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I. Introduction 

One learns at an early age that  the world is made up of "objects" -- 
things having the property of mutual  spatial exclusion. Two "objects" 
are never found at the same place at the same lime. 

Traditionally the word "object" has been applied to macroscopic 
bodies. During the past century, beginning with the work of van der 
Waals, particularly, the concept of spatial exclusion has been applied 
fruitfully, if approximately, to ever smaller entities: first to individual 
molecules and ions, and then to their component parts, e.g. /-butyl 
groups, methyl groups 1) and even individual C - H  bonds, Fig. 1 2). 

* Based on  a pape r  presented a t  a S y m p o s i u m  on *axe Stereochemis t ry  of Inorganic  
Compounds  sponsored jo int ly  by  the Inorganic  Chemis t ry  Divisions of the Chem- 
ical I n s t i t u t e  of Canada and the  American Chemical Society, a t  Banff, Alberta,  
J u n e  12-14 ,  1968. 
This  s t u d y  was suppor ted  in p a r t  b y  a g ran t  f rom the  Nat ional  Science Founda -  
t ion.  

I Fortschr. ~-em. Forsch., Bd. 14/1 1 
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Fig. 1. Model of biphenyl showing van der Waals domains of C--H bonds 

Fig. 1 is a scale drawing of the planar configuration of a molecular 
model of biphenyl using 1.0 A for the van  der Waals interference radius 
of hydrogen. Analogously, Fig. 2 is a drawing of a Fieser 3). (or, equally 
well, a Dreiding 4~_ or Prentice-Hall  s~_) type valence-stick model of 
cyclohexane in which spheres of appropriate size (ca. 2" diameter  for 
Fieser models) have been placed on the model's projecting polar and 
equatorial sites to represent the van  der Waals radii of the electron pairs 
of the carbon-hydrogen bonds ~. Fig. 3 is a drawing of the corresponding 
model of methane showing the van der Waals radii of the electron- 
domains of methane 's  valence-shell electrons superimposed on the mole- 
cule's conventional graphic formula. 

Fig. 2. Modified Fieser model of cyclohexane showing van der Waals domains of 
of C--H bonds 
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Fig. 3. Graphic formula and electron-domain model of metharm. Not shown is the 
relatively small electron-domain of the carbon atom's ls electrons 

I t  is a small step from van der Waals, electron-domain models of the 
C - H  bonds of, e.g., biphenyl, cyclohexane, or methane (Figs. 1--3), to 
molecular models in which to a first, and useful, approximation each 
valence-shell electron-pair is represented by  a spherical, van der Waals- 
like domain 7). (Non-spherical domains m a y  be useful for describing, 
e.g., lone pairs about atoms with large atomic cores, d-electrons, and the 
electron-pairs of multiple bonds; vide infra.) 

Fig. 4 is a drawing of an all-valence-sheU-electron-domain model of 
ethane superimposed on the molecule's conventional graphic formula. 
Not  shown are the electron-domains of the carbon a toms '  1 s electrons. 
In  Fig. 4, each valence-stroke, i.e. each valence-shell electron-pair of 
ethane, protonated ("C--H") or unprotonated ("C-C") ,  is represented 
by  a van  der Waals sphere. 

The analogy between electron-domain models of hydrocarbons and 
the experimental  facts - -  particularly the length, but, also, the low 

Fig. 4. Graphic formula and equal-sphere-size domain model of ethane 

l, 3 
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reactivity, of the carbon-carbon bond -- is improved if it is supposed 
that  the domain of the electron-pair of a carbon-carbon single bond in 
e.g., ethane (or diamond or, generally, any unstrained aliphatic com- 
pound) has an effective radius significantly smaller (about forty percent 
smaller) than the electron-domain of the protonated pair of a C--H bond, 
Fig. 5. 

Fig. S. Improved eletron-domain model of ethane. The domaill of the ca rb o n -ca rb o n  
bond is relatively well-shielded from attack by electrophilic reagents by the domains 
of the C--H bonds 

An analogy exists, also, between electron-pair-domain models and 
quantum mechanical models of molecules. 

II. Antisymmetrization and Localized Molecular Orbitals 

Owing to the indistinguishability of electrons, the wavefunction of a 
molecule's electron-cloud must be antisymmetric in the coordinates of 
the electrons. Hence, in the orbital-approximation, the wavefunction 
of a molecule (whose state corresponds to a set of complete electronic 
shells) can be expressed as a Slater-determinant, each column or row 
of which is written in terms of a single spin-orbital sL As pointed out, 
however, by Fock 9~ and Dirac 10), and later stressed by  Lennard-Jones 
117 and Poible 12), the orbitals of a Slater-determinant are not uniquely 
determined, mathematically. 

Adding to or substracting from each other the rows or columns of a 
determinant does not alter the expanded determinant. Any  orbital-set 
of a Slater-determinant can be replaced, therefore, by any linearly inde- 
pendent combination of the orbitals, without altering the determinant 
(except perhaps by  a numerical factor). For example, the wavefunction 

for the four valence-shell electrons of a carbon atom in a s S  state may  
be written, in the orbital approximation, either in terms of the 2 s, 2 p2, 
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2pv, 2pz orbitals or in terms of the linearly equivalent tetrahedral 
orbitals tel, re2, re3, re4 [ t e l=  (1/~.) (2s + 2pz+ 2pv+ 2pz) ' etc.] IS). For 
all values of the electronic coordinates, 

~o = NI] 2s, 2pz, 2Pv, 2pz [[ = N [I tel, re3, tea, re4 II, 

where ][ [I indicates a Slater-determinant and N is a normalizing factor. 
Before -- and, indeed, for sometime after -- the development of 

determinantal wavefunctions, this mathematical equivalence was not 
widely recognized. Quite early Pauling 13) and Slater 14) had shown how 
to create four semi-localized, partially directed, sp 3 orbitals (the tetra- 
hedral orbitals, te) by "hybridizing" (i.e. by taking linear combinations 
of) atomic s and p functions (vide supra). Even earlier, in constructing 
mathematical models of directed bonds, chemists and physicists had 
intuitively created the Px and Pv orbitals from the less directional P-1 
and P+x orbitals of atomic spectroscopy. Still, in the early papers on 
molecular orbital theory, which were necessarily descriptive and intuitive 
rather than analytic 15), Hund and Mulliken generally stopped with the 
setting up of, and assignment of electrons to, orbitals le). The freedom 
allowed in the selection of these orbitals, owing to the indistinguishability 
of electrons, was not systematically investigated until 1949. Then, in a 
series of important papers, Lennard-Jones ll) and co-workers 17,18) 
showed that  by "hybridizing" the conventional, symmetry-adapted 
orbitals of molecular orbital theory, one could often produce a set of 
mathematically equivalent, semi-localized molecular orbitals closely 
related to the valence-strokes, lone pairs, and atomic cores of Lewis's 
interpretation, and extension 19), of classical structural theory. 

The electron-domains derived from classical structural theory (Figs. 
1--5) may be regarded as providing the approximate correlation of 
electrons of the same spin 2o). Such domains, or loges 21,22), may be 
called, after Edmiston and Ruedenberg 23) localized molecular orbitals 
(LMO's). As domains of this type can be generated by maximizing the 
distance between the centroids of a set of molecular orbitals, or by 
maximizing the sum of the orbitals' self-repulsion energies, they may be 
called, also, exclusive orbitals 24), or energy-localized orbitals 33); too, 
since they are by intention at least qualitatively transferable from mole- 
cule to molecule 35), they have been called molecularly invariant orbitals 
(MIO's) 3s~. 

Owing to their transferability and high self-repulsion energies, local- 
ized molecular orbitals should be useful in discussions of the correlation 
problem 37) in quantum mechanics 38). Indeed, it is found that  the 
correlation energy (the best SCF energy less the observed energy) is 
remarkably constant for electronic configurations that  maintain well- 
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defined localized pairs of electrons with similar relationships among 
pairs 29) _ a result that  has led to the view that  the chief part  of the 
correlation energy occurs between electrons of opposite spin in the same 
localized orbital 1~). 

Recently many authors have discussed procedures for extracting 
chemically useful information from Hartree-Fock SCF functions through 
the generation of localized orbitals 30-41). Rigorously exclusive orbitals, 
such as those shown diagrammatically in Figs. 1--5 and studied by  
Kimball and co-workers in the early 1950's 7), have generally not been 
achieved. Significantly, perhaps, the wavefunctions that  have been 
extensively localized have generally been quite approximate, and the 
results have generally been limited by  the constraint that  the transfor- 
mation from one set of orbitals to the other be orthogonal 35~. Different 
localization procedures generally yield different but  similar numerical 
results 357. 

