appearance potential of M' is the energy required for the decomposition

e + My, —> M + ol + 2 AH = AM DM,

Assuming no excess energy release the cycle below mey be writtem:=-

(2e +) ML; nD(Mt—L) SMY + oL (+2e)
I(ML,) A(Mt }/IL;Q IA 1(x)
(+e) ML, M + ol (+e)

nD(M-L)

mean dissociation energy of M-L bond in ML,

where D(M-L)

BD(L) mean dissociation energy of M-L bond in ML *'
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From this
'E(M—L) = % —A(M")y;[fn’ - I(M) } 1010
DeL) = %l(w)mq - I(m.n)] 1,11

Providing fﬁe appearance potential measuregents can be accurately
carried out then mean bond dissociation energies can be calculated in
both the neutral moleoule and molecular ion.

Some measurements for transition metal carbonyls are shown
in Table 143.2. The appearance potential messurements give larger
values for D(¥CO0) than those caloulated from heats of combustion,
This discrepancy may be attributable to the failure of the negligible excess
energy release assumption made in deriving equations 1.10 and 1.11.

Heats of formation may also calculated. If M* is formed by
the process below with no excess energy release;-

LM + e —3M + oL + 2e AH = A(M")ML,

then A(M"ﬁd'Ln; = NHp(M) + nOHKL ) - DHg(L M)
‘frmnwhic.hAH;(LnM) = NHp(M*) + nAHHL) - A(M*)@Pg; 1,12

. Since the heats of formation of metal ions in their ground states are
known, then providing the heat of formation of the ligand L° is known,

- measurement of the appearance potential allows an estimation of the heat

of farmation of the parent molecule.67
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Sometimes appearance potential data can also throw light
onto the decomposition process occurring just aﬁove the threshold
measuremnent, Winﬁers and Kiser 68 measured the appearance potential
of the metal ion from compounds of the type (C5Hs) ¥ (c0), (¥ = Go,
Mn,V). Heats of formation of the neutral molecules were calculated

assuming in one instance metal ions to be formed by the decamposition

(0535) M (Co)x + e —M 031-{3. + 0H, + x CO 1413

and in another by

(05115)M(co)x+ e— M + CH; + x 0O 1.1k

Decomposition 1,13 was considered to be the most probable since the heat
of formation obtained for this process a.g_re_ed. with values estimated from

bond sti'ength data of similar compounds,
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2.3

EXPERIMENTAL,

Preparation of Compourds.
Recording Mass Spectra,

Measurement of Appearance Potentials.
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2.1 Preparation of Compounds

Eﬁ&fﬂs Prepared from the reaction of stannic chloride and
-ethylmagnesium bromide in ether 69’70. The main impurity,
triethyltin chloride was removed from an ether solution by agitating
with aqueous/alceholic potassium fluoride solution and filtering off
the precipitated triethyltin fluoride 71.' V;pour phase chromatography
[fye 104 dual columns (5ft. 4 m.m. i.d.) duval flame ionization
detectors. Stationary phase 10% Apiezon L on 100=200 mesh celite.
Carrier gas Nég] Temp. 200°C showed only one peak, b.pt = 1741762/

760 m.Mm.

(CHZ:CH)ISnz The addition of anhydrous stannic chloride to

vinylmagnesium bromide gave tetravinyltin in at least 60% yield 72.

b.pt. 160-163°C/760 m.m.

Ph.SnCls repared from freshly distilled stannic chloride and
3 prepars y 73

tetraphenyltin by the redistribution reaction

BSnPh4 + SnCl4 _— 4SnPh3CI
Pure triphenyltin chloride was obtained by sohxlet extraction of the

powdered ;product using ether 74. mepte = 106710700

Ph3SnBr: Prepared in the same way as iriphenyltin chloride using

anhydrous stannic bromide. m.pt. = 122%.
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Ph3SnF:- Triphenyltin chloride solution in hot ethanol was added to

a hot aqueous/alcoholic solution of potassium fluoride. On cooling

snow white fine crystals of triphenyltin fluoride formed & m.pte =

At 341°C the solid turned brown and at 355°C liquified.

Ph.SnI: Sodium iodide (45 g.) in acetone (300 cc.) was added to
3 ) 1
triphenyltin chloride (19.2 g.) in acetone (50 cc.). The mixture
was refluxed for 6 hr., decanted from sodium chloride and more
sodium iodide (30 g.) added with further refluxing (8hr.). The

érude iodide was purified by soxhlet extraction with light petroleum

(b.pt. 40-60°C) from which it crystalised, m.pt. = 121°C.

EtSnPh.: The reaction of triphenyltin chloride with ethylmagnesium

—_

bromide in anhydrous ether as described by Lesbre et. al. 76 gave
ethyltriphenyltin in 63% yield.

The product was purified by alternatively recrystalising
from ether and hexsne until the mass spectrum showed ne/Eﬁange after

ten recrystalisations. m.pt. = 56°C.

HeSnPh3x Prepared in an identical way to EtSnPh3 using methylmagnesium

bromide. Five alternate recrystalisations from hexane and ethanol

were carried out. m.pt. = 5800

H Diphenyltinaibromide first prepared in the following manner.

Et,SnPh

2 2
Tetraphenyltin (109 g. 0.5 mole) wag : suspended in ethylenedibromide




and bromide (80 g. 1 mole) in the same solvent added drop wise over
a period of three hours. Ethylenedibromide and bromobenzene
were removed by distillation at reduced pressure leaving a brown
liquid. The distillate boiling at 156717000/1 m.m. was collected
yielding diphenyltindibromide (100g. 60%) Diethyldiphenyltin was
prepared from the reaction of this bromide with ethylmaénesium bromide
in ether 75. Unforseen complications arose however because of the
pre:sence of chiorine even in analar brphine which resulted in the
presence of some PhEtZSnBr, PhEtZSnCI and Ph3SnEt in the
‘diethyldiphenyltip obtained.

Pﬁrification was effected by chromatography using a
column of silica gel (100/200 mesh, activated by heating for 3 days
at 1go°c) and eluting with petroleum (b.pt. 40-60°C). Retention
on the column was in the order PhEt,SnCl, PhEt,SnBr Dg Ph,SnEt, 7
Ph3SnEt 031ng guch a column (dimensions: length 18in. diameter 1in.)
and by taking a mlddle cut of the petroleum fractions, 0.1 g. of pure
diethyldiphenyltin was obtained from 1.5 g. of crude material. This
sample gave only one peak by vapour phase chromatography using two
stationary phases at 200°C (10% apiezon L on 100=200 mesh celite and

N.G;A; § carrier gas Nz) and showed no peaks in the mass specirum

+
corresponding to PhEtzanI, PhEtZSnBr (iees PhBEtSnCl or PhEtSnBr')

or Ph.SnEt (i.e. Ph3Sn+).

3

Br
' 2
Et.SnPh: The preparation from ietraethyltin by the sequence Et4Sn _

I —

37.
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Br2 PhMgBr , 7
—————}Eﬁ3SnBr-————7}Ew3SnPh has been described ''. Again the presence

of chlorine in the bromine used resulted in the product being
contaminated with Et3SnBr, Et38n01 and Etzsnth. These were removed
by silica gel column chromatography eluting with petroleum (b.pt. 40-
60°C) (as for the diethyldiphenyltin purification described) followed '
by preparafive scale vapour-phase chromatography using a 9ft. column
of 10% apiezon L on celite and nitrogen as carrier gas.

It is interesting to note at this stage that an alumina
column (Brockman'No 1) and eluting with petroleum (b.pt. 40-60°C)
woﬁid not sepérate either E“tZSnPh2 or Et3SnPh from their impurities.
Sny,Bt,:  Sodium amalgam (225 g Hg + 1.13 g. Na) triethyltin chloride
——

(11.7 g.) and cyclohexane (10 cc.) were shaken in a nitrogen purged
flask for 14 days. No colour change was observed, but the mercury
became more mobile and sodium chloride separated. Normal work=-up
gave two fractions, b.pte 85-110°C/10 m.m. (3.6 g.) and b.pt. 148-
15000/10 m.m. (4.2 g.), both of which qontained some Et3SnCI which'
was not completely removed by sheking with aqueous/alcoholic KF or
'by chromatography on silica gel. The higher fraction was refluxed
with potassium (3 g.) in bengzene (50. cc.) for 10 hr. giving pure

hexaethyldistannane (0.5 g.) bept. 100=151°C/15 m.m:

5= Stannagpiro (4,4.) nonane: The di-Grignard reagent from 1,4 -

dibromobutane (92 g.), magnesium (22 g.) and ether (400 cc.) was added

to stannic chloride (26 g.) in ether (500 cc.) and the mixtures refluxed
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for 10 hr. After hydrolysing with saturaied ammonium chloride solution
the two layers were separated and the aqueous layer extracted with more
ether. The combined ether solutions were dried and the ether removed
by distillation. The residue was distilled yielding 2.1 g. of
colourless liquid b.pt. 108711000/30 m.m..I1ts infra red spectrum

showed no Sn—H absorption.l(Found C58.9%; H4.T#; CgH, Sn requires

C58.8%; H4.9%).

Ph:Sn-S—Ph: Thiophenol (12 g.) in dry methanol (20 cc.) was added

to sodium methoxide (5.4 g.) in dry methanol (20 cc.) Triphenyltinbromide
(42 g.) in tetrahydrofuran (50 cc.) was then added slowly. The mixture
was boiled with reflux for 30 min. and filtered; the product crystalized
from the filtrate. Recrystallisation from ethanol gave a colourless
product (37 g. 82%) m.pt. 103°C (Found C 62.8%; H 4.5%;

requires C 62.7%; H 4.¢%J

Ph3C°CMe:x Tertiarybutylmagnesium chloride in diethylether was prepared
from purified 18 tertiarybutylchloride. This was reacted with
tritylbromide (1 mol.) (freshly prepared from triphenylcarbinol 79)

giving a 61% yield of tertiarybutyl—triphenylmethane m.pt. 175-:-177o .

Attempted gregaratioh of tertiarzbutxltrighenzltin: The reaction of

tertiarybutylmagnesium bromide with triphenyitin chloride yielded only

hexaphenylditin.

Metal-Mbtal bonded Compounds: These were prepared by the addition of the

33 M Li derivative (M = Si, Ge, Sn; R = Me, Ph) to an equal number of




Table 2.1.1.

Products of reaction R,MLi + RM'X (M,M = Si,Ge,Sn; X = C1,Br)

3 3
Lithium Derivative M2Ph6
Reagent Halide Solvent and yield yield
Ph,SnLi Me,SiCl T.H.F. - 62%
Me,SnBr " PhySneSnMe, 14% 21%
Et,8101 0 - 51%
Ph,SiLi Me,SiCl T.H.F. Ph,SicSiMe, 79% -
EtSnBr g - 66%
Et3SiCI " Ph3Si°SiEt3 53% -
PhyGeLi MeySnBr - Bt,0 Ph,Ge°SnMe, 67% o
Et,SnBr " - 68%
Et35iC1 " Ph3Ge°SiEt3 584% %
Me,GeLi Ph,5nC1 Ph,SneGele, 20% present
Me3SiLi Ph3SnCI - present




L.

/ ]
moles of R'_,}M'X (M = 8i,Ge,Sn; R = Me or Et)

RMA + R;M'x—-m;m'-mj + LiX.

The results of these reactions are given in table 2,1,1., Because
of halogenwmetal exchange the symmetric‘;al compounds R6M2 and RéMz' were
often formed, -

The preparations of a) PhjsnLi in tetrahydrofuran (T.H.F,)

from Ph,Su1 80 b) PhjsiLi in T.H.F. from Ph}SiCI 81 and ¢) Ph,Geli

in diethylether fram Fh,GeH 82 have been described. Me GeLd ard

MeBSiLi were prepared from the mercury derivative (MejM) Hg by reaction

with 1ithjum under an atmosphere of nitrogen.

Me,GeSnPhy:  m.pts 110° - 1119 recrystalised from benzene.

— 3
Me;SnGePhs: mept. 81° recrystalised from 1:1°(V:V) mixture of
petroleum (bepte = 40 = 60°C) and diethylether,
S ; 83 . °
(PhCHz)sGe iMej m.pt. G4
MeBSiSiPhS: m.pt. 108°

EtZSiSiPhB: m.pte 89 - 90°

Et;8iGePh,: mept. 91 - 91.5° all recrystalised from methanol

MeBSnPhB: m.pt. 106° separated from Sn2Ph6 by successive
reorystalisations from diethylether,

PhBSnSnPhB: m.pt. 237° recrystalised from benzene
Fh,;SiSiPhs: m.pt. 365° recrystalised from benzéne
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Infra~Red Specira of Metal=~Metal bonded Compounds.

In order to establish that the compounds prepared were

- in faet of structure A3M - MB3 and not AZBM - MBzA etc, infra~red
spectra were recorded using . . a Grubb=Parsons spectromaster. The
characteristic b#nds obeerved are shown in Table 2.1.2. from which it
is immediately obvious tﬁat the infra-red data is consistent with

structures Ph3MéM R3 with all the phenyl groups attached to a single

metal.

Orgggoberxllium-Compounds.

These were all prepared by P.D. Roberts, to whom my
91

thanks are due, using the general methods outlined below.

1.  The dialkyls are obtained by the action of the Grignard
92

. reagent on beryllium chloride
c1213e(o*n.‘t‘,‘,_)2 + ‘2Rng—->R23e‘+ Mgk, + MgCl,
The separation of the product from the reaction mixture presents some
difficulties. The dimethyl may be obtained by a process of "ether
distilii}tion"'at atmospherioc pressure whereby ether continuously
circulates carrying dimethylberylliﬁm from the reaction mixture to a
reéeiver which is kept well above room temperature, excess ether
evaporating from the latter and returning to the reaction vessel via
a condenser 93. The higher alkyls should be distilled from the reaction
mixture at reduced pfessure at as low a teﬁperature as possible
(generally 50-80°) to minimise thermal decomposition. The use of

non—-ethereal Grignard reagents 94, or lithiumalkyls adley8 in



hydrocarbons, allows the preparation of ether free beryllium alkyls
directly from beryllium chloride. .

2. | Dimethylberyllium 95 has been prepared by the action’
of the corresponding organomercury compound on metallic beryllium.

Me,Hg + Be—-—wezBe + Hg

Organcaluminium Compounds.
These were available from Ethyl Cofporation. After

distillation the componndsAwere sealed in a tube containing a
breakseal and attached to the direct evaporation line of the mass

spectrometer.
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202, Recording Mass Spectra

Spectra were récorded on an A.E.I, M,8,9 double fooussing
instrument, Routine measurements, such as high resolution mass
measurements, were carried out as desoribed in the instruction mamal
and unless otherwise stated ions were produced under the following
conditionss
Tonizing electron beam voltage = 70eV
Trap Current (i.e. electron beam current) = 100 /A. Amps
Ion repel],ér voltage = =2 to + L volts
Source temperature = 190 to 210°%

Since some difficulties were encountered with the methods of sample
introduction, the production of reprodusible spectra for abundance
measurements, the detection of metastable peaks and measurement of

appearance potentials these topics are discussed in detail.

2,2,1., Sample Handling Systems

Since electron impact sources require sample vapour at a
pressure of about 10~%m.m, , the usual approach is to maintain a
pressure of about 10~2m.m. in a large reservoir from which vapour
passes to the source through a leak whioch reduces the pressure by the
requisite factor o 10~3. The sample reservoir is filled acoording_ to
the nature of the compound.

a) Permanent geses and compounds .with roon temperature vapour pressures
of a few om, or more use a "cold inlet" where by an aliquot of the

gas/vepour (i.e. a volume of ™ 10co. of pressure ~7 - 8 om, ) is



expanded into a 2 litre reservoir. '

©b)  Vith relatively involatile liquids a volume of about & drop
(i.es handleable in a micropipette) is mtroduced via a gallium
covered sinter, into a reservoir whose volume can be 100 co. or

~ 1000 co. ![fhe whole system can be heated to ~ 2009C to ocause
vapourisation,

c)l For very involatile liquids -and solids the sample is introduced
into a thimble where it may be frozen down in l:lquid nitrogen whilst
the air in the thimble is evacuated, The sample is then given direct
entrf into the reservoir, and the thimble is heated in an oven until
the vapour pressure reaches the required level. The oven and
reservoir can be heated to ~ 3509,

4 Using this "heated inlet" system sometimes poses problems
for solids because decomposition oo-ours: either thé campound decomposes
in the solid and it is the decomposition products that vapourise or
_else the_vﬁpour’ decomposes in the gas phase in the hot reservoir,
possibly catalysed by the metal parts of the valves. A technique to
minimise these troubles is the "direct insertion probe". A few
micrograms of the solid are packed into a glass or ceramic probe,
This is then introduced through a vacuum lock, directly into the source
within a few m.m. of the electron beam, Sample vapourises from the
probe under the influence of the source vacuum and source temperat‘m'e
(‘ ~N 200°C); If, under these conditions of vapourisation virtually
direotly into the electron beam, decomposition still occurs then it
can probably never be eliminated,

To record mass spectra of solids the direct insertion probe
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was always used to introduce sample into the mass speotrometer,
With dialkylberyllium compounds in addition to difﬁgulties

encountered because of the highly reactive nature of these compounds

to air and moisture, extensive decomposition of these compounds

occurred whenever these inlet systems were used, Thus the volatile
di-tertiary-butylberyllium decomposed giving mainly butene in the

cold inlet system and dimethylberyllium, whith does not thermally
decompose until 200°C, produced a mass spectrum showing only peaks

due to Mejsn"', MejGe"' ard hydrocarbon ions when introduced via the
heated inlet system at 100°%, Such decomposition ocoured even after

the heated inlet system had been "baked" for 6 hours at 350°C before
cooling to 100°C in order to remove any volatile residues that would
react with the organoberyllium compound. |

In case this decomposition was catalysed by metallic surfaces,

an all glass inlet system was constructed; a sehematic diagram of which
is shown in Fig. 3. The rate evaporation of material into the source
was controlled by altering the temperature of the sample, To give a
reading on the som'ce-ionization guage Qf 2 to 8x10'6m.m. the following
| semple temperatures (°C) were required for organo-beryllium and - aluminium
 compounds; Me,Be 48°, EtyBe 16.5°, (1-Pr),BeO(n-Pr),Be 25°, (i-Bu)sBe 29°
(t-Bu)zBe ~ 600, MejAl - 259, EtBAl- - 159, M‘?ZAJ,H - 220, EtzAlH 220,
’(temperatms in degrees centigrade). A disadvantage of this inlet
systeml'is that the beryllium or sluminiim sample hes to be sealed in a

tube with a breakseal and then glass-blown onto the inlet line, To

remove the sample, the source and inlet line to the 4 - way mg.nifold
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has to be let down to pure dry nitrogen and the sample ‘_tube and inlet-line
sealed using a blow torch.

It was not possible to introduce di-n-butylberyllium through
any of the sample inlet systems described because of its low volatility.
Using the direct evaporation inlet system elimination 6f butene occurred
when the sample was heafed above 85°C, Prolonged heating at this
tempez?atufe' caused further decomposition and the sample turned to a
grey viscous liquid.L At no stage was the mass spectrum of

- di-n-butylberyllium recorded.

1

202,2., Obtaining Spectra for Abundance : Measurements

These were recorded using a resolution of 1 part in 5,000 and
a source pressure not so high that "sparking" of the high voltahe
employed in _the source occured, It is also important that a constant
moniter current (i.e. a quantity rroportional to the total ion current
issuing from the iomization chamber found by imtercepting part of the
ion beam before it enters the magnetic seotor) preveils while the spectra
is recorded if meaningful abundances are to be obtained. With the inlet
systems which employ a leak to regulate the flow of material into the
source (i.e. the cold, heated and gellium systems) this is relatively
easy but using the airect insertion probe some manipulation is necessary,

especially with solids m.pt,>100°C, before constant evaporation imto

the source is obtained. .

'2.2.,3. Detection of Metastable Peaks

For detection of such pedks an ion repeller voltage of + 20 to

+ 25 volts and a resolving power of one part in 500 to 1000 were used



since it has been shown 1. that the height of these peaks increases

relative to the others under these copditions.

2+, Measurement of Appearance Potemtials
While an appearance potemtial is being measured it is essential

that a constantmonitar current prevails (i.e. for about thirty minutes)
Thus whenever possible the cold, gallium, heated or direct evaporation
inlet systenis were used, However for some solids of high molecul.ar
weight, such as PhgSny, decomposition ensued . if the heated inlet system
was used, and the direct insertion probe had to be employed. Even so it
was found that by patient manipulation a constamt momitor could be
maintained for the duration of the measurements (Often, in fact, this
constant ménitof current occurred because material fell from the probe
into the sourc‘:e; producing a baék:gmtmd spectrum of the material and
constant monitor current for several hours) The inlet systems used
for the various elements and compounds for which appearance potentials of ions
were measured were as follows: |
Direct Evaporation: All dialkylberyllium compounds.
Heated Inlet: Ph,Sn, Ph,SnI, PhSubt, PhSSnMe, Ph,SneGelle ;.
Gallium System: Et,Sn, Et3SnPh, Et SnPhy, Bt Snj .
Cold Inlet: All inert gases. |
Direct Insertion Probe: FhgSn,, Ph3Sn-SnMe3, Ph33n°SMe-

| After the sample which produced an ion whose appearance potential
(A.P.) was to be measured had been introduced via the appropriate inlet

mai
system, a standard compound was introduced tm@ one of the remaining

systems. (The required A.P, is measured relative to the A.P. of an ion
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produced in the spectrum of the standard material, which was generally
tetraethyltin for organotin compourds when SnEtg was the standard ion

or the inert gases, argon, .kxyptonor xenon, for organoberyllium -
compounds.)

~ The precautions taken in measuring appearance potentials may be

illustrated from a specific example, For the measurement of A(BeCH's )Bells,,
argon was used as the standard, The CH3Be" peak was first tuned, by
adjusting the magnetic field, onto the collector meter and the ion beam
fooussed to its maximm velue with the ion repellor voltage set within the
limits - 1.0 to +5 volts (i.e. readings on the ion repeller dial of

1¢35 to 3.30), the electron beam voltage at 20V.ard the trap current

at 10 uA for organotin compounds ard 20 /LA. for organoberyllium compounds.
The electron beam voltage was then increased to 50V, and the ion currents
given on the collector meter for the two ions, CH3Be+ and Ar'; adjusted

to give equal values by altering either the pressure of argon in the

cold inlet reservoir or the temperature of dimethylberyllium in the
direct evaporation system, (One scammed from the CHzBe* peak to the

Art* peek and vice-versa by altering the magnetic field).

Since the acouracy of A.P. measurements depends on the
sensitivity of ion detection this was made as great as possible by using:
a) A high source pressure produced by sample and standard compound |
vapour, The press@re normally'used was v 8 x 10~6m.m. since it is
important that this pressure is mot so high that "sperking" ocours in
the source. If "sparking" does o-ccur' while measurements are in progress

then the A.P. determination must be _resta.rted_ because potential gradients within
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the source are altered.
b) Whenever possible the source slits were opened to give a resolution
of only 1 part in 500, In practice this was not always possible. For
example when measm A(CoHsBe* )BeEt the ion C4% also occurred at
the m/e value of 38, Since it is essential that the two ions were
completely resolved a resolving power of 1 part in 1000 had to be used.
The electron beam was then reduced to 20 volts and the ion
giving the largest ion current at this wvoltage tuned omto the collector
meter. (In this case it was-CH5Be*) The ion multiplier voltage was
then increased so that the ion curre;xt was approximately 2 to 7 x 1000
units on the meter, In pra.ctice it was found that no advantage was
gained by increasing this voltage above 2,8KV. (i.e. a reading on the
ion multiplier dial of 6.00) Above this the collector meter reading
v}as so unsteady for small ion cux'z;ents that the advantage of increased
sensiﬁi;ﬁty was annulled by a decreased accuracy of the reedings.
‘Having made sure that the collector meter reads zero at an
electron beam voltage of 5 volts (well below the appearance potential of
jons under study) and the ion beam correctly focussed, the voltage was
reduced in 0.2 volt steps and ion currents for GH3Be+ and Art measured
after each step. The meter was zeroed periodically when no peak was
tuned onto the collector meter and readings &f ion currents discontinued
when they became less than 0.5 x 1 units. A graph could then be drawn of
ijon current against electron beam energy (in eﬁ and the linear portion of

the ionization efﬁciency curve established.
In measuring the seme appearance potential again ion currents
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were read in O.) volt steps while in this linear region and reduced to
0s2 volt steps only when tailing of the ionization efficiency curve
commenced. When the two ions were no longer being formed the voltage
was inoreased to 20 volts and ion currents again read and checked with
those found at the.sta.rt of the appearance potential measweﬁents.
If there was any discrepancy between the values then that particular
set of data was discarded.

| Appearance potentials were determined from at least four sets
of measurements using methods described in Chapter 3,1. Calculation
of Results,
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CALCULATION OF REﬁLTS.

Evaluation of Appearance Potentials,
Identification of Ions,

Calculation of Abundancés.

Assigmment of Metastable Peaks,



2e CALCULATION OF RESULTS

3s1s Evaluation of Appearance Potentials

Iwo methods were used in the evaluation of appearance potentials

from the data obtained following the experimental Procedure described
earlier (ps 50 ). Both methods are illustrated by reference to specifio
exemples.

a) Modified Warren Method

Ionization efficiency curves for MezBe"' and Ar* are shown in
£ige 4j,a)s In the Warren ! method of evaluation the linear portions
of these curves are made parallel by multiplying the curve of steeper
slope by the ratio of the slopes of the linear region.s. In this case
ion currents for Ar*°are multiplied by 0,87. These standardised ion
currents when plotted as log. (ion current) vs. electron energy give
the graph shown in'fig. 4b), The curves 5o produced also have linear
portions, AB and A'B's Within this region voltage differences AV(eV)
are taken at corresponding ion currents and plotted to give graph 4o).
From the voltage difference at zero ion current the ionization potential

of MezBe is fourd.
b} Semi-logarithmic Method

Typical ionization efficiency curves for SnPh§ (in this case
from Ph,Sal) and St} (derived from SnEt,) are shomn in fig, 5a). In
4 obtaining this experimental data ion currents of the two species at
'50eV had been made equal and no further "standardisation" was carried out.
In fig. 5b) log. (ion current) is plotted against electron energy
producing the esaentially atraight line portions CD and C'D', Voltage

differences taken within this region at corresponding ion currents when
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. lonization Efficlency Curves for Me B¢ and Af
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plotted . : give graph 5¢). The woltage difference at zero ion current

allows A(SnPh;)PhBSnI to be fourd relative to A(SnEt})SnEtl._.

-3e2. Identification of Ions

The mass spectra of Group IVb organometallic compourds ,

pa.rticularly germenium and tin, are complicated by the polyisotopic

nature of these elen;enf_s and characteristic patterns are produced for

each metal containing ion which reflect the isotope abundances of the

'metal, as in the following illustration,

s:chH; 1 GeCHy

l | g i A I I ‘ |

SanH;

——t L

Even when x is as large as 18, the effects of 13¢ are not

sufficient to alter the visual appearance of these patterns.

. a2 Tin and lead isotope masses and abundances are given in

~Appendix ‘1. Since lead isotope abundances vary with sample origion

these were calculated from the actual specimens of tetraethyl - and

tetraphenyl-lead used.

Ions containing two or more polyisotopic elements produce

a relatively high combined mass, extending over several mass units.

57
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- The combinations of isotopes for Ge, are shown below:-

2

Isotope Combination _ Abundance

(mass numbers) Mass Product
70 70 139.848554. 4o 22714
72 70 141.846017 . 11,2751
73 70 142,8,7637 © 3.20325
% 70 . 143.845427 - 149965
76 70 ' 12!-5081-&5637" 3019091
72 72 143.843480 7.51856
75 72 : 1444845099 be 27204
e 72 145,842890- 20,0001
76 72 - 147.842099 4+ 25558
3 73 145,846720- «606841
h 73 146,844510 5068203
76 73 14,8.844720 1420901
7&- 7’-&- ' 11;-7.81.-2300 1303006
76 7k 149,842509 5466014
76 76 151.842719 .602176

Number of combinations:- 15 .

’fhe abundance product is the product of isotope abundances and factorial
of total number of atoms, divided by the product of the factorial of
numbers of each isotope present and is proportional to the probability
of ocourence of the isotope combination.

Those combinations which have the same nominal mass (such as
76 Ge—79-Ge, T e 12 go apa 17 Ge7—3{}e) cover a mass épread of less
“than 50 pepem (parts per million) .and even with a maximum spectrometer
| resolution of 1:20,000 appear as a single peak corresponding to the
weightéd arithmetic mean of the exact masses of the contributing
combinetions. For exemple the precise mass of the peak at mass 146

is given by

145. 84672 x 0.606841 + 145. 84289 x 20, 0001 # 145. 845637 x 3.19091
0. 606841 + 20,0001 + 3., 19091

= 1’4-50 &53560



The peak height of this mass is Proportional to the sum of the
relative abundances of the individual combinations
(ieee 0,606841 + 20,0001 + 3,19091),

The isotope abundance pattern for Ge2 and the precise masses

of the peaks are given below:-

Nominal spread Peak Mass Relative

Mass  multiplicity (pmm.) (wtd mean)  Abundance
140 singlet 139.848554 17.7626

144 no combination

- 142 singlet 141,846017 47.3786

143 singlet 142,847637 1344602
140, 2 14 143.844777 94,6093
145 singlet 144..845099 179513
146 3 26 145.843357  100,0000
147 singlet 14.6.844510 23.8762
148 2 S5e  147.842491 73.7720
149 singlet 148,844,720 5.0803
150 singlet 149.842509 23,7842
151 no combination
152 singlet 151.842719 245304

It will be observed that the most abundant Peak does not occur at the
sum of the mass numbers of the predominent germanium isotopes i.e.
™ ge-Thge =148, Often for combinations of elements which do not
have one outstamdingly predominant isotope, the integer mass of the
most abundant peek does not correspond to the sum of the mass numbers
of the predominant isotopes.

A computer programme has been written 96 to determine the mass
and relative abundences of combinations of up to three different
polylisotopic elements, Abundances and masses for Sn2 sSnGe ,Gez,GeSi ’
SnCl and SnBr combinations, calculated using this programme are given

in Appendix 1,

59
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The characteristic patterns produced by ions containing a

polyisotopic nietal or metals are useful in allowing an immediate
. recognition of metal-containing ions and the determination of the
number of metal atoms in an ion from the low resolution spéctnnn
[see for example the spectrum of hexaet:hyldj.sta.nna.ne and
hexaphenyldistannane (Fig, 6).] However the pattern produced by a
major ion often masks the presence of a low aburdance ion only a few
mass units different. 4As an example of this consider the group of
peaks at m/e n240 in the spectrum of hexaethyldistannane where four
ion patterns overlap: Sny,SnH' ,SnZH; and SnZH;. Although it is
possible to identify overlying ions from the low resolution pattern
rrodiiced, the idenmtification of ions present in a spectrum is more
easily accomplished by measuring the precise masses of ions to 7
significant figures (using a resolving power of 1 part in 20,000).

| This identification of overlyin;il;; precise mass measurement
often poses problems especially in cases where ‘_mass differences between
two peaks of the same high integer mass are small and barely resolved
under high resolving conditions. With hexaethyldistannane the ions
240 SantZH; and 2“'23112}?}&211"' are only just resolved having a mass
difference of 45 p.pesms For low abundance ions present under a group
of peaks recourse must be made to the extremities of the peak pattern
where peaks; due to the more abundant ion may not be present. Thus
Sx.xzﬂg in the spectrum of Et(Sn, was identified by a precise mass

measurement of 2MFSnzﬂ";r . With ions containing only one metal atom
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similar difficulties sometimes occurred 1208:101 8H1; and 119Snth'are
| unresolved at high resolution differing in mass by only 23 PeDelly
and identification is achieved using the 1125n and 72%Sn isotépes
respectively. |
With organo-beryllium ard - aluminiun compounds it is essential
to measure precisely the masées of each idn in the spectrum since the
monoisotopicity of these metals means that metal-containing ions canmot
be distinguished from hydrocarbon ions in the low resolution spectrum,
The empirical formulae of all ions desoribed in this thesis
were established by precise mass measurements, The agre.ement between

measured and calculated mass was in all cases better than 6 p.p.m,

3e3s Calculation of Abundances

For jons containing monoisotopic elements abundances are found
quite easily from peak heights produced by the ions in the low resolution
spectra. Thus if A* is of peak height L arbitary units (a.u.), B* 3a.u.,
¢c* 2a.,u., amd D* 12,u., the abundance of A* as a percentage of total ion
current is 40%. In comparing the abundances of ions conmtaining
polylsotopic elements with other types, contributions from each isotope
combination must be summed, For example a spectrum showing three peaks
of relative height 2:1:1 due to 1271+, 81Br*, and 79Br* corresponds to
a 1:1 ratio of I* to Br*. (81Br = 49%; "9Br = 51%) Similarly in the
reported spectrum 2! of (CgP5),Ge although (CGF,)} is the largest pesk,
when allowance is msde for the presence of germanium isotopes (c 6F5) 5Ge"’
is found to be the most abundant ion.

In calculating the abundances of ions allowance has also been made
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for the presence of 15, The natufal abundance of 13¢ is 1% and for
iors containing n carbon atoms nf of the ions will contain a 13¢ atom,
Thus if the effects of 15C are neglected the abundances of ions
containing a large mumber of carbon atoms will be underestimated,

In the following jllustrations of the method of calculation

- of abundances the following symbols are used:-

i, = peak height due to ions at n/e = n

in(AviHyM;) = peak height at m/e = n carried by ion
ACHM
WXy=z

I(a cxHyMz) = the sum of the peak heights of all A amd M
isotopic variamts of the ion of composition
NN

It (AL HIC) = IAPHPL) +  I(ag'cc, Hat)

in [130(n-1 )] = contribution to peak height at m/e =

= for one 13¢ atom present in ionnor ions at

n/e = (n~1).

U(AwaHyM;) = abundance of ion chxHyM*,‘

For ions inecluding only monoisotopic elements and for hydrocarbon ions

it is obvious that
IASHEMG) = I(ACHDM)

For the aluminium and beryllium compounds, where hydrocarbon
ions were important, abundances have been calculated using the formula
. ) It(a.0 »: yna; )

) - Ec(chxHyM;) - 341

where the summation in the denominator is carried over all ions. For

the metals silicon, germenium, tin and lead hydrocarbon ions generally

comprised no more than 5% of the total ion curremt and abundances have
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been fouﬁ by restricting the summation in the denominator to
metal-containing ions only.

Ion currents are measured in arbitary units (a.u.) which depend
.on sample pressure in source and on instrument sensitivity of ion
deteotion while the spectrum is being recorded. Abundances on the
other hand are dimensionless quantities and are hence not dependant, at
least to a first approximation on instrument sensitivity, |

When a single peak in a low resolution spectrum was known to
inclﬁd.e currents of_two or more ionic species, the current at this
mass number was divided amongst the ion species present in the ratio of
the ion currents measured for the species when sePa.rated under high
resolution (1:20,000),

For exa.ﬁplé in the spectra of diethylberyllium (70eV, source
temp, 196%C) the ons CH B and C3H} are present at m/e 39. High
H resolution measurements show that

139(02H6Be+') = 8,625 x 139(c31=1§) 3.2
The current carried by ions at m/e = 39 is found from the low resolution
spectra as 1.I76 aelle
1,76 8ou. = :139(13038) + 1300HBe") + 130(C.HY) 3.3

159(13038) is fourd from the peak height of m/e 38 which is 8,51 units.