Construction of molecular wavefunctions from "Lewis basis sets" of 
spherical Gaussian's has been investigated by Frost 42) and co-workers 
43). For ethane, e.g., one Gaussian (at least) would be centered in each 
of the domains of Fig. 4 or 5. 

A localized molecular orbital representation is the closest approach 
that  can be achieved, for a given determinantal wavefunction, to an 
electrostatic model of a molecule 44). With truly exclusive orbitals, 
electron domains interact with each other through purely classical 
Coulombic forces; and the wavefunction reduces, for all values of the 
electronic coordinates, to a single term, a simple Hartree product. 

Linear transformations from delocalized to localized molecular 
orbitals [and the corresponding inverse transformations 45~] serve, thus, 
as a bridge connecting the results of quantum mechanical studies with 
those of classical structural theory. Schematic diagrams of the localized 
orbitals obtained by  Edmislon and Ruedenberg for the fluorine and 
nitrogen molecules are shown in Fig. 6 44). More detailed drawings of the 
lone pair and bonding pair orbitals of Nz are shown in Figs. 7 and 8. 

Cb 0 O 
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Fig. 6a  and b. Schemat ic  r ep resen ta t ion  of localized molecular  orbi ta ls  for (a) F2 
and  (b) N~, af ter  Edmiston and  Ruedenberg 44) 
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Fig. 7. Contour map by Ruedenberg and Salmon of the sigma lone pair on N in No. 
The dotted line denotes a node, full lines positive values, dashed lines negative 
values. The lowest contour represents an absolute value of 0.025 Bohr -~/z. The 
increment between contours is 0.05 Bohr -3/2. Courtesy of Professor Klaus Rueden- 
berg. (Note added in proof: The first contour within the dotted contour has been 
incorrectly copied from Professor Ruedenberg's fig. I t  should he a dashed, not a 
solid, line.) 
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N N 
Fig. 8. Contour map of a trigonal bonding orbital in N2. Courtesy of Professor Klaus 
Ruedenberg 
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Recently Gamba has emphasized 46) that, owing to the antisymmetri- 
zation requirement, even for atoms, "A much better picture is obtained 
[over that given by filling successively 1 s, 2 s, 2p, etc. orbitals] by choos- 
ing appropriate combinations of the original single particle states so 
that they have minimum spatial overlap and by tilling successively these 
'bunched orbitals' with electrons. The picture that thus emerges (emphasis 
added) is much nearer to the model of close-packed spheres than to any other 
model." 

hi.  A Correspondence Principle 

A striking analogy exists between localized molecular orbital, electron- 
domain models of organic and other covalently bonded molecules (Figs. 
3-8)  and ion-packing models of inorganic compounds 4~) 

Fig. 9, from Warren's 1929 paper on the crystal structure and chemi- 
cal composition of amphiboles 48), is a physical picture of the silicon- 
oxygen chain in diopside. Large circles represent van der Waals-like 
domains of oxide ions (r-~ 1.40 A ~)); smaller, dashed circles represent 
van der Waals-like domains of silicon cations (r----0.41 A 2)). 

Fig. 9. The silicon-oxygen chain m diopside 48). Or, a localized molecular orbital 
representation of a hydrocarbon (see text) 

Fig. 9 may be viewed, also, as a localized molecular orbital representa- 
tion of, e.g., a hydrocarbon (cf. Fig. 13, ref. 7). Thus, replacement of (i) 
the domains of the Si 4+ cations (the atomic cores of silicon atoms) by 
the domains of C 4+ cations (the atomic cores of carbon atoms; r = 0.15 A 
z)), (ii) the domains of the bridging (i.e., bonding) oxide ions by the 
domains of the electron-pairs of aliphatic carbon-carbon single bonds 
(r N0.66 ,~ ag)), and (iii) the domains of the non-bridging oxide ions by 
the domains of the protonated electron-pairs of carbon-hydrogen bonds 

8 
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(polarized hydride ions;  r - -~l .0  •, when coordinated by  C 4+ cations), 
yields a model, analogous to t ha t  shown for e thane  in Fig. 5, of the all- 
trans, all-eclipsed configurat ion of n-hexane.  Briefly stated,  a one-to-one 
correspondence exists between the components  of the ionic model of the 
silicate chain in diopside and  the covalent  model of a hydrocarbon.  

These results m a y  be generalized in  a Principle of Correspondence:  
There exists an isomorphism between the ion-packing model of heteropolar 
compounds and the electron-pair model of homopolar compounds. This  
correspondence is summar ized  in  Table  I. 

Table 1. An isomorphism 47) 

Heteropolar compounds Homopolar compounds 

Cations 
Relatively large atomic cores. 
Sizes and shapes approximately 
irtdependent of chemical environ- 
ment. 

Anions 
Negatively charged bodies. 
Generally larger and more polari- 
zable than cations. 

Ionic radius 
Art approximate characterization 
of an ion's domain of influence. 

Crystal 
Large, periodic lattice of cations 
and anions. 

Isomorphic crystals 
Close analogy in chemical formula 
and structure. 
Relative numbers of cations and 
anions the same. 

Basic oxide 
Oxide ion donor. 
Relatively large cations. 

Acidic oxide 
Oxide ion acceptor. 
Relatively small cations. 

Atomic cores 
Chemically invariant parts of 
atoms, nearly. 
Relatively small, highly charged 
cations. 

"'Electride ions" 
Valence-shell electron-pairs. 
Charge --2 if unprotonated, -- 1 if 
protonated. 
Generally larger and more polari- 
zable than atomic cores. 

Electride ion's radius 
Aa approximate characterization 
of an electron-pair's domain of 
influence. 

Molecule 
Small, aperiodic lattice of atomic 
cores and electride ions. 

Isoelectronic molecules 50) 
Identical generalized Ramsey-Le- 
wis-Fajans formulas 47). 
Numbers of atomic cores and elec- 
tride ions the same. 

Reducing agent 
Electride ion donor. 
Relatively large atomic cores. 

Oxidizing agent 
Electride ion acceptor. 
Relatively small atomic cores. 

9 
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Table 1 (continued) 

Heteropolar  compounds  Homopolar  compounds  

Coordination compound 

Close confederation of cations and 
anions. 

Coordination site 

Covalent compound 

Close confederation of atomic cores 
and  clectrlde ions. 

Localized molecular orbital 

A region of space about  a cation 
t h a t  m ay  be occupied by an  anion. 

Pauling's first rule 51) 

Each cation is surrounded by  a 
number  of anions. 

Coordination polyhedron 

A description of a carton's  anionic 
environment .  

First coordination shell 

Spherical shea th  about  a cation. 
Generally well-occupied by  anions. 

Second coordination shell 

Region immedia te ly  beyond the 
b u m p s  and  hollows produced by  
the  anion 's  in a cat ion 's  first coordi- 
nat ion shell. 

Coordinatively saturated 

Coordination shells well-occupied 
by  anions. 

Anion deficient 

Structure  with insufficient anions 
to complete separate coordination 
polyhedra  about  each cation. 

Shared corner 

Two coordination polyhedra shar- 
ing a single anion. 

Shared edge 

Two coordination polyhedra shar- 
ing two anions. 

10 

A region of space about  an  atomic 
core t ha t  m a y  be occupoed by an 
electride ion. 

The Couper-Crum Brown convention 52) 

Each chemical symbol  is surround-  
ed by a numbe r  of valence strokes. 
I.e. (after Lewis), each atomic core 
is surrounded by a number  of elec- 
tride ions. 

Sextet, octet . . . .  

A description of an  atomic core's 
electronic environment .  

Valence shell 

Spherical shea th  about  an  atomic 
c o r e .  

Generally well-occupied by elec- 
tride ions. 

Outer d-orbitals and antibonding 
orbitals 

Potent ia l  energy "pockets"  58) 
abou t  the  electride ions in an  
atomic core's valence shell. 

Valence rules satisfied 

Valence shells well-occupied by 
electride ions. 

Electron deficient 

Structure  with insufficient elec- 
tride ions to complete separate 
octets abou t  each atomic core. 

Single bond 

Two octets sharing a single elec- 
tride ion. 

Double bond 

Two octets shar ing two electride 
ions. 
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Tab le  I (cont inued)  

He t e ropo l a r  c o m p o u n d s  H o m o p o l a r  c o m p o u n d s  

Shared face 
Two  coo rd ina t i on  p o l y h e d r a  sha r -  
ing  t h r e e  an ions .  

Effects of multiple sharing on cation- 
cation distances 

T h e  m o r e  an ions  two  ca t i ons  s h a r e  
wi th  each  o ther ,  t he  less t h e  dis- 
t a n c e  b e t w e e n  t h e  two  ca t ions .  