13 - 13
i c38) = 1 (15C natural abundance) x
39( 38" (no. of C atoms in 38 ions)

8e51 x 0,01 x 2 = 0,170 acue

hence from 3.3

1459 8ol 139(c2H613e*‘) + 159(03}1;) 3ok
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from equations 3,2 and 3.4 it follows

139(C3H3) = 04165 acu. = I(CsH})
159(02H6Be+') = 1425 acu, = I(CHBe"")
The contribution due to the presence of ome 13¢ atom is found as -:
follows:
+o - +o 13 4+
It(CoHgBe ) =  I(CHgBe™) + I(c'IcHgBe*")

1.425 + 1625 x 0,01 x 2

101-0-510- 8eUe
' 1
I(c;Ey) +  I(c, 3cn'3*)

Similarly It(C3H§)
= 0.168 a.u,

The total ion current for diethylberyllium is 52,681 a.u. from which

using 3.1

( + ) 1010-520- x 100 ’ 6
U(c_H, Be™ = = 2,7
276 52,681
0.168 x 100
U(cjrrg) = = 0,32
52,681

With polyisotopic metals the calculation is similar. In the
spectrum of tetraethyltin the peak pattern produced in the region of
m/e 150 is due to the overlap of EtSn' and EtSnHb. High resolution
mass measurements give |

51 (1250BEY) = 0,0995 1,5 (125amt) 35
The current carried by ions at m/e 151 is found from the peak height

of m/e 151 in the low resolution spectra.

34105 a,ue = 1151(12°SnEtH‘é) + 1151(1223nmt+)+1151(13c150)
- 3.6
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(%c150) 1s found from the peak height of m/e 150 which is 0.77 a.u,
1454 (136150)

1154

0e77 X 0,00 x 2
0,01 ae.u.

hence from equations 3.5 and 3.6

1
1959(1%%0EE*) = (3.105 - 0,01) 0,095 = 0,28 a.u.
1151(10snBtHE) = (3,105 - 0,01) 0,9005 = 2,815 avu.
I(SnEt*) and I(SnEtH)) is then found
100
SnEtt) = 1 + -~
T{snmt*) 1151( 2onEet) x natural sbundance of 12%n
- 100  _
0.28 x b9l - 5:945 a.u.
Similarly I(SnEtH)) = 8,540 a.u.

' Adding the contributions for the presence of one 13¢ atom in these ions gives

It(SnEt*) = 5,945 + 5,945 =x 0,00 x 2
= 600& el

Similarly Tt(SnEtH}) 8,711 a.u,

Choosing another set of peaks the values of It(SnEt*) amd
It(SnEtHS) may be re-evaluated and mean taken, When ion ourrents of
other metal containing ions have been found the abundances of the species
are caloulated using equation 3,1.

| With jons containing 2 or more polyisotopic elements use is
made of the calculated probabilities of occurrence of the various

isotope combinations. (given in Appendix 1.) Thus if

is, E”(SnBr)Phﬂ = 9.73 a.us
+ ‘ _ 100
I [SnBrth] = D= probability of oscurrence
of 197(SnBr) combination
= 9,73 x _100 -
67.2 = 11“’-'-69 e Ue
from which It(SnBrPh;) = 1479 x 112 = 16,216 acu
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5ok Assigmment of Metastable Peaks

« »
The phrase metastable peaks is used for peaks arising in the

mass spectra due to decamposition of metastable ions during their
flight through the mass spectrometer tube 122, They are recognisable
not only from the fact that they appear at non-integral mass numbers
but also because they are imperfectly focussed compared with peaks due
to ions which travel the whole length of the spectrometer witﬁout
decomposition., Because of the directional fooussing properties of the
sector magnetic field the decomposing ions most likely to be recorded
are those which undergo the transition in the field free region
rreceding the magnetic analyser, For the decompt;sition

> ¢ (my - m)
with internal energy release TeV the position of maximm intensity

for the observed metastable peak covers a mass range given by 98
* E2 z
m1 m2 _ eV

where V is the accelerating voltage between the ionization chamber and

entrance s8lit to the electrostatic analyser, For most metastable
decompositions however the internal energy release is small enough to
be neglected and the position of maximum intensity is given b},

* m2

m =

Although the shape of metastable peaks is generally roughly

gaussian the peaks often differ widely in width and factors such as

finite beam dimensions, angular spzeadi_.ng and kinetic energy of separation

of fragments and discriminations against production must be considered




for a complete analysis 99.

The values m, and m, associated with any metastable peak n®
can usually be determined by a process of trial and error, remembering
that the apparent mass is smaller than either of the masses of the
ions giving rise to the peak and that the peaks at masses m, and m2 |
will be much larger than the metastable peak., Of great help in this
agsignment are tables of m* values that occur for various values of
m ard m, (m € 500 amd 500 ¥ o* Y 1)1

With polyisotopic elements present in an ion, metastable peaks
produced by the decomposition of such an ion eliminating a neutral
species consisting of essentially monoisotopic elements (e.g. a
hydrocarbon) must follow the peak pattern of the daughter and parent
ions. For example 7a) and b) show metastable peaks for decomposition
of SnZCxHy"' and SanHy"' ions respectively. When a polyisotopic element
'1s lost as a neutral fragment, the ion formed will have a differemt
peak pattern from its precurser. The resulting mta&able peaks may
merge because of their diffuse nature producing a single broad metastable
peak, Examples of such are shown in fig.7¢) and d), Fig.7e) shows the
approximate metastable peak envelope for the decomposition

Phssn';"—% Phan"’ + Ph33n°
This has been calculated by considering all the possible decompositions

for PhGSn"z“ jons containing the abundant tin isotopes.

68,
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Metastable peaks for PhSSn.SnPh;'—APh Snt + Ph Sn’

3 w2
Tin isotopes in Tin isotope in = mf abundance

Ph_Sn « SnPh?° (o*) Ph_Sn' (mPe ) ( —2—> of m*
3 3 73 2 m, _
116 116 116 17345 1
116 17345 1

116 117 116 173.25 1
117 1744 25 1
- 146. 118 116 17340 3¢5
118 175.0 3¢5

117 118 17 . 17347 2
118 1747 2

116 119 116 172.8 1
: 119 175.8 1

118 118 118 17345 3
118 17345 3

116 120 116 17245 Le5
120 176.5 Le5

117 119 17 17345 0.5
© 119 17545 0.5

117 120 117 17363 25
118 119 118 173 2
119 17563 2

118 120 118 17 8
120 176 8

116 122 116 172 0e5
122 178 0.5

119 119 119 175 0.5
119 175 - 065

119 120 119 1748 3
, 120 175.8 3

122 178.8 0.5

120 120 120 175¢5 5¢5
120 17545 | 545

118 122 118 17345 1
122 17745 1

116 124 ' 116 171.5 1
122, 172.5 015

122 119 1735 .

119 122 7. 02
: 1 117 1726 .
117 21" 12 1793 ?og
120 175 .
120 122 122 177 15
118 124, 118 173 1.5

124 179 1e5



.

119 12 119 173.8 0s5
124 178.8 0.5
120 124 120 1745 2
12 178.5 : 2

The relative abundance of the metastable peak produced is
found from the relative abundance of the isotope combination of the
"parent" m} ion. Por exemple the relative abuniance of the 11655118sy
combination is 7 and hence the relative abundance of the metastable

peak formed by decomposition of Ph3116Sn11BSnHL;° to Ph3118 or

Ph3“63n+ is 3.5. The m/e values at which the various metastable peaks
occur were rounded off to the nearest 0.5 and plotted against relative
abundance as shown in fig. 7e). The approximate metastable peak
envelope was then drawn bearing in mind the guassian shape of metastable
peaks,

It will be apparent that the shape of the metastable peak for
a decomposition

MMC, HY —— MG Hg* + M'C, H 4

deperds on the polyisotopic nature of M and M!,
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Table Ll-o1o1o

Comparison of measured ionization potentials (I.P.s) with
literature values.

Standard Individual Measured Literature 3
used determinations eV I.P, eV values for
Warren Semi-log I.P. eV

method  method

Argon  Krypton 15,80 15476 15077 +.01 150755

I.P = 14,00eV 15,80 1507k spectro-
’ 15.76 15.78 scopic
Benzene Krypton 9050 9056 9053 +,01 9652 +,10
) 9,50 9.52 9,38 ‘!‘_010
9+52 ' electron-
impact
9. 247
spectro-
scopic .
9.245
vhoto=
ionization
Nitrogen Argon 15,60 150,60 15060 +,01 15,60 +0,01
I.Po = 15.76CV . 15058 15060 electron
. 1506&- : impact
15.58 +,02
spectro-
scopic

Source temperature 185 - 195°C

Ion repeller voltage QoL - 2,0 voltse
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4e RESULTS AND DISCUSSION

Lel1 Appearance Potentials and Derivation of Bond Dissociation
Energies and Heats of Formation. :

belele Accuracy of Appearance Potential Measurements.

To test the accuracy of the appearance potential measurements ’

ionization potentials of argon, nitrogen amd benzene were measured using
the logarithmic and Warren method, Different sets of egperimental data
were used for each method of calculation, The results of these
measuremsnts together with published values of the ionization potentials
are presented in table l.1.1.

The values obtained for argon and nitrogen agree well with the
values obtained by other workers and it is apparent in this case that
the adiabatic and vertical ionization potential are one and the same,
With benzene thé measured ionization potential agrees well with the
values found by other workers using electron impact methods but is
some 0,28eV higher than values obtained by photo ionization or
spectroscopic methods, |

Both methods of evaluation hence give good estimations of

vertical ionization potentials.

Le1e2s Appearance Potentials and Bond Dissociation Energies
for Organotin Compounds.

i) Appearance Potentials

Since R3Sn+ ions from mono-metallic compounds give similar

ionization efficiency curves and under this' condition: the most

acourate determinations of appearance potentisls are obtained 101,
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Et38n+ from Etl‘_Sn was used as standard except for PhSnEt3 which produced
this ion in its mass spectrum, For this compound Phjsn" from
triphenylethyl - or tetraphenyl-tin was used, The relationship between
A(Ph33n+)p_n_ SnR - A(PhSnEt"')PhSnEt; then enabled A(Etjsnf)Eth_Sn |

~ A(PhSnEt} )PhSnEtj to be found.

The ionization efficiency curve for a typical R33n+ ion is
éhown in fig. 5 (p. 56) "Tailing" of the ionization efficiency curves
often é.ssociated with excess energy was observed only for Ph33n+ ions
derived from Ph3Sn'SnPh R Ph33n°SnMejl gpd PhBSmGeMes. The extent of
this -';‘Eailing is shown in fig, 8. where the ionization efficiency curve
for Ph,Sn" derived from Ph SneGele, is shown. A similar long - tail hes

3 3
- been observed with the ionization efficiency curve of MeBSi"' obtained

from hexamethyldisilane. .62
' The appearance potemtials of R3Sn"‘ and Rh_S * ions relative
to th&b of Et3Sn from tetraethyltin are shown in tables L.1.2. and

Lele3. Separate sets of experimental data were used for each method of

caloulation,
A(Et38n+)Et38nPh was not measured since this ion was of too low

abundance,

The reproducibility of the measurements is good, the standard
error‘ of the mean being always less than + 0,05eV and generally < 0.03eV.,
In calculating dissociation energy differences an error of twice the

maximum observed standard error of the mean has been used (i.e. t 0,10eV)
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- PhSnEt

Table Lele2.

Appearance potentials of R3Sn* ions.

thﬁnEt 2
PhBSnEt

PhBSnI

Ph_SnMe

Phssn' SFh

Ph}SD.’SDPh}

R38n+
PhSnEt"z'
+
PhSnEt 5
PhoSnEt*
Fh SnEt*
+
PhBSn
-+
Ph}Sﬂ
+
PhBSn

o+
Phjsn

+
PhBSn

+
PhBSn

. +
PhBSn Gelle 3 PhBSn

Ph_SneSnMe. Ph,Sn'

3

3

A(EtBSn"')EtL._Sn - A(R53n+) eV

Warren Semi-log
method method
0.17 014
0,21 0. 22
0.17 0.13
0.17 (VI 1%
0,12 0.13
0.15 Qe il
=04 31 =030
-0,21 -0,27
0.15 0.17
0.15 0.05
-0,90 -0,90
-0,88 ~0.92
0,10 0,05
0,10 0.15
0.0 0,02
0,01 0.03
0.06 0.06
0.05 0.08
=0, 40 =04 30
~0435 0,23
0.8
~0,02 ~0,07
-0,08 ~0,10
0,10 +0.04
+0,13
0,02
=0¢ 40 0629
=0¢33 0448
-0.36 -0,28
=0.27 0,17
0,18 -0, 20

Source temperature 195 - 210°C

Ion repeller voltage 6.4 ~ 2.0 volts

0019 +
0+15 ¢
Oelly ¢
-0°27 +
0413 ¢
=0°90 ¢
0410 4
0.04 +

- 031 +

0,03

i+

- 0038

i+

0e2k +

02 -

01

01

02 |

02

«01

002

«01

<03

.02

»05

«03




Table 4.1030

Ionization Potential (I.P.) of Et)

Sn and Ph,SnEt,
. g ‘
A(Etj_Sn )Etl‘_Sn I.P, eV

Warren Semi-log " Mean
0.58 0,63

Eth_Sn 0.60 0059 0.60 + .01
0.57 , 0.62

Source temperature 200°C

Jom: repeller voltage O.4 - 2,0 volts,

77




ii) Bond Dissociation Energy Differences.

These have been derived using:

A(R38n+ )stnR = I(R58n°) + D(RBSn-R) + E Lol
where I(stn-) = Ionization potential of RsSne
D(R3Sn-R) = dissociation energy of bord R3Sn - R
E = excess energy associated with R;Sn* and Re

In all calculations E has been taken as zero, By Stevenson's
rule 59 this will probably be a correct assumption provided
':I(RBSn-) < I(Re). The low abundance of R* compared to R3Sn* is
consistent with this and as mentioned earlier '.bailing of the ionization
| efficiency curve was observed only with metal-metal bonded compounds,
For Ph,Sne it can be shown that I(PhsSne) < I(R) (ps 89 ). It must be
emphasised however that possession of the lower ionization potential
together with a simple appearance potential curve does not ensure the
absence of excess energy so that calculated bond dissociation energies

must be regarded as upper limits,

Bond dissociation energy differences are calculated directly
from the differences in appearance potentials of the same ions produced
from different compounds. Thus using eqne Le1 assﬁming E=0
A(PhsSn*)PySn = I(PhsSn) + D(PhzSn - Ph)
A(Ph38n+)Ph3SnR = I(PhsSn) + D(PhsSn - R)

and by subtraction
A(Phjsn"' )P, Sn - A(Ph;Sn"' )Ph;SnR = D(PhBSn-Ph) - D(PhBSn-R)

Even though eppearance potentials are known only relative to

A(SnEt;)Eth_Sn appearance potential differences may still be found.

784
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Table ledole

Bord energy data.

Bond dissooia'_bion energy differences (Kcal. mole :'1)

Tolerance = + 3.2 Kcal, mole =1,

D(Ph3Sn - Ph) = D(Ph;Sn - Et) = 23.8
D(Ph,EtSn - Ph) - D(PhEtSn - Et) =  10.4
D(PhEtZSn - Ph) - D(PhEtZSn - Et) = 142

Velues of the difference (A ) D(Ph3Sn - Fh) - D(Ph3Sn - R)

where: -
R - A
G'e-M33 12.0
SnMeB - 15,2
Sn:Ph3 20,1
Me 2107
I 23.1
Et - 23,8

Dissociation energies in molecular ions Koal,mole~?

D(EtBSn"’ - Et) = 13.9 £ 2.3
D(Ph,EtSn* - Bt) = 9.7 + 3.2
D(thEtSn"' -Ph) = 9.5 + 3.2
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Thus
+ +
A(EtBSn )Eth_Sn - A(PhBSn )PhjsnEt = 0.13eV
A(Bt3Sn* )Et, Sn - A(Ph38n+ )Phy Sn = = ,90eV
which by subtraction gives:
A(Ph;Sn*)Ph Sn - A(PhSn*)PhsSnEE = 1,03eV

which is also D(PhsSn - Fh) - D(Ph;Sn - Et).

In this way the bond dissociation energies differences shown
in table lel.4e were calculated,

The decrease in the difference in the energies of dissociation
D(EtnPhj_nSn ~ Fh) - D(Et Fh;_Sn - Et) as n inoreases from 0 to 2
emphasises the well known unacoeptability_ of the simple model of constant,

transferable and additive bord energy terms. A similar variation occurs

with methylphenyl tin compounds,

D(Me;Sn - Ph) - D(MeBSn - Me)&" 8 + 6 Kcal. mole ~1

and  D(PhsSn - Ph) - D(FhsSn - Me) 22 + 3 Koal. mole =

This may indicate a general rule that the energy difference in
removing an alkyl or phenyl group from gaseous (alkyl)r'ISnPth_n becomes
less with increasing alkyl content.

The bond dissociation energies in table lr-.‘i.l.... have been
extremely useful (see page 105) in interpreting the nature of the mass

spectra of these organometallic compourds.
iii) Bond Dissociation Energies in Moleoular Ions.

These were obtained using the relationship
A(R}Sn+)R4Sn = I(R,Sn) + D(R;Sn"' -R)

assuming the excess energyv associated with the formation of Re and R3Sn“'
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Table L4e1e5e

Appearance potential of E‘bjsn"’ derived from Et,Sn (ev)

Warren Semi-log Mean
-.A(Et3Sn+ )Et,Sn 8.66 8.48 8.70 + 0,09
8.93 8e73

Source temperature 195°C Standard used Xe I,P, = 12,13eV,

Appearance potentials of Ph38n+ ions and heats of formation of

triphenyltin compounds.

A(sgw;) Ay (SnPhgB), .

(+ ,2ev) Keal, mole =1
Ph,Sn 9.6 114 + 1 103
Ph;SnEt 8.6 9N+ 7
PhSSnI 8.6 91+ 7
PhSrife 8.7 97 £ 7
Ph3SneSPh 9.0 103
Ph;SneGelle; 9.1 -
Ph3SneSnile 5 849 92 + 8

Ph;Sn' SnPh; 8. 7 . -
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to be negligible, Agein appearance potentials measured relative to
A(Et33n+)Eth'Sn yield values for these energies vizs

A(SnEt}')Eth_Sn = I(Bt,Sn) + D(Et3Sn* - Et)
Since A(SnEt})Et,Sn - I(Et,Sn) = 0.6eV (table hu1.3. ps 77)
If follows that

D(EtzSn’ - Et) = 0.6eV
Similarly D(PhyEtSn* - Et) end D(PhEt,Sn* - Ph) were evaluated the
results being displayed in Table 4e1.4ke Other dissociation energies in
parent. ions were not measured, because in these cases the parent ion was
of such low ebundance that the appearance potential could not be measured,
The low Sn = C bo‘nd energies in Rh_Sn"" ions compared with those in the
molecule (see Table Le1.6.) are consistent with a bonding electron being
removed from an Sn - C bond,

iv) Heats of Formetion of Triphenyltin Compounds.

To determine heats of formation the absolute values of appearance
potentials are required. Thus A(Et3Sn"')EtL'_Sn was measured using xenon as

102 iving the result shown in Table 4o1.5.

standard I(Xee) = 12,13eV
In the determination of heats of formation an error of }0,2eV which is
twice the standard error of the mean has been assumed., Using this value
of A(Et3Sn+)Eth_Sn (847 £ 0,2eV) appearance potentisls of PhsSn* ions were
derived using Table 4.1.2. and are shown in Table L.1.5.

Heats of formation have been caloulated assuming the occurrence

of a simple dissociative process ‘involving no excess energy:-

+
PhBSnR + e — PhBSn + R + 2e
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It follows that
A(H133n+)Ph38nR = OHY(PhgSn') + OHY(R.) - f(Rh}SnR)g
from which
AH%(PhBSnR)g = AH%(Phjsn*“) + AH?,(R-) - A(Phan"‘)Ph;SnR - 4e2
FirstAH‘f’(Phjsn"') mst be evaluated from a calorimetric estimation of

| 103
AHO(Ph, Sn) gaseous (11443 + 1 Keal, mole.™) A(P;Snt) amd

-1y 10k

AHY(Phe) geseous (72 ¢ 2 Keal, mole. . This quantity (263 # 5 Kcal.mole,™!)

combined with the appropriite appearance potential and standard radical

(gaseous) heats of formation (CH;- 3 % 1 1

102

0L
; Glge 26+ 1 0% mus. 50'0%
6
Me53n° 35t 4773 Ie 25,54 + 0,01 Kecal, nnle."1) gives the standard heats
of formation for triphenyltin compounds shown in table L.1.5.

v) Fh;Sn - R Bord Dissociation Energies, -

For absolute evaluation of these dissociation energies the
ionization potential of Ph;Sn- is required, Since it is possible to
evaluate this quantity from the appearance potential measué;nents provided

AHY(PhgSn,) (gaseous) is known 6k o caloulation of this quantity using
the Franklin group paremeter method 195 was attempted.

It was shown for hyd.mcarbons. that AH} was an additive function of
the groups making up the molecule andAHci’. velues for many characteristic
hydrocarbon groups were calculated from known heats of formation for various
hydrocarbons., Ummeasured heats of formation could then be estimated by
the addition of these group values although for highly branched molecules
correction factors had to be applied.-

The AH}, group value for tetravalent tin can be found from the

standard heats of formation of gaseous orgamotin compounds using:
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AH; (121511)g = Lx%.G(R) + G(Sn)
where @(R+) is the AHp group value for R,
¢(Sn) is the AHp group value for tetravalent Sn,
Using AHg group values for Re given by Pranklin 105 [In Kcal.mole™ )
at 298°K G(CHS-) = ~10,1; G(=CHy-) = =hs9; G(-CH:CHz) = 15.00;
G(CGHS“) = 22.1] ard the calorimetrically determined standard heats
of formation for nine R Sn compounts 106, G(Sn) is evaluated at 2989K
a3 38 ¢ 3 Keal. mole =1,
Using this group value the following heats of formation were
estimated at 298°K. AHjp (PhBSnEtz = 89 + 3 Koal, mole ~! and
AH;, (Ph;SnMe)g= 94 + 3 Keal, mole =1, which agree with the experimentally
detgrmined-values in table 1.5 [ i.es AHg (PhjsnEt)g= 91+ 7;
AE, (Ph3SnMe)g= 97 + 7 Keal, mole '1.]
Because a correction factor may apply to compounds containing a
tin-tin bond calculated heats of formation of such compounds (obtained
using the aboveAHE. group values) were compared with experimentally

determined values.

Calculated Measured Difference
Kcal. mole~!.  Kcal, mole=. Kcal, mole=l.
AHg (MegSny), 15 ¢ 6 7.6 12 106 22,6
o o . _ 106
AHf (EtGSnz)g 13+ 6 37 +3 2
112 + 6 92 + 8 20

b L] r
AHf (PhBSn SnMej)g
From these it follows that 22 Koal. mole~!, should be subtracted from the -
~calculated heat of formation for a ditin compound. AH; (PhGSnz)g was thus
estimated as 186 + 6 Keal. mole=1.

Prom equation 4.2 it follows that: -



»
»
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Table Le1.6e.

Bond dissociation energies,

Kcal, mole =1,

R D(Ph}Sn - R) D(MeBSn -R) D(Mejsi -~ R) :

This work Ref. 6l Ref, 63,

Ph 83 ¢t 10 81 +5

Et 60 + 10 68 + L

T 60 + 10 80 + 4 69 + 2

Me 62 + 10 3+ 4 76 + 2

SFh | 69 + 10

GeMe3 71 + 10

Snile 3 67 + 10 7640

SnPh3 62 + 10

Silles 67 +

+
N
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OHp (PhgSne) = AHp (PhgSng) + A(FhySn*)EngSn, - AH(PhsSn*)

124 + 9 Keal, mole -1,

The ionization potential of the triphenylstannyl radical is hence:-

I(PhsSne) = AH; (Ph3Sn"') - AHg (Ph;Sn-)
= 139 + 10 Keal, mole ~1,
= 6,0 + 0,4 eV,

Values for D(Ph;Sn - R) determined from this ionization potential and
A(Ph;Sn" )PnsSrR (using eqn. 4u1) are given in table 4.1.6,
| B(Sn-_Ph) has been calculated as 61.4 + 2 Keal, mole =! fram
AHp (Ph,Sn) g. 103 using the relationship
D(Sn~Fh) = %AH; (Sn)g. +AHp (Frr) - g TaY: 93 (Phl‘_Sn) o i
giving D(Fh3Sn-Ph) = D(Sn-Ph) + 22 + 10 Keal. mole=!, A similar
relationship has also been found with tetramethyltin where
D(Me ;Sn-fe) = D(Sne) + 21 + 4 Koal, mole -1.61* Thus it appears that
one should not attempt to approximate a bord dissociation energy with a
mean bond dissociation energy for organotin compounds. With silicon the
picture is somewhat confusing. D(Mejsi-Me) is about the same as the value
. ~77 Keal. mole™!, for D(Si-Me) calculated from &Hp =(Mel'_Si)g. 107 o
AHg (8i)g. 102 put with alkybilanes D(H;Si-R) are higher than mean
D(Si-R) velues calculated assuming that the values for D(C—H) and
D(Si~H) determined for CH) and SiH, can be carried over to RSiH; cmnpounds.108
Even though D(M-C) values for group IVb organometallic ccmpounds
increase steadily from lead to ca:rbon,“)6 D(MeBSi - Me) is only slightly

larger than D(MeBSn - Me) ard D(PhsSn - Me), Surprisingly the metal-metal

bond strength in hexamethyldisilene is equal or even weaker than the
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tin-tin bond in ditin compounds.

Comparison of D(»MeBSn - R) and D(PhBSn - R) shows that the
strengths of tin-alkyl, tin-phenyl amd tin-tin bonds are very similar
for the two sets of compounds, The tin-iodine bond however is far
weaker in the triphenyltin iodide and this is difficult to explain,

P - a1 interaction between silicon and halogen atoms has been
invoked to explain the variation of D(MeBSi -X) fromX=CltoX= I,
this interaction being greatest for ioaine 109, If such interaction
occurs for tin it may be that with Ph;SnI the 1 - electron cloud of the
phenyl groups interact with d - orbitals of tin and prevent any p@ - &q
interaction between tin and iodine so producing a weaker Sn - I bond
than found in Mejsn - I, Alternatively there 'may be steric interaction
between iodine atoms and the bulky phenyl groups.

It is interesting to compare the ionization potentials of Group

IVb le{I’ radicals and Mez,,M molecules,

C S5i Ge * 8n . Pb
M, M 10,2002 9.8 5,156V 19,2 40267111 8,25 +.1567" 18,00 rohey
Me 51, 704267102 7,4ev"3 = 6.5kevH -
Phslle 7.23ev110 - - 6,00 +.48V -

The ionization potentials decrease with both increase in atomic number of
the central atomy and with increasing phenyl content. This allows an
approximate estimatior; of ionization potentials:- I(Me;Ge*) N 6,8eV.,
4I(Me3Pb-) v 6,2eV,, I(PhBSi-) r 6,8eV,, I(Pthe-)N 6o4eV, and

I(PhBPbo) n 5, 6eV,
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Table 11-01 .z.

Ionization potentials of dialkjliberyllimn compounds,

Ionization Values of Ton Source
Potential Individual Standard Repeller Temp,
ev Determinations Used Voltage oCc
‘ eV
Me Be 10,67 + 0,07 10464 Argon 0 217
10,76 " 0,2 193
10,50 " 0,2 - 187
10,76 " 0,2 183
10.88 " «0,2 183
10.46 " 0 220
Et Be 9.46 + 0,05 9.66 Krypton -1 230
9.50 " Oo4 213 - 230
9.36 " Ok 197 - 213
9.48 " -1 230
9.38 " 0.4 197
9.38 "o Out 195
(n—Pr)ZBe 8.71 + 0,06 8452 Argon 5 180
8.76 " 5 180
8.60 " 5 180
8.8 " 5 180
8484 " 5 180
(i-Pr)zBe 8.80 ¢ 0,02 8.80 Krypton . ~0,7 205
8.88 " ~0s7 205
8.80 " 0.7 205
8.80 " ~0.7 205
8.72 Argon =0.5 210
(i~Bu) Be 8.7k + .05 8469 Xenon 5.0 205
2 8.71 " 5.0 205
8.89 " 2ol 198 - 205
8.89 " 50 205
8.71 " 5.0 205
5.0 205

8. 57 1]
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-These estimates and values for the ionization potentials of
other radicals 102 (I(CHz) = 9.86eV, I(CHg) = 8.80eV., I(CeHy) = uleV,
apd I(I*) = 10,45eV.) verify the validity of the agssumption made earlier
that for the molecule PhsStR, I(Phjsn') < 1(R.).

hele3e Tonization Potentials and Bond Dissociatién Energies of
Dialkvlberyllium Compounds.

i) Ionization Potentials of Dialkyberyllium Compounds.

Appearance potentials of R,Be"* ions produced in the spectra of

dialkylberyllium compounds have been measured, At the high source temperature
used during these measurements (c.f 200°C) electron deficient associated
species such as Rl._Bez are slmost totally &ecomposed to in,onomer RzBe.
Thus it is most 1likely that R2Be+° ions are formed by ionization of
RoBe molecules rather than decomposition of ions containing more than
one beryllium atom, The appearance potential of this ion is hence most
Frobably a measure of the vertical iomization potential of unassociated
berylliumdialkyls,

| The ionization efficiency curves for these ions were very
similer to those produced for the inert gases and in fige 4 (Ps 55)
typical curves obtained are 11lustrated. Values of the ionization
potentials obtained by the Warren method are given in table Le1.7. As
with measurements on organotin compounds the reproducibility of the
determination is good.

The determination of I(i-BuzBe) is probably high because the

intensity of the ion i-BuzBe*" was low so making the sensitivity of

ion detection low,.
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Table L|,.1 080

Vertical ionization potentials of main group organometallic compounds,

Group IIb
R
R2Zn Ne
RzHg Me
Et
i-Pr
Group IIIb
RZB Me
Bt
Me
R3A1
Group IVh
RSiH3 Et
ji-Pr
t-Bu
RSiCl3 Me
Et
i-Pr
RSiMe3 H
Me
Et
i-Pr
t=Bu
SiMe3
OSiMe3

I.P.(eV.)

8.86t415

( 8'9%02
( 9'1 t.1

8¢5 tot
76 .1

8
0
«0

\D \O

te
t.
9t.

CESRS

10,18+.05
9.85%.1
9.5 +.2
11.36+.03
10674+ 04
10,28t
908 '..".~5
9.8 +.15
9.98¢,03
9.70+,01
9.50+.03
934+ ,06
8079"!'_008

9¢59+£.04

Ref
12

111
112
112
112

113
113
12

14
114
114
114
11
1y
111
111
60
60
60
60
60

60

RSiMQ}

RAsCl
RAs(CF3)2

RAsMe2

RBSb

OMe

Cl
Br

Me

Me’

Me

I.P.(eV.) Ref.
60

9.79£.04
10,55+.06 60
10.58£.04 60
10.24#.02 60
8.06+.02 60

942 +.2 111

8s25¢e15 111
Bel +42 115

8.1 +.2 115

8.0 +.2 111

8¢3 +a1 116
11,0 +41 116
1046 +.1 116
M7 41 146

9.7 *+o1 116
10,4 +.1 116
1045 +o1 116

109 +.1 116
11,0te1 116
9.2 +.1 116

9.0 t.1 116
9.9 +.1 116

8.04+e16 12




The most apparent trend is the lowering of the ionization
potehtial as the size of fhe attached group is increased, the largest
drop being 1.21eV betweeﬁ I(MezBe) and I(EtzBe). A similar variation
occurs with the vertical ionization potentials of other organometallic
compounds (see table 4e1.8.) of the main group.

The physical basis for such a result is the macroscopic view
that in removing an electron from a molecule the resultant charged
species can distribute the charhe at least partially over its surface.
Consequently the repulsive energy due to the net charge will be less as
the surface increases, Another point of view is that any charged
species will induce a dipole in any uncharged species and hence be
attracted to it. Thus the work in removing an electron will be less if
another species is in its neighbourhood.

The ionization potemtial of MeoBe is higher than any other
fully alkylated organometallic compound., If the dimethylcompounds of
group IIa vary in the same way as those of IVb, this ionization potential
will also be higher than those of Me Mg and MeCa. Such a trend is
however not apparent in group IIb where the ionization potentials of
both MeZZn and MeZHg are about 8.9eV and in group IITb the ionization
potential of MezB is lower than that of MejAl.

ii) Appearance Potemtials of Fragment Ions a.nd Bond
Dissocia.t:.on Energies in Ions,

The appearance potential curves for CA_H9Be+ and CLHSBe*"
produced from di-iso-butylberyllium are shown in fig. 9. The curves
produced are typical of those given by ions Cpflon,4Be* and CrxﬁZnBe+.

o . 1
produced from (Cnﬂm.,)zBe. It is immediately apparent that some "tailing

91.
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) . . . L
lomzation Efficiency Curves for C4l-bBe and GyHgBe™ produced from Buzae.

Evakation of Appearance Potential by Modified Warren Method. 1
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Table Le1.9.

Appearance pdtentials of major ions in spectra of beryllium dialkyls.

Values of

Individual

Determinations
eV.

Appearance
Potential
eV.

11,92 11.92,11.96,12,02

12.01
11,70
12470,12,70,12.68
12,71
12.58

12,67 + 402

10,35 ¢ .03 10.4:2,10,26,10, 26
10.44.,10, 28,10, 38
10442
11.50,11.76’11.34
11.32,11,52,11.64

11.52

11.51 + 05

9.60 t 9.57,9.56,9066
9470,9.51
10459,10.68,10,67

10475510654

01

10,65 ¢ .01

9.86 £ .05 9.92,9.98,9.76

9472,94.92
10.92,10,92,10,72
10.72,10.76

10,81 + +05

9.1}4- t 003 9012l',9002
9.20
9.16
9.16

10.18,9.90

10.0L
9.9

9.96

10,00 + .05

Standard
Used

Argon
MezBe
Argon
Argon
Me 2Be
Argon

Ion
Repeller
Voltage

0.2

0.1
0.2

0.1

14
0.2

0.5
1ok
0.2
0.5

0.5
1.0

~0e5
1.0

* 46
+ 1-{-06

+ L.6
+ L6

5.0
2.5
340
2.4
5.0
245
3.0
2.5

Source
Temp,
o¢c.

193
199
210
193

194
210

220
200
225

220

225

205
190

205
190

185
185

185
185

205
198
205
205
205
198
205
205
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occurs with these fragment ions especially for the an2n+1Be+ ion
(i.e. in fig, 9, CLH9Be+). .

In table 4+1.9, the values of the appearance potentials as
determined by the Warren method sre given, Again the reproducibility
of measurement was good and the standard error of the mean of estimations
never exceeded t 0,05eV. In calculating bond-dissociation energies an
error of twice the maximum observed standard error of the mean has been
used (+ O.1eV),

If the ion RBe" from RyBe (R = alkyl) is formed by the simple
dissociative process:-

RBe + e —3RBe™ + Re + 2
involving no excess energy then

D(RBe*-R) = A(RBe')RjBe ~- I(RyBe) Lhe3
The excess energy term is most likely to be zero if I(RBee) L I(R*).
The low abundance of R* in comparison to RBet at low source temperatures
(when hydrocarbon ions are less likely to be formed by thermal decomposition
of beryllium dialkyls prior to ionization) is consistent with this. The
occurrence of "tailing" of the ionization efficiency curves is however
not consistent with a negligable excess energy term and so all derived
‘bond dissociation energies must be regarded as upper limits.