Pauling's third rule 
Sha red  edges  a n d  pa r t i cu l a r l y  sha r -  
ed  faces  des tabi l ize  a s t r uc t u r e ,  
owing  to  t h e  ca t i on -ca t i on  C ou l omb  
t e rm .  

Pauling's fourth rule 
Cat ion ' s  w i th  l a rge  cha rge s  t e n d  
n o t  to sha re  an i ons  w i t h  each  o ther ,  
owing  to  t h e  ca t i on -ca t ion  C ou l omb  
t e rm .  

Irregular polyhedra 

Coord ina t ion  p o l y h e d r a  whose  
an ions  a re  n o t  all s ha r ed  al ike will 
gene ra l ly  be  d i s to r t ed .  

Pauling's fifth rule 

M u t u a l  r epu l s ions  b e t w e e n  two  
ca t i ons  t h a t  sha r e  edges  or faces  
of  t hc i r  coo rd ina t ion  p o l y h e d r a  
w i th  each  o t h e r  m a y  d isp lace  t h e  
ca t i ons  a w a y  f rom t h e  cen t e r s  of  
t he i r  po lyhed ra ,  w i t h  obv ious  
effects  on  i n t e r n u c l e a r  d i s t ances  
a n d  angles .  

Simple bridging ion 

A n  a n i o n  s h a r e d  b y  two  ca t ions .  

Non-bridging ion 

A n  a n i o n  in t h e  coo rd i na t i on  shel l  
of  on ly  one  ca t ion .  

Triple bond 
T wo  oc te t s  s h a r i n g  t h r ee  electr ide 
ions.  

Bond orders and bond lengths 

Triple  b o n d s  a re  sho r t e r  t h a n  
doub le  bonds ,  wh ich  are  sho r t e r  
t h a n  t h e  c o r r e s p o n d i n g  single 
bonds .  

Bacyer's strain energy 

Doub le  b o n d s  a n d  pa r t i cu la r ly  
t r ip le  b o n d s  des tabi l ize  a s t r uc tu r e ,  
owing  to  t h e  kerne l -kerne l  Cou- 
l o m b  t e rm .*  

Large core-charge strain energy 

A t o m i c  cores  w i th  large  cha rges  
t e n d  n o t  to sha r e  e leetr ide ions  
w i t h  each  o ther ,  owing  to t h e  
kerne l -kerne l  C o u l o m b  t e r m .  

Non-ideal valence angles 

Octe t s  whose  e lec t rons  are n o t  all 
s ha r ed  alike will genera l ly  be  dis- 
to r ted .  

Effects of multiple bonds on molecular 
geometry 

M u t u a l  r epu l s ions  b e t w e e n  two  
a t o m i c  cores  t h a t  s h a r e  two  or 
t h r ee  e lect r ides  ions  wi th  each  
o t h e r  m a y  d isp lace  t he  cores  a w a y  
f rom t h e  cen te r s  of  t he i r  oc te ts ,  
w i th  obv ious  effects  on b o n d  ang les  
a n d  l e n g t h s  ~2). 

Ordinary bonding pair 
A n  elect r ide  ion sha r ed  b y  two  
a t o m i c  cores.  

Lone pair 
An electr ide ion  in t h e  va lence  
shell  of  on ly  one  a t o m i c  core. 

* Ke rne l  = A t o m i c  core. 

11 
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Table 1 (continued) 

Heteropolar  compounds  Homopolar  compounds  

Multiply-bridging ion 

An anion shared by three or more 
cations. 

Transferability of ionic domains 

Unshared  anions occupy about  the 
same space in a catior~'s coordina- 
t ion shell as do chemically identical 
shared anions. 

A n empirical rule 

Unshared  anions occupy more space 
in a eat ion 's  coordination shell t han  
do chemically identical shared 
anions. 

The Bragg-West rule 58) 

The size of an anion appear  to be 
larger the larger the  smallest  cation 
to which it  is coordinated. 

Anion lattice 

The key to the  simple description 
of ionic compounds.  
Often close-packed. 

Occupied tetrahedral interstice 

Cations surrounded te t rahedral ly  
by  four anions. 

Occupied oetahedral interstice 

Cation surrounded octahedrally by 
six anions. 

Pauling's principle of local electrical 
neutrality 

Charges are neutralized locally in  
crystals.  

Multicenter bond 

An electride ion shared by three 
or more atomic cores. 

The Lewis 54)-Sidgwich-Powell ~5)_ 
GilIespie-Nyholm ~6) rule 

Lone pairs ma y  often be treated 
like bonding pairs. 

Gillespie's rule 57) 

Unshared  electride ions occupy 
more space in an  a tom ' s  valence 
shell t ha n  do shared electride ions. 

An  empirical rule 49) 

The size of an  electride ion appears 
to be larger the  larger the  smallest  
a tomic core to which it  is coordi- 
na ted .  

Bond diagram 
The key to the  simple description 
of covalent  compounds .  
Often a f ragment  of a dose-packed 
array 7). 

Couper-Kekule- Van't Hoff-Lewis 
rules satisfied 

Atomic core surrounded te t rahe-  
drally by  four electride ions. 

Expanded octet 
Atomic core surrounded trigonal- 
bipyramidally,  or octahedrally,  by 
5, or 6, electride ions, etc. 

Lewis' s principle of zero formal 
charges 

Charges are neutralized locally in 
molecules. 

12 
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IV. Covalent Bonding  as a Problem in Classical Electrostatics 

The chief content of the isomorphism displayed in Table 1 is embodied 
in the phrase "electride ion". By introducing at the outset in the elec- 
tronic interpretation of chemistry the wave-like character of electrons 
and the Exclusion Principle through the concept of van der Waals-like 
electron-domains or "electride ions", whose sizes indicate the magnitudes 
of the electrons' kinetic energies, whose impenetrability a) simulates, at 
least approximately, the operation of the Exclusion Principle, and whose 
charges yield within the framework of the model easily foreseeable effects, 
one transforms the complex treatment of the covalent bond in quantum 
mechanics into a simpler, if less precise, exercise in classical electrostatics. 

Coulomb's law by itself does not lead, of course, to directions of pre- 
ferred attraction. Owing, however, to the assumed impenetrability and 
semirigidity of the charged domains [owing, in other words, to an assumed 
transferability of the domains'"sizes and shapes" (evidently often approx- 
imately spherical)], interactions among positively charged atomic cores 
and the larger, negatively charged electride ions yield structures of the 
type illustrated in Figs. 3--5. These structures stand in close analogy 
with classical models of ionic and covalent bonds (Table 1 and Figs. 1--5) 
and with the results of recent research on the localizability of molecular 
orbitals (Figs. 6 and 7). They permit one to see easily, if with not com- 
plete certainty, how the chief characteristics of chemical affinity -- its 
saturation and directional character -- arise from the joint action of the 
wave-like character of electrons, the Exclusion Principle, and Coulomb's 
law. 

By exhibiting clearly the basic fact that electrons are wave-like 
fermions (de Broglie particles that obey the Pauli Exclusion Principle), 
the LMO-electride ion model of electronic structure enables one to utilize 
systematically many features of classical physics in developing an "under- 
standing", or "explanation", of the properties of quantum mechanical 
systems. 

Below are five illustrative examples of the explanatory power of 
classical physics in structural chemistry. In these examples, classical 
electrostatic interactions are used with the electron-domain representa- 
tion of molecules to "explain" or to derive: "The New Walsh Rules", 
the Langmuir-Pauling and Hendricks-Latimer Occupancy Rule, the 
s-character Rule, the Methyl Group -- Tilt Rule, and the Octet Rule. 

1. The New Walsh Rules. Rules such as the rule that covalent mole- 
cules with three heavy atoms ("heavy a t o m " =  any atom other than 
hydrogen) and 18 valence-shell electrons are bent, while with 16 valence- 

a) Not  "hardness."  I t  is useful to suppose tha t  the electron-domains are impenetrable 
but  deformable; vide infra. 
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shell electrons the molecules are linear, in their ground states, have been 
called "The  New Walsh Rules" 59). These rules follow immediately 
from simple electrostatic considerations. 

The arrangement in space of 3 atomic cores and 9 (or 8) electron- 
pairs that  has the lowest (most negative) coulombic energy is shown 
schematically in Fig. 10. Large circles represent valence-shell electron- 
pairs; smaller circles labelled A, B, C represent the kernels of the three 
heavy atoms. For convenience, Fig. 10 has been drawn to show the 
approximate  b) solution for the problem in two dimensions. 

In this instance, the same qualitative results are obtained in three 
dimensions, where the arrangement of anions about each cation would 
be a tetrahedral  arrangement  rather  then the square-planar arrangement 
shown in Fig. 10. 