. ' ¥ Using equation 4.3 bond dissociation energies shown in table 4.1.10

have been derived.
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Table 4e1.10,

Bond dissociation energies in dialkylberyllium.

molecular ions.

R D(RBet-R)
Kcal, mole,~1
*(error = & 3.2 Keal, mole.~1)

Me , 46.1

Et 4743
i-Pr 8.7
n-Pr 427
i=Bu 29.1

¥ error calculated assuming a tolerance of + O.1eV in the appearance
potential measurements,
The low value obtained for D(i-BuBe*—i-Bu) probably results
ﬁ'om, the estimation of I(i-Bnge) being too high (see p, 89 )
Beryllium-carbon bond strengths in molecular ions of the
dialkyls are much stronger than the tin-carbon bond strengths in
Et)Sn*"or Fh,SnEt}* which were of the order of 10 Kcal. mole.=!. Other
metal-carbon bond strengths in molecular ions may be evaluated from
appearance potenmtials published in the literature assuming the decomposition
RM + e —R M + Re + 2
to occur with no excess energy release, Values are given in table Lo1.11.
The Be-C bond dissociation energy is most similar to that for
zino-methyl in Me,Zn*% For dimethyl zinc the metal-carbon bond in the

molecule is almost the same as in the ion indicating the removal of an
' 106
‘essentially non-bonding electron upon ionization i.e. D(MeZn ——Me)




Table l}-.1o11.

Bond dissociation energies in molecular ions (Kcalemole,~1)

D(MeZnt-Me)12 53

D(RHg"'—R) _ 32 (Me)111’_112 o7 (Et)‘l‘ﬂZ 35 (i-Pr)Hz
D(r,5t—R)"" 35 (e) 10 (Bt)

D(lie ALt Mg )12 23

D(Me ,Sb* e )12 58

= 47.2 + 1 Koal. mole,~! With dimethylmercury however the Hg-C bond
strength in the ion is lower than in the molecule and in this case the
electron comes from a bonmding orbital i.e, D(MeHg——Me)1°6 = 51e5 + 2
'Koel, moles~!; D(EtHg—Et)'%6 = 42,5 + 2 Koal. mole.~".

With beryllium dialkyls it is difficult to envisage removal of
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anything but a bonding-electron upon ionization in which case the beryllium

carbon dissociation energy in the molecule D(RBe—R) will be greater
then v 45 Keal, mole,~1. It would be interesting to campare this value
with a mean beryllium-~carbon bond dissociation energy to see whether

the beryllium dialkyls resemble dimethylmercury in which D(MeHg—Me)

= 5145 + 2 Kocal, mole.,~1 and D(Hg—Me) = 6.9 + 3 Keal. mole."1106 or
dimethylzinc where the difference between the two dissociation energies

is much less D(MeZn—Ne) = 47.2 & 1 Keal, mole.~! and D(Zn—Me) = 36.8 & 3

Koal, mole."1106. Unfortunately however no calorimetric data is available

for beryllium dialkyls.
A metastable peak present for berylliumdialkyls shows that the

C H, Be**ion is formed by the process
CH Bet* + CH + 2
e + (CHpnq)PerCH, n on+2
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Table 41,12,

Enthalpy change (AH) for reaction:

+
CnH2n+1Be + C'nHZn«H'

CHzBe" +  CHge
02H5Be+ + CHge
n-CBI'%Be+ + n-le-J7-
i-03H7Be+ + i-G;HS

. + o
i<l L,_HgBe + G L..H9

—> C H, Be** + CH

n2n+2

— CH2Be+’ + CH

4
+ o
—> CZHI‘.Be + CZH6
+o
—> CBHGBe + CZHS
+o .
—> CszBe + 031'18

+ o
—> Cl;.HBBe + Cl‘.H1O

AH(Kcal., mole.=)
error + 3,2 Kcal, mole,~

-17.30
~2648
=21.9
-2y 2
-19.8

error calculated assumed a tolerance of + -1éV for appearance potential

measurements.

Bond dissociation energie
D(BeCH}—H)
D(&cﬁ—ﬁ)
D(Be-i-CBHg-—H)
D(Be-n-C3Hg—H)

D(Be-i-CL‘_Hg—H)

Table 4.1.13,

s D(BeC H,t—H) (Kcal. mole,~1)

2n
8607 + Se&t

7165 % 3k
76.0 ¢ 3.8
707 & 3ubt
777

i+

3.8
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Hence |
A(C o Be™) = AHY(C HyBe") + AHY(CHp ) - ARG (CH, 1), Be
and A(C Hop, 1 Bet)= AHO(C oHonyqBet) + AH°(C Bonsq®) -AHo (CHone1)oBe
by subtraction
AH = A(CH, Be") - A(C Hy  4Be”) =AHg(c H Be"") -AHg(c H, .4Be*)
+AHY(C Hy o)~ AHR(C Hopq°)

Thus AH is the enthalpy change for the reaction

CnHZ‘n+1
These values of AN are illustrated in table 4.1.12. The reaction kL.4.-. .

+ hd + o -
Be fCH ——)CHmBe + an2n+2 AH bolte

is exothermic in all cases to the extent of =22 Kcal., mole,~.
From eqne L4els it also follows:
Aﬂg(c H, Bet*) - AHY(C H,  ,Be") =AH -AH(C H, ) +AHf(C ot ")
and so.the dissociation energy
| cnnsze —>C H, Be** + H

may be found

D(BeC HJ=—H) = AH -AH°(C H2n+2) +A (CnH&H_,‘-) +AH¢I?,(H')

These dissociation energies are given in table j.1:15. In this calculation

the following heats of formation were used (expressed in Kcal. mole."'"):
,AH%(CHB')“M =34+ 15 AEQ(Ete) 0% = 26 & 1; HY(n-Pr) M = 21 ¢ 2;
AEQ(1-Pr)10% = 17.6 + 1; AHY(1-Bw) 1% = 14 2 2; AHY(cH, )18 = 17.9;
~20,2; AR(G3H,) 118 = 2085 AHY(n-butans)!1® = -29.8;

; 118
AHg(czﬂé)
AHY(2 methyl propene)'’8 = 31,

Excepting for D(BeCH)—H) these ion dissociation energies are

very similar at around 7# Kosl., mole.~1. This exception for the CHjBe"‘

ion can be explained if some stabilising rearrangement is assumed for




CnH ane"" ions containing more than one carbon atom. Thus the structure

of the ethyl compound may be

_.-CH, **  pather than (Cﬂ-I
=
CH,

2
(where each dotted line represents a bord containing only one electron)

. +eo
and similarly 05H6Be+' jons may be _.-CH(Me) . Alternatively
%' ]

the structure CH )
I
CH;——CH,

similarities to the cationated cyclopropane rings which have been

**  may be proposed which bears

postulated to explain the breakdown 119 of t-butyl-benzene -« 13 C and
the structure 120 of 03H7'" ions which are abundant in so many hydrocarbon

spectra. Similar structures may be drawn for CAHBBe*" ions;

+o .
. -CH(Me) CH, —CH, M
| w ||
SOt
“CH(Me) CH;—H,,

With the methyl compound it may not be possible for CHzBe""

to attain a ring structure and hence the hydrogen atam in CHjBe"' is

more tightly bound.
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4.2, Mass Spectra of Organocampounds of Silicon, Gemaniwn,
Tin and Lead, '

Le241s Organo-stannanes.

Since no data was initially available on the electron impact
induced fragmentation of organo-tin compounds other than tetramethyl‘t;:i.n3 0,111 ,
a mass spectroscopic stuﬂy of the following tin-compounds was undertaken:
PhnSnEtl_'__n(n=0,1,2,3,l+), PhsSn R (R = SPh,CHCH,Ph), spiro - (CH2)1+> sn{ (cH,), s
PhzSnX: (X = F,C1,Br,I), ReSn, (R = Et, Fh)s The abundances of ions
(calculated as described in the calculation of results section) are given -
in tables Le2s1e, 4e2.2., and L4e2.3.

An electron energy of 70eV was mainly used to obtain spectra
but for some compourds (given in table 4e2.1,) 20 volt electrons were
also used, Other ionizing conditions are given in chapter 2.2 of the
Experimentale (pel5)e V

| The assignment of metastable peaks allows the decomposition

modes of organotin compounds to be classified and these are outlined below,
Throughout m*refers to the observed mass of a metastable peak. The
shapes of metastable peaks for processes in which.a polyisotopic element
is eliminated has already been commented upon. ( qhapter 3¢3e)e The
experimental values quoted for such peaks are the mass spread of the
metastable peaks and its mass at maximum intensity. In all other cases
in* refers to the most abundant isotope or combination of isotopes. The

ag:r;eement between observed anml calculated values of nt was always better

than + 1 a.mu..

Decomposition Modes of Organostannanes at 10eV.

Metal-containing ions are generally the most abundant , accountins
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Table ll-. 2610

Ion abundance relative to total tin-containing ions

SnPh, SnPh,¥t SnPh,Et, ™ SuPhEt,
— [P S A —,
Ion* ev Ton* ov lon+ cv lon* v
70 20 70 10 n 20 70 20
Snlh, 011 017 SaPh,Et 005 0-05 SnPh,Ft, 133 1-38 SnT‘hF:(, 028 0:50
SnPh, 42-26 53-78 Snith, 62.37 8¥-09) Snbh it d-H2 6807 b:n[’hl‘_l, 30-37 17
SnPh,Et 47 102 SnPhiit, 14 -84 SnEt, 0-62 <01
Sol'h,H 1-28 1-v6 SnPh,H 14-19 18-26 SuPh(EYH 1377 24-07
SniPh{lit)H 053 94 SnPhH, 10-76 12:31
SnPhH, 0-89 0-89 SnEt,H 03 <01
R . SnEtH, 0-20 <i{rl
SnTh, 10-74 25-21 SnPh, 018 033
SnPh 17-h0 b-R4 Snl’h 1767 420 SnPh 16:46 5-33 Snffh 19-50 0-89
SnH 0-38 I3 SnH 074 0-04 Snlit 0-23 0-20 SnEt 315 <0-1
SnH 1-07 015 SnH 520 —
Sn 1861 Ix00 Sn 1335 268 Sn 9-61 221 Sn 9-83 -
snC, Ky, wn1 001 SnPh Me (Rt 008 $nC,,H, 0-65 0-30 SnC,H,, 1-26 <01
SinC, H, FRA 140 SnCy H, 81 37 SnC,,H, 018 — $nC,H, 011 <01
SnC, Hy 010 -— SnyHy 030 —_ SnC,H,, 0-09 —_ SnC,H, 0-84 —_
SnC,H, 014 — SnC,H, 0-16 —_— nC,H, 0-14 -— Sn(;.H 0-33 —_
SnCH, (31 1] 0:50) SnC,H, 073 0-40 SnC,H, 009 0-20, SnC,H 331 —
SuC.H, 041 — SnC.H, 0-60 —_ SnCH, 0-58 032
SnC K 017 — SnCH 0-24 — SnC,H, 0-51 —
SnCyH 109 —_ SnC,H 1:48 - SnC,H 18 —
SnC,H 1-50 -—
SnEt, SnPhy(CH,CH,Ph) Sa,Ph, Sn,Et, spiro{CH, 1, > Sn < [CH,1,
Ae——— A A ~ ————A————,
Ton* ev Ion* 0 ev Ton+ v lou* Oev lon* 0ev
o 20 200°¢ 1007
SnEt, 007 2:78 SnPh,(CH,CH,Ph)  0-01 Sn,Ph, 6-51 Sn,Et, 104 448 SnC,H,, 1019
SnPh,CH,Ph 0-74 Sn,Ph, 148 Sn,Et, 19-74 15-42 SnC Hy, 894
nPh, 0-01 Sn,Ph, 0-08 SngEtH 1000 12:3% SnC,H, 20-80
SnEt,* 2618 48-20 SnPh,(CH,CH,Ph)  0-01 Sn,Ph, 0-05 SnyEt,Hy 12:64 10-65 SnC,H, 35:29
SnEGH® 2416 3268 SnPh,(CH,Ph) 0-23 Snbh, 4328 Sn,Et,H, 3-86 350 SuH, 0-73
sukh, 1724 1477 SnPh, 61-60 Sn,Et,H 2.78 313
SnH, 1.3 0-43 SaPh,H 013 SnPh, 1-23 Sn,EtH, 095 011 SnH 7-46
SnPh 2459 Sn,EtH, 5:21 540 Sn 16-59
SnH 0-38 Sn,EtH, 2-8R 371
SnPh, 018 Sn 18-42 Sn,H, 0-38 0-39
Snkt 11-03 — SnPh 18-85 Sn,H, 2-63 2-74
SnH 12138 027 SnH 0-49 SnC,H,, 0-42 Sn,H 2:31 241
SnC,,H, 0-88 Sn, 877 3-92
Sn 4-80 _ Sn 16:35 SnC,,Hy 010
SnEt,Me 012 0-64 SnC, H, 0-62 SnC,.H, 0-14 Snfit, 936 8-01
SnC,H, 016 -— SnC,,H, 0-07 SnC,H, 0-80 SnEt,H 8.01 7.21
SnCH, 47 -— SnC,H, 011 SnC H, 0-36 SnlitH, 3-4 4-87
SnCH, 046 0-37 SnC.H, 0-40 SnCH 007 SnH, 0-18 0-25
SnC,H 018 SnCH 0-59 SnEt 622 7-32
SnCyH 112 SnH 1-82 2-38
Sn 0-73 0-95
SnEt,Me 0-24 0-21
SnC,H, 017 0-16
S$nCH, 0-29 0-25
. SnCH, 0-04 0-04

® Temperature of jonisation chamber,

Table Le2.2.

Abundances of ions in tripheny! tin halides at 70 ev relative
to total tin-containing ions

Ion + o cl Br I
SnPh,X 0-81 122 1-40 0-05
SnPh,X 44-44 46-98 4628 3-70
SnPh, 3-50 1-51 516 6263
SnPh, 0-50 019 0-13 0-20
SnPhX 1-48 2:10 3-90 0-08-
SnPh 12:08 1012 475 19-89
SnX 25-03 27-61 26-22 655
SnH 0-36 0-37 0-47 0-49
Sn 513 510 8:59 11-94
SnPh,CH,X 0-23 0-63 " 0-10 —
SnPh,C,H, 2:12 0-77 1-00 1-61
SnPhCH, 1-30 0-52 1116 0-54
SnC, H, 0-11 0-05 0-16 0-05
SnCH, 0-10 0-09 0-07 0-09
SnC,H, 0-57 0-60 0-26 0-97
SnC,H, 0-27 0-35 0-36 0-43
SnC.H 0-26 0-16 0-34 0-28
SnC,H 102 1-08 1-38 145
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%

Té&ble 462. éo

Ion abundances * in thiophenyltriphenyltin at 70OeV.

! Ion+
Ph,SnSPh ° 3.56
Ph,SnSPh )

1.21

Ph.SnS

3
Ph,Sn : 47.24
Ph,Sn ° 0.62
PhSnSPh
Ph,_SnS - 1.39

2
PhSSn 3.63
PhSnS
PhSn 22.16
HSn 0.54
Sn-* 12.97
G, ,HgSn 0.56
C, oHSn 0.77
CgH Sn 0.09
CgH,Sn 1.06

0.32

C4H3Sn 3
C,HSn A 0.36

#* Expressed as % of total tin-containing ions. -
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for about 95% of the total ion current. The electronegativity of carbon
is gredter than that of tin 12! and it is apparent that the charge is
most likely to remain on the metal-containing fragment formed when an
ion deocamposes. The work confirms the influence of the odd bonding -

or even bonding-electron character of an ion on. its dissociﬁtion
reactions 2 and in all cases the even-electron ions R3M* and RM* are

the most abundant, Parent ions, which are of low abundance decompose
mainly by elimination of odd-electron fragments and even-electron ions
terd to maintain themselves even-electron by eliminating an even-electron
molecule,

i) Redical Elimination by Bond Cleavage.

This is a dominant process for odd-electron ions: Thus parent
ions eliminate a group attached to the metal producing an even-electron

ion in high abundance,

Phjsnx*'-——;PhZSnx“ +  Phe m 252 X=F

' ot 247% X=C1

m* 291,7 X & Br

ot 33604 X =1
PhBSnI*'——vsPh}sf, + Ie . mf 257,7
Et,Sn** ———> Et3;Sn"  +  Ete o 181.6
Bt Sny® —— EtSSn; +  Ete o 358.0

PngSnp ~——> PngSmy  +  Pheo n® 556.4

Ph,Sn* + Fh,Sne o 173.5 - 176
3 max.,= 175

Ph,SnSPh*'—> PhgSn*  +  PhSe n' 267.8
With unsymmtrical compounds different groups may be lost from

the parent ion producing different three co-ordinate ions. The mixed

+ -
ethylphenylstannanes produce two R;Sn ions the more abundant being
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that containing the greater proportion of phenyl groups. (table L.2.4.)
This could be due to the ease with which further decompositions of ions
containing Sn - Et groups occurs, but in table 4.2.5. an attempt has
been made to allow for the subsequent fragmentation of R33n+ ions,
using the decomposition diagrams fig. 10Q:. (p.118), thereby giving
an estimate of the ratio of the two PhySnBt; * ions initially formed
from the ethylphenyl stannanes.

Even when these allowances are made, the ion containing the
greater propp’rg}tion of phenyl groups is always the more abundant. The
relative probabilities of the dissociative processes available depends
on the relative bond strengths in the molecular ion and also on the
relative stabilities of the radicals and ions produced. Appearance
potential measurements discussed earlier'we're not sensitive enough to
distinguish between D(Ph EtSn* - Ph) end D(PhEt,Sn* - Ph) and the high
abundance of thezRBSn"' ion containing the greater proportion of phenyl
groups may not be due entirely to bond strengths but also to more
effective delocalisation of positive charge in the R33n+ ion having the
greater proportion &f phenyl groups.

In the neutral molecules, however, the indications are that a

tin-phenyl bond is stronger than a tin-ethyl although in some cases the

difference is small.

23,1 ¢ 3.2 Koal. mole,™

D(PhBSn - Ph) - D(Ph3zSn - Et)

"

104k £ 342

D(PhoEtSn - Ph)- D(PhpEtSn - Et)
D(PhEt Sn - Ph)- D(PhEt,Sn - Et) = 1.2t 3.2 "
D(MesSn - Pn) = D(MesSn - Et)6 = 13+ 6 n

Thus it appears that the radical most readily lost is that which would be
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expected to be most weakly borded totin in the neutral molecule., With
hexaphenyldistannane less than 10% of the total ion cimrent is carried
by ions containing a tin-tin bond., Appearance potential measurements
given earlier showed that the Sn - Sn bond in hexaphenyldistannane

was some 20,1 Kcal., mole.~! weaker than the tin-phenyl bond in
tetraphenyltin, Also in the spectra of ethylmethylstannanes 122 the
major ion is produced by ethyl loss and known bond dissociation energies
give D(le;Sn - Me) > D(MesSn - Et),S&

Loss of R: from an R,Sn™° ion has never been observed, PhSn* is
the only even-electron ion which shows a bond-cleavage process,

PhSn*—3 Su**  +  Phe b = 731
The odd electron metal ion, Sn™°, is of high abundance for all the tin
compounds studied,

Ions formed by cleavage of C - C or C - H bonds are always of
very low abundance., This probably reflects the weakness of tin-carbon
bond strengths relative to ¢ - C or C - H, Lioss of a hydrogen atom is
observed only for tetraphenyltin and the triphenyltin halides. In each
case low abundance ions are produced, e.ge |

Fh Sn** —3CyHygSn*  + He

Major Rearrangement Decompositions.

ii) Alkene Elimination. >Sn"’ - Et —> Snt-H + CH),

This process which is probably general for even-electron ions

containing the grouping RZCHoCHZM, has been observed with tetraethyl -
and ethylphenyltin compounds. The percentage iop-cm'rent carried by

hydride jons increases with the nmumber of Sn - Et bonds :‘table 4e2s6. Do 104)

and with the strength of the metal-hydrogen bord (table 4e2.7.)
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Table Le2e7e

Hydride ion abundances relative to total tin-contai i i
MEth_ el ning ions in

g MHY and Et MH* EtMH)  HpM' Total
Bt,0e' P 1,8 11,30 1540 2.4 59.1
Et,Sn 1+89 36,29 172 1.31 53453
Bt P’ 10,33 11,95 0,79 - 12,74

¥ See table 44240, p. 123,

Metastable confirmed decompositions of this type are
*

Eth_Sn‘ ‘. Et58n+ -—+Et28nH"' + CH) m 1548
Et,Sn Et StH* —>EtStHy  + Co, m  127.4
PhSnEt 5 Bt SnPh* >EtSn(H)PH + CH, n* 202

PhSnEtz EtSn(H)Ph*—> H_SnPh* + CoH, m* 1745
Ph,SnEt, EtSnPhl —SPhoSnH"  + G, m'  29.5

It seems probable that transfer of a hydrogen from a ﬁ - carbon atom is
involved since ethylene elimination readily occurs from ions containing

only one Sn - Et bond.
~_F /&1/2,\ AN
__~sn (YCHZ  — /SnH+ +  CH,

H
(here fishhooks /7 represent movement of one electron)
In the spectrum of tetraethyltin the presence of H38n+ can be explained by
ethylene loss from H,SnEt* which is of high abundance.
Elimination of ethylene from odd-electron molecular ions has

never been observed and by the above mechanism would require a

pentaco-ordinate transition intermediate which may be energeticelly
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unfavourable compared with loss of an R radical, With hexasethyldistannane,
loss of ethylene from the parent ion is not observed but it must occur
from tetraco-ordinate tin at some stage although this may not involve

a pentaco-ordinate intermediate.

Et Sn— ST,
CI’?I& ﬁ > EtZSn'SnH'g +  CH,
O,y
Et (Sn, Et S N Bt St + O, n 33
Et Sn, Bt Sn " —> Et,Snfp  + O, m*  303,2
EtSn, Et,Sn i} _ Etzsnzl:l; + CH, n*  275.4

Labelling studies would provide valuable information concerning the
above mechanisms,

Alkene elimination from other alkyltin compounds has also been
. observed."zl" The decompositions

R,Sn* —> R SmH* —> RSni}

3
give metastable peaks when R = n-Pr, n-Bu and -CH=CHj,. Whether alkene

elimination from alkyl groups is a specific rearrangement is.a question
which can only be satisfied by deuterium labelling.

3ii) Elimination of RR' from - SmR'R*,

This process has been observed when R and R' are H, Ph, halogen

or vinyl, Metastable peaics corresponding to loss of 06H5-02H5 and
. b i( undo
CZHS CzH5 have been seu@ed for but none fo 1
Tetraphenyltin, hexaphenyldistannane and tetravinyltin %’ﬁow

this process from odd-electron jons.
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rmhgnf' —— PhSn** + Fh, n 17544

sn** + Phy, o 52,6

PheSny®  —> FhSn}’ + P, o 427.8
(CHZ:CH)23n+'————> Sn** + ¢,Hg ref, 12

The elimination of biphenyl from PhGSn;' leads to a product ion which may
be formulated as P1138nSnPh+' or PhZSnSnPh"z".

pa H?,(Sn“) calculated from the appearance potentialwz"

of Sn"*
in the spectrum of tetraphenyltin agrees with biphenyl elimination.

Phl‘_Sn + e — 3y 5n”° + Zh, + 2e

Since the abundance of thSn"" is only just detectable for a

variety of triphenyltin compounds which show a strong Phjsn"' ion it may
be inférred that biphenyl loss from Phl._Sn"" is the major process leading
to FhSn**, and that loss of a phenyl radical from Ph33n+ ocours to only
a minor extent, It also follows that reactions such as

Ph;SnEt"" — thSn"" + PheEt
d6 not occur to any significant extent.

‘ Elimination of RR' molecules from even-electron ions X—SnR'R*
is a major process, Thus for all triphenyltin compounds examined the
decomposition

Ph3$n+ —— PhSn' + Phy n* = 110,6
is observed. Diphenyltin halide ions eliminate both biphenyl and

halogenobenzene
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SnXxt + Ph, m 6569 X = F; 77.8 X = 3501
/ ¥ 112,2X = [7Br; 152.2X = I
PhBSnX thSnX+ '
X=F,C1,
Br,T,
PhSn* + DPhX o 132,5 X = F; 125.6 = 92G1

o* 109,9 X 7913:-; 96,8 = I
The diphenyltin hydride ion, from diethyldiphenyltin decomposes by
elimination of benzene whilst loss of hydrogen is observed from -SnH‘E

ions derived from tetraethyltin and hexaethyldistannane.
*.

Ph,SnEt, PhoSoif* — PhSn' +  CgH, S X %
Et,Sn BtStH) — EtSn* + Hy o 147.0
EtSn { Bt SngHfy —>Bt Sn H'+  H, m* 293
6 .
2 EtSnH, —> EtSny + &, o 263

The elimination of ethane has been observed in the spectrum of

triethyltin chloride®.
+ +
Et ,SriH — BtSn +  CH

This elimination of RR' molecules could proceed via a 3 centre

transition intermediate,
i Rt

+/< &

—> ——Sn: + R'R

Here fishhooks( /’ ) represent movement of one electron.

Minor Rearrangement Decompositions,

iv) Molecule Elimination by Cleavage of One Sn X Bon{i.

Such a process is observed in the spectra of PhBSnoSPl}‘,
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PhBSnEt, PhL‘_Sn and triphenyltin halides producing ions of low abundance

Phssn®’ — PhSnCgHf  + Gl X 212,3

Ph,Sn1t —> ClSnCsﬂz +  CgHg of 172.6

It would be interesting to determine the hydrogen atom which is
transfered in this process. This could be accomplished by deuterium
labglling in specific positions in the phenyl group, It seems plausable
that a 6 - hydrogen may be involved with formation of a 5 - centre

transition intermediate.

Here fishhooks ( /7 ) represent movement of one electron.
These product iobs might involve a € - bonded phenyl group from which a

hydrogen atom has been removed, or they could be formulated as

each dotted line represents

1 and 1/7 electrons.
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Here the tin is trico-ordihate and extensive delocalisation of positive
charge is possible. The high stability of trico-ordinate tin ions
(tables Le2.4e and 4e2.5. De 101..) is one of the dominant features revealed
in this work, |

The elimination of HX from PhsSnX** producing the ion
Ph23n06H',_';_' in low abundance has been metastable confirmed for the
fluorotin compound.

| PngSoF** — P SnCH + HP ¥ 331

With 5 - stannaspiro (4,4) nonane elimination of ethylene from

the parent ion and Cl'_H8$n+' may involve cleavage of a tin-carbon bond.

g , — ‘_\S‘L - CH,CH,e
- _/

or + CZHL.. m* 1794

msz - CH,
EVANE

2

+
Snt* —_— SnCH,CHye

.
L/

or + CH, o 1245

n

AN

._126 . 127
Similar ethylene eliminations have been observed with ‘#ila - and germa -
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cydoalkanes, With the germenium compound deuterium labelling shows that

- C cleavage is involved.

} ‘ \ _/_ \+o + CH CD R = n-Bu,Ph

v) Fragmentation of Phenyl Groups Attached to Tin:

Such processes require considerable energy and disgapear from
the spectrum at 20eV, Phenyltin ions fragment by successive loss of
acetylene and, although these transitions are not metastable supported

for tin, they are for germanium and silicon (see p. 136.)

-C -C
PhSnt — 22 CAH5$n+ 22 >C HSn*

+
-H2 C h_HSn

Tetraphenyltin and compounds of the type Ph;SnX ard PhZSnXZ
produce the ion 0121-198n"' which can be formulated as the trico-ordinate
ion (I). Whenever C12H98n+ is present so are ions which are probably
derived from it by successive loss of acetylene,

+ +
c, Hsnt—> C1OH75n e 08H5Sn

1279
The analogous decomposition from silicon and germanium ions is confirmed

by the presence of metastable peaks (see p. 136 ).
It is significant that ring fragmentation processes involving

loss of acetylene from Ph;Sn"' are not observed. This may be because of

other more favourable modes of decomposition available to Ph33n+
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(i.e. such as biphenyl or benzene loss). Alternatively a certain
minimum positive charge may be necessary on a phenyl group to Acause'
CoH, elimination. The triphenyltin halides, Whi(;h produce XSnG6H'l'; ions
in low abundance, also do not show ring fragmentation products

XSnCl'_HE or XSnC"z'; this may be due to a mesomeric effect of the halogen

atom reducing the positive charge on the organic group.

vi) Methylene Elimination fram Snc:}ichrg

All ethyltin compounds and triphenylethyltin show low abundance

ions ascribable to a methylene elimination reaction

EtsSn° - ——> Et SnCHf + ' CHp

FhSnEtT — PhZSnCH; + . CHy
Since for tetraethyl - and ethyltriphenyl - tin the ion currents of the
product ions vary linearly with those of Eth_Sn*" and Ph38n+ s respectively,
‘the above unimolecular process is favoured, but this does not exclude the
possibility of slow (rate determining) methyl loss followed by rapid
hydrogen attachment. The ethylbromide used in the preparation of
ethyltin compounds was free from methyl halides thus excluding the
possibility that the ethyltin compounds contained traces of methyltin
compounds. Moreover the mass spectrum of tetraethyltin showed no change
in abundance of Et,SnMe* over the temperature range 20 - 200°C, indicating
that the ion is not produced by thermal rearrangement., Corresponding ions
which could result from methylene elimination are observed‘with
tetrachhyl-germane 125 am - 1lead (table 442410, p. 123) and
ethyltriphenylgermane 123, With triphenylphenethyltin methylene

"elimination must occur. Ph,_'_Sn"" could be formed by ethylene elimination
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from the parent ion involving transfer of a phenyl group rather than
a hyd.zfogen atom if the mechanism given on p, 107 applies.,

'} [} +O
PhCHZCHZSnPh3 —;PhCHZSnPhg —)Phl'_Sn

l <A, T

The compounds EtSn, and PhAZSnEi:2 also show ions which could result by

methylene elimination:
Et3Sn* —— Et ,SnCH}
FhSnEt}) > PhSnMeEt*

PhSnEt(H)" —5 PhSn(H)Me*
In the last exemple the ion PnSn(H)Me* could also be produced by ethylene
elimination from PhSn(Me)Et*. Methylene elimination has also been observed
with ethylt:imethflstanna.ne whereh the decomposition gives a metastable
poak 122

MesSnt e Me SnH*  + Gy o 1382

vii) Elimination of C, gty 5 fram Ph38n+

Compounds which produce a high abundance of Ph35n+ ion show a

weak metastable peak corresponding to the transition ‘

PhySnt ——3Sn**  +  CygHys m 4140

This may occur in one step but it could also result from the consecutive
reaotions

Ph38n+ ——3FnSn’  +  Phy

PhSnt ——>sn** +  Phe
occurring in the field free region between the magnetic and electrostatic

analysers. The presence of a metastable peak does not mean that the
128

observed elimination occurs in a single step.



viii) Fragmentation involving Formation of Hydrocarbon Ions.

With the triphenyltin halides the PhE' ion is of unusually high
abundance (i.e. accounts for about 10% of the total ion current) and is

produced by elimination of PhSnX from the parent ion.

Pn,SnX** —> Fhp’  +  FhSoX: mt 60,2 - 63
- max.’ 61.6X = Cl
mt 545 - 56,5
max., 553X = Br
m* 6l - 6565
maxe, 64e3X = F

This decomposition is identical to process iii) (p.108 )

-SrR'‘R* —» 8n* + R'R
except that the charge is retained by the hydrocarbon fragment., This
expulsion reaction in which two moieties not directly bonded in the
molecule are found combined in the fragment ion are now known to be quite
common for organic cmnpounds.129

The triphenyltin halides, with the exception of the iodide, also
produce the ion 01 8H1 5+ in about 0.5% abundance. For tho chloride a
metestable peak is present corresponding to the decomposition:

¥

Fh SnCl+. C H + + SnXe m 136.5 - 1)4.1
? 7 8 max. , 138.6

N . 1
Tdentical eliminations have been observed with triphenylhalogermanes. 25

Swuch a process involves considerable rearrangement amd a veriety of

complex structures are possible for C18H1 5“‘. In view of this rearrangement

+
the eliminagion of the radical G, 8H1 5° from Phan should be regarded as

a distinct possibility.

116.
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Mass Spectra of PhnSnEtl'__n, Et¢Sn,, PheSn, and (CH2)4> Sn < (CHZ)L..

Using the observed decomposition modes for organostannanes, the
probable decoﬁxposition processes for these compounds are shown in fig. 10,

For all the compounds the golecular ions are of very low
abundance. At 20eV many of the fragment ions formed from ethylphenylstannanes
virtually dissapear; for example phenyl group fragmentation is no longer
observed, With the exception of tetraphenyltin 90% of thé ion current is
carried by R;Sn"' ions (table 4e2.1. po 101). For Et,Sn and Et;SrFh
the ions Sn**, SnH' and EtSn* fall to very low values. This is most
readily ascribed to the non-occurrence of the process

EtSnHy——> EtSn* + H

Hexaethyldistannane contrasts with hexaphenyldistannane in that
almost 70% of the tofal ion current is carried by Sn, species. The
earlier observation that the bond most likely to be cleaved on decomposition
of the molecular ion was the one which would be expected to be the
weakest in the neutral molecule can be used to explain this since
D(PhsSn - SrMes) is about 8 Keal. mole.~! weaker than D(PhsSn - Et) and
D(MesSn - Sre) is about 8 Keal. mo1e.'1_ weaker than D(Me3Sn - Bt ). 64
The ion EtSSn; can then decoﬁpose further by successive eliminations of
ethylene producing hydride ions.
| ‘There is some evidence that hexaethyldistannane undergoes partial
thermal decomposition at an ionization chamber temperature of 200°C since
at 100°C the abundance of the parent ion is doubled, with a decrease in
the abundance of both Et5Sn'§ and Et38n+. (table 4e2.1.)

Tetraphenyltin, hexaphenyldistannane and the triphenyltin halides

show the tin hydride iors'SnH' which do not feature in fig. 10. and are not
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Fig, 10, continued

-SnX°

SnaEtgt®
—~E*
SnaEty*
~CiH,
+ —SnPh,*
SneErH |—— S$ngPhyt* _——y‘ SnPh,*
—=CyH, —Ph*
SnpEt Hg* —Phy SnyPh, *
~CiHy :
SoEHet e SmyELH? y
.angtt n .
] ;l ] Al | T ‘Sn,!’h.*
: : —C,H, :
V ~H, v
* SngEtH,* comc i SgEtH Y i Sn,Elt* . * §n,Phy*
| e |
v v e ,
‘Sﬂ’H.’ omve i Sn|H.+ sece P Sn!H"
[)
.
Sngt

Pragmentation of ions common to two or more compounds are shown only once.
Solid. arrows indicate metastable confirmed transitions.

% Abundance < 1% of total tin-containing ions.



;axplicable by any of the fragmentation modes discussed earlier. The
abundance of SnH' varies linearly with that of Sn*°®, hence it is
probably not produced by hydrogen attachment but bg processes such as
CfSn" ——»Sui"  +  Cp and PhSn"—> sm®  +  CgH).