Beneath each tangent-circle drawing in Fig. 10 is shown the corre- 
sponding graphic formula. Shared electron-pairs are represented by  va- 

is----d: 
3 Octets 
9 Pairs 

BENT 

3 Octets 
R Pairs 

LIHEAR 

Fig. 10. Tangent-circle, two-dimensional electron-domain models illustrating 
'%Valsh's New Rules" 

b) The regularity of the anion-lattice in the top structure of Fig. 10 does not quite 
correspond to a minimum in the system's potential energy. 
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lence-strokes, unshared pairs by pairs of dots. The alignment of the 
heavy-atom skeleton (Is it linear or bent ?) is perhaps most easily deter- 
mined by computing the number of electron-pairs shared between the 
octets 60) : 

(no. pairs shared between octets) = 4 (no. octets) -- (no. pairs). 

2. The Occupancy Rule. Having determined the probable articulation 
of a molecule's electron cloud, one is faced with the question, How should 
the cations be assigned to the interstices in the anion-lattice? What 
arrangement of cations with, e.g., charges + 5, + 6, + 7 minimizes the 
energy of the uppermost structure in Fig. 10 ? (What, in other words, is 
the probable structure of nitrosyl fluoride, NOF?) This question was 
discussed briefly, and informally, by Langmuir, in 1921 ~1~ and, later, 
by Pauling and Hendricks s2) and Latimer 63). 

Three types of interactions contribute to the lattice energies of the 
(small, aperiodic) "crystals" depicted in Fig. I0: kernel -- electron-pair 
attractions (the only interactions that  favor ion-aggregation); kernel- 
kernel repulsions; and electron-pair -- electron-pair repulsions. 

The most important interactions, energetically, are those between 
the cations (the atomic cores) and their nearest neighbors (their valence- 
shell electrons). In absolute magnitude, the sum of the kernel-nearest 
neighbor interactions for the uppermost structure in Fig. 10 is three- 
hundred percent larger than the sum of the remaining kernel-electron- 
pair interactions and, alone, is over twenty percent larger than the sum 
of all the repulsion terms. Clearly, in minimizing the coulombic energy 
of such a system, it is of first importance to fill with anions the valence- 
shells of each cation (Pauling's First Rule). 

After the kernel-nearest neighbor interactions, the most important 
interactions, energetically, are the remaining kernel -- electron-pair inter- 
actions. The magnitude of their sum for the uppermost structure in 
Fig. 10 is slightly greater than the sum of the electron-pair -- electron- 
pair repulsion energies, which in turn is larger than the sum of the 
kernel-kernel repulsion energies. From this one might suppose, erro- 
neously, that  the structure's total energy would be a minimum for that  
arrangement that  maximizes the magnitude of the interaction energy of 
the kernels with the electron cloud; i.e., for the arrangement that  places 
that  kernel with the largest charge near the center of the electron cloud; 
namely, ( + S ) - - ( + 7 ) =  (+6)  (N-F--O). 

In fact, although the sum of the kernel-kernel repulsion energies is the 
smallest of the several sums mentioned (owing to the relatively high con- 
centration of charge within the kernel's domains and the fact that  
repulsion energies among charges within the same domain are not being 
computed), changes in the kernel-kernel repulsion sum with changes in 
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the assignments of the kernels to the interstices of the anion-lattice are 
approximately  twice as large as the accompanying changes in the kernel 

electron-pair sum. This is because location of the kernels on the inside 
of the molecule and the electron-pairs on the outside means that ,  on the 
whole, the kernels are closer to each other than they are to electron-pairs 
outside their own valence-shells. Thus, for a given arrangement of anions, 
the total  energy is generally a minimum for that  arrangement tha t  
minimizes the cation-cation coulomb term 68); i.e., for the arrangement  
tha t  places the kernels with the largest charges in those interstices tha t  
share the fewest elements with other interstices; i.e., in the present 
instance, for the arrangement ( +  7) - -  ( +  5) = ( +  6) ( F -  N = 0). 

3. The s-Character Rule. The rule that  the s-character of an a tom 
tends to concentrate in orbitals the a tom uses in bonds toward electro- 
positive substituents s4,65) follows qualitatively from simple electro- 
static considerations, Fig. 11. 

Fig. 11 is a drawing of a two-dimensional analogue of the electron- 
domain model of ethane. Large circles represent valence-shell electron- 
domains (superimposed on them are the valence strokes of classical 
structural  theory). Plus signs represent protons of the " C - - H "  bonds. 
The nuclei of the two "carbon"  atoms are represented by  small dots in 
the trigonal interstices of the electron-pair lattice. While these nuclei 
would not necessarily be in the centers of their interstices, exactly, it 
can be asserted that  an (aIchemical) insertion of the two protons on the 

"HoC-- CH~' -- . . . . .  ~ ,  "F-OH; 

LHCHt dc_ H~' 

Fig.  l l .  Tangent -c i rc le ,  t w o - d i m e n s i o n a l  e l e c t ron -doma in  mode]  of e t h a n e  a n d  
m e t h y l  f luoride i l l u s t r a t ing  t h e  rule  t h a t  t h e  s - c h a r a c t e r  of  a n  a t o m  t e n d s  to  con-  
c e n t r a t e  in orb i ta l s  t he  a t o m  uses  t o w a r d  e lec t roposl t ive  subs t i tue r l t s  s4) 
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left into the adjacent heavy-a tom's  nucleus (dashed arrows, - -  which 
would convert tha t  a tom to the two-dimensional analogue of fluorine 
and the molecule as a whole to the two-dimensional analogue of methyl  
fluoride - -  would cause the nucleus on the right to move further to the 
right (small dashed arrow), thereby increasing the " H C H "  angle and 
decreasing the " H - C "  bond lengths (dashed lines), in agreement with 
the s-character rule, which states that  in methyl  fluoride the carbon 
a tom would tend to concentrate its s-character in those orbitals it uses 
in bonds toward the hydrogen atoms. Hybridization in this view is a 
response of an atomic core to the field of neighboring atomic cores in the 
molecule 66). 

4. Tilted Methyl Groups. Insertion of only one, not both, protons of a 
"CH2" group into the nucleus of the adjacent heavy a tom in the two- 
dimensional analogue of ethane, Fig. 11, top structure, produces the 
two-dimensional analogue of the isoelectronic molecule methyl  amine, 
Fig. 11, middle structure. Owing, however, to the dominating at traction 
of the heavy-a tom kernel on the right for the lone pair of the "NH~" 
group, the symmetrical  arrangement of electron-pairs shown in the middle 
structure of Fig. 11 does not correspond to a minimum in the potential 
energy surface of the model. A configuration of slightly lower energy is 
obtained by  sliding the "NH2"  group over the surface of the carbon- 
nitrogen bond 67), as indicated in exaggerated fashion in the bot tom 
structure of Fig. 11. This last structure agrees qualitatively with the 
experimental  observation tha t  the methyl  groups in, e.g., methyl  amine 
~Sl, methyl  alcohol 69), dimethyl ether 70), and dimethyl sulfide 71) are 
tilted 2.5--3.5 ~ toward the lone pairs on the adjacent atoms. 

5. The Octet Rule. To the isomorphism exhibited in Table 1 may  be 
added the radius-ratio rules. The s ta tement  in crystal chemistry that  
"rat t l ing is bad",  tha t  the number  of anions about  a cation should not 
be so great as to create a cavity larger than the cation 2e), corresponds 
to the s ta tement  in covalent chemistry that  the number  of electron-pairs 
about an atomic core should not be so great as to exceed the number  of 
low-lying, available, valence-shell orbitals. 

This correspondence may  be expressed in another way. Generally, 
as one approaches the top of a potential  barrier, the density of a system's 
allowed quantum mechanical levels increases. Thus, to say that  an atom 
has many  low-lying, closely spaced electronic levels available for bond 
formation corresponds to saying tha t  the a tom's  kernel has a large effec- 
tive radius; while to say that  an atom has few low-lying levels available 
for bond formation corresponds to saying that  the a tom's  kernel has a 
small effective radius. Rules regarding the availability of atomic orbitals 
for bond formation correspond in structural chemistry to a set of geometrical 
parameters, the radii of the atomic cores, Fig. 13. 
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"HaC -- C Ha" 

' ,.L../ ' , .L . /  

I I$oeleclronic 
Principle 

"H3C _ NH2"' 

"HelJmann-Feynman 
Theorem" 

Tilted 
"Melhyl" Group 

Fig. 12. Tangen t -c i r c l e  mode l s  for t he  d i scuss ion  of t i l t ed  m e t h y l  g roups  (see text )  

OF~ s% S~% 

TeFo w~o u% 

Fig. 13. Tangen t -c i rc le  represexl ta t ion of t h e  local electronic e n v i r o n m e n t s  a b o u t  
t h e  kerne ls  of some  Group  VI  hexaf luor ides  
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Fig. 13 is a drawing of electron-domain models of some Group VI 
hexafluorides. Open circles represent the electron-pairs of four of the six 
bonds to fuorine atoms in a Lewis, single-bond formulation of these 
molecules. Solid circles represent the atomic cores of oxygen, sulfur, 
selenium, tellurium, tungsten, and uranium (core radii, in hundreths of 
A, 9, 29, 42, 56, 62, and 80 21, respectively). These hexafluorides are, in 
order, non-existent, extra-ordinarily unreactive, hydrolyzed slowly, 
hydrolyzed completely at  room temperature  in 24 hours, hydrolyzed 
readily, and hydrolyzed very rapidly. 