An interesting feature of the spectra of PhgSny is the occurrence
of 024H198n (iee. P, Sl ) Since its abundance varied linearly with
that of the parent ion it is best explained in terms of the transfer of
an organic group from one tin atam to the other wit.h cleévage of the
tin-tin bond, Such transformations, which are clearly more readily
studied when the two metals are dissimilar, are described in more detail
in the following chapter 4.2.2. ‘

In the mass spectrum of 5 - stannaspiro (4,4) nonane the molecular
ion and first bond cleavage product have the seame mass and cannot be
distinguished. Similarly a number of reasonable structure can be assigned
to the fragment C6H Snt*e

Mass Spectra of Triphenyltin Halides

The decomposition diagram for these compounds is given in fig.10.
The cracking patterns are very similar except for the iodide, where
cleavage of the Sn-I bond is the important process. This probably implies

that D(PhZISn-Ph) > D(P};“}Sn-I) whereas for the other triphenyltin

halides the order is reversed.

3
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be2s2, Metal-Metal Bonded Compounds ABM-M,'B}

(M = Si,Ge and Sn) and Organoplumbanes,

The mass spectrum of hexaphenyldistannane showed the presence
.of an ion (SnC2,+H1§;) in which transfer of an organic group from one
metal to the other had occurred. To investigate this rearrangement more
fully the mass spectra of a variety of A3M-M'33 compouﬁds were recorded
at 70eV. The specific compounds studied and the abundances of their
decomposition products are shown in table l....2.8.v

Since it was apparent that the modes of decomposition found for
the organo-tin ions applied equally well to organo-silicen and - germanium
ions,the mass spectra of tetraethyl - and tetraphenyl - lead,
tet:aphenylmethane and t-butyltriphenylmethane were also recorded for
comparison. The abundance of ions produced for these compounds are shown
in tables Le2s9., 4+2.10., and fig. 11. The spectrum of tetraethyllead
shows minor g_iifferences from earlier observations % which may be attributed
to different ?"source temperatures and spectrometers.

Modes of Decomposition at 70eV.

The major feature of the mass spectra of A3M-M'B3 compounds
(m, M - Si,Ge,Sn; A,B = phenyl, methyl, ethyl, benéyl) is the presence
of ions, often in high abundance where transfer of organic groups between
| metal-atoms has occurred (table L4.244) Apart from this these compounds
and the organoplumbanes studied decompose under electron impact in ways
very similar to those observed for organostannanes (chapter 4.2.1.).
Metal-containing ions are always the most abundant accounting for ~ 95%
of the total ion‘ current. Again this is not surprising since the

electronegativity of carbon is greater than for the other group IV elements.
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Tab;e L..2, 8e

Ion abundances *

Ph,Sn'GeMe, Me,SnGePh,
PhyMe,SnGes 091  PhMc,SnGe  1:68
PhyMe,SnGe 129 PhMe,SnGe 1536

CigHypSuGer  0-83
Ph,SnGe u-10
Ph,Mce,SuGe  0:75  Ph.Mc,SnGe 016
CH,5nGer 017 G H,5nGe (06
Cy3H 1 $nGe o110
CiaH,5nGe - QU6
Ph,Sn 10-06 Ph,Ge 26-81
C.H,,Ge 0-28
CH,SnPh 1.20 C,H,GePh 2:21
C(H,GePh* 015
PhSnC.H, 011  PhGeC,H, 0-34
PhSnC, 0-10  PhGeC, 022
Ph,Sn* 1746 Ph,Ge* 0-89
Ph,SnH 015
PhSn 17-75  PhGe 11-28
C4H,Sn* 0-45 C,H,Ge 0-11
C,H,Sn 0-20  C,H,Ge 121
C,HSn 012
C,HSn 068 C,HGe 004
HSn 017 HGe 009
Sn- 19-04 Ger 0-28
Me,Ge 385 Me,Sn 1-11
CyH ,Ge* 017
Me,GeH 0-22
Me,Ge* 0-76  Me,Sn* 0-44
. CyH,Sn 0-04
MecGeH, 0-54
MeGe 0-33 MeSn 225
CH,Sn* 0-04
HGe 0-45 HSn 0-08
Ger 045 Sn* 1-48
Ph,SuMe 085 Ph,GeMe 1300
CoH,,Ger 0-07
,sH 1 Ge 0-30
PhSnMe, 0-65 PhGeMe, 1-47
PhGeMe* 011
Me,Sn 039 Me,Ge 0-60
MeSn 0-13  MeGe 0-36
Ph,Ge 097 Ph,Sn 0-12
Ph,GeMe 5:50 PhSnMe 0-48
CuHiGe 0-04
19k, e 0-16

eCH, 0-22 PhSnC,H, 012
Ph,Ge* 023 Ph,Sn 0-03
PhGeC,H, 0-33
PhGeC, 0-08
PhGeMe, 902 PhSnMe, 1-67
PhGeMe: 0-36  PhSnMe* 0-07
PhGe 3-38 PhSn 1207

C,HSn* 0-21
C,H,Ge 018 CH,Sa 0-19
CyHGe 019 C,HSn 0-40

Ph,MMMe,  Sn
Ph,M,Mer,  1-83
G, HagM,
PhyMeMy  12:89
Caolly M,

Cyol oM,

PnyMeM, 0-24
Ph,M. (14
PhMc,M,  0-26

Cy.HyoM,
CosHyaM,

PhdMe, M, 004
CHysM, 007
Ph,MeM, 007
Ph, M. 004
CpH,M, 004
PhMe M, )14
PhyM 11-97

CueH M
CiaHuM
CHMPh 097
CiH,M"

Ci,H M

eH o Me

PhMCH, o011
PhMC, 0-05
Ph,M- 181
Ph,MH 014
PhMH, 0-08
PhM 27-83
CH, M- 0-61
CH,M

C,H,M 0-26
CH M-

CHM 014
C,HM 0-56
HM 0-40
M- 10-78

Me,M 176
Me, M 0-53
C,H,M 0-04
MeMH, *

MeM 177
CH,M- 013
Ph,MMe 17-38
CyaHy M-

CyHy M
PhMMe, 717
PhMMe* 0-43

PhM{Me)H 0-08
CoHyM

® Percentage of metal-containing ions.
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Et,Si*SiPh,
Et,Ph,Sipe 672
CoHpSi; 0408
PhyEt.Si, 095
PhyEt(H)Si, 111
Ph,Si,H, 28l
anuSi: -2
Ph,EtSi, 007
PhyEtHSi;  0as
Ph,Si 2T
CpoH S0 K7
Cy H,,Si 057
CH SIPh 6-28
C H S @00
C,,H,Si w6l
C,,H Si 0-08
PhSIC,H, 1-49
PhsiC, 064
Ph,Si* 132
Ph,SiH 364
PhSiH- 076
PhSiH, 310
PhSi 821
C.H . Sit 13
CH,Si 037
C,H,Si 0-10
C,H,Si 0-03
C,HSi 002
C,HSi 1-10
H,Si 0-52
HSI 016
Si- 009
Et,Si 3-30
C H,,Si 0-58
Et,SiH 641
Et,Si- 0-67
C,H,Si 010
EtSiH, 5-09
EtSi 0-73
EtSiH 121
Ph,SiEt 101
PhSiEt, 0-52
PhSI{EUH)H  0-53
C,H,Si 0-22

li
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Ph,SiSiPh,

Ph,Siy 1487
C,H,, S0, 0-07
Ih,Si, 0-07
CooHy Size 004
PhSig 002
C, H,,Si 0-05
W5 69-45
CoH,,Si 1-30
LHLSI 0-04
C H ,Silh 47
C,,H,8i 175
C,.H,5i [{E0)
C H,Si a1
PhSIC,H, 131
PhSIC, (05
Ph,Si 126
Ph,SiH 043
PhSi 348
CH.Si 0-02
C.H,Si 0-05
C,1,Si 0-05
C,H,Si 002
C,HSi 0-01
C,HSi 007
HSi 0-02
Si* 001
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Ion abundances and metastable transitions in tetra-
phenylmethane at 70 ev relative to total carbon-
containing ions

Ion* Abundance Ion* Abundance
CpHyo (O 1 PR 0-23
CopHpo CiHy eevenens 0-54
CyHyy C,Hy v 041
CioHys CosHyot* veine 1:07
C,oHy, CopHppttoonnne " 015
C,Hps (O 0-61
CoHyg CiHg coiinnnns 0-26
C,oHy ChHg cornienne 0-10
CisHyo CoHutt o 0-18
CiwHo CioH et 0-64
CoHyy CH, renenins 1-156
CieHyy CeHg oonnins 0-20
C,sHyo CaHppt*erenns 0-08
C,,H,, CeHy vevennnn 3-30
CisHyo CHy oeennns 0-95
C,:H, CeHy vivnnnns 0-28
CeHny 00 - PR 174
CieHyo CH; innee 0-26
C,H, CeHg cvvvnenne 0-28
C,eH, (070 - PR 0-28
C:H, CH, .......c. 0-56
C,;H, CH, . 0-89
C,sH, CH, «...oinh 0-54
C,Hyo CH.orinnins 0-10
C.Hg CHy ovvennns 0-84
CiaHy, - C,Hy oeninis 0-18
CisHypo C,H . ovieninenn 013
CisHy CH, .......e. 0-10
C,;H, () - A 0-10
C.sH, C,H, ..eneee. 0-10
CsHyo CHyovvinrnenne 0-03

me®*
CoHypt* —= CjoHyt + CHy*  184:6
CyoHgt —3= CHyt 4+ CH, 112:0
CyH,t =——p= C, Hp** ++ CH» 2140
CppH, = CoH, " 4+ H* 241-0
CoH, = C, H,,* + H*® 240-0
CyH;st —» CjHy* + H, 239-0
CH, *— C, H;,** + H, 238-0
CyoHyyt —— CyHy v + H, 237-0
C,yHot*—> C,H,* 4 H° 164-0
C,sHyt —» C,;H** + H* 163-0

Téble Le2. 10,

PbEt, and PbPh, ion abundances at 70 ev relative

to total lead-containing ions

Ion*

PbPh,

Abundance
0-05

123,



~H,
CeH,Si* t——— PhSi+

l-c.n.

CyHSi* === C.H,Si*

PhyC'CMe;* < === == Ph,C-CMey**
007

Figs 11,

PhSig*e
l—Ph,Si'
—-H, —H,
-------- =, PhySi¥ ——mipm CHy St e Cy oy Sit

e —CH,
| B ‘L

PhSIC{H*

l-c.H.
~C.H,

PhSICHy* ———= PhSiCy*

----- = PhyC:CMe,*

0-02 3l

—CH,
PhyC+ ————>= C;Hp*

2618 1-81
; \2
E ' —H,
. \ CioHy gt == CyoHyy
; % 215 1l
]
: -
. —-H,
' CipHpt —p= CyHyt
! 336 2-78
Vo ek
— CoHgtr —— C H*
\ 042 0-25

LY

Vo N

CoHgt = C Hyt == C Hy* ——
1-25 " 029 1-21

CH,*
0-25

Numbers are abundances expressed as percentage of total ion current. Solid arrows indicate metastable supported transitions
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Relative Abundance.

100+

Fig, 12,

125,

Variation of lon Abundances in mass Spectrum of

(PhCH,)3Ge"SiMe; whie heating at 220°C.

102, .
PHCHy *(GesimMe]

80+
60+
40+
28 _.
PhCH2 Sle;
. ’ /K Lol
. I, e A ’ -
;M-ﬁ/o o —o Me,28s;
- o
201
102 . -
.C7HB (GcSI)Me3
. . . 28,
(PhCH ), SiMe .
. ’ . —2% x(PRCH,), Ge
t——t——a a o
. . -(Pr'CHz)‘oz(GeSi)He;
0 | o— x N X X Pgrent lon
0. 1 2 3 5 6

Length of heating (hours)




126,



19°92 - 29°4
- 6h°L
oofag  Zagenua
oLeLt 06°0 61°0
opfeyy  Zopenmg
Sh°ze 6£°0 69°0
usfon  Cepusua
96°L¢ 2L gh°o
ugfus  Zugugen
oY S|
%0°462
el
12°2 1

*SUOT IBJESURIY dnoas
ITe JO seouepunge JO umg

A o)

rA o)
ggentud
10°0
oo’z
§9°0
opus®ug
L9°}
uqusleon

+7 .SNm

6%°0

9¢eli
€021t
geel

Syawen

w6l

l8°0
uarslem
ez

ugrsoR -

20°6
ygesCen

00°¢}
ewentug

Ko

L1l

194

60°¢
JUdCen

PO3OSILIOD

e

Cugen.1efam

€zgene1afen

nﬂ&@w. owmmﬁ

€opugeonfug

Mm .EQSM<

Cyqugeugt oy
Sugen.enfey
uars.1sfon

Suaenton

*puoq Tejow=Telow 9Yj} SS0J08 J9Jsued] dnoald £q powlof SUOT JUSWOSUBIIBSI JO SOOUBTUNQY

*11°2%T oTqe]



127,

Loss of a radical from parent ions by cleavage of a M-C bord is a
dominant process and in general even-electron ions are the major species
and maintain themselves even-electron by eliminating a neutral molecule.

i) Migration of Organic Groups across a Metal-Metal Bond,

Ions formed by such migration are of high abundance for all
AzMeM'Bs compounds studied (table 4.2.11.). It is doubtful that
rearrangement occurs prior to ionization. The infra-red spectra (p.43)
give no indicationv that different groups are attached to the same metal,
Thermal decomposition of Me3SneSnEt; has been studied 130 and found to
be free of dissociation when heated for several hours at 170°C. At 190°C
general decomposition occurred ﬁth formation of Meh_Sn, EtL‘_Sn and traces
of MesSn, and EtGSnz. The mass spectra of ABM.'I!:I'B3 compounds did not show
ions c¢orresponding to these symmetrical compounds, Furthermore 6nly slight
changes were observed in the mass spectrum of (PhCH2)3Ge‘Sj‘;Me5 when heated |
at 220°C for a period of 6 hours (fig., 12.)

These rearrangement processes make the identification of isomeric
compounds of the type A3B3MM'(M = 5i,Ge,Sn) by mass spectrometry scmewhat
ambiguous, A

For Me}ﬁ"m.’h} compounds the Fh,Mfe* ion is always the most abundant
rearrangement ion of this tjpe and the abundances of these ions decrease
in the order Si<Ge<{Sn. With Me3C°CPh3 no ions fesulting from the transfer
of Mee or Phe* are presem‘:.

Each of the compounds A3M-M' B3 show all six rearrangement ions,
AQLN'BE — auBt ¢ AMBS,  +  MBj <+ BMAT 4

BN'AS + M'AY
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Concerning the relative abundances of these ions the observation may be
mede that if M is the lighter metal (i.e. forms stronger M=C bonds) in
the compound ABM.M' Bj then ions formed by migration of groups are most
common for M, the most abundant being AMB* followed by AMBY (table 4,2,11
Pe126 )¢ In this table since metal-ethyl groups in Et;Si*GePh3 have a
highly favourable mode not available in metal-phenyl - or -methyl
compounds (Si+-Et-—) sigt  + Czﬁz‘_) s allowance has been msde to
correct for ethylene elimination in obtaining the abundances of ions |
containing ethyl groups,
There is evidence that rearrangenent occurs 1n the molecular

ion either prior to elimination of a neutral species or as a synchronous
process,

| PuBtSij —) PRSIE* 4 ESidty n" 119,
For this rearrangement to occur in the molecular ion would require a
5 - co-ordinate intermediate, probably with d - orbital participation,
and this may explain why the hydrocarbon Ph;CeCMe; does not show these
types of man#ngement ions. If exchange of groups occurs in the
molecular ion it is difficult to see why this should not lead to all
possible isomeric ions of the type A5B3MM'+°; the proportion of each
would bé strongly influenced by relative bond energy considerations.,

The formation of these rearrangement ions from AZM-MB;..ions

has been confirmed in a few casess

PhéSi-S.iMeB
| + + : * 400
PhjMe 51 —> PhSillet +  PnSille m "
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Ph.Sn-SnMe

3
PtheZSn;—; PhZSnMe"' + PhSnMet m* 162 - 169,5
. max,, 166
(PhCH, ) 5Ge*Sile;
(PI1CH2)2Me381:Ge+-—> (PhCH,)SiMe} + MeGeCH,Ph: m" 66,9 - 69
max, , 66.8
(PhCH,) MesGeosi™ —> (PhCH,) SiMe* + Me,Ge: n* 154 - 157

mex., 154

+ .
(PnCH,) sMeGeo5i" —> (PhCH, )Gele}  + (PncH,) Si: n 94,2

PhsGe-Snlle,
PhsMe GeSn* — PhGeMe*  +  PhSnMe: o 126,5 - 131.5
max., 130
and/or
+
PhGelle?, - Phcen’é + CH

All these ions could have structures such that the products are
simply the result of cleavage of the metaJ.-mefal bond; the necessary
rearrangement having occurred in the parent ion, However there seems
no reason why rearrangement should not also ocecur in fragment ions when

- d-orbital participation by the metal need not be invoked since at least
one metal atom will be less than 4~co-ordinate, If rearrangement occurs
in AZM'MBE ions then the abundance of AZMB" ’ AMB"Z' etc. ion$ will be
influenced by the rate of formation of A2M°MB§ from the parent ion, the
lifetime of AZM-MB'g which must be long enough to allow rearrangement to
occui', the activation energy for the rearrangement and the stabilities of
the resulting ion and fragment. With the carbon compound PhBCOCMe3 the

major decomposition of the parent ion is formation of FhsC* and MesC'.

+ + .
Any rearrangement ions formed from thC'CMe3 or Ph}C -CMe2 will thus also
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be of low abundance.

In Et,51°SiPh; the reammgément ions Et,SiPh* and EtSiPh}
are present but of low abundance, The hydride ions Et(H)SiPh*,
H SiPh* and HSiPh} may arise by hydrogen transfer fram one silicon atom
to the other or by ethylene elimination.

Et(H)Si-SiPh'g —> Et(Ph)Si.Si(H)Pn}
Ph SiH*

Ph(H)Si*Si(Et)Ph} . —> PhSiEt*
In PhiGeeSrMes the PhSn* ion is of high asbundance and a metastable peak
shows that it is produced largely by the reaction.

Ph5Me2Ge-Sn"' — PhSn*t  + PhoGeMe, 4 n* 82 - 86,5
, maxe, 852

ii) Radical Elimination by Bond Cleavage.

This is the major mode of decomposition for molecular ions:

Ph:SneSnMet* —> Ph.SneSnMe? + Mee - - n® 4844
3 3 3 2
PhzGe*Snie} + Mee n* L40,5
PhyGeSriie}’ ——> PhylesSnlie} . Phe m®  428,6
Ph;Ge'GeMeg' e Ph;Ge"‘ + Ne3Gee n®  216-220 max. ,220
APhBSi-S:I.Me'g' ——> PhsSi* + Me;Si m* 202
7 FPh3Si + Et3Sie n¥ 1794
.. » +.
Ph,Si SiEt} \ | )
Ph3Si-SiEt} * Ete w3182
. . *
PhjGesSiEt}" —> FPhjGeSiEt} + Ete m 36l

PhBSi-SiPh'B' — Ph;Si"' + Ph38i° m 129.5
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As with organostannanes discussed in chapter 4.2.1. it appears
that bond cleavage of the molecular ion proceeds lafgely in the direction
expected for the weakest bond in the molecule, although all four product
ions are observed, Thus ions containing metal-metal bords are abundant
only for those compounds where the metal-metal bond is expected to be
strongér than any metal-carbon bonds in the neutral molecule. For
example with Pthe-SnMej and PhBGe-SnMej cleavage of an Sn-Me bond in
the parent ion 'g'ives ions of high sbundance and the available bond
dissociation energies suggest that this is the weakest bond -in the molecule,

21,7 ¢ 3.2 Koal. mole,~]

D(PhBSn-Pn) ~ D(Ph3Sn-Ne)
D(Ph;Sn—SnMej) - D(PhéSn-Me): 6e5 % 342 "
D(Ph3Sn-Gelle;) - D(PhsSn-Me)= 9.7 & 3.2 "
D(MeBSn-SnMeB)& = A76 Kcel, mole,~ D(Me;Sn—Me)&" = 73 + 4 Kcal. mole,~
D(Me;Sn-Ph)%% = 81 ¢ 5 Keal. mole,!
Also Me3SieSiPh; and Ph3SieSiEt; give C'x'HySi"' species as the ﬁajor ions
and the strength of the silicon-alkyl bond is stronger than the silicon-silicon
bond in these c:>ompouncls.62"131 Ions resulting from pﬁenyl—metal bond
cleavage from the parent are always of low abundance. |
Parent ion decomposition by metal-metal bond cleavage can give
two ions:
AgMoM'BYY — 5 At or BsM*
If A is phenyl and B methyl then H13M+ is always the more abundant. This
may be due to several factors: the ionization potential of PhBM- radicals

may be lower than R3M° redicals; charge delocalisation in Pth*' will tend
to stabilise the ion, and in individual cases there may be fewer low energy

+ -
decomposition routes available for P]’gM" than R3M ions.
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Table. 4e2.12.

Molecule elimination by cleavage of two M—X bonds (M = Si, Ge, or Sn)

Ph,Sn-GeMe,
P Sn e } Ph,Sn* ——p= PhSn* + Dh, 110-6
Ph,;Ge*SnMe, .
Ph,Ge-GeMe, Ph,Ge+ ——p- PhGe* + Ph, 748
Ph,Ge'SiEt; ) . ]
(PhCH,),Ge-SiMe, (PhCH,),GeSiMe,* ——3 PhCH,Ge* + PhCH,SiMe, 827
Ph,Sn-Snhle . . 9.
P CaAe } Ph,Sn** ——p Sn** + Ph, 52:5
(PhCH,),Ge-SiMe, (PhCH,)SiMe,* —— PhCH,'SiH,* + CH, 98-4
PhCH,),Ge*SiMe : . . .
%’h:Si-S’i)x\SIc, iMes } Me,Si+ —— MeSiH,*+ + C,H, 277
Ph,Sn-GeM
oG, } Me,Get —3= MeGeH,* + C,H, 69-6
Ph,Si*SiMe, PhSiMe,+ —3= PhSiH,* + C,H, 848
Et,Si* —3 Et,SiH* + C,H, 658
Et,SiH*+ — EtSiH,* + C.H, 400
Ph,'SiSiEt, PhSiEt,* —p- PhSIEt(H)* + C,H, 111-9
PhSiEt(H)*+ ——% PhSiH,* + C,H, 84-8
Ph,SiEt* — Ph,SiH* + CH, 158-7
PhSiSiEt, { 'phpnl.léhut'g’: —— Ph;EL(H)Si,* + CiH, 291-3
{Et(H)Si,* ——= PhyH,Siy* + C,H, 263-5
. Ph,Et,GeS1* ——p= PhyEt(H)GeSi+ + C.H, 337
Ph,Ge-SiEt, Ph,Et(H)GeSi+ ——3= Ph,H,GeSi* + CH, 309-3
Ph,GeEtt ——p= Ph,GeH* + C,H, 204-1
‘ Molecule elimination by cleavage of one M—X bond (M = Si, Ge, or Sn)
PhySia 1 : :
IP;:’;!-S!IEIE: } Ph,Sit ——p= C,,HSi+ + C,H, 1265
1Ol
PhiGe-SnMe,
ggagg-g%\:e, Ph,Ge* =3 C,,;H,Ge+ + CoH, 1689
aLerollLt,
Gy Ph,Sn+ ——3= Cy H,Sn* + CyH, 2124
(PhCH,),Ge-SiMe, (PhCH,),;Me,GeSi+ ——= C,oH,GeSi* + C;H, 170-8
Molecule eliminations without M—X bond cleavage
(PhCH,),SiMe+ ——»= C,H,;Si* + C,H, ' 96-0
(PhCH,),Ge'SiMe, (PhCH,),SiMe+ ——3= C, H,Si* + H, 221
(PhCCHgage: —_— g,ggcw +ng{, 343
et ———p et + ' 117
PhGeSnMe, ) Ph. GeMet CH Geb 4 H. .
Ph,Ge-GeMe, aGeMet ——p= CpoH,,Ger + H, 239
Ph,Si*SiMe, Ph,SiMe+ ——3p~ C,,H,,Si* + H, 1931
Ph,Si-SiMe, PhSiMe(H)+ —» C,H,Si* + H, 117-0
Ph,Si-SiMe, PhSi* ——p CH,Si* + H, 101
Ph,Si‘SiEt, Ph,Si+ —p= CgH,:Si* + H, 255
PhSi, C,sH3Si* = C,H,,Si+ 4 H, 253
Ph,GeSiEt, { Ph,SiH* ——3> C,,H,Si* + H, 179-4
Ph,Si-SiEt, A PhSiH,* ——w C,H,Si* + H, 103
Ph,Ge-SiEt, Ph,H,GeSi* — C,,H,,GeSi* + H, 331

Ph,Si-SiEt, Ph,H,Si,+ —» C,,H,Siy* + H, 285
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Loss of He or ZH* by cleavage of C-H bonds becomes increasingly
important for PhsMeMMes compounds in the order C)>S5i)Ge)Sn (table L4e2.8,
and fige 11 p. 122 and 12 ) which probably reflects the strength of the
¥ bords (C>S8i>Ge>Sn)s With the lead compounds (table 4+2.10. P 123, )
hydrogen loss does not 'give abundant ions,

Bond cleavage decompositions in even-electron ions also occur:

(PhCH,)sGesSilel ——— (PaCHp)sGe*  +  MeySi o 293-300

(PhCH,) GeMe* ——— (PnCH,)Ge**  +  Mes n* ng" i
PhSnt - Sn** +  Fhe m* 731
PhGesSrie? ——> PhyGe" +  MesSn:  m¥ 201-206.5
PhoGeMe” — Phfe*e +  Mee o* 2?2 b B0
Ph3SisSilth ——— PhsSi* +  HpSi: m* 232,1

The metal ions M** are of high abundance only for the tin and

lead compourds. This is probably a reflection of the energy to remove

all the groups from the metal decreasing in the order Si) Ge) Sn) Pb. 106

iii) Ethylene Elimination. ,M—Et — M—H + CH,
-— + ——
Meel, —M—H + CJH),

Metastable confirmed decompositions for this process are shown
in table Le2.12. Loss of ethylene occurs from even-electron ions
containing an M—%Et bond and the mechanism is probably similar to that

previously discussed for tin (p. 106). Other even-electron
ethyl-germanium 125 and - silicon 132 jons show ready loss of ethylene.

With the ions 'Me;Ge+ and Me;Si"‘ ethylene elimination also occurs.

Although such a process may involve rearrangement to an ethfmetal hydride,

loss of this molecule may also occur by concerted cleavage of two M-C

bonds.
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I-‘I)\CHR
—n —  —MH) o+ RHC

<,
CHR
B> |

A similsr elimination of stilbene '2 ocours fram (PnGHp)sGe*.

é

iv) Molecule Elimination by Cleavage of two M—X Bonds,

Such decomposition of parent ions has been noted for
tetraphenyl-tin and -germane 123 as being responsible for the formation
of PhoM"® in high abundance. With tetraphenyllead Ph Pb** is of low
abundance and no metastable peak corresponding to biphenyl elimination
from -the parent ion was observed,

With P1'13Ge°SiEt3 and PhSSn-GeMeja similar decomposition occurs

giving an odd-electron ion in high abundance.

| PhjGesSiBtY" —  PhGe**  +  PhSiEt, m*  123.8
PhBSn-GeMe; ——> PhSn**  +  Phielles m¥  156.5 - 161,2

' max., 160,
In .the second process a Ge-Fh bond is produced by cleavage of a weaker
Sn~Fh aﬁd Sn-Ge bond (thé metal~metal bond since this is the weakest in
the molecule will pfobably be one-electron and hence very weak)., A
sinﬁ.lar situation occurs with Pthe-SiEtS when a stronge? Ph-Si bond is
formed by cleavage of the weaker Ph—-Ge and Ge-Si, In bof.h cases the ions
Et231+"- and MezGe"" , which would result from elimination of PtheEt and
PhSSnMe, respectively,'are of very low abundance., However the sel'ectivity
of this elimination process will also depend on the ;tability of the
resulting odd-electron ion. The bond energy argument applied to

3
‘observed and thGe"" is of very low abundance. Compounds of the type

PhGesSnlie}” would favour a process giving Me Sn**, but this ion is not
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Phz *MMe3(M = Si,Ge, or Sn) also fail to show this elimination,
Elimination of RR' molecules from even-electron ions are very

common and examples observed ﬁth metal-metal bonded compounds are given

in table 4,2;12. Biphenyl elimination from Ph;M" ions is observed for

M = Ge,Sn, and Pb but not M = Si, or C.

PhM* ——— PaM*  +  Phy n* 748 M=Ge
110.6 M =Sn
185 M = Pb

This is probably a reflection of the greater Si~-Ph and C~Ph bond strengths
in these ions, This type of decomposition may occur however from other

silicon ions.

PRSI —— CgHSit  +  H, w103
+ e *
Ph3H28i'Ge+ —— C, 8, 5SiGe"’ + H & 33

On the other hand these decompositions may not involve hydrogen atoms- not

attached to silicon.
In tetraethyllead the elimination of butane from Et:3Pb+ ions 'occurs.
BtgPh ——% EBb*  + G, m* 1904
Such elimination is not observed with triethyl-silyl, - germyl or -stannyl
ions. A similar decomposition occurring from the parent ion of
tetraethylle_é.d could also explain the high abundance of Et2Pb+' which

contrasts with the low-abundance of Et M'* ions for tetraethyl-tin and
- germane,

Bt Bb* —> Bt BOTT  + g
A metastable peak for this process was not observed however.

v) Molecule Elimination by Cleavage of one M-X Bond.

Benzene elimination from Ph3M+ ions gives a metastable peak for
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all group IV elements C,Si,Ge,Sn,Pb;

%

FhoM' —— FhMGHY  + G m 12,0 M=C
5 e 6% 126,5 M = Si
168.,9 M = Ge
2124, M = Sn
29700 M= Pb

With Pth-MMe3 compounds the sbundance of the resulting ion decreases
in the order C >Si) Ge) Sn (table 4.2.8. and fige 11 Pe12h ). With
PhyM compounds the ion PhMCgH} is less abundant for Pb than Sn,

A somewhat similar elimination :’n.s loss of toluene from benzyl
ions (table 4e2.12, p. 131),

"In -some. trimethyl compoumds,MeSNPM'Rj ,1lons are produced in
low abundance which can be explained as successive loss of méthane, €ee
losPh SeeSn* —> G, H, GeeSn* — |

CysHyGesSn’ —> 'cwﬁ7ce-5n*

vi) Pragmentation of Phenyl Groups attached to Metal.

Tons which could result by successive elimination of acetylene
by fragmentation of phenyl groups attached to metal are present in the

triphenyl derivatives of silicon, germenium and tin.

+ ¥
PhMC6HI:‘_ —— PhMCH, + CpH m* 132,7 M = Si; 178 M = Ge
PhMC)HS —> PhMC} + CoH, ' 107.4 M = Si; 152.4 M = Ge
* = Q3. =
PhMt _— CA_HBM" + G, m 594 M = Si; 103.5 M = Ge

Cl'_H}M"' —> C +  Co,
In phenyltin compounds these processes are not metastable confirmed, In

tetraphenyllead only QZHPb"' was observed and then in very low abundance,

(table 4.2.10.)
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Table L4s2¢13,

Abundances of PhMCsﬂ‘l"‘_, PhM" and ions produced by C,H, elimination

PuMCgHf ~ PMC HS PhMCH PMMY G HM* Gt

Ph381+8iFt 6428 Ted9  Os64 8,21 0,10 1,10
PhGe*Gelle ; ' 5004 0.28 0,19 11,56 1,21 1,04
Ph;Sn*SnMe 0,27 0.11 0.05 27.83 0.26 0.56

From table 4.2.13. it will be observed that the fragment ions
decrease in abundance in the order Si) Ge ) Sn, which is probably a
reflection of the change in metal-carbon bond strength,

vii) Ioss of Hydrogen He or H,

Some of the H2 eliminations e.g.
PthZSi"z' — C, 8HSSJ'."2' + H, e
may well be decompositions of category: i%) (p. 134) and have been
, discussed there. Others such as
PRSIt ——  CgHSiY ¢+ Hp
probably do not involve metai-hydrogen cleavage and are shown in table 4.2.12.

(pe 132)

Decomposition modes of organo-silicon, - germanium, - tin and
- lead compounds have been shown to be very similar for a variety of ions
con‘taining M-Me, M<Et and M-Ph bonds, From a detailed study of the mass
spectra of -orgsnogermanes 123 3¢ is apparent that similarities to

organostannanes extend over a wide variety of compounds,

The abundances of parent ions show gome trends for group Iv

orgenometallic compounds. For example the abundances at 70eV of parent

ions for the following compourds are:
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Si Ge Sn Pb
Ph,M, 14.87% 8.9% 6.51%
Ph3M'MMe3 | 9.14% 4.00% = 1.83%
Ph M 2,006 0.11% 0.05%
Bt 2.006  0.9Th  0.42%

Such a trend is probably due to the increase in M=C bond strength in the
order Si> Ge >Sn>Pb. The increase in abundance of ions resulting from
C-H or C=C cleavage in the order C>»Si) Ge >Sn) Pb is also probably
because of the variation of M=C bond strength.

The decrease in abundance of RM% and M%.ions in going from anolagous
compounds of lead and silicon may also be related to the decreasing energy
required to strip organic groups from the metal in going from silicon to féﬁ%.
Gielen, Nasielski and Boue 133 relate the intensity of RM% fragments
primarily to the stability of the MII oxidation state which increases in
going from silicon to lead. These authors algo regard parent ions as
- My species and RZM%’as MIII species. The high abundance of the even—electron
ions RM% and R M& is attributed not primarily to the even—electron character

3
but to the stability of M T and M'' oxidation states relative to M. T and

W,

Rearrangement processes involving hydrogen ﬁigration are prevalent
with these compounds especially when metalfa}kyl bonds are present. Alkene
elimination from even—electron ions containing alkyl groups with formation
of metal hydride ions is particularly very .favourable. Such hydrogen
migrations are also well known in the mass spectra of organic compounds,

' for example the rearrangement of a-. edd—e hydrogen to a pelar functional

group is often observed 9, e.g.
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H . OH

& :
| TN Tk
' L 2 i

Chy

Rearrangements where migration of a functional group occurs, although

common . for the orga.nometallidcompounds discussed in this chapter, has only

129

recently been shown to occur with organic compounds.

+
I
[A—8—c] * - [A'—---\B]A — ¢ + B

With transition metal complexes which have been widely investigated

such rearrangement processes are well known.

Thus the iron=tin complex ~T= 05H5(60)2F9°-SnPh3 shows the
134 '

metastable confirmed rearrangement.

+
PhF + C.H_Sn°*
e 55

. /
CSHS(Ph)Fe Sn \c
+
5H53n_ + PhFe

Similarly PhMn' is observed in low abundance in the spectrum of Ph3S'n°Mn(CO)5.1

Transfer of an initially - bonded cydopenfadienyl group from a transition
metal to a non-transition-metal is a common process and for

l__'\’\ e05H5(CO)2F9:| ,SnCl, the ion 05H58n+' is the most abundant ion in the

2
spectrum. Trialkylgermyl—-molybdenum and = tungsten complexes,
135
: +
M= 05H5(00)3M°G3R3 behave similarly in forming C5H5Ge . Similar

136

‘migrations are observed with platinum—~germanium phosphine complexes. .