The great kinetic stabili ty of sulfur hexafluoride 7a,74~, like tha t  of 
carbon tetrafluoride 73;, particularly toward nucleophilic reagents, may  
be viewed as arising from the presence about the central a tom's  kernel 
(and about  the kernels of the fluorine atoms) of a nearly complete, 
protective sheath of electrons with no "pockets"  52t of sufficient depth 
(orbitals of sufficiently low energy) to permit effective coordination with 
the unshared electrons of an entering nucleophile. The possibility re- 
mains, however, of a t tack by  electrophilic reagents, e.g., by strong 
Lewis acids, such as sulfur trioxide 74~. 

The non-existence of oxygen hexafluoride has a simple electrostatic 
interpretation. Fig. 14 shows the analogous two-dimensional problem. 
For a relatively small cat ion [r(O 6+) = 0.09 A], coordination by  the cation 
of four anions as shown in structure A is an unstable arrangement.  The 
coordination scheme 2,2 shown in B has a lower energy. Much lower in 
energy, t~owever, is the coordination scheme 3,1 shown in C. 

A B C 

Fig. 14A--C. A geometrical interpretation of the Octet Rule, in two dimensions (see 
text). In each figure large, open circles represent domains of an atom's valence-shell 
electrons. The smaller, solid circle represents the atom's kernel 

V. C o v a l e n c y  L i m i t s  

The covalency limits of atoms have long been a topic of discussion in 
valence theory. "Some writers have argued that  the increase of the 
covalency maxima with atomic number  is merely a result of the sizes of 
the atoms,"  wrote Sidgwick in 1933, "and  tha t  the reason why, for ex- 
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ample, SiF 2- can exist but  not CF2( is only that  there is not room for 
six fluorine atoms round the smaller carbon. I t  is interesting to consider 
this argument  in detail, and see how it has been affected by  the increase 
of our knowledge of atomic dimensions" vs). 

Using s tandard ionic and covalent radii, Sidgwick presents his argu- 
ment  graphically, Fig. 15. Each vertical line in Fig. 15 summarizes 
information on four molecules: MF6 (octahedral molecules; valency 
angle 90 ~ and MF4 (tetrahedral molecules; valency angle 109.5~ 
M----C and Si. Outer circles in each group represent halogen atoms. In 
each instance the uppermost  halogen a tom makes a valency angle of 
90 ~ with the halogen a tom on the left of the line and a valency angle 
of 109.5 ~ with the halogen a tom on the right of the line. Halogen atoms 
are drawn to touch M, "so that  the condition of stability is tha t  they 
should not overlap" 75). 

Clearly the ionic model (first column) prohibits too much; it prohibits, 
Sidgwick notes, "even so stable a molecule as carbon tetrafluoride." On 
the other hand, the covalent model (second column) allows too much;  it 
allows, Sidgwick observes, "ample  room, not only for the number  of 
at tached atoms in actual stable molecules, but for far more than are ever 
found; even in the imaginary CI 6 there would be space left between the 
iodine atoms."  

Ionic Model Covalclxt Model Electride Ion Model 
Valency Angle Valency Angle Valency Angle 

90 ~ 109.5 ~ 90 ~ 109.5 ~ 90 ~ 109.5 ~ 

C~ 

si~ 

cF4 c~ 6 

SiF 4 SiF 6 

c ~  

si R 

~ #-"x 

CF 6 c~ 4 

�9 5 _  

Fig. 15. Tangent-sphere models of CF4, SiF4, hypothetical CF~-, and S1F~ , based 
on conventional ionic and covale{xt radii (columns 1 and 2) and the electride ion 
model (column 3) 
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"[I]t  would seem," concludes Sidgwick, " tha t  the steric influence can 
have nothing to do with covalency limits" ~). 

Sidgwick's discussion raises an important  question: W h a t  are the 
effective sizes and shapes of "atoms" in molecules ? From the viewpoint 
of the electride ion model of electronic structure, Sigdwick's circles for 
the fluoride ions in the first column of Fig. 15 are the wrong shape, if 
nearly the right overall size. In the electride-ion model a fluoride ion is 
composed of (approximately) spherical domains, but  is not itself spheri- 
cal, in the field of a cation, Fig. 16. Fig. 17 illustrates, correspondingly, 
the implied suggestion that,  on the assumption that  non-bonded inter- 
actions are not limiting, the covalency limits of an atom will be deter- 
mined by  the radius of the atom's core and by the effective radii, not of 
the overall van der Waals envelopes of the coordinated ions but, rather, 
by the radii of the individual, shared electron-pairs. 

By an equation given previously 4% the effective radius within 
molecules of an electron-pair attached to a fluorine atom's core is approx- 
imately 0.63 A, less than half the overall radius of a fluoride ion. Using 
this smaller value for the radii of the coordinated "anions", revised ionic 
models may be constructed for the tetrafluoro and hexafluoro complexes 
of carbon and silicon. Sidgwick-type diagrams for these revised models 
are given in the third column of Fig. 15. The larger circles represent 
shared electride ions; small circles represent the atomic cores of the 
central atoms, as in column 1. The revised tangent-sphere model corre- 
sponds bet ter  to the known facts than do either of Sigdwick's trial models. 
I t  is consistent with the existence of CF4, SiF4, and S iF t -  and with the 
non-existence of CF~-. 

Fig. 16. Two-dimensional, tangent-circle representation of an electron-domain 
model of ~ coordinated fluoride ion 
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Fig. 17 Two-dimensional, tangent-circle represer~tation ot an electron-domain 
model of CF4. Open circles represent valence shell electron-domains. Smalkr filled 
circk s represent atomic cores. Vak nee strokes pass through shared electron domains. 
Note mutual overlap of the ligands' conventitmal van der Waals domains 

Af te r  Wer,zer 7~), and  more recent ly  R~nd& 77), one is led to suggest  
t h a t  the m a x i m u m  coordinatio~z number (~/" a~z ato,~ m ~  be cow, sidereal as 
havi~zg r~!/?re~zce to the space arou~zd the s~@ce  of the ker~wl of the atom 
78) 

VI. Saturation of Secondary Affinity 

Neut r a l i za t i on  of charge  does not  cease with the  sa tu ra t ion  of p r i m a r y  
chemical  affinity.  All s table  molecules  are su r rounded  by  s t r ay  electro-- 
s t a t i c  lines of  force tha t  emerge from no t -comple te ly  shie lded a tomic  
cores (posit ive patches ,  hollows, r e l a t ive ly  low-lying vacan t  orbi ta ls ,  
e leetrophi l ie  centers,  acidic sites) and  t e rmina t e  on exposed por t ions  of 
some e lec t ron-c loud (negat ive pa tches ,  bumps ,  r e l a t ive ly  h igh- ly ing  
occupied orbi tats ,  nucteophil ic  centers,  basic  sites). 

The  lnost  exposed  por t ions  of molecules '  e lec t ron-clouds  are electron- 
pairs  whose coord ina ted  a tomic  cores are loca ted  largely,  or solely, on 
one side of the  pairs,  i.e., unshared  electrons (pa r t i cu la r ly  those a t t a c h e d  
to the  re la t ive ly  smal l  kernels  of carbon,  n i t rogen,  ox3gen,  and  fluorine 
a toms  and which are, therefore,  re la t ive ly  local ized in space;  vide i,zj),a) 
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and, to a progressively lesser extent, the electron-pairs of the bent bonds 
of "cycloethanes" (olefins) and cyclopropanes, Fig. 18. Lewis acidic sites 
are usually outward-facing depressions between the valence-shell elec- 
tron-pairs of medium-sized atoms that  have not achieved their covalency 
maxima. For atoms whose kernels are tetrahedrally coordinated by 
electron-pairs, these depressions (and, also, the acidic sites off protons 
in electron-pairs coordinated by highly charged atomic cores) correspond 
to the lobes of the molecule's lowest-lying, vacant,  sigma anti-bonding 
orbitals. 