The /MA mercaptide, /A-y alkoxo and /A- dialkylamido derivatives of chromium,

iron and niockel produce rearrangement ions, a metastable peak for the

4
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compound NO Me

S .
(1 ~CcH ) clr < -->Cr( 41\’-.-05115) indicating the
fe 1o
PToCess i~
=Crs :
\\\\ g 2

The migration of carbonyl groups across a metal-metal bond seems to be
S , . 138 139 A 138
uncommon. However with Reépo)1o, Rth(?p)1o and'HReB(CO)14 it must
+ i
occur since the ion M(CO)6 is produced in.very low abundance. Sometimes

however ions observed may result from thermal decomposition followed by

ionization, as in Hg [MM(CO)SJ o Where 42% of the total in ourrent is due

, 140

- %o ions Mh2(00)0F7
Such migration reactions are not confirmed to metal=-metal bonded

compbunds. A variety of compounds involving two metals 1 -=bonded to the

same ligand (such as

Qr fe, o '
€y (o) o)y (co); )

+
produce M=M ions.

Migration of groups from carbon to metal has also been observed.

The spectra of some substituted T — bonded arene complexés ﬁ 142

Or—-=

Fe

produce ions resulting from transfer of R to the metal i.e. CSHSFeR and

oot
FeR »
Trimethylsilyl derivatives of benzyalcohol and benzylamine
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(Me,S10CH Ph end Me,SiNHCH,Ph) produce phenylsilyl ions although this
3 3

rearrangement is only a minor feature of the corresponding sulphur

compound, 28

Group migration reactions are common in fluorocarbon metal compourds,

presumably because of the high strength of metal-fluorine bonds.

Tetralkis(pentafluorophenyl )germane 97 produces (C6F5)2GeF‘" in high abundance
contrasting with the low abundance of thGeH"' derived from tetraphenylgermane.123

Similar migrations of fluorine are observed with : fluorocarbon derivatives

97 3 sron 95Tk 145,146 W7

of silicon “', arsenic manganese

rhenium 7 s and elimination of neutral metal fluoride is often observed.
+. - +eo
c GeFye
(Cely) 6" ——> G dF5 * 5
(ch)zAsCF"z' —> 03F§ + AsF,
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4e3s Mass Spectra of Beryllium Dialkyls.

Since most dialkyls of berylliumftme electron deficient
associated molecules in liquid and vapowr phases 91 the mass spectra of
these compounds are of considerable interest because of the possibility
of forming ions from these associated molecules in high abundance., The
following beryllium dialkyls were-investigated.using an ionizing electron
beam of 70, 15 or 12 volts and various source temperatures: -

Me,Be; EtyBe; (i-Pr)oBe; (n-Pr)Be; (i-Bu),Be and (t-Bu)zBe. Ion
abundances for these compourds are given in Appendix 2,

The method of sample introduction for beryllium dialkyls has been
discussed in chapter 2,2.1. p. 48. It is worth commenting here, however,
that the temperature of the sample required for di-tert-btrbylberyllimn
reflects its monomeric structure 195, Thus whereas di-iso-butylberyllium
required a sample temperature of 0°C to give a source Pressure reading of
5 x 1076 m,m, » & similar source pressure was obtained for the tertiary-butyl

compound when the sample was solid at -60°C.

4.3, Effect of Source Temperature.

This was most apparent for diethylberyllium and fig. 13 shows the
70eV spectrum recorded at various source temperatures. As the temperature
rises the abundance of monomeric ions, CxHyBe"', increases whereas that of
trimeric ions, caHeBe‘g, and the much more abundant dimeric ions, CH, Bel,
decreases (fig. 14 and table Lke3.1.). Such behavior can be explained by

increased dissociation of associated molecules to monomers at higher

source temperatures prior to ionization.
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S Pige 1he
Variation of lon  Abundances with Source Temperature

for Diethylberyllium.
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Table Le3e1.

Variation of ion abundances with source temperature for
diethylberyllium (70eV)

Source temp. ©C . % of total ion~current carried by:-
CgHgBez C,HpBeb CxI-LyBe+ - Hydrocarbon
ions ions ions n/e)30 m/e30

45=55 Oui5 25,67 47.29 1438 25,06
70-85 0,03 2,57 6743 0.94 29,00
85"1& 0.006 2.1ll- 67.23 1.21 290105
110-122 0,003 193 66,22 1.20 30,68
135=-142 0 1460 64..98 1032 32.09
150-155 0 1.87 67.25 132 29451
167-170 0 1.59 - 67.52 1.40 29¢47
184=186 0 0.79 68,02 1,60 29458
196 0 0.72 67.29 1.1 30.65

The greater importance of hydrocarbon ions at higher source
tvemperatures is in agreement with the thermal decomposition of diethylberyllium
which produces ethane, ethylene and butane from about 85°C,

The two propyl compourds also proé.uce dimeric ions (tableAZ3,p.
and fig. 15 ).

At corresponding source temperatures such ions are of much lower
abundance than with diethylberyllium and this reflects the decreasing
degree of association of beryllium dialkyls as the size of the alkyl group
increase.‘z,.91 Like the ethyl compound the abundance of dimeric ions falls
with increasing source temperature and there is a complementary increase
in the intensity of monomeric ions. -Again this is because g.ssbciated
molecules dissociate to monomer molecules prior to ionization at high source

temperatures,

Dimeric ions, CaHbBe'E, are more abundant at corresponding source
temperatures for (i-Pr),Be than for (n-Pr),Be from which it may be inferred

that dimer molecules are more aburdamnt in the vapour for the iso campourd.e
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A tentative explanation of this observatibn is that the inductive effect
of methyl groups attached to the bridging carbon atom in the dimer
molecule |
Me Me
-
ok,
Me ,CH-Be < . ‘;:Be-CHI)IeZ
A
Me Me
increase the electron density in the Be-C-Be bridging bonds. Inductive
effects should be less pronounced with the n-propyl compound. Exterding
this argument to the butyl compounds one would expect ai-tert-butjlberyllimn
to be more associated than di-n-butylberyllium which is not the case; the

tertiary compound being monomeric in benzene solution 13 and the normal
compound dimeric 154, Steric effects must also be considered to influence
the degree of association and with di-tertiary-butyl beryllium the size
of the organic group probably inhibits association. Steric hindrance has
been postulated to explain why diethylberyllium unlike dimethylberyllium |
155

does not form a polymer,

With di-iso-propylberyllium the abundance of hydrocarbon ions
m/e £ 42 increases from a source temperature of 55°C and rapidly above
~150°C, Since this compourd is known to decompose thermally giving
propene from about 50°C, the féaction becoming rapid at 200°C, these
observations may be ascribed to thermal decomposition prior to ionization.
Although hydrocarbon ions m/e £ 4,2 are more abundant for di-n-propylberyllium
they do not increase in abundance until about 1659C, source temperature,

jndicating that the n-propyl compound is somewhat more stable to thermal

decomposition than the iso compound. The initial high abundance of

hydrocarbon ions for the normal compound. is probably because of a high
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Table 4e3e2e

Variation of ion abundances with source temperature (70eV).

Source temp,
°c

75-90
95-130
160-170
200-210
235

Source temp,
°c

55-75
75-80
125-135
140,155
155-165
165-175
240

+
Cxﬁ&ﬁe
ions

4346
11.88
36,61
29,61
20,70

C e’

ions
52,31
51494
47486
51414
45,86
4,..00
27. 11

di-iso-butylberyllium.

% of total ion current carried by:-

hydrocarbon ions

m/e ) 56
17k
1.56
153
1.30

163k

di-tert-butylberyllium.

hydrocarbon ions
m/e £ 56

54480
56456
61.86
69,09
77450

% of total ion current carried by:-

hydrocarbon ions
m/e % 57

10.77
11,21
11.37
11,90
12.05
10.32

7027

hydrocarbon ions
m/e < 56

35.27
36,72
- 40,70
37.66
41.89
L5.71
65469
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concentration of dissolved propene in the sample of di-n-propylberyllium
when the spectra was recorded.

Even though di-iso-butylberyllium is dimeric in benzene 13 only
monomeric ions C’cl-lyBe+, are detected in fhe mass spectrum., As with
di-tertiary-butyl beryllium, the abundance of these monomeric ions falls with
increasing source temperature while 'hydrocarbor; ions m/e {56 increase in
abundance. (table 4e3.2.). Thi.s;, reflects thermal decomposition to
involatile hydride and butene prior to ionization,

Although solid dimethylberyllium is a long chain electron

deficient polymer as revealed by X-ray analysis 156

v ,CH CH
.\\ ,BHB\ ,/’ 5\\\ £H - //’ 3\‘\ .
- ~ / S - 3 S« y; . —
Bel _Be{ ‘Bel _.Be] ‘Be__
- TN N

ions containing two or more beryllium atoms are of low abundance in the
mass spectrum at 70eV and low source temperatures, This may be because
only discrete monomer units can escape easily from the polymeric solid in
contrast to liquid diethylberyllium which probably contains dimer ard
trimer molecules which can leave the surface of the liquid as complete
entities. The infra-red spectrum of dimethylberyllium also indicates that
the unsaturated vapour consists mainly of monomér while the saturated
vapour gives a complex spectrum due to the presence of dimers and trimers.91
Since thermal decomposition of dimethylberyllium giving mainly
91

methene does not occur until above ~ 200°C” it is not surprising that the

abundance of hydrocarbon ions in the mass spectrum of this compound increase

dnly slowly as the sourcetemperature rises to 210°C (table Le3e3s)
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Table 10-0303-

Va.r:&.at ior)1 of ion abundances with source temperature for dimethylberyllium
70eV .

Sog(z:-ce temp, % of total ion current carried by |
c xI-%Be+ CaHbBe; Hydrocarbon ions
ions ions mwe216  mle$16
37-50 83.28 3elk5 4. 01 9.27
73-87 83.86 0.97 3092 11417
115-127 84486 0.63 3487 10, 64
164~170 84457 0,60 3690 | 11.01
195-198 83464 0. 24 2,02 12435

210 ' 81,10 0. 41 3.78 144452

With dimetﬁyl- sdi-iso-butyl- and di-tert-butyl-beryllium which show
essentially only CxHyBe"' ions, the monomeric parent ions, R,Be’ are most
abundant at low source temperatures. In this respéct they are like |
hydrocarbons 12157 which show a similar trend, As with hydrocarbons the
effect is most pronounced in the highly branched molecules such as

di-tert-butyl-beryllium., (table 4.3.2,).

l;..t'_i'. 2+ Mass Spectra.and Modes of Decomposition.

Unlike .the organo derivatives of Group IVb elements, even-electron
ions of the type, CxHyBe"', are not outstandingly more abundant than
odd-electron ions, as is illustrated in the following table calculated
from the spectrum obtained at high source temperatures at 70eV,

The high sbundance of odd-electron ions is mainly because of
two 'factors: -

a) Monomer parent ioné, (C Hopeq)pBe *, axe sbundant for all

beryllium dialkyls except the butyl compounds. As the size of the alkyl
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| Abundaqce of odd-electron Abundance of even-
CxHyBe“' ions electm;g nngyBe"‘

(CHonyq)oBe (CpHoneq)oBe™™ G H, Be** Total

MegBe 17.91 151 39.63 .47
EtyBe | 8.02 23405 38.75 28,83
(i-Pr)Be 2,36 13,80 24,93 26,94
(n-Pr),Be 1034 11,09 16.85 25, 21
(i~Bu),Be 0,08 3634 5026 15044
(t-Bu) oBe 0,37 2,70 6436 20.78

. group increase so the abundance of the monomer parent ion decreases,

b) The odd-electron ion, CnHZnBe"" s is produced in high abundance
by elimination of the alkane, C,Hy,,5, from the parent monomer ion, THis
process is discussed in more detail when the decomposition modes of the

< s +
monomeric ions, CxHyBe » are discussed.,

In contrast abundant associated ions, CngBe;, areeven-electron and
maintain themselves even-electron by eliminating a molecule such as hydrogen
or a hydrocarbon., (Figs. 16 and 17).

Modes of Decomposition of Associated Ions at 70eV.

C ngBe;'l ions are observed in the spectra of dimethyl-, diethyl-
and di-propyl-beryllium compounds at low source temperatures., The observed
metastable transitions for these ions are given in figures 16, 17 and 18.

The decomposition of these ions is very simple. The parent ion

of the associated species, RZnBe;' , first loses an alkyl group R, giving

an even-electron ion which meintains its even-electron character by
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Metastable confirmed decampositions for C,H,Bej and GaH B ions in
spectra of diethylberyllium,

+.
Et-l“Be2
=Et - 8203
N2
+
E‘the2
-02%«56.5
Y =H + -H +
Et 2 \ G Be 2 \ C’+H 5
2o e W92 7.1 > T
'CzHl.. 31.2
Y -H -H
EtBe, I, 2 CZHSBe; 2 5C HzBe)
L5.1 : L3.1
+eo "H2 +eo
¢ APy 2.1 > CofyPes
+
Btges
Et Be H
-CZHL 120.6 2 33
v
-G 40,9
Eth-Bejﬂ* oH
EtBejﬂ"
[ ] h
-CZHI.. 934
N\ ‘
EtBBeBHZ 70eV; nimbers are mass of observed metastable peak.
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Metastable confirmed decompositions for di—propylberyllimn compourds,

;PrBeZHE

*o -Pre . +  =C:H , C 3Hg
TR O 2 >P“z’?e\z“* —— ol

-CZHL" 5645

+
C\HyqBey

70eV; tiimbers are observed mass of the metastable peaks Solid arrows
indicate metastable transitions common to both propyl compounds,
ArTOowW -~ indicate transitions observed only for (i-Pr)zBe

Fig 18,

Metastable confirmed decompositions for dimethylberyllium

-H

. : 2
¢ H_Be* C HBet* > C.H,Be**
2’5 He o 2y,
=, | 3he
"CHI.. 13.6
N + g
C H,Be CHzBe+- |
-H2 32,1
‘\/+
C JiBe
'02H6Be -CZHGBe +
C Bet y C + , —> C_H,,Be
1233828 pr— 1dt275e7 139.3 g1 Beg

70eV; xii'mjbers are observed mass of metastable peak.
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successive loss of neutral molecules,
 With the ethyl compound successive elimination of ethylene from

Et3Be} and EtsBe¥ yields hydride ions in high sbundance at low source

- temperatures
| EtgBe} — > BtpBeg*— EtBeh —- - -> HyBe}
+
EtsBe3 —-)Etl'_BejH" — EthejH" -3

| —--Et,Be H"———)EtBeB ),
(metastable confirmed decompositions are given as solid arrows)
Such rearrangement may involve an intermediate similar to that postulated
fdr ethylene elimination from even-electron ions of the Group IVb metals

(ps 107) ‘

CH

/é—/\Be‘ + 0B —>  HBe | #2 “oBe
CH T CHy " CHs

2 2 2

\(H’\. :
CH CH

~ 3 . 3
' Alternativelj or in addition a more complex mechanism involving a bridging
ethyl group may spply. .

The resulting ions can obviously be formulated in a variety of

ways depending whether a hydrogen atom or ethyl group is involved in a

bridge between two beryllium atoms. For example EtBejH5 could be .

. +
//H\\ + ,' Et\~ -
Bt =——DBel _“Be or H ——-Be’ _-Be

“~H- ~H-
In eddition trimer ions can be formulated as a 6-membered ring or a spiro

structure:;
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B +

Et

e
S - -
/, \‘_ Et
' or R Be_ Be ——
Ble\ /Be\Et "Et AN ‘ B

o - * J

| The hydride ions EtzBeZH+ and EtBe i} also decompose by H, loss
producing low abundance ions.

+

PrBBe2

successive elimination of propene giving PrzBezH" and PrBe 7. In addition

produced in the spectra of both propyl compounds shows

loss of ethylene is observed from PrzBeZH+ which may involve formation of

a wethyl group. €.ge.

- 1+ i -+
H
JH <o, .
k: .Be _CH y - 1 s E
;CH' ‘ \g,(c’ﬁz e Be\,CH/Be CH3 + C ZHL,.
Me \Me H Me Me J
B ™ T -+
H JH .
- BN ca, £ 2
2 Hz :
| CH; i L O ]

The bridging propyl group may also be involved,

Tons of very low abundance are observed at low source tegperatures

which could be produced by methane loss

+ +
H33e2 —_— 68H17Be2 + CHI+
+
Pr2Be2H"' ———>,05H11Be2 + CHZb

Although the mass spectrum of dimethylberyllium shows no ions

of the type MeZnBe; , MeBBe; carries 0,82% of the total ion current at low
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Fig, 20, 153b.

Metastable confirmed decompositi £ + . ‘ )
compounds, mpositions or CXHYBe ions for di-propylberyllium

~C.H .
3% 4 < g
CzH Be"'" + ~ +o
218 } 29.6 4 CGH‘“..Be p—— >V3H63e
-CH, {25.8
4% . -
C.H.Bet ¢ + + + + +C_H, Be*
c Be+o | 7
2 <M 33.8
- -
4661 33 510
-CéH,+ .
c Be+° +eo . B
8H16 71‘5 ? C6H'12Be ‘ =~ Be 31.70 -C2H50
’ ’ \ Vo,
chg G H B
;| Be+.+-.§-2-f— c H.Be'* i C H.Be**
e T E T 08 a7 Y
. = -H
c + 2 . C.H.Bet 2 . ¢HBe"
2H5'Be 3lea 1 7 ZHB 32,1 2
Bt — T _ _y Be*"
Be1 '

70eV; fiumbers are observed mass of the metastable peak. Solid arrows
indicate metastable transitions common to both (n-Pr),Be and (i-Pr)zBe

Arrows ——-> indicate transitions observed only for (i-Pr) Jbee
Arrows + + # indicate transitions observed only for (n-Pr)zBe.
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Q Metastable confirmed decompogitions for di-tertiary-butylberyllium
-~ — g
CgflygPe’] ———2—cgiy het
\ 119
=G, Hy| 3645
8
. 34e3
Cetlqq
. G, HaBet T 2 H Be**
. “y8 lﬂﬂ.vm Sl
C)HyoBe .
~CH, [38.8
b N .
Hy - C_H_Be"
. w0
Voo - 4+ =H 4o
C 5t Be ﬁmé waumrwm A CH, Be
: 45e 8, | 1141
-H + -H . +
. C_H Bet 2 _5C,H;Be 23 C HBe
25 301 23 321 7 i Be*

At 70eV; riimbers are mass of observed metastable peak,



Fig. 22,

Metastable confirmed decompositions for di-iso-butylberyllium.

+o
Celyghe

&rméo uf.u
/_\ H , .
+e .
C,HgBe _|||mfw|vormmmo
¢ H.Bet__ o s C_H,Be* =H,
25 23—
34 32,1 2 .oumqw%
~He 48,1

at 70eV; numbers: are mass of observed metastable peak.

n
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source temperatures. The ion 02H5Be*2' could be produced by methane loss
from Me3Be’§. With this compound the ions CygHz3Be§, CqoHyyBe7, CglyyBeg
and CgHy 5Be§ are observed in low abundance together with metastable
confirmed eliminations of C,HBe (Me,Be?)

CogfysBey 2% | cqgiymey _C26® , ooy et
Since these are all ever;-electro'n they must be fragment ions of some
unobserved parent ion. It seems unlikely that (MezBe)‘g' is the parent ion
since four carbon atoms and fifteen hydrogen atoms must then be lost either
as radicals or mole_cules to give C1 2H33Be§. It is possible that these ions
are produced by ionization of a complex associated beryllium molecule formed
during slight thermal decomposition of the dimethylberyllium polymer at 50°C
(i.e, the sample temperétuxe required) involving methane and hydrogen loss.

Obviously many .structures can be postulated for these ions.
However it does reflect the polymeric nature of solid dimethylberyllium
that ions containing up to eight beryllium atoms are observed.

Modes of Decomposition of CxHyBe*' ions,

Metastable confirmed decompositions for these ions are given in
figures 18,19,20,21 and 22, The modes of decomposition observed for parent
monomeric ions, R2Be+' are first discussed since these are similar for all

compounds.

Parent Ion Decompositions.

The simple bond cleavage decomposition
‘RoBe’* — RBe* + R
with formation of the abundant even-electron ion RBe*, is not confirmed by

2 metastable peak for any compounds studied. With di-tert-butylberyllium
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C l,.H;- is produced in much higher sbundance than for di-iso-butylberyllium
which suggests that for this compound the fragmentation:-
(t-Bu)Be** —> MesC*  + Ch_;ﬂ9Be-
is important..
Carbon-carbon bornd cleavage is also obs'erved)the following
decompositions being metastable confirmed:
BtyBe'®  —> EtBeCHj +  CHje
(t-Bu)zBe;'" —> t-Bu-Be-CMe}, + CHy®
For di-tert-butylberyllium the resulting ion is of high abundance especially
at 12eV, This is perhaps expected in view of the fact that hydrocarbons
cleave readily at the carbon atom of gfeatest branching 1’9. With the
iso-butyl compound the (p-Me)* ion (i.e. parent ion minus methyl) is only
of low abundance. | |
In contrast the (p-Me)¥ ion for di-iso-propylberyllium is lower
than for the normal compound. (i.e. (p-Me)® constitutes 0.23% of the
total beryllium-containing ions for di-iso-propylberyllium and 0.55% for
di-n-propylberyllium). Surprisingly diethylberyllium gives an abundant

(p-Me)* ion especially at 12eV.

. Parent ions also decompose by pfocesses which involve rearrangement,
A1l the dialkyls show a metastable peak for
(Coflpnsq)gBe’® —> CliggBe™  + Coflonep
The ion 011H2nBe+. is a major beryllium-containing ion. A simple hydrogen

migration can be postulated; thus for the methyl compound & L-centre

intermediate can be invoked.
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Table he3eke

Abundances of parent monomeric ions and major Be-containing ions for beryllium dialkyls.

Ve Be Et,Be Aw.mavmmm Asumuvmwo Awuwcvmmm Aﬁnwcvme
70eV  15eV  70eV 12eV 70eV  12eV 70eV  12eV 70eV  12eV 70eV 12eV

arent ion

MQsmmu+4vmmm+. 17.99 78,37 8,02 21,28 2,76 6,91 1,34 3.75  0.08 0,23 0,37 3436
(p-Mee )* (see below) 2,02 1403 0,12 0416 0,17 0,56 0,08 0,28  1.95 15429
(pC Hon)"” = = 2,76 043 0,61 1,34 0,69 0,89  Olhk 0,55  0.47 2,28

(P=C Hopq)" 31693 252 14492 9433 9499 12,0k 14e67 15.94  7.87 8.86 459 8.62
(PC Hopp)™® 15014 6.89 23,04 30,67 13,70 30.76 11.09 2453 334 7.3k 2.70 9454

% of total ion
current due to

C_H Be* ions

Xy

carried by above

ions 80e1 9648 75.1 93.5 5146 8342 6645 Blek 54e0 87ek4 37.2 8245

‘ 210° 196° 215-220° 210-215° 235° 21,0°
Source temp, ©C
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+eo

N, R
H;C //f‘;;/crlz SN [Be ;_—CHZ] + CH

"
o

For the other dialkyls the position of hydrogen atoms involved can only
be found by deuterium labelling in the alkyl group.

From the energy of dissociation
CHo 488" — CH,Be'™ +  He

found from appearance potentials (p.98) it has been tentatively suggested
that the ion CyHonBe*® (n) 2) formed by the above process may have a
ring structure,

A metastable peak correspording to ioss of the alkene, C Hy , is
observed fram parent ions, (C.Hon,q)oBe, of di-iso-propyl-, di-n-propyl -
and di-tert-butylberyllium, Such rearrangement probably involves hydride

formation, For example:

" e
CH
AN
n-Pr-Be’ CH - CH; | — n-Pr-BeH'* &+ CH, = CH-CHj
V—>/ 5
H

Although no metastable peak is presemt, the ions RBeH'* (R = Et or i-Bu)
are probably.produced in a similar way in the spectra of diethyl- and
di-iso-butylberyllium, With dimethylberyll;ium the ion CHBBeH'"' is not
observed, probably because its formation from Me,Be"* would involve
CH2: elimination. '

Tn table Le3.ke it will be seen that parent ions and fragment ions

‘formed by the decompositions of parent ions discussed above account for

most of the ion current due to CxHyB_e"' ions .observed at high source
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temperatures, This is especially true at low electron -wdltages when
the number of types of ions formed is far less.

In addition to the decompositions discussed sbove, (t-Bu),Be**
and (i—Bu)zBe"" show a metastable peak for propene elimination producing
05H1 2Be"" in low abundance, A low abundance ion is also produced for

methane elimination from Et 2Be""

. Fragment Ton Decompositions.

Elimination of H, from CxHyBe"' ions is very favourable and many
metasteble peaks for such decompositions are observed. (Figs. 18-22)
Whenever an abundapt CxHyBe"' ion occurs, then ions of much lower abundance
are also observed 2,4,6 etc, mass units below formed by loss of hydrogen.
Loss of a hydrogen atom gives a metastable peak in one case only:

HBe* — Be'* + He

The propyl and butyl compounds produce jons which show metastable
- peaks for methane loss., Such decomposition is present for both odd- ard
even-electron ions, It is interesting to note that met};ane loss is the
only alkane elimination from fragment ions that gives a metastable peak,

Both ethylene ard propene on the other hand are eliminated from
fragment ions (figs. 20,21,22) e.g. (t-Bu),Be | C-HigBe* > CHgBe* +  Csfig;

(i-Bu).zBe} CcHy Be* > c4H7Be+' +  CoH)
(i-Pr),Be c5H11Be*—> 03H7Be+ + CH
Et 5Be CHBe" > Be"t o+ CoH
The elimination of Be is observed only from 03H5Be+ produced by the

propyl and butyl compounds,
°3H339+ N C3H; + Be n 31,7
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With the two butyl compounds the metastable peak at 31.7 can only be

assigned to the above process but for the propyl coaxipounds the transition
+o +
05H1oBe Nl 03H5Be + CZH5°
can also apply.

s

'CH2- C=CH then it is not surprising that the charge is reta:.ned by the

IfC formed is identical to that produced by ionization of

hydrocarbon species since

I (+CH, - C==CH) 8.25 £ 0,08V } ref, 102,

I (Be) 9.32eV

and the charge would be expected to reside on the fragment of lowest
sonization potential., 1%
Obviously the C;Hg ion could also have a ring structure especially

if the ion C3HzBe* has the structure CH *1n the spectra of

- var
diethylberyllium the ion C3HzBe® is oﬂy of low abundance, which may
accbu.nt for the absence of a metastable peak corresponding to Be elimination.
More probabiy this is because the vion, 03H3k+ has a different structure
for this compound. Tt could for example be (CHZ_ Be - CEDH) rather than
structures discussed earlier which involve all three carbon atoms bonded

tog'ethei-.

Distinguishing Isomers,

The 70eV spectra of the two rropyl compounds differ mainly in the
relative intensities of the ions CsHgBe'' and C3H;Be’. At 12eV the spectra
sre almost identical. In contrast di-iso-butyl- and di—tert-butyﬁberyllimn
are most easily identified from their mass spectra at 12eV, At this voltage

the tertiary-butyl compound gives an intense ion formed by carbon-carbon
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cleavage in the parent ion:

+o +
(t-Bu)yBe™ —> t-Bu-Be-CMel + Mo

For the iso-butyl compound the ion C7H1 5Be"’ although observed is always

of low abundance,
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Lelo Mass Spectrs of Organoaluminium Compounds.

In view of the considerable effect of source temperature in the
mass spectrometiry of organoberyllium compounds, it is desirable to
determine the effect of this instrument parameter on the mass spectra of
organoaluminium compounds which, like the beryllium compounds, form electron
deficient molecules, It is also of interest to compare the decomposition
modes of the organoderivatives of this metal with those observed for
beryllit'.un. and group IV derivatives.

Ion sbundances of the compounds studied are shown in tables
boliel, Lehe2, amd Lolhe3. Unfortunately the sample of triethylaluminium
used was contaminated by diethylaluminium ethoxide ard so it was not
certain which of the peaks in the mass spectrum obtained are due to the |
ethoxide. Since the major peaks in the spectrum of mixture of diethylaluminium
ethoxide and‘other oxides all conf;ain ‘oxygen, it was assumed that all ions
not containing oxygen are due to triethylaluminium, The mass spectra
given in table 4.4.3. are thus -obtained, Abundances are expmeséed as a
percentage of the base peak rather than as percentage of total ion current
because hydrocarbon peaks can come from both triethylaluminium or the

ethoxide.

Lehele Effect of Source Temperature.

a) Trimethylaluminium.

* The mass spectrum of trimethylaluminium has been recorded at 70eV

12

and dimeric ions MesAl'E detected in extremely low abundance. The effect

of source temperature was not considered,

; . + +
The present study shows that dimeric ions Me5A12 and M33A12 are
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Ion abundances for Me, Al and Me

n/e

129
99
T2
57
56

43

41
29

28

27

26
16
15
14
13
12

Table 4.4.1,

3
M93A1
Ion Source Temp.
eC
195 45 - 50
M95A12 .14 2.97
Me3Al2 .04 «55
M93A1‘ 4.60 6-13
Me,Al 64.78 67.15
C4H8‘ 45 1.14
CszAl' .69 .66
CH4A1 3.07 2.37
C3H6' 15 29
CH3A1° 5.06 3.49
CH2A1 715 .60
C2H5 20 41
H2A1 .88 .83
02H4' 015 029
HAl® 44 41
02H3° «30 «41
Al 12.00 8.29
02H2' .12 19
CH4° 2.58 1.17
CH3 2.54 1.46
CHé’ 031 o33
CH .11 .10
Ce 008 .02

2A1H;

m/e

159
115
101

72
58
51

56
55
44
43
42
41
29

28

27

26
16
15
14

13
12

161 Y
MezAlH
Ion+ Source Temp.
°c

210 5 = 70
M35A13H3 .01 45
Me4A12H <719 4.93
Me3 o 3.06 0.44
MezAlHO 151 0.99
C4H9 1.64 0.23
C4H8. 1 '51 1 -97
C, B .32 .37
02H4A1 .09 .20
C3H8' .05 .05
CH5A1° 007 006
C3H7 1.48 1.59
CH4A1 2.85 2.23
03H6° .64 .74
CH3A1° 3.86 3.14
C3H5 1.19 1.50
CH2A1 50 .18
C2H5‘ .67 «65
H2A1 .83 37
C2H ' +19 «20
HAL ¢ 33 .20
02H3 .21 24
Al T.33 T.71
C2Hf .13 .12
CH4¢ 2.63 1.97
CH3 2.27 1.78
CH2° «30 31
CH .09 .12
Ce .03 .05

* expressed as % of total ion current at 70eV.



Table ° 0203 162.

Ion abundances * for Et.AlH

2

m/e Ion+ Sougce Temp. 0 m/e Ion+ : Source Temp.
214°C  32-45C 5 214°c  32~45°C
229 Bt Al H, .02 .27 42 CHAL- .53 .16
172 Bt AL H,* .05 .90 30 C Hee .99 4.37
171 Et,ALH .18 1.54 29 G 1.41 3.87
143 E4,ALE, 1.6 12.79 H,Al 4.72 2.50
115 Et,ALH, .91 5.83 28 N 11.84 14.71
114 EtyAle 3.54 1.21 HAle - 1.18 .39
113 CgH, AL .05 .32 27 Cplly 7.22 5.80
86  Et,AlH° 1.13 .78 26 C,Hy | 5.89 3.33
85 Et,Al 19,18 19.27 25  C,H .64 .86
7 CjHghl .88 47 24 Gy’ .24 .20

“ ® .
0 GyH AL 07 .08 16 CH, 1 .40
69 CyHAL .06 .21 15 CHy .23 .71
57 C,HgAl 22.26  10.27 14 CH .27 .38
56 CpHAL= 2.36 .86 13 CH .11 .13
55 C,H, AL 2.36 .86 12 Ge .05 .06
43 CHNAL 1.75 .62

* expressed as % of total ion current at 70eV.



Ion abundances * for Et

m/e

114
99
85
84
83
71
70
69

260
259
231
215

203
187

175
173
159
147
145
143

% expressed as % of total ion current at TOeV.

+
Jon

‘Et3A1°

EtzAlCHé

EtzAl

C4H9A1'
C4H8A1
C3H8Al

03H7A1'
C3H6A1

Et4A12(OEt)2

Cyataghl,0,

C,0t252120;

CoHyyAL,50,

CoHa5h1a0
CgHy44150,

C7H17A1202

08H21A120
C6H17A1202

C6H15A1202

C6H17A12O

C4H13A1202

CcH ,A1,0O

122

C4H9A1202

3
Abundance

12.5

3.4

69.7
.20
.74

2.74

«93
. +99

«45
1.35
100.
1.23
3.67
4.1
6454
2.50
51.0
14.0
2.86
28.80
9.08

2.94

Table 4.4.3.

EtgAl

Et,A10Et

Al and EtzAl(OEt)

m/e Ion+

57 HA1Et

56 EtAle

55 C,H Al

43 CH,AL

42 CH,AL°

29 H,Al

28 HAl-

27 Al

131 C 431 31112)

129 C,H, 1A1,0

M7 C,HAL,0,

115 (:2115111202

101 EtAl(OEt)

or [EtAl(OEt)];}
C,H,A1,0

89  HyML,0,
13

HA1 (OEt)
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Abundance

100
6.07
7.18
4.29
1.48

14.29
2.07

23.83

2.62
3.49
9.28
5+41
10.30
4.23

8.60
11.20



Table 4.4.4.

Variation of ion abundances * of Me3A1 with source temperature.

Ion type
4450

Me3Al+ 6.13

+
Monomer AleHx 89,93

) +
Dimer A}ZCyHZ 3.52
Hydro_carbon

nfe > 16 3.44

n/e £ 16 - 3.08

50=517
- 7.06
91.82

2.16

3.02

3.00

Source Temperature °c

164

60=75 75=85 85=98 120-128 155~160175=178 195

6.93 6.72 6,07 5.8
92.02 91.17 91.91 90.50

0.99 0.62 0.40 0.29

3.07 2.81 2.52 2.96
3.92  5.40 5.16 6.24

* expressed as percentage of total ion current at T70OeV.

Table 4.4.5.

5.31  4.88
90.91  90.37

0.22 0.16
2,58 2.61
6.29  5.41

Variation of ion abundances * of Me2A1H with source temperature.

Ion type
50=T0
. R +
Dimer Alzcsz 29.65
) +
Trimer A13Cwa 0.45

Monomer Alcgt{: 56.13
except Me3AI+

Meal® 0.44
3
- Hydrocarbon
nfe Y 16 7.66
n/e & 16 4.23

70-85
24.34
0.05

50.33

0.52

9.43
5432

Source Temperature °C

90~102125=135135=160 175~180

22.80 20.00 16.56 7.40
0.04 0.05 0.05 0.04

62.07 60.57 67.96 T1.20
0.45 1.02 1.66 2.30

9.53 12.62 9.28 10.47
5.11  6.77 4.49 8.60

# expressed as percentage of total ion current at 70eV.

195 210
4.39  4.97
0.06 0.01

77.80 178.59

3007 3006
10.33 8.03
4.35 5.32

4.60
92.27

0.18

1.80
5.62
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quite abundant at source temperatures of V40°C but their abundance rapidly
diminishes as the source temperature increases (table helele). Such
varietion is adequately explained by decomposition of dimer molecules to
monomer molecules, prior to ionization, becoming increasingly important
as the source temperature increases. The low heat of dimerisation of
trimethylaluminium is in agreement with this,148

éMe3Al' = Ne Al, AH = - 20,2 Keal, mole,~!