Fig. 18A--C. LMO-electron-domain models of (A) NH 3, (B) C2H4, and (C) C3H6. 
Unprotonated domains with sufficient exposure to exhibit nucleophilic activity are 
shaded 

Participation of unshared electron-pairs in the saturation of pr imary 
and Lewis-like, secondary acidic sites are compared, schematically, in 
Figs. 19 and 20. The structures of many  molecular complexes formed in 
the lat ter  fashion have been determined, first and most fully, by Hassel 
and co-workers 79-81), 

Fig. 21 is a stylized drawing of a two-dimensional, localized electron- 
domain model of the molecular complex formed between t r imethyl  amine 
(smaller circles, on left) and molecular iodine (larger circle~, on right) 
showing extensive penetration of the conventional van der Waals enve- 
lope of the acceptor molecule, I2, by the protruding electron pair of the 
donor molecule (van der Waals radius sum for nitrogen and iodine: 
3.65 •; observed N ' - . I  distance in the complex MeaN. ICI: 2.30 ~). 
In this localized electron-domain model of the complex, the immediate 
electronic environment of the kernel of the acceptor atom may  be describ- 
ed as a monocapped tetrahedron (coordination 4 ;1). The intermolecular 
interaction producing this configuration has been called a "face-centered 
bond" 81). Analogies between the chemical and physical properties of 
"face-centered bonds" and hydrogen bonds (el. Fig. 21, lower structure) 
have been emphasized by several investigators 81,82). 
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( 
( 

~NHj "BHj "H3N-BH# 

Molecule with an Molecule with an Product of  neutralizcs~ion. 

Exposed negative p~tch. Exposed positive patch, Molecule with no exposed 

A Lewis Base. A Lewis Acid. Positive or ne~jative patches. 

A Nucleophile. An Eiectrophite, A (neutral) "sal t"  

F i g  19. Saturations, of prima~y affinity. T~o  dimensional represen,tation of an  
electron domain  model of the format ion of a con~en,tional ch(mical  bond : the r e a c  
t i o n o f a  L e w i s b a s ( ( N H a )  with a relatively s t rong [ x w i s a c i d  (BHa). 

~NH3 ~ ~Br~ ~NH3-Br2" 

Fig. 20. Saturat iol t  of secondary a f f in i ty  Tx~o-dimensional representa t ion  of an 
electron~domain model of the f o r m a t k m  of a molecular  complex:  tile reaction of a 
Lewis base (NHa) with a relatixely w~ak /,ewis acid (Br~) 

"Hassel- type"  complexes (Figs. 20 and 21) have been formed via 

interactions of the acidic sites off "positive halogen" atoms and tile 
unshared electrons in ethers, ketones, sulfides, and selenides. Sometimes 
both lone pairs of a covalently bonded, bivalent oxygen atom participate 
in intermoleeular interactions. In, for example, the acetone-bromine 
1 : 1 molecular complex, each lone pair of an oxygen atom is shared with 
a halogen molecule 8a) With very large, sterically unhinder(d cationic 
sites, i.e., with metal  ions, it appears that  both lone pairs of an oxygen 
atom may  be shared with the same  cation, as shown for the water mole- 
cule in B of Fig. 22. The borohydride ion, BH.~, with which tt~O is iso- 
electronic, is known to be coordinated ill this fashion by  the copper 
atoms in the borohydridobis(triphenylphosphine)eopper(I) complex s4) 
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Face centered Bond 

Hydrogen Bond 

: g .  2 i .  ~ &ttlratlOi1 )[  r e . ' i d u a l  a f l i n i t \ .  Sch ( i l l a t i ( : ,  t a l l g (  nI ( 1(1( " ( 1 )  s~ lit t t iOnS ~ff 

( l e c t : r o t l - d o m a i n  m o d e l s  o f  t h e  m o l e c u l a r  comt)h~xes  M e a n  �9 /2 all(l M ( a N  " II I 

And in, e:g., solid ethylmagnesium brotnid( dietherate, each oxygen 
atom has, in additio:n to its two neighboring carbon atoms, a magnesiums- 
atom neighbor that lies almost exactly on the bis(ctor of the C()C 
angle SS) 

I t  would appear that  localized molecular orbital, electron-domain 
mOdels will prove useful in interpretative studies of the structural 
chemistry of electron-pair donor-aeceptor interactions. 

A B 

Kig. 22A and  t3, E l e c t r o n - d o m a i n  mode l s  ol a w a t ( r  molecule  shar in  a x~ilh a 1 m i d  
ca t ion  (solid c i rch)  (A) ono amt (13) t ~ o  clcr  pairs  
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VII. Lone  Pairs 

A drawing of a two-dimensional,  electron-domain model of a conventional  
Lewis lone pair is shown in Vig. 23. The lone pair and bonding pairs are 
s t ructural ly  equivalent;  they have identical van der Waals  envelopes. 
Such seems to be nearly the case for lone pairs in the valence-shells of 
small-core, him-octet-expanding atoms (carbon, nitrogen, oxyg(n  and 
fluorine). 

Fig. 23. Two-dimensional r( presentation of an ~lectron-domain model of an angu- 
larlydocalized, I.ewis-type lone pair 

With larger atoms, however, a lone pair would not be expected to 
remain in tile angularly localized state shown in Structure  A, Fig. 24. 
In the absence of the other valence-shell pairs, it would envelop the core, 
becoming an s-type pair. Structure  B, Fig. 24, shows schematical ly tim 
initiation of this process. Tile lone pair in B is more highly delocalized 
angularly,  if not  radially, than a Lewis, bonding-pair-like tone pair. In  
B the hme pair occupies more space about  the surface of the atomic core 
than does a bonding pair. I t  m a y  be called a Gillespie lone pair. 

A g C 

l~'ig. 24 Lewis, Gillcsph~ , and Sidgwick-t:ype lone pairs 
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If all the shared electron-pairs about a large atom's  kernel were in 
bonds to exceptionally good leaving groups, a Gillespie lone pair would be 
expected to approach the completely angularly-delocalized state shown 
schematically in Structure C, Fig. 24. Superficially, Structure C is the 
structure tha t  would be obtained if one ignored the presence of the hme 
pair. For this reason the lone pair is often said to be "stereochemically 
inert". Clearly, however, its presence in the system is structurally signif- 
icant. Bond angles or coordination numbers, one or the other, are larger, 
and bond lengths longer, than they would otherwise be. Lone pairs of 
this type evidently occur in the heavier chalcogenides of lead(II) and 
tin(II) ,  which have a regular, rocksalt-like structure. They may be 
called Sidgwick lone pairs. 

With most ligands, however, a Sidgwick lone pair would not be 
expected to achieve the pure s-type configuration shown in Structure C 
of Fig. 24 or Structure A of Fig. 25. A better  representation of a Sidgwick 
lone pair would probably be that  shown schematically in Structure B 
of Fig. 25. Though not yet demonstrated analytically, it is conceivable - -  
indeed, in view of the known facts, perhaps likely - -  that,  by an appro- 
priate assignment of kernel sizes and charges, a Sidgwick lone pair could 
be converted in smooth steps to a d-type configuration, such as that  
shown schematically in Structure C of Fig. 25. 

Shapes for lone pairs intermediate between those of Structure C, 
Fig. 25, and B, Fig. 24, may  occur, Fig. 26. Such domain-shapes have, 
in effect, been used by  Gillespie 57,861 to account for several features of 
Bartell and Hansen's 877 accurately determined structures of Pl:5, 
CHaPF4, and (CHa)2PF3, and may  be useful, also, in explaining why 
the axial bond in BrF5 is evidently shorter than the equatorial bonds. 

For some --  perhaps infrequently occurring --  combinations of kernel 
sizes, charges, and coordination numbers (e.g., for XeF6), configurations 

Fig. 25 A--C. Undeformed (A) and deformed (B and C) Sidgwick lone pairs 
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Fig. 26. Gillespie-Sidgwick lone pair 

analogous to structures C, Fig. 25, and B, Fig. 24, may  differ little in 
energy, yielding non-stereochemically rigid systems, similar, perhaps, 
to Bartell and Gavins' recently proposed model of xenon hexafluoride 88). 

There is some evidence in support of the view that  an electron- 
domain's  effective volume, if not its shape, is approximately transferable 
from one system to another. Compress a Sidgwick-type unshared electron 
on one side and it appears to expand elsewhere, particularly on the 
opposite (trans) side of the kernel, much as one might expect from the 
form of the kinetic energy operator and the energy minimization prin- 
ciple, which, taken together, require smooth changes in electron density, 
within a domain. 