The pyrolysis of trimethylaluminium at 200 - 250°C has been studied!4d
and proceeds by the elimination of methane and formation of aluminium
carbide, The varigtion given in table Lel.4. shows that as the source
temperatu:ﬁe increases so hydrocarbon ions n/e £ 16 become more jmportént.
However even at 195°C 'all hydrocarbon ions constitute only 7.5% of the
total ion current, |

b) Dimethylaluminium Hydride.

Thé variation of the 70eV mass spectrum with source temperature
is given in table L.l4.5. At low source temperatures dimeric ions constitute
a large proportion of the ion current and the trimeric ion MegAlsHj
carries 0,45% of the total ion current. As the temperature increases so
monomeric ions, CaHbAl"', become more predominant, and this may be partly
due to the thermsl decomposition of associated molecules into monomer
molecules prior to ionization, However from the marked increase in
abundance of :MezAl** with increase in source temperature, thermal
rearrangement of (MeoAlH), species to trimethylaluminium prior to ionization
is mainly responsible for the high abundance of monomer ions, CaHbAl"', at

high source temperatures. The presence of Me3Al"" at low source temperatures




Table 4.4.6.
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. +
Abundances of monomer ions, CaHbAl y due to trimethylaluminium and

dimethylaluminium hydride in the spectrum (70eV) of dimethylaluminium

hydride at various source temperatures.

50-70
+ e
Me3A1 plus 572
decompgsition ions
CaHbAl
M32A1H+ "plus 50,41
decompgsition ions
C HbAl
a

Variation of ion abundances *

with source temperature.

3245 4563

4
2Csz 21.24 18.90

TrimerAleH+ 0.27  0.19

Dimer Al

Iwx
Monomer AlCaE;
except Et3A1 42.50 44.79

Et3A1+’° 1.21  1.57
Hydrggarboh

C Hg | 4.37 4.22
n/e £ 29 30.45 30.34

Source Temperature °c.

75~85
7.05

53.28

42.57

28.63

85-98 120=128 155=160 175=180
6.81 16.04 28.53
55.26  44.53  39.43

Table 4.4.7.

195
60.09

17.7

in 70eV spectrum of diethylaluminium hydride

70-87
17.08

0.08

3.46
30.65

90-105 105=120130-140158-165189-192 214

16.55 14.98

0.06 0.05

48.57 50.12

2.12 2.27

3.31  2.80
29.38 29.77

* expressed as percentage of total ion current.

14.36

0.06

53.94
2.55

2.1

26.99

10.26

0.04

58.43
2.66

1.55
27.05

4.27

0.03

63.74
| 3.18

0.98
27.80

2.37

0.02

64.09
3.54

0.99
28.03
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may indicate that the sample of dimethylaluminium ﬁyd.ride used was
conteminated with trimethylaluminium or that the ion originates partly
from dimer or trimer ions in which transfer of methyl groups from one
aluninium atom to another occurs. Certainly in view of the ready transfer
of organic groups occurfing in the ionization and subseciuent decaomposition
of ABM;M'BB campoﬁnds (M,M* = Si,Ge, or Sn) this possibility cannot be
ignored entirely,

For trimethylaluminium the variation of the abundances of
MesAl* and other G HyAL* ions with source temperature is known (table hakela)
Thus from the abundance of Me3Al+' in a spectrum of dimethylaitminiwn
hydride the percentage of total ion current carried by CaHbAl*' ions formed
by ionization and subsequent decomposition of trimethylaluminium can be
found. In table‘ Lelre6. the abundances of monomer ions, C HpAl*, due to
trimethylaluminium a.nd C HbAl"' 10‘:1;(&? to dimethylaluminium hydride in

the spectrum of dimethylalwnmmn\f.t various source temperatures are

given.

The aburdances of CszAl'E and CaHbAl+ ions from dimethylaluminium
hydride and CerAl"' ions fram trimethylaluminium are plotted as a function

of source temperature in fig 23.

Up to 100°C as dimer ions decrease in apunda.nce SO monomer ions
from dimethylaluminium hydride become more'important. This is because
dissociation of associated ;nolecuies to MeoAlH becomes more important as
the source temperature increases. At 100°C the thermal rearrangement of
(INIeZ\AZI.I-I)n species begins to increase in importance and ions formed by

jonization and subsequent decomposition of trimethylalmm.mm beccme

significant. At 200°C the mass spectrum recorded is predominantly that
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of trimethylaluminium,
A Thermal rearrangement of dimethylaluminium hydride was not observed
when the vapour density was measured 150 within the temperature ranges
83 - 95°%C amd 160 - 167°C., The apparent molecular weights obtained were:
Temperature °C. 82,9 88 89 90,8 95,05 160,1 167

Meaém*ed molecular
wej.gh‘b. 1’-!-106 14-1.6 13905 1433 '“1-2.6 118.8 118.5

The little variation of the apparent molecular weight in the temperature
range 83 = 95°%C was noted by the authors as distarbing, Their results
would obviously be greatly influenced by any disproportionation of
dimethylaluminium hydride to trimethylaluminium and involatile aluminium
hydride,

¢) Diethylaluminium Hydride,

Diethylaluminium hydride appears to behave similarly to
dimethylaluminium hydride (table Le4e7.) in that the abundances of dimeric
ard trimeric ions fall rapidly with increasing source temperature. The
ion EtjAl"" becomes more abundant as the source temperature increases but
it is also significa.rft; at lower temperatures. This may indicate that
transfer of ethyl groups from one aluminium atom to another occurs in
dimer or trimer ions or that the sample of hydride used contained some
triethylaluminium,

The proportion of ion current carried by dimer and trimer ions
falls off rapidly with increasing source temperature, Although the mass
si;ectrum of triethylaluminium has been recorded the sample used was

contaminated with ethoxide, Thus the proportion of monomer ions,

-+
CaHbAl due to triethylaluminium in the spectrum of diethylaluminium hydride
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cannot be calculated. At 214°C the proportion of triethylaluminium is
significant however since the mass spectruin obtained is very similar to
that of triethylaluminium (table 4eke3.). Whereas at a source temperature
of 32 - 45°C the most abundant ion is Et2Al"' , at 214°C the base peak is the
same as for triethylaluminium i,e. EtAlH',

Disproportionation of diethylaluminium hydride giving triethylaluminium
has been observed in the purification of this hydride by distillation 15 1.
The bath temperatlire should not exceed 80°C and the presence of solid phase
in the still pot avoided since this appears to accelerate the
disproportionation., In a study of the thermal decomposition of triethyls:
aluninium in a glass veasel disproportionation reactions occurring in rapid
succession were purported to lead to the deposition of aluminium as a .
mirror.152

ZEEAIH —  Ef3Al + EtAlHo

ZEtALH, —> BtpAlH +  HjAl

Yole2, Modes of Decomposition.
With the limited number of compounds studied, major ions are
predominately even-electron, The ratio of the abundances’ of even-electron

aluninium-containing ions to odd-electron aluminium-containing ions for the

following compounds is:

Abundance of Abundance of Ratio
even-electron odd-electron even-clectron ions
Al - containing Al - containing odd-electron ions
ions ions
Me3A1 82,76 10,69 Telk
Me 2AJ.H ‘ 60,8 " Le38 13.89
Et 2AJ.H : 81.17 ' 5.50 14..20

(c.f. organoberyllium compounds p. 151 )
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Only for diethylaluminium hydride is a parent ion of an associated
organoaluminium molecule detected. At low source temperatures this ion,
(Et,A1H),", constitutes 0,90% of the total ion current. Although ions
corresponding to the parent monomer ion may be fragment ions derived by
decomposition of dimer and trimer ions, such ions are quite abundant at
both low and high source temperatures,

The modes of decomposition for organocaluminium compourds are
very similar to those of the group IV organo compourds and may be classified
in a similar way.

8) Bond Cleavage by Radical Elimination.

With all compourds a major even-electron ion is produced by loss
of a group bornded to aluminium in either parent monomeric, dimeric or

trimeric ions.

R.A1** 5 RA1Y +  R” n* 45,1 R = Me
e /,EtjAlz(OEt)E + Ete o 205.2
Et)A1,(0Bt), -,
\Eth_Alz(OEt)* + OEte m 177.8

With dimethyl - and diethyl-aluminium hydride loss of both alkyl
and hydrogen from the parent dimer ion occurs but loss of alkyl occurs to
the greater extent, This He loss probably results from clea§age of the
aluminium-hydrogen bord since in the spectra of trimethyl - and triethyl-
aluninium loss of.H° from CaH.DAl"' ions by cleavage of a carbon-hydrogen
bond is not significant.

With the methyl compounds a methyl group is‘ lost from the even-electron
ion MezAl"' but the msultiﬁg odd-electron ion is not of high abundance.

*

MeZA.l"' —3  MeAl* + Me® m 30,9
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The appearance potentials of the ions MezAl"', MeAl** and A1* in the

spectrum of trimethylaluminium correspond to simple bond cleavage

decompositions. 12

Mezal''—  Mephl* - Meal™ — a1'

Rearrangement -Processes.
b) Alkene Elimination.

With the ethylcompounds the elimination of ethylene from even-electron
ions is a major process, For example with diethylaluminium ethoxide eleven
metastable pea.ks' are present carresponding to ethylene elimination from

even-electron ions, (fig. 25 ). Also |

Bt —  HALEGT + Gl m 3842

Et AL  —s EtzALHS  +  CoH) n¥  119,6
N _ ¥

EtzAlH, —> EtpAlHY R " m. 92,5

Bt AlH; —> BGALH'  + G, n" 6548

As with >NF-E1: jons (M = Si,Ge,Sn,Pb) a mechanism involving transfer of a
ﬁ - hydrogen may be envisaged for elimination of ethylene from -A1*-Et ions.
With diethylaluminiun ethoxide ethylene may be lost from both ethyl or
ethoxy groups attached to aluminium. The formation of H3A120‘5 mst involve
loss of ethylene from both, The high abundance of HyAl" with the ethyl
compourds is readily ascribed to

Btoalt —  EtAl — Hat

MeoAl* also loses ethylene:

Me At —5 HALT o+ G, ¥ 175

This elimination is probably very similar to the elimination of ethylene from

Me,Si* and Me3Ge+. The ion HAAL' is not as abundent for the methyl
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compound as the ethyl.

¢) Methane Elimination.

In eddition to ethylene elimination Me,Al* ions show a metastable .
peak for methene loss. The resultant ion although even-electron is of
only low abundance, }

MeoAl* —> CHALY  +  CHy 29,5
In the spectrum of diethylaluminium ethoxide an ion m/e 215 corresponds
to methane loss from Et3A12(OEt)'£.

d) Molecule Elimination by Cleavahe of two Al-X Bonds.

Two metastable peaks which may correspord to this process are

given below:-

 Me Al — a1t + CoHg m 12,8
EtAlR* —> A1t o+ CoHg m 12,8

The first process is observed with trimethylaluminium and dimethylaluminium
hydride, the second with triethylaluminium and diethylaluminium hydride.
Since the ilresence of a metastable peak does not necessarily indicate an
elimination in a single step 128 the two processes’above could involve
elimination of 2CHjze and(H' and 02H5-) respectively, With trimethylaluminium
the appearance potential of at corresponds to the process 12

e + ezl — A* o+ 3Mee + 2

e) Hydrogen Loss (Hj,)

This is observed with the ethyl compounds studied,
EtpAl* —> CyHgAl® + Hp n¥ 81
CH At — cHMT o+ H) n¥  53.1

Similarly with diethylaluminium ethoxide ions are present which could result

by Hs loss. (fige 25 )
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Decomposition diagrams for MejAl, EtjAl, Me,AlH, and Et AlH ,
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Fragmentations common to two or more ions
are shown only once . Solid arrows indicate
metastable confirmed decompositions,
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o
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A Decomposition diagram for diethylaluninium ethoxide.
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Metastable confirmed decompositions are shown as solid arrows. Numbers are
. mass of observed metastable peak,
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f) Elimination of R3Al (R = Me,Et or H)

Unlike dimer ions of beryllium but like dimeric ions of group IV
metals Al CyHy ions decompose to AlC.Hf ions by loss of R3Al molecules.
The process is metastable confirmed only for dimethyl - and diethyl -
aluninium hydride; a fact that may be accounted for by the high abundance

of dimer ions with these compounds.

Ne AL JH* —— MenAl* +  HAlMe, nY  28.25
MesAlH, — MeoAl*  +  MeAlH, ot 32,2
EtzALHE —— Et ALY+ EtAlH, m* 50,5
EtpAl iy — EtpAlY  +  HzAl n*  62.8

Lebe3. Mass Spectra.
The decomposition diagrems of the compounds studied are shown

in figs. 2y & 25 and the abundances of ions in tables Lelhele, Lelye2.
and Lol 3 |
The spectra recorded for trimethylaluminium at 70eV and source
temperature of 195°C is virtually identical to that previously reported.’?
Hydride ions are far more abundant for fhe ethyl compounds than
the methyl which reflects the ease of ethylene elimination from ions

containing Al - CgHg bonds.

A variety of structures may be written for ions containing two
aluminiun atoms. For example EtzHpAl} may involve hydrogen or ethyl

Bridges or both:

,”H\\ — Et\\ ’/‘Et\‘ etc
Etzﬁ.l;\\\;l” ~ALES EtzAl\\;rI’(/Am EtAl\\gt/AJ.Hz .



With oxygen containing ions structures involving oxygen bridges are
probably more likely because of the ability of oxygen to donate a lone

pair of electrons to the aluminium atom,

177,



APPENDIX 1.

Tin and Lead Isotope Masses and Abundances.
Calculated Mass and Abundance Data for

Sn2, SnGe, Gez, SnCl and SnBr,
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Tin and lcad isotope masses and abundances - !

) N
Mass * Abundances o ’
- %)t '
Sn 111-90494 0-95
114Sn 113-90296 . 0-656
1155n 114-90353 ! . AT T '
116G 115-90211 i 1231 . i Nominal L Spread DPcak mass Rclative |,
115, 11690306 767 j mass Multiplicity  (p.p.m.) (wtd. mecan) abundance
116G 117-90179 24.01 | Sn,
195 118-90339 858 | 224 singlet 223.50988 0-05
120Sn 119-90213 32.97 | 225 no combination
1125 121-90341 471 ] 226 singlet 225-80790 0-07
1mgn 123-90524 5-08 p227 singlet 226-80847 0-04
) . : 228. 2 : 50 227-80703 1-53
PbPh . PbLEt ' o , . .
i 20307307 169 4 Lo s 229 2 66 22880796 0-82
wepp + . 230 3 8-7 229-80625 3-57
- 205-974406  24-77 4 0-08 . 26-17 4+ 0-08 231 3 12 230-80697 1-09
me 206-97590  22:52 4- 0-08 21-90 + 008 232 4 12 231-80491 16-78
Pb 207-97660 6102 4 0-07 51-51 4- 0-06 233 3 51 232-80523 13-51
* L. A. Konig, J. H. E. Mattauch, and A. E. Wapstra, Nuclear 234 5 19 233-80419 44-41
Phys., 1962, 31, 18. t J. H. Beynon, ‘ Mass Spectrometry and 235 3 3-4 234-80513 35-04
its applications to Organic Chemistry,” LClsevier, Amsterdam, 2:16 5 28 235-80423 92-44
1960. - ) | 2):7 3 7-4 236-50519 60-83
" 238 4 18 237-80417 100-00
e . 20 3 14 238-80565  35-G4
Nominal Spread  Peak mass:  Relative . 4 3 13 239-80470 8247
mass  Multinlicity ~ po.m.  (wtd. j 241 : 62 240-80759 9-53
ultiplicity ’:}p;’ (wtd. mean) ~ abundance 242 2 62 24180626 3323
; con 243 singlet . 242-80863 570
182 1 .181-82922 0-95 244 2 2:3 243-80734 23-18
184 2 30 183-82687 1-92 245 no combination
© 185 2 2.7 184-82806 0-70 246 singlet 245-80865 313
© 186 .S 9-1 185-82627 16-81 247 no combination
i 187 3 11 . 186-82719 828 248 singlet - 247-81048 1-99
;188 5 16 187-82508 44-69
189 T4 16 188-82504 24-70 . SnCl
190 5 17 189-82456 93.46 147 singlet 146-87380 2-33
191 4 49 180-82477 34-13 148 no combination
192 5. 25 191-82372 100-00 149 2 66 148-87150 2-35
193 3 55 192-82492 30-60 | 160 singlet 149-87239 0-83
194 4 33 193-82388 79-89 . 151 2 . 14 160-87093 3548
195 2 10 194-82547 503 162 2 16 161-87188 15-86
196 3 18 195-82477 2g.80 . . 183 2 17 152-87022  70-24
197 1 196-82860 . 2.97 ) 164 2 21 163-87162 27-07
198 .2 82 197-82616 12:40 165 2 21 1564-87036  100-00
200 1 . 199-82660. 226 | . igg smglct o1 ;52-823:2;2 3*73-?_21
. ' 58-86932 .
08 1 GeSi 97-90120 54-40 i 158 no combination
dIVISY ' 159 2 30 158-87312 18-42
2 aa WM | oot
o . ’ : 161 inglet 160-87114 4-75
101 2 20 100-89997 2432 single 1608
. 102 3 43 101-89803 100-00 t -SnBr
' 103 2 61 - 102-89758 5-63 191 singlet 190-82329 1-68
104 2 32 103-89782 23-80 ; 192 no combination
. 106 1 104-89785 1-05 193 2 0-13. 192-82129 2-80
. 106 1 . ..., 10589512 069 | 194 - singlet 193-82188 0-60
. - . Ge, 195 2 5-9 194-82041 26-34
i 140  Singlet 139-848554 1776 | igg g Z;ﬁ iggg%g; ;?l'gg
141 No combination . . .

. 142 Singlet 141-846017 - 47-37 198 2 12 197-82066 28-32
. 143 Singlet 142-847637 13-46 ;gg ) 2l . 12 :gg-g}ggg ul)g-gg
144 2 14 143-844776 94-61 . single . .

! 145  Singlet ‘ 144-845099 17-95 - 201 2 18 200-81889 65-61

o 146 g3 26 145-843356 100-00 | 202 no combination
147 Singlet 146-844510 23-88 203 2_ o 19 202-82192 - 1878
148 92 54 147-842494 73-77 204 no combination
149  Singlet 148-844720 508 206 singlet B 204821_5§_ 1037
150  Singlet - 149-842509 23-78 e st T e T

© 161 No combination
' 162 Singlet 161-842719 2:53

c——— e



APFENDIX 2,

Ion Abundances, as Percentage of Total Ion
Current, for Beryllium Dialkyls at 70, 15

or 12eV and High and Low Source Temperatures,
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Ion abundances for Me,Be*

70eV 70eV  15eV 70eV OeV 15eV
Ion* X37-500 * 2100 *2100 "~ Tont *37-50° *2100 *21580
CyoHzzBeg 48 09 2,50 C He A .07
C1OH273e7 .67 23 1,21 CCH .18 .15
Cgll,yBeg 15 .06 CZHA' .78 1.00 31
MesBez" «82 . C 2H2' o440 37
cuﬁ9 .13 W12 .16 cH o40 oi5
C,Hge .11 A5 W24 {02- 20
5 .10 13 CﬁjBe 30,13 31.93 2,52
CfisBe, «85 CHBee 16,02 15,14 6489
CsH, .13 .12 .15 CHBe 1?.30 1,61
CHe. 09 A2 .29 CBes A7 .9
chS\ . ' .28 008 CHI‘.. 3.29 5095 013
C HgBe* 22,19 17.91 78,37 CH; boli7 6,61 4e35
CZHBBe o5l|- .2{-0 009 CH2' 1 ° 22 1..45
CH, Bee 3.43 2,65 2,69 CH o2 40
C H;Be 1,66 1,45 {H3Be < .01 {.01
CH,Bee «79 .72 Ce .05 o141
CéHBe 3.59 3.90 H,Bes < 01 .01
czBeo 18 .29 | HBe 1.68 2.8

Be* 1,60 2,63 «11

»* Source temp, 9C

Ions with same integer n/e ratio are linked by i
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Table 4,2, 2.

Ion abundances for EtzBe

70eV 70eV 12¢ 70eV  70eV  12eV
Ton* ¥45-559  *196° %196 Ton*  *45-55° *196° *¥196°
Et51363 o1k 04H9 23 «05 .03
Et, Be M .06 C,Hge O 04 .09
Et,Be ,* .38 G,y .07 .05 WOl
Bt Be H, 06 G, He® .03 .03
m33e2 5.46 .18 26 i‘c}HBBe- .05 .07
06H1AB82. «30 Chﬂ5 .03 «03 12
Et,Be fl; .06 | C,H,Be 1,19 2,02 403
Bt Be H 11,14 L2 C3H6Be' 31 48 «95
CLFH9Be2 .22 16 03H5Be e 46 48 1.57
6, HBe, 29 Y;2H7Be2 6,02 .19
C5H, 0" .02 Ol C,H, Ber R TA L0
C Hy .02 Ol {02H6Be2' 027 .06
6,1, B 3,72 8.02 21,28 G H,Be W50 Wit
C)+H9Be 48 o3l ol {02H53e2 072 02
G, HgBe .31 19 .28 CH, Be «20 .15
G, H_Be o2l .10 <Ol {CZHL’_Bez‘ .08
§03H9Be2 .12 C;HBe .05  ,06
C H bes .31 .28 .16 CfisBe, 45 .03
C,H P .19 .18 C i B * o2y -
C H Bes 12 .0 C<H o .0 .
dekn o oo
4 376
G, HyBe 13 oA C3H, o2 .15 .06
{chmae .07 {021{71% 06 .10 .10
G, H o0 .07 .06 07 C.H, - OL .28 ol
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Table A.2.2. continued,

Ion abundances for EtzBe

70eV 706V 12eV ~ 70eV 706V 12eV
Iont *45-550 *196° %4940 ‘ Ion* ¥45.55° %4960 ¥ 1940
CHgBee 1.72 2,76 oli3 cz? 0,31 o8
{c 31 37 32 {CHBBe 1.07 1.09 09
C i e 10,25 192 9433 CH,Be* o5k 56 W04
CHBes 13,13 23,05 30.67 CHBe'* .07 .08
G H;Be U 5k 5615 37 {H33e2 o 11 {01
CHBes 1,38 1.66 19 CBe* .01 <.01
C,,HBe 2:39 2,50 CH* »02 .01
Ch_HaBe"' .01 02 CH; oAl 11
c LFHGBe"' .05 o1 CHye © W33 o2
Ch_Hl‘_Be'* S e09 17 ' - CH .12 .08
C Hee .10 .10 23 {HBBe 4,01 <.01
021-15 , 1,00 o8l o73 Ce .06 JOh
CHye = 97 1358 25,32 H,Be* .00 <.01
CH; 7.02 8.06 «52 HBe 1,61, 1,05
CHp? 5o b 6ok2  te21 Be* 1.82 1,30
CH 1,05 0.92

% Source temp. °C
Tons with same integer m/e ratio: are linked by S'




]
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Table A0203o

Ion abundances for (i—Pr)zBe and (n—Pr)zBe

(i~Pr),Be ' (n-Pr)zBe"

Ton" 706V T0eV 12eV 706V 70eV  12eV

%55=750 #215-2200%215-220° %35=450 *210=215°%210=~215°
Pr4Be2° .36 . '
PryBe, 1.61 .02 .06
CgH, - Be, .04
Pr,Be,H 2.43 .04 .06 3.12 .04 N
CgH, ,Be* 3.96 2.36 6.91 S 3412 1.34 . 3.75
CgH, 4Be .09 .23 .18 -O7 .10 .56
CgH, ,Be .16 .08 .59 7 .05 .13
CsH, 1Be, .23
C5H, 1 Be 7 .12 .16 .29 a7 .56
CoH, o Be e .17 11 .09 .15 .04 .05
C5HyBe ' 31 .25 .18 12 .06 .09
{C5H8Be° | .30 .24 o12 e12 .04 .08
C,H, ,Be, 1.50 1.10 .02
CyH, yBe .78 .82 2.36 1.36 .22 4.10
C,HgBe .86 .60 .64 1.03 .76 1.19
C,HgBe- .28 17 .23 .21 .15 .19
C,H, Be .66 .63 42 .16 .14
C HgBe- .37 .26 AT .15 .06
PrBe,H, 2.27 12 .83 .02
C,HsBe | 7 AT .06 .06
C,HyBe .04 .08 .08 .07
C,Hy | .82 .33 31
C,Hgs . .54 .25 1411
C 8, .17 .23 .03 ' 51 .25 .18
ZC3H9Be .58 7 .29 .15 11
C,Hg 17 .06 <11 .05 .28
C,HgBe .96 .61 1.34 .69 .69 .89
C4H,Be 11.65 9.99 12.04 11.42 14.67 15.94
CHBer 13.96  13.80 30.86 8.83 11.09  24.53
C,H.Be 8.15 7.23 2.13 3.57 5.09 .88



Table A. 2.3. continued

Ton abundances for (i~Pr),Be and (n-Pr),Be

Celd

(i-Pr)ZBe
Ton® - 70V 70eV 12eV
¥55-759 %245.220°%215.220°
CjHl*.Be. .58 Ol'l"' 006
CSHBBe 2,61 2,38 .10
CBHZBe. 037 40
C ;HBe .08 .11
03% b 027 019 015
03H7 2433 2.43 2,14
03H6° 6492 8.80 30,30
CH, 9.91 13,90 Le32
'Ctho 2,18 e .96
Ofgber w7 .66
03H5 Le31 6. 40 03
CZHBBe «97 1.03
c}aé- 1413 2,33 25
Cthﬁe 2.7k 2,78 2.15
G,H .58 1437
CijBe «95 82 03
CHBee 1,57 1,83 o21
C HBe 80 77
+
C5H1OBi .05 .02
C_H,Be .08 Ol
cizzpe+ .05 .02
C_H Bet .02 01
Csthe*' 13 1,02
l|. 6 ] [
Be* ot .02
Chﬁh ; 10
Céﬁ5 73 «79 .1
CH,* .60 .85 .18
02H3 2,67 5.09 «10
.96

¥35-45° #210-215° *210-215°

(n-Pr)zBe
70eV 70eV
«65 o45
1,83 1,74
o1 32
+10 .09
.76 «30
© 2434 1.30

9,01 10,49 -
13472 14,9
2,94 3435
.09 .11
733 8.78
50 o 78
1.89 1.94
o 70 093
1,70 1.33
066 1,02
o2 «98
«60 <66
«08 07
.05 .07
05 .06
Ok
W21 .18
.09 .15
1.79 147k
2,45 1.17
3.48 Lel2
1.03 +98

12eV

39
2,02

33412
549
1.53

23

1,00

17

o3

o712
11

183,
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Table A, 20_1- contined

Ion abundances far (i-Pr)zBe and (n-Pr)zBe

(i-Pr),Be (n-Pr),Be
\, ~ 70ev 70eV 12eV 70eV  70eV 12eV
Ton ¥55-750 ¥215-2200%215.2200 %3550 #210-2150 *210-2150
[CZH .06 .13 | .18 .16
CH, Bee .03 Ol .02 .03
CHjBe 1.98 - 1.9, .03 1,28 2,00
CHZBe' .‘”'- « 20 ) 018 ,029
CHBe .10 .01 02,02
03H§ .05 .06 .10 .08
C H+ A .1 . ® [ ‘ [ ]
BHi“ L 2 27 30
C 10 12 ol 2
33 - ? ’
C}H; o15 25 30 o34
CH, * «06 «OL o0l NoIN
cH3 «20 «36 ' 49 o4
CH,¢ .06 AL .19 W16
CH .02 o0k +05 Ol
(Co 01 .02 .03 .02
HjBe .01 .01 .01 © .01
HBe 15 27 «19 29

Be- o1k «23 .19 .28

¥ Source temperature °C

Tons with the same integer m/e ratio:. are linked by {
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Table A.2.4.

Ton abundances for (t-Bu)zBe and (i—Bu)zBe

(i—Bu)zBe (teBu)zBe

Ion+ | T0eV T0eV 12eV T0eV TOeV 12eV

*¥75-900 #2350  *240° ¥55~750 *240° * 2,0°
CgH, gBee .89 .08 .23 5.01 <37 3.36
CgH, cBes .05 .02 .06 .12 .03 .22
C7H1SBe .19 . .08 .28 5.71 1.95  15.29
C,H, ,Be* .06 .02
C,H, yBe .04 .02
CcH, ,Be .05 .02 1.48 .65 .15
CH, oBe .08 .03
CgtlgBe .36 17 .11
CgHgBer .01
CSH1zBe° +48 .19 47 14 .30 2.87
CSH11Be 2.02 .76 1411 1.70 .62 2.44
05H7Be .05 .03
C/H, oBe* .94 .44 .55 1.00 47 2.28
C4H9Be 16.54 7.87 8.86 8.43 4.59 8.62
C,HgBer 8.17 3.3 7.34 ' - 4.59 2,70 9.54
C,H,Be 3.51 2.04 .36 6.49  4.01 1.36
CHeBer .47 .25 .82 51
CyHg Be .26 .08 <43 .25
C,H,Be .19 .14 17 .09
Culypt .20 .09 .18 .79 .49 .54
C4H9 1.54 1.25 3.45 9.98 6.78 6.78
C,Hg « 9.13 12.30 58.76. 4.58 8.55 32.48
c4H7 3.56 5.88 2.28 1.77 3.30 1.03
C Hee 41 . .52 ' .20 .40 .81
CyHy .89 1.28 .57 1.03
CyH, Be .34 21 .13 ' 1.21 .79 .54
CyH,e .19 .28 .14 .29
C3H6Be° .36 .26 «12 1.04 .81 .38
c H .35 .97 <40 .79

473




Table A,2.l4, continued

Ion abundances for (t-Bu)zBe and (i-Bu)zBe

(i-Bu)QBe
Iont 70eV 70eV
*7590°  * 2359
C_H Be 2.98 1,91
e
%Pf .69 1,27
CBHLQe 032 007
C,H .16 o34
CjﬂzBe 2.29 1,28
. L4 ° 01
C3H2Be . 19 | 2
G6H12Be 52 o2
03H7 2,55 1.79
C H6' 1-70 1058
CBHS 15.97 23491
CBHA- 1431 1,91
{CBH3 5.00 8404
02H6Be- .60 o
C HBBe+ 42 022
5 +
C5H6]3e
{cszBe 15 11
C5H,e .66 1,07
{'CZHABe°
CjH 033 55
. 022
CZHSBe 37 y
02H2Be. 018 .
CZHBe 036 022
02H6. .15 .1L.'
02‘H5 377 Lo 59
CoH) * 2.8 4., 60
CH 3415 L5k
253
CH e .69 093
CH .08 oAb

12eV
*mo
022

1,13
1.27

10,75
o8l

.18
1645

70eV
*55-75°

3427
kb
61
13

495
«33
»06

3072

2. 21

8,78

«92
405

16
10
.21
46
.28
«23
«53
.27

2435
1,12
2,35
032
O

70eV

ﬁmo .

2,26
1,09
39
e25
363k
21
«03
5.83
2,86
18,87

1.82
7.18

<09
.06
e26
97
.19
53
37
«19
o3

3637
3410
3481
67
.08

(5-Bu) o

12eV
*24,0°
22

2.33
1.l|.6

he56
o5

«05
«70
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Table A.2.4. conbtinued

Ton abundances for (t-Bu)zBe and (i-Bu)zBe

(i—Bu)zBe (t-Bu) Be

Ton* 70eV 70eV 12eV 70eV 70ev 12e7
*75-90°  ¥235°  a0° 55-75°  240°  240°

CHBBe 73 L2 1.06 .85

CH,Bes 09 406 o11 07

CHBe 01 - 01 01

CH, - 05 05 +05 .06

CH} _ 42 62 ¢33 «39

CH,» o2 .15 .06 .10

CH .02 Ol .02 .03

Ce 01 .02 01 .02

HBe .09 .06 ol o114

Be* +09 .06 o1 09

#*  Source temperature °C

Tons with the same integer m/e ratio are linked by {
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APPENDIX 3,
Primary Experimental Data for Appearance

Potential Measurements.

Throughout the following abreviations are used:=—
S.T. = Source temperature; I.R. = ion repeller voltage;

1(a) Ionization potential of A.

+ +
A(X )XY = Appearance potential of ion X from XY.

For beryllium diakylss—
i(Be) = Ion current of parent ion (C H ) Bo®
n 2n+1’2
+
1\ ;
i(Be')= Ion current of fragment ion C H, . Be
. . . +e .
i(Be")= 1Ion current of fragment.lon C H, Be
For organotin compoundss-—

i(Bt)

+
Ion current of Et3Sn

: +
i(Ph) Ion current of Ph3Sn

+
i(Ph')= Ion current of PhSnEt,

i(Ph")= 1Ion current of PhZSnEt+.