Square-planar, four-coordinate tellurium(I I) complexes, whose structu- 
ral chemistry has recently been summarized by Foss 89), offer illustrations 
of this highly approximate,  constant-volume rule. Fig. 27 is a drawing, 
approximately to scale, of a schematic, electron-domain representation 
of a section through the 1 : 1 complex of benzenetellurenyl chloride with 
thiourea 90). Shown are the electron domains of: the tellurium kernel 
(largest, nearly centrally located solid circle); the ligands' kernels (two 
chlorine kernels, a sulfur kernel of thiourea, and a carbon kernel of ben- 
zene); and the domains of the tellurium atom's  shared valence-shell 
electrons (open circles) and, most schematically of all, the tellurium 
atom's  unshared valence-shell electrons (shaded region). 

Figs. 24--26 may  be viewed, in succession, as a lone pair of approxi- 
mate  constant volume into, around, and around in which are moved the 
domains of a central a tom's  kernel and valence-shell electrons. 

The structural chemistry of the tin(II) ion has been reviewed by 
Donaldson 91), who concludes that  the effective shape of this ion in 
crystalline materials may  be described as a sphere with a bulge of 
electron density that  prevents the close approach of other bodies along 
the direction in which the bulge points. "The nse outer electron con- 
figuration," he writes, "presents a unique problem in descriptive in- 
organic chemistry." 
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Fig. 27. Schematic representation of the local electronic environment of a telluriuln 
kernel in the 1 : 1 complex of benzenetellurenyl chloride and thiourea 9o) 

VIII. Further Uses of Local ized Electron-Domain Models  

1. Estimation of Interatomic Distances. The not ion  of transferable inter- 
ference radii --  tha t ,  e.g., a hydrogen  a t o m  is a p p r o x i m a t e l y  the same 
"size"  whe the r  i t  is a t t a c h e d  to a phenyl  r ing (Fig. 1) or to a cyc lohexane  
r ing (Fig. 2); or t ha t  a sodium ion is a p p r o x i m a t e l y  the  same "size"  
whe the r  i t  is su r rounded  b y  chlor ide ions in NaC1 or by,  say, b romide  
ions in N a B r  - -  has found wide app l ica t ion  in the es t ima t ion  of d is tances  
be tween  (i) ad j acen t  a toms  in ad jacen t  molecules in molecular  solids 
and  (ii) ad j acen t  a toms  in ionic solids. Ex tens ion  of these resul ts  to the  
e s t ima t ion  of in t e ra tomic  d is tances  wi th in  covalent  molecules th rough  
use of the  local ized e lec t ron-domain  model  and  one, new, t w o - p a r a m e t e r  
re la t ion (but  no new empir ica l  radii)  is i l lus t ra ted  in Fig. 28. 

In  Fig. 28, R is the  rad ius  of the  e lect ron pair  of a l inear,  one-elect ron-  
pa i r  bond,  length  d; ra and  rb are Pauling's crys ta l  radii  2l. Empi r i ca l ly ,  
R m a y  be expressed,  as ind ica ted ,  as a cons tant ,  a p p r o x i m a t e l y  equal  
to the  Bohr  radius,  plus an inc rement  t ha t  increases wi th  the  size of the  
smaller (and genera l ly  t he  more h ighly  charged) a tomic  core. I t  is th is  
a tomic  core - -  the  one to which in the  compound ' s  name  the suffix ide 
is a d d e d  - -  t ha t  l a rge ly  de te rmines  the  proper t ies  of the  shared  electron-  
pair .  Some s ingle-bond dis tances  ca lcu la ted  b y  means  of the  "R  equa t ion"  
given in Fig.  27 are compared  wi th  recen t ly  de t e rmined  in te ra tomic  
d is tances  in Table  2. 

The  re la t ionship  be tween  a tomic  radii ,  ionic radii ,  van  der  Waa l s  
radi i ,  and  the electr ide- ion model  of a shared-e lec t ron-pa i r  b o n d  is shown 
in Fig. 29. M represents  a r e la t ive ly  large a tomic  core of an electroposi-  
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d 

d = 2 R +  ro + r b  

R =  0 , 6  + 0 . 4 r b  

Fig. 28. 1 stimttion of internuclelr  distan(es. El(ctron~ mod(l of a partially 
ionic, linear, cme-electroi>pair bond. Cf. the bolld charge mod~l of Parr, R. G., a~ld 
R. F. t~or/,mza~z: J. (;h<m Phys. 49, 1055 (19681 and t~ork,,~a~l, R. t;., ( Si,~o~zs~ 
and h'. 6". Par~: J. (hem. Phys. 50, 58 (19691 

Compound Bond Calc. length Obs. length 

13is 2-dimeth3 laminoethyl(methyl ) amino Mg----C 2.12 2.10 ~'12) 
d i ( m e t h  y I m ag~l~ si u m ) 

Octa methyldialumil~ium monomagncsiu m A I - C  /.97 197 ,~a) 

Dimethylgermane (;e~- C 2.00 1.95 ~)4) 

Heptam( thyll)enzene l;('trachloroaluminat~ A1 -- C1 2.17 2.12 ,~5) 

Silicoll t( t~achlorid( Si--C1 209 2.02 ,~a) 

Dil)oron tetrachloride B- -B 1.76 1.70 ~)(~) 

t i v e  e l e m e n t  (i.e., a cati(m).  X r e p r e s e n t s  a r e l a t i v e l y  smal l  a t o m i c  core  

ot an e l ( c t r o n e g a t i v e  e l e m e n t  (i.e.,  t h e  kerne l  of an a~ion).  T h e  large,  
u n l a b e l l e d  s p h e r (  r e p r e s e n t s  an  e lee t r ide  ion. 

Sla ler  has  e m p h a s i z e d  t h a t  t he  ionic  rad i i  tor  e l e e t r o p o s i t i v e  e l e m e n t s  

are  a b o u t  0.85 X sma l l e r  t h a n  t h e  a t o m i c  radi i ,  whi le  those  for t h e  e lec t ro -  

n e g a t i v e  e l e m e n t s  are  a b o u t  0,85 /~ l a l g e r  t h a n  the  a t o m i c  radi i  971 

F r o m  I:ig. 29 one  sees t ha t ,  to  t h e  e x t e n t  t h a t  one  m a  3 ignore  t he  va r i a -  

t ion of R wi th  core  rad i i  (Fig. 28), 

( X  or l I ' s  A t o m i c  Kadms)  ,:-: (X or M ' s  K e r n e l  R a d i u s ) }  R 

(X ' s  Ionic  Radius)  ...... (X ' s  Ke rne l  R a d i u s ) - {  2 R.  
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J 

i RM 

' R ' 

IRx-  
p 

R• 

EMctron pair radius: R 

Kernel radii: r M, r X 

ionic radii: RM+, R x- 

A l o m i c  radii: R M, R x 

Fig. 29. Atomic and ionic radii. A m(~d~4 for the discussion of the rl~latilmships 
between atomic, ionic, and van der Waal~ radii~ 

Hence,  

(X's  Ionic  Radiu.a) ~= (X's  Atomic  R a d i u s ) I f  
(M's Ion ic  Rad ius ) -=  (M's  Kernel  Radius)  : (M's Atomic  Radius)  .... R. 

W i t h R  0.85 i~., the  equat ion  If:-=0.6 0.4 r (F:ig. 28) yields for r t h (  
value  0.6 f\,  close to  ti le mean value of t i le kernel  radii  of tim more 
famil iar  elements .  

F r o m  Fig. 29, " W e  can unde r s t and" ,  to quote  Slatcr .~7)"how th (  
sum of ionic radii  for an electropc~sitive and e lec t ronegat ive  e lement  is 
able  to l ead  to a lmost  exac t l y  ti le same resul t  as the  sum of the a tomic  
radi i  of the  same e lements" .  

I : rom Vig. 29 one sees, also, t h a t  

(X's  van der  \Vaals Radius)  ....... (X 's  Kernel  Radius)  I 2 R 
(X's  Ionic  Radius) .  

Addi t iona l ly ,  from Fig. 29 orle sees tha t ,  if, as prot)osed by Fros! 4~) 
a spher ical  gauss ian  function is a fair r epresen ta t ion  of the  d i s t r ibu t ion  
of charge wi thin  an e lect r ide  ion, /]~efe shozild be, as found b v  Slated sW) 

a ve~), good correlatio~, a;.~d i~ ma;~ 3, cases practical@ aJl eqttal@,, bet~'eel~ 
the atomic r a d i i . . ,  a~d the calculated radials of ma:x'im~sm radial char,z,e 
density in the outermost shell ~{f the atom". 
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2. Stereochemislry of Electron-Pair-Coordination-Number 5. Atoms 
that  contain in their valence shells five electron-pairs present interesting 
stereochemical problems to which several of the ideas developed above 
may be applied. 