+o-
i(PhBt) = Ion current of PhZSnEt2

+
i(4Bt) = Ion current of Et4Sn



18.
I(Me Be) ?

7o) () 1) 1(30) () £(80) 1(ar) £(50) 1(ae) i(se) s(ar) £(30) 1(a0)
100 2800 1690 4400 1220 3150 1058 510 349 187
99 1580 1080 470 163
98 1500 994 3050 1370 430 145
97 1390 910 1215 390 133
96 1270 812 1270 1140 350 M7
95 2950 1170 4150 714 1130 3025 1030 1080 310 349 100
94 1060 616 1000 940 275 90
93 940 525 920 840 230 76
92 820 427 800 730 195 64
91 713 361 ~ 700 564 160 54
90 2850 630 3250 298 2825 600 2975 530 1070 130 334 44
89 505 221 500 434 1045 100 32
88. 400 171 400 374 1030 79 245
87 320 129 320 271 58 18=2
86 230 91 250 195 983 37 10.5
85 2600 170 2575 59.5 2600 178 2675 135 25 7.4~8
84 108 36 122 90 13.5=14.5 4.2-4.8
83 66 23 80 54 6.8=T.4 2.0=2.4
82 36.5 - 10.5=11.1 45 31 3e3=3.7 o8=.1
81 1901 4-4—4.6 26 . 16 1.5-'108 03"'05
80 2200 11.1 2.3 2250 1.4 2250 7.9 756 .4=.6 230

79 4.9 «9=.1 2100 5.4 3.8 718 214

78 2.2=2.4 5 2050 2.7 1.7 668 200

17 1.0=1.2 1960 .9 9 617 184

76 6=.T 1860 ' ‘ 513 169

75 1650 1720 1700 1560 529 158

T4 1520 1620 1640 1430 479 143

73 1400 1480 1540 1350 441 131

72 1260 1340 1400 1250 397 118

T1 1160 1220 1260 1120 353 105

70 1040 1110 1140 1010 315 94

69 940 920 1040 920 272 83

68 830 815 940 805 232 72

67 730 725 830 675 197 62

66 610 610 720 600 53

65 520 510 610 480 146 43

64 420 415 530 390-450 116 35

63 300 337 430 342 93,2 29

62 270 252 340 257 70.6 21

61 208 183 262 192 55 17

60 155 132 202 132 38 11.8

59 98 89 130 90 . 25 8.1

58 64 55 84 48 15 4.4

o7 37 31 52 36 8.8 2.5

56 19 14 27.5 18 5.0 1.37

55 9.5 6637 12.2=13.4 8.5 2.4 .7

54 4=~4.3 2.8=3.2 4.5=5.5 3.3 «9

53 1.7=21 1edm1sT .5 2.0 .4

52 06"09 05"'09 -5—.9

51 2=

S.T. 193 187 215 18 217 1220

I.Ro --2 —-2 002 -.2 O O
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1(BtBe) O NN N
eVx5 i(Be) i(Kr) i(Be) i(Kr) i(Be) i(Kr) i(Be) i(Kr) i(Be) i(Kr) i(Be) i(Kr)
98 900 570 1270 1580 840 1000
96 780 520 1150 1480 760 890
94 670 2400 470 1000 1340 680 750
.92 580 2350 400 840 1150 590 640
90 3100 480 360 1800 720 . 980 510 540
88 420 2350 310 595 810 405 450
86 340 255 490 665 343 380
84 270 200 390 530 255 300
82 200 146 300 415 180 220
80 2600 140 2275 98 1490 200 1695 288 1020 118 1170 155
79 105 75 163 233 86 120
78 2350 84 2250 55 1400 120 1580 172 950 62 92
11 61 39 89 132 40 64
76 39 2250 23 1300 62 1480 94 870 25.5 943 43
75 2100 24.5 12.~13.4 36 62 15=16.4 28
74 16.5 6.5-7.21160 24 1330 375 6.5=7.6 16
13 6.6~T.4 2.6=3.1 11.9 22 2.9=3.5 8.2
72 1850 3.2=3.7 1o1=14 5¢5=6.2 1200 11.1 1.4-1.9 859 4~4.5
71 1.2=1.6 e5=eT 1 2.6~3.1 5e4=5.7 e5=08 1e7=2
70 1700 +5-.7 1900 eO=1.1 2-2.5 " 625 775 .6=.8
68 - 1500 1670 816 1000 +2-.4 681

67 1380 1550 760 915 616

66 1280 1440 690 853 426 561

65 1160 1300 620 770 511

64 1070 - 1160 570 703 358 469

63 1000 1010 530 632 440

62 900 860 474 570 267 402

61 840 760 440 512 360

60 710 585 382 440 193 318

59 590 460 320 370 156 268

58 480 380 268 310 123.5 218

57 360 250 211 260 99 163

56 270 167 154 200 70 126

.55 190 108 111 148 47-48 86

54 130 59 80 108 28.5 60

53 84 34 53 70 18 40.5

52 52 16.5 33 46 10 24.3

51 30 9.2-10 20 31-32 5.5=6 14-1

50 . 16 4.5=5 12.7-13.2 20 2.4-2.8 8.2-8.6

49 7.6—8-4 1.9—2.2 6.6 10.6"1106 1-1.3 4—404

48  3.6-4.2 . 6=1 3.3 5¢4=5.9 56 1.8-2.2

47  1.8=2.2 2=ud 1.2-1.4 2.5=3.0 «8-1

46 .5‘-08 04"05 1"102 03

S.T. 195 230 197=213 213-230 230 2\8
I.R. 4 -1 .4 4 =1 -1



I(i—PrzBe),__,\___\

eVx5  1i(Be) i(kr) i(Be)  i(kr)
100 720 1215 655
98 645 1190 575
96 1100 565 510
94 1050 485 440
92 408 380
90 350 1000 330
88 910 287 270
87 885 260 242
86 237 220
85 208 193
84 795 183 837 167
83 157 143
82 132 122
81 112 106
80 595 93 700 82
79 69 66
78 55 47
17 40 35
76 585 28 24
75 16 550 16
74 9-11 7.8-8.8
73 56 4.4-5.4
T2 2-2.6 2.3=3
71 9—104 ’9—1°5
70 4=.9 o4=1
69

68 365

66 310 302

64 262 254

62 223 213

60 181 175

58 143 140

56 102 102

54 T 67

52 41 364 7=40

50 19 17.3-19

5145 3445=35.5 31=34

50 20~21.5 20-21.6

49 11-12.25 1143=13.2

48 6—7 504"‘7

46.5 2.5=3.25 2.7=3+5

46 1=1.75 1e1=1.6

45 ¢3=5

S.T. 205 205

I.R. =7 -7

i(Be) i(Kr)
3560 1609
1363
1210
2600 1086
2410 937
2343 790
2215 680
607
554
479
1960 437
350
315
260
1683 217
170
129
97
1470 68
38
20.5
1220 12
4
2
965
897
784
684
570
460
354
277
177-187
104-109
51=53
91=96
5961
34+36
18-19
6~9
3=4.7
205
- 7

191,

i(Be)  i(Kr)
1210 600
1200 540
470
400
350
1040 295
250
215
205
900 177
133
129
113
93
730 15
61
46
31
23.5
575 15-17
7.6-9
3.5=4.5
1.8-2.4
08-1 04
e1=5
372
306
264
222
186
141
106
70
36~41
19
30-34
21-23
11=12.9
6~6.7
2.4=2.6
1.1=1.7
205
_.7
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I(n-PrzBe) P U
eVx5 1(Ar) i(Be) i(Ar) i(Be) i(Ar) i(Be) i(Ar) i(Be) i(Ar) i(Be)

98 1525 3150

96 1375 2800

94 1213 2475

92 1075 1188 2175 3050

90 925 1038 1850 2550 175

88 780 875 1540 2100 670

86 650 725 1280 1700 . 534

84 520 570 1000 1280 410

82 410 440 800 940 305

81 350 375 680 805 259

80 300 305 570 645 181

79 245 250 : 460 505 173

78 200 195 380 375 138

7 153 148 280 260 103 .

76 109 104 203 190 81

75 76 67 130 115 57

12 47.5 46 88 70 37

73 28.3 29 54 42 26

72 15.8 15.5 | 30 23.5 16

1 8.2-9 8.3 16 12 10.3

70 4.8-5.2 4.1 8.6 5¢7=642 6.11

69 2,4=2.7 2-2.2 4.2 2.7-3 3.8-4.1

68 1.3=1.5 1-1.2 2.3 1e4=-1.7 2.2=2.4

67 06_08 . 07 102 -5—.8 1-5—1.8

64 1540 1560 1480 1720

62 1400 1430 1360 1580

60 1290 1300 1250 1440 1040
58 1130 130 1100 1250 980
56 960 970 930 1070 900
54 830 870 780 900 800
52 680 670 650 730 720
50 : 540 540 520 600 585
48 420 415 410 450 500
47 355 350 340 380 440
46 295 300 293 320 375
45 250 250 240 255 320
44 205 195 190 205 270
43 158 150 136 150 220
42 122 108 119 114 175
4 g5 8 82 80 130
40 61 . 56 60 52 100
39 41 35 3 32 14
38 23 22 22 18.5 51
37 12-13.6 11.8 10-12 10.3 32
36 6.5 6-4-609 . 6-8"7.5 5-3-5.7 22
35 3.5—309 304—308 305‘-309 209-304 13_1306
34 1.9=2.2 1.5~1.8 1.7 1.3=1.7 Tw7.6
33 .8-1.2 cT=1.1 e5=.8 .5=.8 4.4-4.9
S.T. 185 185 185 185 185
I.R. 5 5 5 5 5



193,

I (n-Pr2 Be) _ 1I( i-BuzBe) P

eVx5 i(Ar) 1(Be) (eVx5) i(Be) i(Xe) i(Be) i(Xe)
92 3000 100 265 7600  32=34.5 675-
90 2600 98 260 7200 620
88 2000 96 260 6800 28-31 560
86 1750 94 255 6500 27=-28.5 490
84 1300 92 250 6100  24.5-27 455
82 950 90 235-240 5800 24-25 400
87 800 88 225-235 5400 21=23 377
80 675 86 220-230 5100 21-23 335
79 500 84 215=-220 4700 21=23 310
78 380 82 205-215 4400 21-22.5 300
17 260 80 195~205 4000 18.5-=22 278
76 186 78 190~200 3650 18.20.5 247
75 120 76 185=195 3100 16+17.5 217
14 65 14 175-185 2900 1 15=17 190
13 40 T2 165=175 2500 13.8-16 160
72 22 70 160~165 2100 12-14.2 136
T 10 68 145-155 1700  12-13.2 113
70 6 66 135-145 1320 10.8-12.4 83
69 3 64 124=130 920  10.4~12 61
68 Ted=1.7 62 114~120 620 9.6~11 37.5
67 e5=.8 60 102-108 350 8.4-10.2 22
64 1700 58 90-94 160 T.6=9.2 9-10
62 1500 56 80~84 50~52  T.5~9 3-3.4
60 1420 54 T0=T73 20-22 6~7.5 .6~.8
58 1200 52 58=61 1452  4.4=5.6

56 1000 50 48-51 e3=5 3.5-4.5

54 950 48 37=41 2.2-3.3

52 700 46 27-29 1.5=2.4

50 550 44 18-19.5 «9-1.9

48 425 42 9.8-11 o 3-7

47 370 40 4=4.7

46 310 38 1-1.6

45 250 36 o1=e4

44 203 34 0=.2

43 145 '

42 110

41 75

40 50

39 30

38 19

37 9

36 5=5¢5

35 3-3.2

34 Te3=1.7

33 5=e6

s.T. 210 205 205

I.R. -.5 5 5



I(1—BuzBe) .

eVx5  1i(Be) i(Xe) i(Be) i(Xe)
100 36~38.5 720 22.5=~25 550
98  33.5~36 650 22.5-25 500
96 31.5=34 580 22.5~25 460
94 29=31.5 520 2123 440
92 26-30 470  19.5=22 380
90 24=27 430 18.5=20.5 360
88 22.5-26 400 17-=18.5 2330
86 22.5-26 360 18-20.5 = 305
84 22-25 330 17.5-20 - 305
82 21.5-24 310 17.5=20 270
80 21.5-24 290  17.5=~20 260 -
78  21.5=24 270 16-18 240
16 21=22.5 250  14.5-17 205
74 19=21.5 215  13=14.6 185
T2 17=19 185 12.4~14 155
70 16=17.5 154 12=14 136
68  12=15.5 120 12=14 122
66 11.4=13.4 90 11.4-12.8 100
64 11=13 62 10.4-12 14
62 9.8~11.4 41 9-10.8 52
60 8.6-10 21.5 T.6-8.6 32
58  7.8=9 8.5-10 T=8.4 16.5
56 6.6=8.2 2.4~3.1 6.8-7.2
54 T-8.4 T=1.1 1e6=~2.4
52  5.6=6.6 4.8-5.8 .3=.7
50 4.2-5 4=4.9

48 2.8-3.8 -3=4

46 2=2.8 2.6-3.1

44 09_107 105"‘109

42  4~.8 .8-1.2

40 .02"'05 03—17

38 o 1me3

36

S.T 205 205

I.R. 5 "5

/\—A—ﬁ

i(Be) i(Xe)
110=114 1000
110=~114 950
108112 910
104~110 870
104-106 850
102=108 870
98-102 790
965102 740
86-90 695
86=90 620
82=86 575
80-84 505
70-74 465
69=72 387
65-18 343
60~64 282
57 +5~62 238
52-56 178
49-53 130
45-48 87
42-49 5245
38-40 23
33-35  12-13.6
26.5-28 2.2~3.2
22.5=235 +3=.4
17=19.2

13=~15

911
5¢5=6.3
2.5=3.4

1=1.4

04"'05

205
)

i(Be)
25-27
24=27
22-25
23=25
17-18
17-18.5
17=19.5
1545=18
15.5=17
14.5=16
14.5=16
13.5-16
14.5=15.5
14=-16
12.5=15
12=14
11=13
10=12

194,

i(Xe)
116=~122
106=~110
98-100
90~95
79-82
67=69
60~64
64-66
56w60
50-52
47=50
42-44
36=39
35-38
33-35
2730
22-29
15=17
10=-12
6.2=T.2
3. 2-4

S 1e6=2.1

o5=eT



195.

A(CH3B9+)MeQBe; A(CH23§3MezBe.
— A ——

e ; —
eVx5 i(Be')i(Be'')i(Ar) i(Be')i(Be") i(ar) i(Be')i(Be')i(ar) i(Be')i(Be")i(ar)
100 2900 1350 600 3050 1450 870 2800 1350 780 2900 1800 760

99 562 800 730 715
98 530 750 680 670
97 500 700 630 620
96 460 640 580 572
95 2600 1300 417 2740 1350 590 2600 1230 540 2400 1200 539
94 370 520 490 470
93 335 480 440 420
92 300 430 390 380
N 257 : 361 330 310
90 2150 1120 215 2200 1175 300 2100 1080 286 2000 1070 279
89 172 260 230 215
88 137 - 206 182 180
87 109 155 140 120
86 : 80 118 104 102
85 . 1550 900 58.51 1580 .930 85 1490 860 75 1400 840 T2
84 37.4 58 : 48 45
83 22.6 35 31 29
82 12. 18.5 16.17 15.17
81 6‘9 11 .1 809 ’ 8.1
80 880 620 3.0 920 640 5.2 860 600 4.1 830 550 4.0
79 , 1.5 2.3 2.0 2.0
78 o7 1.2 <95 ‘ © .8
17 o4 5 «45 o4
15 © 370 355 390 370 338 330 325 300

T4 300 300 305 320 275 285 270 270

13 220 260 240 275 210 250 205 230

T2 ‘ 160 215 175 233 146 203 140 200

11 ' 120 180 127.6 190 114 168 108 161

70 80 135 86 150 78 136 70 125

69 56 112 ) 60 118 53 109 50 101

68 37 88 41 94 35 86 31 18

67 .23.5 67 25 69 22 62 20 60

66 - 14 46 14.4 49 12.4 44 12 42

65 7.6~8.231.5 -9 5.75 28-29 4 27

64 3,9-4.3 20.5 5=5.6 23-24 4.0 19=20 3 18

63 2.0=2.5 12+13 2.4~2.7 13~14 2.0 11=12 2 10=11

62 ¢9=1.3 6.6~T7.2 1.0=1.3 7+2=8.0 e8~1.1 5.9=6.0 «9=1.0 5.7

61 30"'304 05--8 3.9“403 -4-06 3"3-5 05 3-2

60 105_108 108—2-1 104"’1.7 1.2“"106

59 06—a8 07""-9 05"'-7 04-06

58 e1=e3 e 3= o1me2 o1

S.T. 193 193 193 199

I.R. -2 -2 -2 0



+
A(0234Be+)m213e ) 4(C,H Be" Bt Be.

eVx5
100
98
96
94
92
90
88
86
84
83
82
81
80
79
78
17
76
15
T4
73
72
11
70

£ (Be" )i (Be' )1 (ar) 1(Be" )i(Be' )i(ar)

4200 2150 500 5600 2400 800
450 710
400 630
350 5000 2450 560
305 4800 2250 460
3400 1600 260 390
215 4250 1950 320
170 235
1300 135 3850 1650 180
1220 118 3700 1575 150
100 120
84 94
2600 1060 68 3300 1325 12
2550 1010 55 3200 1250 57
42 375
2400 900 31 23
2325 860 21 2800. 1020 15.5
13 2625 920 T.4
6-4 3.2"‘305
3.3 1317
102"'1.5 -3—05
o6=.7 2050 620
1600 500 .2=-.3 1900 550
1380 395 1625 430
1200 315 1320 320
1100 265 1200 270
900 190 960 185
800 155.5 850 150
720 130 740 117
630 105 640 89
535 78 530 64
450 58 430 44
370 40 360 31
308 29 290 21
255 21 225 - 14
195 13.5 175 9=9.8
155 8.8 128 5.4=5.6
5.6 94 1.8=1.9
90 3.8 Te1=142
62 2.4=2.7 41 T
42 1.5~1.8
29 .9=1.1 16.5
16.5 +6=.8
9=9.4 4.4
4.8-5.0 2.1
3.0=3.3 .8-1.0
1.4~1.5
200 200
.2 .2

e,

196,

A(cHzBe+3MezBe
P, A(CH3Bé*)MeZBe
i(Be )i(Be )i(Ar) 1(Be' )i(Be )i(Be)
1120 3850 6800 10000
990 3650 6250 9600
890 3400 5700 9350
730 3150 5200 8950
630 2900 4700 8600
4600 2100 540 2600 4050 8000
430 2350 3500 7600
4000 1740 335 2070 2950 6900
3750 1590 243 1800 2400 6400
200
3500 1440 165 1550 1900 5800
132
3300 1310 102 1300 1500 5300
71
3050 1150 48 1000 1010 4550
29
16,3 770 680 4000
8.8-9.4 680 550
1.5=1.7 480 320 3050
A= 400 225 2725
2050 610 325 165 2500
1870 540 265 115 2200
1580 415 160 51 1770
1290 295 76 17.3 1280
1180 255 54 11 1140
920 169 18,5 2.5=2.8 740
800 128 8.9 .9=1.0 510
690 103 4.4 3=.5 430
600 178 1.7-2.0 305
515 685 .6=.9 195
407 39.5 120
330 27 .68
260 16.8~17.8 37
210 12.4 18
152 Tu4=T749 9.2
109 4.5~4.9 3.4
77 2.9=3.2 1.2
53 1.9=2.1 3=.6
34.5 +9=1.1
23 .6-.8
225 194
5 0




A(c H4Be )Et Be; A(C JHBe )Et Be 197,

—— T T—
Vx5 1(Be“)1(Be')1(Ar) 1(58“)1(Be )i(Ar) i(Be")i(Be')i(Ar) i(Be")i(Be')i(Ar)
100 1580 3050 3100 1440- 9400 4900 2350 1400
98 1430 1280 2175 1240
.96 1280 1150 1920 1140
94 1100 1020 1710 1000
92 970 900 1480 865
90 6000 2750 795 5100 2400 760. 8000 3700 1270. 4300 2000 735
88 ‘ 650 610 1080 610
86 510 4700 2100 510 7300 3225 845 3900 1730 500
84 2300 385 4400 1900 380: 6900 2960 640 3675 1600 363
83 2200 330 330 550 315
82 2150 270 4150 1750 270 6520 2700 455 3450 1450 260
81 2050 210 225 368 218
80 5000 1740 156 3856 1560 183 6150 3450 300 3250 1320 173
79 122 132 220 129
78 4600 1740 81 3550 1380 98 5700 217% 163 3000 1170 99
17 55 "~ 68 110 67
16 4325 1540 28.5 3300 1240 46 5200 1840 67 2750 1010 39.5
75 : 15 26 : 41.5 23
74 7.1 14 22 13
73 3.2-3.6 5.6 9.4-10.8 4.8-5.2
T2 : ‘ 1ed=1.7 2.4 4.5=5.0 109=2.1
71 o5=eT «T=1.0 2=-3 .95
70 3150 900 2300 700 3850 1020 1.5=2 e3=ud
68 2675 700 2000 560 3300 900 1560 440
66 2250 530 1650 420 2700 660 1320 328
65 2050 450 1500 350 2450 560 1200 280
63 1600 310 1240 255 2000 400 970 195
62 1440 250 1100 210 1730 302 860 160
61 1260 197 970 165 1560 252 760 125
60 1110 145 840 128 1320 193 640 96
59 930 108 720 98 1130 143 550 T2
58 765 76 600 70 950 102 460 52
57 660 56 500 56 785 75 380 37
56 540 38 400 34 630 .54 305 25
55 425 26 320 22.5 515 38 245 17.5
54 320 148=16 250 15.3 372 24 190 1
53 235 10.4 195 10 305 16 138  6.4=T
52 175 6-~6.8 1386.0~6.3 220 10.5 106 4.5
51 1173.5-3.9 4.5=5 160 8-9.5 82 2.7-3
50 84 2-2.5 822.8-3.0 106 4.5=6 54 1.5=1.8
49 51 1=1.4 51 1.5=1.8 68 3.5-5 35 .8
48 26 .3=.6 29 1.0=1.1 44 20
47 1545 17.5 5 31 12.4
46 5.7=6.7 10=-10.4 ' 17 6
45 2.9-3.4 5=5.4 10.5 3.4-3.7
44 1.3=1.6 2.6=2.9 6~8 1.3=1.5
S.T. 200 200 200 200
I.R. .5 1.4 1.4 1.4



4(C,H Be Yi-pr pBe; A(C,H Be ")i-pr

2

Be.

eV 1(Ar) 1(Be")1(Be "i(Ar) 1(Be") 1(Bé) (Ar)
19.43 900 5720 3700 820 5350 3410 8770
1%.05 800 750 720
18.65 715 680 650
18.27 630 610 . 585
17.9C 560 545 520
17.50 465 5300 3100 460 5100 3000 435
17.12 405 390 365
16.73 315 315 298
16.35 245 235 225
16,00 172.5 170 154
15.60 114 4650 2500 108 4325 2225 107
15.4 82 82 17
1542 55 62 51
15,0 39.5 39.5 38
14,8 25 26 24
14.63 13 12.8 15.6
14,43 6.4=6.7 T4 7.6
14,23 2,8=3.2 2.9=3.1 374
14.0 1.4~1.6 1.0~1.3 1=1.4
1384 o4~=o5 3=ad) o6=.7
13.64 3200 1400 3000 1320
13.25. 1180 1120
12,87 2500 960 2365 910
12.48 2135 770 2000 700
12.10 575 530
1.7 1480 415 1380 390
11.32 1180 263 1080 250
10.93 870 168 870 150
10.53 655 94 630 94
10.14 466 53 443 52
10 435 47 410 a7
9.8 335 29 325 30
9.6 262 20.5 248 19.5
9.4 192 12.9 188 12.2
9.2 136 7.1 133 6.8-7.6
9.0 95 4.7 96 2.8-3.1
8.8 63 2.8-3.1 67 1.3=1.4
8.6 42,5 1.T=1.9 43 T=e9
8.4 275 1.0=1.2 27.5 Jd=ub
8.2 1662 5T 15 o1=e2
8.0 8.4-8.9 8.4=9.1
7.8 4.2=4.4 b4o1=4.6
7.6 109-2.1 1o7=2.1
T.4 «8=1,1 e5=e8
Te2 4=6 3=
S.T. 205 205
I.R. =5

i(Be" )i(Be')i(Ar) i(Be")i(Be')

4330 2320
2750 1200
1020
2150 820 .
1800 625
480
1240 350
1000 233
760 146
560 84
383 46
305 30
233 19.3
185 12.8
127 - 7.6
96 5=5.4
64 2.9=3.2
43.5 1.8-2.1
29 1.1=1.2
16 45
9.2 .15
4.7
2.2
0 9-1.1
03-o4
205
..‘.5

198,

/‘_/\-—f—\

780
730
662
590
510
432
370
305
235
160
110
19
55
41
29
16
8
3.9
1.7
.6
2760
2200
1900
1270
1050
790
600
390
310
243
192
131
98
65
44
30
16
9.
5.
2.
1.

1300
1050

[eN e}

850
630
490
370 -
245
152
89
49

31
20

13

—‘—‘W\ﬂm
o e s ®

L )
N\ﬂl\)\O—‘l\)—‘

— m g e e -




199.

(c3H63e+3n-Pr Be; (C,H,Be )n-PrzBe e ——

eVx5 i(Ar) i(Be")i(Be')i(Ar) i(Be")i(Be')i(Ar) i(Be")i(Be')i(Ar) i(Be")i(Bé ) -

96 4950 3475 2450

94 4400 3050 3200 2150

92 3800 2650 : 2800 1850

90 3200 2250 2425 1600

88 2700 1900 2075 1325

86 2100 1460 1700 1050

84 1600 1090 1328 800

82 1070 750 1000 565

80 680 475 690 360

79 490 360 435 363

78 340 256 330 183

7 230 166 - 220 122

76 128 109 110 76

75 14 . 62 86 43

T4 43 33 49 24

73 20 16 25.8 S

72 11.1 10.2 12.9 5.5

71 6.3=6.5 5e1 - 6.8-6.9 2.75

70 3.5=3.7 2,5-2.7 3e7~3.8 1455

69 2.2~2.3 L 1,718 109241 «9=1

68 106—108 1.1 1.2"‘1-3 -7A

67 1.3—105 09 .8—09 05".6

66 2175 1325 2075 1325 1940 1240 2000 1280

65 2025 1130 1950 1175 1780 1060 1820 - 1120

64 1850 970 1800 1000 1620 920 1680 980
- 63 1680 820 1650 890 1500 1785 1560 840

62 1510 690 1480 700 1370 650 1420 710

61 1350 560 1340 590 1240 540 © 1320 590

60 . 1220 460 1200 475 1120 450 1160 490

59 1060 355 1050 375 935 325 1040 390

58 910 260 890 275 830 258 890 300

57 760 195 760 208 720 195 770 228

56 625 134 630 143 600 145 660 160

55 495 92 515 107 495 101 550 120

54 - 393 64 410 71 370 63:5 445 82

53 285 40 302.5 49 295 43.5 355 59

52 225 26 230 30 225 29 260 37

51 156 18 165 20 162 19.5 210 27

50 106 10.6 119 12.6 14 1.7 148 16.6

49 .72 6.7 81.5 8 68 6.6 103 10.4

48 44 3.7 T 567 5 48 4.4 63 5.7

47 23 2.2=2.4 39 3.5 32.5 3 42 3.5

46 20 1.5~1.7 27.5 2.2 20.5 1.9 25 2,2

45 14.1 1.1-1.2 19 1.6 13.9  1.25 14.4. 1.3

44 8.5 07-08 10.6 09 10 095 8-4 08-09

43 5.0 .5 5.8 .6 6.1=6.3 .6 5.15 .6

42 3. 3.4 3.6-3.7 2.35

41 1.95 1.95 2.3 1.7=1.8

40 1.15 1e1=1.2 1.25 1e1=1.2

S.T. 185 185 A 85 A8S

I.R. 4.6 46 4G <6



200,

+ [
4(C,H Be 3n—Pr2Be; A(C3H7Be+)n-Pr23e. A(C4HSBe+)i-BugBe; A(C4H93e+)i-Bu2Be
eVx5 i(Ar) i(Be'™)  1(Be') i(Be')  i(Be') i(Ar)
96 2075 N ) N _ 2120
94 1825 1925
92 1600 1720
90 1375 1450
88 1100 1320
86 880 ' 1140
84 660 2500 4200 950
82 470 2375 - 3675 775
80 305 . 2350 3725 620
79 220
18 165 : 2200 3000 420
17 106 , 340
76 66.5 1630 2425 268
75 36.5 | | 215
74 19.5 . 1560 2075 161
73 : 9.4 127
T2 5.2 1440 1870 84
71 2.6 55
70 1.4 : 1330 1470 30
69 .8 17-17.5
68 W6=aT 1080 1180 8-8.2
67 - 305“3.9
66 1860 1220 870 860 1.3=2.5
65 1720 1060 0.4~0.5
64 1600 930 750 660 1=.2
63 1450 790 ~ |
62 1340 . 670 590 470
61 1210 560
60 1110 460 452 297
59 970 365 403 225
58 840 280 333 175
57 : 720- 210 292 132
56 615 165 270 104
55 515 113 223 84
54 420 17 182 60.5
53 323 53 147 42.5
52 260 36.5 128 34
51 205 26.5 101 25-26
50 140 15.6 71 16=17
49 98 9.6 54 12-12.5
48 67 5.9-6.1 42 7.8-8.2
47 42 3.4-3.6 30 5e¢5=5.8
46 26.5 202"2.3 20.5 3.1"'305
45 1504 1.3 10.4"‘11 1.7-200
44 8.8 08 507—601 08-1-1
43 5 5=eb 2.9-3,2 46
42 2.9 1-3-106
40 «9=.95
39 .6 208

TR 406 8



201,

RaY +y.
A(C4HSBe 31-Bu Be; A(c43939 )i=Bu, Be.

2 2 — N
eVx5 1(Be ")i(Be )i(Kr) i(Be")i(Be’)i(Kr) i(Be")i(Be')i(Kr) i(Be")i(Be')i(Kr)
90 1290 1040 2250 4500 1550 2250 4450 1400
88 1180 920 2150 4125 1230 2150 4150 1310
86 1060 840 1975 3775 1140 2050 3800 1130

84 2600° 4300 900 3900 6600 740 1900 3500 920 1920 3550 1030
82 2478 3950 730 3800 6300 620 1780 3200 840 1810 3325 825
80 2425 3850 620 3750 5900 520 1720 .2950 700 1720 3050 755

79 ) 580 3650 5400 410 - 650

78 2150 3375 510 3000 4700 370 1620 2750 590 1600 2700 590

17 345 2950 4400 290 510

76 1500 2250 273 3100 4450 265 1500 2450 430 1520 2500 460

75 - 215 3000 4200 230 - 350 ,

74 1250 1820 162 2950 4100 190 1380 2100 300 1400 2250 345

73 , 128 2650 3700 140 255 290

72 1150 1610 90 2300 3150 104 1310 1920 205 1280 1910 233

71 66 2150 2750 64 - 159 187
70 1130 1360 47 2050 2500 44 1190 1630 117 1170 1680 143

69 28.5 1950 2450 30 88 107

68 780 930 12.4 1900 2150 14.5 1090 1370 53.5 1090 1460 75

67 . 5.6=6.1 1800 1950 7.2=7.8 32 48.5

66 660 705 1.9=2.1 3.4=-3.8 890 1070 17 935 1150 27.5

65 1=1.3 eO=1.3 9.8-11 15.5

64 510 530 «4=.5 e3=e6 ' 4.9=5.6 810 900 7-8

62 410 345 1200 1000 2.3=3.1 1e4=1.8

60 332 245 940 640 630 555 1.3~1.6 585 525

59 295 205 840 550 oT=1

58 255 165 720 420 535 390 480 375

57 225 127 630 340

56 208 99 550 270 440 272 410 270

55 176 17 500 215 410 235

54 148 575 430 160 : 355 195 342 176

53 131 47 340 122 308 153

52 108 34 290 91 263 116 250 108

51 94 28 235 68 228 88

50 71 q9.3 180 42 186 63 186 63-64

49 52 15,2 142 32.5 148 52.5 154 51

48 44 9.3 102 21 128 40 122 38

47 33 6.5=7 75 14.5=16 97 27 103 29

46 25¢5 4e1=4.6 . 48 8.8-9 70 17 79 21

45 17.5 3=3.6 ' 33 5=5.4 56 13.5 61.5 14.5

44 10.6 1.5=1.8 19 2.6=3.1 41 8.4-9.4 39 8.8-10

43 6=6e5 «9=1.1 9.6 1.2=1.6 26 5.5=6.5 31.5 6.5=T.3

42 2.8“301 04—06 408‘5-4 06-09 15 303—309 19.5 3.8"4.5

41 1.4=-1.7 2.2=2.6 J2=.4 9.6 2.2=2.5 12.4-1322.0-2.4

40 o6=.8 eO=1.2 4e1=4.T 1e4=13  6.4=T.1 1=1.4

39 2.3—3.0 4—408 06-1 .O

SeT. 205 198 205 205

I.R. 3 2.5 5 3



+ +
A(PhBSn )Ph3SnI VS, A(Et3Sn )Et4Sn

eV i(B%) i(Ph) i(B%) i(Ph)
70 840 860 850 960
19.6 730 918 818 1160
18.9 720 804 806 1020
1841 700 772 784 980
17.3 680 125 760 920
16.5 630 671 706 860
15.7 590 615 660 780
14.9 540 515 605 730
14.1 480 527 538 670
13.4 400 433 448 550
12.6 315 335 353 425
11.8 240 200 269 355
11.4 205 232 230 295
11.0 165 193 185 245
10.6 134 155 150 196
10.2 88 118 98.6 150
10 70 98.1 7641 125
. 52 75.6 59.4 96
. 37 5549 41 71
. 25 38.6 28 49
. 17 27.2 19 34.5

10-10.2  17.7 11=11.4  22.5
5.6 9.9=10.1 6.3 12.7

I:-CCD N‘IOO(DQ.OD(D\O\O\O\O\O
W OO NGO NN

301=342 5.2=5.3 3.5=3.6 6.6=6.7

. 1.5-1e6 2.4=2.5 1.7=1.8 3.1=3.2

. 07—08 1.2 08-09 1.5-206

] 01-04 045 -1-.4 -6

. <15 o2
. 195 205
0.4 0.4

+ +
A(Ph3Sn )Ph4Sn vs. A(Et3Sn )Et4Sn

eV i(Bt) i(Ph) i(Bt) i(Ph)
67.3 191 191 157 270
19.6  370-375 368 305 520
18.9 362 361 297 510
18.5

18.1 355 336 291 474
1707

17.3 347 N 285 440
16.9

16.5 334 272 274 385
16..1

15.7 320 244 262 345
15.3 305 205 250 290
14.5 290 177 238 250
13.7 262 136 214 192

13.0 227 97.6 187 138

e e,

i(BEt) i(Ph)
1060 1080
720 613
550 523
- 530 488 -
520 474
490 432
460 411
430 397
410 383
330 293
270 247
185 184
126 118
106 109
64 66.9
52 58.5
40 44.6
26 31.4
16.5 20.2
10 12.5
5+6=5.8 14
3.6 4.5
1.5 .2
7 .1
3 A4
.2 2
197
0.5

—
i(Bt) i(Ph)
650 660
475 410
444 350
418 315
396 270
374 235
354 190
328 154
292 118
244  82-100

202,

T ——e A e

i(B¢)  i(Ph)
900 1520
619 880
473 750
456 700
447 680
421 620
396 590
370 570
353 550
284 420
232 355
159 265
108 170
91.2 156
55 9.
44.7 84
34.4 64
22.4 45
14.2 29
8.6 18
4.8-5 10.6
3.1 6.4
1.3 3
.6 1.5
3 .6
o3

210

0.6
i(Bt) i(Ph)
1480 1490
1080 930
1015 800
950 712
900 610
855 530
805 430
745 350
665 270
555 190



eV

12.6
12.2
1.8
11.4
11.0
10.6

—
(@]
o

N

QO CO\O \O \O \O\O
[ ] [ ] * [ ) . [} L ] * [ ]
NSO ONMEEOND

*
':'U*i O A~ ON®DmO

o2 —~3~1—~3~3—3 00 0o
®

—N—
i(Bt)  i(pn)
168 112
147 87 -
128 68
109 52
86 34
65.8 23.5
517  15.4=16
36-37 9.8~10
32.4  9-9.2

26 6.5=6.7

19=19.7 4.4=4.6
14~14.3 2.8-2.9
9.8-10.2 1.8-1.9

203,

/‘\—/\_—/—\
i(Bt) i(Ph)
205 79.2
179 61.5
156 48
133 37
. 105 24
80.3 16.5
63 11.3
45 T
39.5 64~65
31.5=32 4.6=4.7
234524 3.1-3.3
17=1Ted 2.0=2.1
12=12.4 1.3
8.2-8.4 .9
5.1=5.4 o4
3e1=3.3  2=.3
1.9=2.0
1
o4
o2
o1
195
-4

6.7=7

4.2=4.4
2.5"'207

1.6
oT=.8
3

o2

1

210
4

1.2=1.3
.6
03504
o2=3
o1

+ +
A(PhBSn )Ph3SnEt vs. A(Et3Sn )Et4Sn

133

eV i(Bt) i(Ph) i(Et) i(Ph)
67.3 170 170 180 140
18.9 705 640

18.5

18.1 709 680

17.3 721 720

16.5 705 760

16.1

15.7 689 800 700 630
14.9 640 790 670 620
14.5

141 583 760 590 600
13.7 559 730 540 580
13.4 518 690 510 540
12.9 478 640 460 500
12.6 437 580 435 460
12.2 387 515 382 400
1.8 332 455 310 360
1.4 279 385 280 304
'11.0 233 325° 240 256
10.6 186 265 171 209
10.2 143 198 135 156
10 112.5 156 110 123
9.8 93.5 92 105

e ———
i(Et) i(Pn)
195 53
143 31-33
121 24
95-97 16.4
73.9  11.4~12.2
58.1 8.2
47.5 59
40.5 4.9
28.2 3.7
26 2.85
19 1.9=2.2
15.2 1.4=~1.6
10.8=11  .9=1.1
T~T.4 o7
4.6-4.8 3
2.9=3.1  J1=.2°
1.6=1.8
.8
o4
.2
195
.4
——
i(Et) i(Ph)
670 670
580 618
540 551
480 469
365 327
270 234
205 175
132 115
102 95.2
14 T1.4
44 46.1
25 27.9
16.5 23.8

1004"11.2 1604

i(Bt) i(Ph)
442 120
325 71
2175 54
217 37
168 25.8
132 18
108 13.3
92 1
64 8.4
58.5 6.4
43 4¢3~
35  3.2=3.6
24.7 2-2.5
16-16.8 1.6
10.4~10.8 o7
6.5~7
3.6~4
1.8
.8 .
4=5
203
1.5
T N— A —
i(Bt)  i(Pn)
870 900
700 830
660 740
580 630
440 440
330 315
250 235
160 154
120 128
90 96
53 62
30 37.5
20 32
12.6~13.6 22




eV ~i(Bt). i(Ph) i(Bt) i(Ph) i(Et) i(Ph) i(Et) i(Ph)
9.6- 78.5 108 75 85 5.6 9.1 6.8 12.2
9.4 62 85-86 60 67.5 3 5.6 3.6 7.5
9.2 48.5 65-6T7 49 52 1.4=1.5 3.1 1.7 4.1
9.0  --36.5 5152 39 40.5 . 1.6 .7 2.2
8.8 27 37 25 29 e1=e2 67 o1m=e2 8~.9
84  11.5=12 16.6~17 11.5 13.2 .15 .2
8.2  Te3=T.6 10.2-10.4 7-8 8-8.2
8.0 4-1"‘406 302"3-4 4-5 407‘-5 :
TeB  1.9=2.3 1.4=1.5 2=2.2 2.5=2.7
7.6 «T=.8 67 6=.9  1.1=1.2
7.4 02"'.'03 02’--3 02""03 05‘--6
S.T. 200 195 195 195
I.R. 2.0 2.0 2.0 2.0

+ : :
A(Ph,Sn")Ph;SnSPh vs. A(Et3Sn+)Et4Sn e e
eV i(Bt)  i(Ph)  i(Et) i(Ph) i(Bt) i(Ph) i(BEt) i(Ph)
70 1000 1360 930 2400 980 1240 920 1860
19.6 1000 1180 980 1060 900 1580
17.7 1000 1140 1080 1950 900 900 840 1360
15.7 740 760 - 800 1400 780 680 740 1040
13.7 500 460 540 860 590 420 520 610
11.8 250 200 270 380 295 175 260 260
1.4 205 150 225 305 230 127 210 200
11.0 154 111 180 240 186 100 165 148
10.6 119 - 80 . 130 166 135 72 120 100
10.2 80 51=52 89 108 102 48.5 84 66
10 65 39-40 745 86.5 81 36.5 7C 53=55
9.8 53 30-32 59 65.5 65 . 28 53~55 38
9.6 37.5 21 43 47 47 19.5 3941 26
9.4 28  14~14.6 31 32.5 33 12=12.8  27.5 16.8~17.2
9.2 17.8-18.6 8.8-9.2 2122 21 23.5 T.6=8.1 16.5 8-8.8
9.0 11.4=12:2 4.5-4.8 13=13.4 12.6~13 13.2=14 4.2-4.6 11.3 3=3.3
8.8 6.8-7.5 2.6~2.9 8-8.5 7.5=8 8-8.7 2.4-2.8 6~.65 1.7
8.6 fol=fo6 1e4=1.T 4.8-5.2 4ed~4eT 4.54.9 1.4=1.6 3.9%=4.1 .9=1.1
8.4 1.9=2.2  .6=.8 2.6=2.9 2.4=2.5 2.5 8 2=2.4 4=.5
8.2 «9=1.1 3 1.2-1.5  1=1.3  1.2=1.4 4 «O~1 .2
8.0 03-'05 06
S.T. 197 202 203 203
I.R. o9 .'8 08 .8
eV . i(Bt)  i(Ph) eV i(B)  i(Ph) = eV i(Et)  i(Ph)
70 1400 2400 10.6 127 133 8.8 7.8-8.4 5.2
19.6 1380 1980 10.2 87 85 8.6 4=bed 2.7
17.7 1250 1720 10 66 63.5 8.4 2.2=2.5 7 1.4
15.7. 800 1300 9.8 56 49 8.2 «9=1.1 55
13.7 540 710 9.6 40 33 8.0 4=.6 o1
11.8 270 330 9.4 29.5 23
11.4 212 247 9.2 20 14-15
11.0 163 181 9.0 12.6 9
S.T. 203 ‘ 200 200 200
I.R. .8 1 4 g




205¢

A(Ph35n+)Ph3SnMe vs. A(Et3Sn+_)(Et S PR e
eV i(Bt) i(Ph) i(Et) i(Ph) i(Bt) i(Ph)  i(Et) i(Ph)
70 2450 . 1200 858 1120 3050 1580 1250 2100

19.6 3050 1360 1067 1400 3500 1680 1430 2240
18.8 3100 1400 1067 1360 3450 1660 1420 2210
17.6 3000 1250 1090 1300 3300 1580 1350 2100

16.9 2950 1200 1050 1220 3200 1480 1310 1970
15.7 2600 1040 1030 1020 2800 1280 1150 1705
14.9 2300 885. 910 880 2450 1100 1000 1460
13.7 1700 620 805 620 1950 830 800 1090
12.9 1340 500 595 490 1540 655 631 875
11.8 800 300 469 310 1000 450 410 600
11.4 620 - 250 280 245 800 365 328 478
1.0 450 185 214 180 620 293 254 390
10.§ 305 126 158  124~128 430 207 176 273
10.2 210 83 107  81-86 265 133 109 177
10 154 67 73.5 65 =69 210 106 84~88 139
9.8 110 50 38-39  46-49 147 13 27=59  93-100
9.6 14 30 25=27  29-31 92-100  50-54  38-41  67-72
9.4 47.5 19 16-17  18=21 57-62 32=35 21=25  43-47 -
9.2 39 12-14 14 12-14  34-37 21=23 14=15  27-31
9.0 16 68 5.3=6  6.5=7.5 17=20 11=13  8-8.2 15=17
8.8 9.6 3=4e5  3=3.7 3.5-0.4  8=11 5=6e5 3.3=4.5 6-8
8.6 4=6  1.9-2.5 1.4=2.1 1.8=2.7 3=4.5 2=3.5 1.2-1.9 2.7-4.7
8-4 2-2—306 05-103 08—'103 05—104 1"'203 09-107 104--9 1.2-103
8.2 eF=1.9  2-.7 o3=eT - $2=.T o2=05" o1=.9 02=e5H 1=1.2
8.0 02-1 01

S.T. 195 200 195 200

I.R. 4 1.6 4 . 1.6

70 2100 2650 2600 2700 780 800 1560 850
19.6 2380 2900 3000 3000 960 860 1920 780
18.4 2330 2800 2950 2900 86C 850 1720 - 800
17.6 2050 2400 - 2580 2450 850 - 820 1700 810 -
16.5 1850 2050 2330 2000 780 730 1560 715
15.7 1700 1800 2142 1820 720 670 1440 660
14.5 - 1520 1620 1920 1600 580 520 1160 500
13.7 1300 1320 1640 1290 490 - 420 980 400
12.5 875 910 1100 890 335 295 670 300
11.8 620 650 781 640 238 220 480 210
1.4 500 530 630 510 193 180 390 190
11 370 . 405 466 400 140 134 280 130
10.6 255 275 320 275 99 200 95
10.2 149 172 185 168 60~63 64 123 60
10 14 135 144 130-140 49.5 5245 99 N

9.8 79-82 94 101 90-98 31.5 36.5 65 37
9.6 49-54 62-66  64.7 63 21 24 42 23
9.4 32-33 40~45 40-42 42 12=13 14-16 25=27 13=17
9.2 17=19 23-27  22-24 20-25 6~T7 8-9.4  13.5 8-9
9.0 7.5=10 13=15  9.5=12.6 12=14 3~4 5=5.5 6-8 46



/m — . —— N o

i(Et) i(Ph) i(Bt) i(Pn)
8.8 4+5=5 6~8  5.7-6.3 59
8.6 103“2.3 105-205 106-208 1—3
8.4 03‘-08 o3‘f‘o1
8.2 :
S.T. 200 200
I.R. 7 .8
A(Ph3Sn+)Ph3Sn-GeMe3 vs. A(Et3Sn+)Et4Sn
eV i(Bt) i(Ph)  i(Et)  i(Ph)
70 3700 3000 2800 2750
19.6 3250 2150 2720 2200
18.9 - 3150 1950 2560 2080
1841 3050 1720 2510 1700
1743 2750 1460 - 2460 1550
16.5 2600 1240 2320 1350
15.7 2425 980 2160 1075
14.9 2125 740 1960 800
14.1 1780 520 1680 610
13.4 1460 350 1344 380
12.6 1120 225 1064 243
11.8 820 120 768 140
1.4 630 81 608 110
11.0 460 54 452 68
10.6 335 36 320 45
10,2 207 21 208 27
10.0 174 16.6=17.2 166 20.519
9.8 120 11.6=12.8 110 12=13.5
9.6 82-84 8.4~9.2 82  8.6~9.6
9.4 51-54  5.1=5.5 . 51  5.4=6.4
9.2 30-33  3.3=3.5 31=32.8 3.2-4.1
9.0 17178 1.6=2.1 16.8-18 1.9=2.5
8.8 9-1042  1=1.3 9.6=10.4 1.2-1.5
8.6  4.4=5.1 S5=eT bed=4.9  5=.9
8.4  2.5=2.8 2=4  1.8<2.5 3
8.2 e9=1.3 8-1.2
8.0 =T o4
S.T. 205 210
I.R. 1.2 1.6

i(Bt) i(Ph) i(Bt) i(Ph)
1-2.2 206"3 3.2-4.4 2-205

07"'1 1-1 04 05-'09 1-1 02

02-05 03"07 03-05 03-06

205 206 -
1.2 1.5
————— ———

i(Et) i(Ph) i(Bt) i(Ph)
3200 2600 2900 2900
2700 1850 2630 2120
2650 1640 2550 1900
2600 1470 2470 1700
2450 1260 2230 1400

2300 1040 2110 1200
2150 860 1970 950
- 1840 670 1720 720
1480 470 1440 510
1300 310 1180 340
1000 193 907 240
680 110 664 130
550 76 510 85
400 53.5 373 56
290 33 271 39
178 18<20 168 20
148 15-17 "1 16-17
102 9.8-10.8  96=97 12

T4  6.5T7.2 67 8.8

44 4-4.7  41-44  5-5.7
28.5 2.5=3.1 25=26 3=3.5
1416 1.4=1.9 13.6~14.3 1.6=2.1
7-8 06".9 703"893 1-104

305-405 04‘-.5 3.6-4.1 05—06
1.8-2.1 02"".4 2-203“ 02-04

08-1-4 01-02 07-101
04-..6 03"'06
195 205
2.0 1.7



A(Ph3Sn+)Ph6Sn2 vs. A(Et3Sn+)Et4Sn
eV i(BEt) i(Ph) i(BEt) i(Ph)
70 2380 4100 5000 5600
19.6 1770 3750 4050 6500
17.6 1460 2750 3200 4100
15.6 1160 1500 2204 2600
13.7 748 900 1570 1480
1.7 415 450 870 800
11.3 354 390 789 660
10.9 282 315 673 550
10.5 228 250 545 440
10. 173 190 418 330
10 170 166 - 412 290
9.8 124 122 336 235
9.6 109 108 270 190
9.4 90.1 86 218 146
9.2 64.6 65 168 112
9 47.6 47-51 131 84
8.8 34=35.  34~36 90 59-63
8.6 .22,8-24.8 23-25 62.6 42=44
8.4 14.6 15 39.7 27
8.2 9.4  9=10.2  24.4 17-18
8.0  4.9-5.4 5-6 13.1=14.5  9=11
Te8  2.2-2:5 2.4=3.2 5.2=7 4.5-5.5
7.6 1-1.4 1=2 2-2.9 2-3
1.4 '3--5 05_07' '9"1'7 '5-105
7-2 . -3"’09
S.T. 205 205
I.R. .4 o4
AT ~N—
70 6900 2300 2620 4700
19.6 5700 1800 1940 3600
17.6 4500 1340 1710 1680
15.6 3650 860 1390 1650
13.7 2450 1460 931 920
1.7 1300 220 494 450
11.3 1100 185 418 370
10.9 880 148 334 300
10.5 690 118 262 235
1041 510 88 194 175
10.0 510 80 194 160
9.8 410 64 156 125
9.6 315 49.5 120 100
9.4 245 38-40 93 80
9.2 190 29~31 72 60
9.0 137 22.5 52 45
8.8 92 15=16 35 30=32
8.6 62 10-10.8  23.6 20-21
8.4 35-38 5.5-6.5 13.3=14.3 11-13
8.2 20.5 3.5 T7.6-8 7
8.0 10=12 1.5~2 3.8-4.6 34
7.8 5=6.4 T=1e3 1.9=2.4 1.5-2.5
7o|'6 2;2"207 04-08 08_01 08-1 05
7.4 -7'.‘01 03-04 04"'07

o —N——e
i(Bt) i(Ph)
8600 8300
7000 9600
5600 6050
3850 3850
2700 2190
1500 1180
1360 917
1160 814
940 651
720 489
710 429
580 348
465 281
375 216
290 166
225 124
155 87~-93
108 63.6
67-70 40
42 25.2
22.5-25 13.3
9=12  6.7-8.1
3+5=5 3v4.4
145=3 T=2.2
05-1 05
205
o4

T N N— A
3300 3000
1600 1800
1280 1140
1060 610
860 225
440 155
340 106
250 66
160 34
94 35

78 23

57 13.4
31.5 7.2
17-19 3.7
9e6=10.2 1.9=2
5545 O=1,

2.2"‘2.6 05
1"1 03
o3‘f05

——
i(Bt) i(Ph)
7000 4000
5200 3700
4300 2700
2140 1450
1390 850
769 420
655 380
523 310
422 245
321 180
315 167
230 123
202 109
167 85
120 65
88.2 50
63~65 35
4346 24.5
27.1 15=16
17.3 9-10
9.2-10 5-6
4"407 2.3_301
1.9-2.5 1=2.2
o 6=1 5T
e1=u4
205
4
N — A ———N
2150 3450
800 1640
620° 980
520 600
430 340
235 134
140 70
96 43
58 22.5
50 25
34 15=16.5
22 10.4
12 5.4
5.8 2.6
3.7 1.7
1.7 -8
-8—1 04"-5



208.

S.T. 200 210 195 200
I.R. 1.7 1.7 1.7 1.7 -
A(Ph38n+)Ph3Sn°SnMe3 vs. A(Et33n+)Et4Sn P, PR

eV i(Et) i(Ph) i(Bt)  i(Ph) i(Et) i(Ph) i(Bt) i(Ph)
70 274 274 1160 319 620 620 2200 691
19.2 352 275 1180 330 400 380 1420 430
17.3 287 220 960 264 321 . 285 1140 325
15.4 212 162 710 194 248 225 880 255
13.4 150 110 500 132 161 140 570 158
11.5 65.8 40~43 220 50 87.4 60 310 68
1.1 59.8 34-38 200 43 T4.7 47 265 53
10.8 40.1 124~217 140 30 60.6 40 215 44.7
10.4 34.5-37 - 18<21 120 22 49.4 30-33 170 35.1

10 29.9 14~16 95 17=19 39.2 22.5-25 145 25.5-28.3
9.8 23.9-24.5 11=13 82 1617 32.4 16~19 115 18.1-21.5
9.6 19.4~22.4 10-12.4 70 13 26.8 13=15  90~100 14.7-17
9.4 17.9~20.9 8=10 65 12=15 20.4 912 T0-~75 10.2=13.6
9.2 15=16.4 7-8 53 9.6-12 16.1 6.5=8 54=60  T.4=9
9.0 11=12.7 5=~5.5 40 8.4-9.6 13 5-6 45-48 5.7-6.8

3.4 28-32 3.8-5.2
2=3 17=19 2.3=3.4

9—9’7 3'5-407 30-3205 6—606 5
1
4  5=1.6  10=14 .6-.8
1
3
2

8.

6.7=T.5 2.5-4 23-25 4.2-5.6 e
s

2

- L]

3¢3=3.5 1=2.5 14-15  3~4.8

7-8

8.8

8.6

8.4

8.2 2.7=3.6 .51.5  9=12 1.2-3 .

8.0 1.6=2.1 1=1.5 5.5-7 6-1.8 1.1 3.4-4.6

7.8 «O=1.3 3=4.5 .1=1.8 4 1.5=3

7-6 .5—.9 105‘3 '5-1'5

Te4 e3=5 _ 1.5

T.2 o 1=1 :

S.T. 205 205 : 210 : 210

'L.R. .4 .7 .4 .7

N T T —— ro———

eV i(Et) i(Ph) eV i(Bt)  -i(Ph) eV i(Bt) i(Pn)-
70 310 430 10.4 94~98 45 8.8 19-21.2 8-9
19.2 308 580 10 - 17 38 8.6 12.5=13.5 5.5~6.5
173 273 450 9.8 69 28.5-33 8.4 . 9.6=10.2 3.5~4.5
15.4 235 320 9.6 57 25~26 8.2  5.4-6.2 2.0=3.5
13.4 173 190 9.4 46 19=21 8.0 3.1-3.9 1-2
11.5 135 ' 9.2 3536  13=15 7.8 1.9=2.5 , .51
1141 119 18 9.0 27-29  11-13 Te6  8=1.2

10.8 114 58 Ted  o4=.T

S.T. 205 : -

I.Rl .4 ' ‘,;..



L+ + +
A(PhSnEtz)PhZSnEt.,2 vs. A(SnEt3)Et4Sn.

1050 .

209,

eV i(Ph') 1i(Bt) i(Pn') 1i(Bt) i(Pn') i(Bt) i(Pn') i(Bt)
67.3 475 479 3070 3055 630 630 1970 9700
19.6 . 395 518 2560 3355 560 590 1750 9200
18.9 380 502 2460 3250 540 578 1680 8900
18.1 360 480 2330 3130 530 558 1650 8600
17.3 340 560 2260 2950 495 - 526 1540 8100
16.5 290 433 1880 2800 455 493 1420 7600
15.7 255 399 1650 2560 417 454 1300 7000
14.9 220 363 1420 2350 378 409 1170 6300
14.1 182 317 1180 2050 320 350 1000 5400
13.4 146 260 940 1660 265 292 827 4500
12.6 106 201 685 1300 210 227 655 3500
- 11.8 65 150 420 940 156 169 477" 2600
11.0 50 87 325 500 105 109 328 1680
10.6 33 66 215 420 80 82 250 1280
10.2 26 43 170 275 56 5645 175 870
10 20 34 130 220 44 45.4 137 700
9.8 13.8 25 89.3 161 33=35 33-34 100~-109 515
9.6 _9.3  17=17.6 60.2 112 25=27 25 18-84 383
9.4 5.9  11=11.7 38.2 75 17.2=17.8 17=17.2 5456 263
9.2 4.2  6.7=7.0 27e1  43.545.5 12.6~13.2 11.7=11.9 39=41 182
9.0 2.45 4.4=4.6 15.9 28:5=30 T7.7=8.3 T.1=7.4  24-26 112
8.8 1.3 2.3=2.4 8ed 14.6-15.8 5:3=5.9 4.7=4.9 17=18.5 74
8.6 8 1.2-1.4 3.9-5.2 8-9  3=3.5 2.4~2.5 911 38
8.4 .35 Gmeb  1e2=3.2 3.54e1  1.6=2  1.3=1.4 5=6.2 2021
8.2 2me3 1e5=1e7  o9=1e1  +6=6.T7 2.8=3.4 9.6=10.4
8.0 01-012 06-08 04"'.6 : 03 102"1.8 4"‘405
7.8 3=t 24 e6=1.2 2
706 '9-1 o1
704 ’5—‘8
S.T. 200 200 200 200
I.R. 1.4 1.4 1.4 1.4
A(PhZSnEt+)Ph28nEt2 vs. A(Et33n+)E%4§E e — PR
eV i(Pn*) i(B%) i(Pn")  i(E%) i(pn") i(Bt) i(ph")  i(Bt)
70 5100 5100 625 625 4300 4300 880 640
19.6 5030 4900 781 710 4230 4140 1100 700
18.9 4900 4700 760 690 4140 3950 1070 680
18.1 4770 4550 739 667 4050 3840 1040 660
17.3 4500 4300 689 635 3800 3630 970 640
16.5 4240 4050 646 610 3580 3450 910 620
15.7 3910 3700 597 570 3300 3120 840 590
14.9 3570 3350 540 525 3000 2820 760 515
1441 3050 2900 479 470 2570 2450 675 465
13.4 2520 2450 419 410 2130 2060 590 405
12.6 2050 1910 348 340 1650 1610 490 330
11.8 1590 1440 270 260 1290 1250 380 255
1.4 1360 1200 234 223 . 1100 1010 330 221
11.0 920 199 185 850 745 280 180



W M/\ /\\\/\/_\
eV i(Ph ) i(Bt) (P Yy i(Et) i(Ph ) i(B$)
10.6 834 720 165 150 675 585
10.2 596 505 480 410
10 503 410 112 100 407 335
9.8 .. 404 330 95.1 84 326 267
9.6 . 295 245 781 68 240 198
9.4 . 222 178 62.5 54 180 144
9.2 .. 156 122 48.3 41 126 98
9.0 .109.5 83 39.1 - 33 87.5 67
8.8 72.9 54 28.8 23.5 59 43.5
8.6 46-47 32.5 19.5 15.2=16 37.3 26.4
8.4 27.2=2T7.8 17.8=18.6 13.9%=14.1 11 22.4 14.4~15.1
8.2 14.9-15.2 8.8-9.2 9.5  6.8=7.2 12.15 T.1=7.5"
800 7-7-3 3-9“401 5.6 3095 508 3-2"'3-3
708 3.3—3-6 1.8-2 301"’3.2 2.1"‘2.2 207"'209 105-1-6
Teb6 . 1.5=1.6 91,1 1.6 1 1.2=1.3  .T=.9

T4 «T=.8 e5=eb .8 5 6T W45
Te2 .7 e4=.5 o4 02=.3
S.T. 205 210 205
I.R. 1:4 1.2 1.3
A(PhZSnEt+)Ph3SnEt ve. A(Et Sn+)E%4Sn SN
eV i(PnY) i(Et) i(Ph%)  i(B%) 1(Ph“) i(Bt)
67.3 254 1400 260 253-268 506 : 700
19.6 490 3150 495 600 957 1600
18.9 520 3200 - 525  590-620 1000 1600
18.1 530 3200 535 595 1040 1600
17.3 510 3100 . 540 511 1010 1590
16.5 470 2900 468 539 950 1450
15.7 435 2780 442 512 890 1400
14.9 387 2600 387 484 765 1305
14.1 279 2050 282 386 550 1025
13.4 165 1400 180 255 340 700
12.6 130 1080 128~-126 202 255 540
11.8 74-=79 710 74~80 132~ 149 355
11.0  36-35 330 33-35  60-63 65 175
10.6 22=23 210 21=22.5 39 5052 105

1042 11=15 129  11.4~13 23=25 21-28 64.5
10 10.5 11 10=11 20~21 21-24 55
9.8 46 70 5=6 12.6=13.4 11 34.3
9.6  3.2=4.1 43  3.5=4.3 T.8-8.4 7-8.6 21.2
9.4 2.5=3.1 28 2.5=3 5.1=5.5 5meb 14.5
9.2 1=1eT  19.5=21 1.4=1.6 3.6=3.9 2,8=3.6 B.9=10.1"
9.0 iT=.9 8.8=10 75 1e6<1.9 1.4=1.9 4.5=5
8.8 4= 6 6=7 5 1e1=1.3  J8=1.2  3=3.9

210,

i(Ph' ) i (Bt)
- 233 140
158 98
134 82
110 69
88 52
68 40
55 3
40.5 21.5
27.5 15=16
19.7 1.5
13.4 6.7-T.1
7.9 4
4.45 2=2.1
2-2-203 1
1.1 04-05
'5-.6 01
198
o7
i(Pn") i(Et)
260 1500
480 3200
510 3150
515 3150
505 3160
465 2850
405 2800
390 2700
281- 1950
170 1390
125 1070
76 710
31-36 310
21=23 210
10=14 130
1 110
4-6 65
3.3~4 40
2.6-3 25
1=1.8 19-22
- .8 8-9.5
eH=eb  6.3=T.1




/‘W\

o¥ i(Pn') i(Bt) i(Ph)  i(Et)
8.6 .1-03 3"'5 01 o7

8'4 1‘4-1.8 03

8.2 ol=.6

S.T. 205 197

I.R. 4 .6
A(PhSnEt;)PhSnEt3 vs. A(Ph3Sn+)Ph4Sn

eV i(Ph) i(Ph') i(Ph') i(Ph) eV
70 520 520 1950 1950 12.6
19.6 350 462 1690 1300 12.2
18.9 1640 1160 11.8
18,5 300 440 11.4
18.1 1620 1040 1.0
17.7 265 433 10.6
173 1530 885 . 10.2
16.9 225 411 10
16.5 1460 740 9.8
1641 184 383 9.6
157 1320 590 9.4
15.3 144 361 9.2
14.9 1200 445 9.0
14.5 110 314 8.8
14.1 1040 320 8.6
13.7 74 267 8.4
13.4 . 877 215 8.2
12.9 47 220 8.0
S.T. 210 - 205

I.R.. 1.3 1.4
A(PhSnEt;)PhSnEtB vs. A(Ph3Sn+)Ph3SnEt

ev. i(Ph') i(Ph) i(Ph') i(Ph) eV
67.27 5000 5000 4950 4500 10.6
19.6 5000 5100 5200 5210 10.2
18.9 5318. 4950 5300 5110 10
18.1 5181 4800 5200 4910 9.8
17.3 5045 4550 5000 4600 9.6
16.5 4910 4300 4900 4300 9.4
15.7 4480 4000 4500 4000 9.2
14.9 4091 3500 4100 3600 9.0
14.1 3640 2900 3700 2850 8.8
13.4 3050 2350 = 3100 2400 8.6
12,6 2450 1850 2500 1900 8.4
11.8 1890 1350 1900 1400 8.2
11.0 1380 914 1400 920 ‘
8.0 12.0 8.69 11.9 9.0 7.4

/\A_—\

211,

N

[
i(Ph) i(Bt)  i(pn") i(Bt)
2=.6 1.4=2.4 1 3.1=5.1
eT=e9 1.4-1.8
.15 42
205 205
o4 4
—t— T —— A
i(Ph) i(Ph') i(Ph') i(Ph)
682 128
27 170
501 71
1441 116 385 46
296  31.5
6.0 65 218  20.5
3.5 45 139 10.9
: 117 8.9
1.9  26.7 88 6.2
102-1-4 18.2 61 403
.7 12.3 38.5 2.6
e3~.4 T.9  22.6  1.45
4.8
2.6 6.75  J4=.5
1.4 4.8
.6 201
.4 1.05
.4—.6
AN A TN A e
i(ph') i(ph) i(Ph') i(Ph)
1000 750 980 750
764 588 700 590
596 455 600 460
509 400 500 400
388 308 400 307
297 242 300 - 241
220 183 210 180
159 128 165 130
100 80 105 80
64.5 51 65 50
37 29.2 40 30
22.5 16.8 21 17.5
1.15  «9=1.1 1.1 .95
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eV i(Ph) i(Ph') i(Pn) i(Ph') eV i(ph) i(Ph') i(Pn) i(Ph')
7.8  5.45 3.8 . 6.0 4.1 7.2 d=eb6  J3-.5 .5 .40
7.6 2.5 1445 2.3 1.3 7.0 .
S.T. 205 205
I.R. 1.3 : 1.3
1(Ph,SnEt,) vs. A(Et3Sn+)Et4Sn’~__\~—’__ .
eV i(Bt) i(PhEt) i(Bt) i(PhBt) i(Bt) i(PhEt) i(Bt) i(PhBt)
70 10000  46~48 10000 46=49 9500 49-50 5100 50-51
19.6 9800  70~T2 9600 T1=72 9100 71=75 5000 70~72
18.9 9500  70=72 9300 71-712 8900 71=75 4900 71-72
18.1 9200  73=T75 9020 72-73 8700 T1=74 4700 T1=72
173 8800  T72-74 8600 72=73 8300  T72=75 4500 72-73
16.1 8400 5=T7 8240 T2.~73 7900 T2=15 4300 T2=73
15.7 7800 - T2-74 7650 T2=13 7300 72=15 4000 T2=13
14.9 7100  69-T1 7000 70~72 6700 69-72 3650 69-71
141 6300  67-69 6200 68-70 5900 67-69 3200 68
13.4 5400  62-65 5300 61-64 5090 62-65 28— 63
12.6 4300  55=57 4200 54-56 4050 56-58 2200 55~58
11.8 3250 47=49 3200 48-50 3050 48-49 1650 47-49
1.4 2900  42-44 2850 43-45 2700 43-44 1500 42-45
11.0 2200  36-38 2150 35=39 2070 36-38 1150 37-38
10.6. 1680 30=31.5 1650 31=32 1580 30-32 860 30-32
1042 1280  25-26 1250 25-27 1200  25=26.5 660 25-27
10 1070 22.5~24 1050 23<26 1000 23-24 550 21-24
9.8 820 18.4-19.6 800 18-19 770 19 420  17-18.5
9.6 650 15.4=16.4 640  15=16.5 610 15~16 330 14.5-16.3
9.4 475 12.8=13.4 465  1313.5 450 12,8-13.3 243 12.7-13.2
9.2 345  10.2=11 340 10~11 330 10.3=11.1 178 10~11
9.0 245 8-8.8 240 8-9 230 8-9 125 8-8.9
8.8 158 5.6=6.4 155  5=6.5 150  5.5=6.5 81  5.4~6.2
8.6 95 3.94.5 93 4-4.6 90 3.8-4.4 49 3.9-4.4
8.4 61 2.9=-3.3 60 3=3.2 57 3.0=3.4 31 2.9-3.1
8.2 29.5 1.5=1.9 29  1.5-1.8 28" 1.6=1.9  15.1  1.5=1.8
8.0 15 9=1.1 14.5 «9=1 14 J9=1.1 T.6  .9=1.2
7.8 75  4=.6 7.5 5 T 5 3.8  .4-.6
7.6 3.2 J2=.3 3.1 .25 3 2=l 1.7 =3
T4 1.7 1.5 1.5 9
7.2 .9 : .8 .8 4
S.T. 205 205 . 205 200
I.R. 1.4 1.4 1.4 © 1.7
I(Bt,Sn) vs. A(Et3Sn+)Et S e PR o
eV —I(E) i(4mt)  i(Et)  i(4Bt) i(Bt)  i(4Bt) i(Bt)  i(4Et)
70 3900  106-108 4400 107 3900 107. - 2000 55=56

19.6 5100  152=156 5700  158=159 5100  158=159 2625 78-79
18.9 5000  152-156 5600  156=157 5000  156=157 2575 78-79
18.1 2850  156=160 5400  154=158 4850  151=157 2500 78-19
17.3 4700  152=154 5260  152=154 4700  151=154 2425 80-81
16.5 4500  150=154 5000  152=154 4500  151=152 2360 78-81
15.7 4350  150=152 4900  152=154 4350 152 2250 77-80



T N—— AT
eV i(Bt)  i(4Et)
14.9 4050 154~156
1441 3625 136~140
13.4 3150 128=130
12.6 2550  112=114
11.8 2150 104
11.0 1460 7981
10.2 840 5556
10 760 53
9.8 615 46
9.6 505  38.5-40.5
9.4 395 33=35
9.2 292 27.5-28.5
9.0 225 23-25
8.8 159 18-19
8.6 111 14.2-15
8.4 73 104411
8.2 41 6.8=7.2
8.0 25 4.6-5
7.8 12.6"13.8 301-305
7.6 5.5 1.5=1.8
7.4 2.5 «T=.8
7.2 .09 03"04
7.0 .5 o1=42
ST 205
I.R. 1.2
A(Et33n+)Et4Sn
eV i(Xe) i(Bt)
70 365 250
19.6 217 275
19.2 207 27
18.9 202 268
18.5 189 258
18.1 183 268
17.7 180 27
17.3 183 268
16.9 173 248
16.5 165 241
1641 155 235
15.7 141 220
15.3 131 - 216
14.9 122 210
14.5 111 204
1441 99 191
13.7 85 179
13.4 T2 166
13.0 59.5 153
12.6 46.5 141
12.2. 36 129
11.8 27 114

i(Bt)  i(4Et)
4500  150~153
4050  139=140
3500  130=129
2860  110=113
2400 105
1640 80
950 57
850 51
700 45
560 39
440 34
325 28-29
250 22-24
175 18-19
125 14~15
82 10~12
45 6-7-705
28 4:i7=5.1
14=15.4 3.2=3.6
6.2 1.4=1.9
2.8 eT=.8
1.0 3
.6
205
1.2
TN
i(Xe) i(Bt)
435 285
227 290
213 282
204 274
193 269
184 264
176 261
168 257
158 254
149 248
140.5 244
131 238
119 231
105 221
100 224
85 213
695 200
575 188
42 168
29 155
1745 139
9.1 119

i(Bt)  i(4Et)
4000 150-153
3600 139
3100 131..
2500 112
2100 105
1500 81
850 56
750 50
600 44
500 38.5
400 33
300 28
215 24
160 18.5
110 14.7
75 10=11
40 T=T.1
20 4-6
6.0 2.0
3 .8
.8 o4
.3 o1
205
1.4
——N
i(Xe) i(Bt)
420 415
216 440
202 428
195 415
183 408
176 400
168 395
160 390
151 385
141 375
135 370
125 360
13 380
101 335
95 340
81 323
66 303
54.5 285
40.5 255
27.7 235
171 210
8.7 180

190

180
182"
172
164
154
140
130
121
1
99
82
72
60
47
36

27

213.
i(4Et)
7880
TO=T2
66~68
58-59

41-42

28

27=

24=25
19.8-20
17-18
14-15
12-13

9=9.5
7 . 3"8

. De4=5.T

3.5=3.7
2.4-206
1.6-1,

«8=.9
-4-05

374

351

323

192
170
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L ] L] [ ]

Xe) i(Et) i(Xe) . i(Bt)  i(Xe) i(Bt) i(Xe)  i(Et)
.5 99.2 3.0 100 3.0 152 16.5 - 148
5 86.4 5T 85. 5o 130 9.5 129
o2 13.7 2 . T2i6 .2 110 4.1 110
o4 62.7 - 55.4 84 1.3 93.6
.3 50.2 43.6 66 3 T4.9
.0 55 49.5 75 «G-1.1 79-89
o4 52 41.6 63 3 81
48.3 34.3 52 72
41.4 28.4 43 62
35.8 22.4 34 53
30.8 17.2 26 45
24.1 12.9 19.5 36
20.4 8.6~8.8 13~13.4 30.4
17 5¢8=6.1 8.8-9.2 25.5
13.5 3.6=3.7 5¢5-5.6 20
10.3 2.2=2.4 3e4=3.6 15.5
7.6-8 1.3=1.4 1.9=2 11.5=12
5¢5=5.7 .7 1=1.1 8.2-8.5
3.8~4.0 5 5¢6=5.9
2.6-2.8 .25 3.9~4.2
1.6=1.7 2.3=2.5
«9=1 163-1.5
d=.5 «T-8
02—03 03
o1=02
195 195 195 195
0.4 0.4 0.4 0.4
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