Gillespie has formulated a "90~ Rule" 57c) that predicts 
correctly the distribution of lone pairs over axial and equatorial positions 
in the trigonal-bipyramidal configurations of compounds of the type 
( E = l o n e  pair) AX4E (e.g. SFa, (CHs)2TeC12), AX3E2 (e,g. C1F3, C6H5 
IC12), and AX~E~ (e.g. ICI~, XeF2). Gillespie's rule works, also, for 
electron-pair-coordination-number-6 compounds of the type AXaE2 
(e.g. ICI~, XeFa). The same predictions are obtained from a simple 
electrostatic model in which a halogen (or other) ligand is represented 
by a + 1 point-charge (the effective net charge, seen from a distance, of a 
halogen atom's + 7 kernel and 6 unshared electrons) set at twice the 
distance from the central atom's nucleus as - -2  point-charges represent- 
ing the central atom's valence shell electron-pairs. 

In trigonal bipyramidal coordination the axial bonds are longer than 
the equatorial bonds, for all non-transition elements that  have been 
observed in that coordination 981. This stereochemical feature might 
arise from intrinsic departures of the central atom's core from spherical 
symmetry 99), from nonbonded interactions, and/or from repulsions 
among electrons in the central atom's valence shell. The importance of 
the latter interactions is suggested by the fact that the difference in 
lengths of axial and equatorial bonds to identical ligands is (with the 
exception of fluorine) generally more than or less than 0.15 A depending 
on whether there are or are not lone pairs present in the central atom's 
valence shell. [For fluorine (a poor leaving group), the difference always 
is less than 0.11 A.] 

The intrinsic tendency of a lone pair to encircle an atomic core, push- 
ing bonding pairs closer to each other (initially) (Figs. 24 A and B) and 
outward (Figs. 24C and 26) is further suggested by the structures of the 
compounds R2TeX2E examined by McCullough and co-workers lO0-1o2) 
(R is an organic group, X a halogen, E a lone pair). In the direction of the 
axially located halogen ligands, the apparent size of the tellurium atom -- 
obtained by subtracting the ionic radius of the halogen from the observed 
T e - X  distance -- increases in going from X = C 1  to X = I ,  i.e., with 
increasing "goodness" of the leaving group (el-, Br-,  or I-). 

Concentration of the expansive effect of the lone pair upon the bond 
to a single, good leaving group may so lengthen the bond as to suggest 
an ionic formulation for the compound. Crystalline trimethylselenonium 
iodide, e.g., has been described as composed of the ions (CH3)sSe + and 
I -  103). And trimethyltelluronium bromide is a l : l  electrolyte in dime- 
thylformamide lo4). 
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Numerous authors have cited the halide-ion donor properties and 
tendency toward ionization of the Group VI tetrahalides, particularly 
SC14 105), SeC14 106-107), TeC14 106-108), and TeBr4 lO?-1o8), but not 
the fluorides such as SeF4 109). Toward BF3, dimethylselenium dihalides, 
rather than sharing (directly) the unshared pair on selenium, evidently 
transfer halide ions to the Lewis acid, yielding ionic monohalogendi- 
methylselenium(IV) tetrahaloborates 110). 

Generally, for compounds that  contain lone pairs attached to atoms 
of second- and later-row elements, the model of angularly delocalized 
lone pairs about large-core atoms is useful in rationalizing (i) the low 
Bronsted and Lewis bascicity of such electrons; (ii) the abnormal lengths 
of bonds to adjacent groups, particularly good leaving groups; (iii) the 
tendency for the central atom to ionize off a good leaving group; and 
perhaps, too, should the lone pair achieve a Sidgwick-type configuration 
(with a corresponding overall enlargement of the core) in rationalizing 
(iv) an apparent tendency for a central atom whose coordination number 
is already relatively large further to increase its coordination number, 
in condensed phases, through polymerization 111). 

Interestingly, the geometrical condition that  a spherical atomic core 
be large enough to touch simultaneously five spherical ligands in trigonal 
bipyramidal coordination (smallest bond angle 90 ~ is the same condition 
as the non-rattling condition for octahedral coordination. In both 
instances the atomic core must be large enough to subtend an angle of 
90 ~ when touching two mutually tangent, spherical ligands. From the 
viewpoint of the electride ion model, therefore, an atom that can form 
compounds in which it has an electron-pair-coordination-number 5 should 
be able to form compounds in which it has an electron-pair-coordination- 
number 6. Such seems to be the case. I t  would appear that  there are no 
exceptions to this "if-5-then-6" theorem. Conversely, one predicts that  
in covalent compounds, the small-core elements carbon, nitrogen, oxygen, 
and fluorine will never be found in trigonal bipyramidal ccordination with 
two equally distant axial groups ix~). 

Closely related to the "if-5-then-6" theorem is the fact, frequently 
noted, that,  for points on a sphere repelling each other according to an 
inverse square law, the difference in energy between a trigonal bipyrami- 
dal arrangement (cf. A in Fig. 30) and a tetragonal pyramidal arrange- 
ment (cf. B in Fig. 30) is relatively small. Thus, as suggested by Berry 113), 
interchange of axial and equatorial groups by an intramolecular mecha- 
nism (Fig. 30) may be relatively easy. Similar remarks hold for several 
higher coordination numbers. 

3. Multicenter Bonding. While the valence stroke of classical struc- 
tural theory is for many purposes a useful representation of an electron- 
domain created by the fields of two atomic cores (for every line-segment 
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Fig. 30 A--C. The Berry mechanism for electron-pair-coordination-number 5. (A) Tri- 
gonal b ipyramidal  coordination. Ligands bonded through shaded electron-domains 
are in axial positions. (B) Tetragonal  pyramidal  coordination. A slight distort ion of 
s t ructure  A. (C) Trigonal b ipyramidal  coordination. A slight distort ion of s t ructure  
B. Ligands bonded through shaded electron-domains are now ill equatorial  positions 

has precisely two ends), a segment of a line is not generally used to 
represent an electron-domain created by  the field of a single atomic core 
(a lone-pair domain), nor can it be used --  or be conveniently modified --  
to represent an electron-domain produced by  the fields of three or more 
atomic cores. For the latter, a dashed polygon is often used. A three- 
center bond, e.g., is often represented by  a dashed triangle. 

Sometimes a three-dimensional model gives a clearer physical picture 
of a chemical structure than does any stylized, two-dimensional drawing. 
In conventional ion-packing models of, e.g., BeF2, MgF2, CaF2, NaC1, 
and CsC1, it is easy to see, if not to show, schematically, in two dimensions, 
tha t  each anion is shared by  --  i.e. is touching simultaneously -- 2,3,4,6, 
and 8 cations. The Correspondence Principle (Table 1) suggests that  the 
multiple-shared-spherical-anion model of crystal chemistry might be useful 
in accounting for the structures of "electride-ion-deficient" covalent com- 
pounds. Indeed, in many instances, localized orbitals, whether 1-center 
orbitals (for conventional lone pairs), 2-center orbitals (for conventional 
bonding pairs), or n-center orbitals, n > 2 (for "multicenter bonding"), 
can be represented --  to a first (and often useful) approximation --  by  
spherical electron-domains. 

Spherical-domain models of three-center bonds in localized-molecular- 
orbital models of a nonclassical carbonium ion, B4C14, and TasCll2~ 
have been described 49,s~). A drawing of a spherical-domain model of 
the methyl  lithium tetramer, (LiCH3)4, is shown in Fig. 31. Large, outer 
circles represent domains of electron-pairs of C - H  bonds. Solid circles 
represent domains of Li + ions. Shaded circles represent 4-center lithium- 
lithium-lithium-carbon bonds --  i.e., electron-pair domains that  touch, 
simultaneously, three lithium ions and the kernel of a carbon atom. The 
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observed value for the ratio of the lithium-lithium distance in (LiCH3)a 
to the li thium-carbon distance is 1.12. For the model shown in Fig. 31 - -  
with, however, all domains taken to be the same size (i. e., with rcH = 
rLt + = rLtUUC ,-~0.66 A, by  the equation in Fig. 28), and with the ker- 
nels of the carbon atoms in the centers of their tetrahedral  interstices 
(the most critical - -  and best - -  assumption being the one rLt + = rLtUlaC) 
- -  the calculated value for the Li-Li/Li-C ratio is 1.14. 

Fig. 31. Electron-domain model of (LiCH3)4 

4. Metals. In  heteropolar compounds multiple sharing of anions by  
cations is most  pronounced in compounds where the number  of anions 
per cation is relatively small, much smaller than the normal coordination 
numbers of the cations, i.e., in the halides and chalcogenides of the ele- 
ments  of Group I and n of the Periodic Table. By  the Correspondence 
Principle, one anticipates tha t  models showing multiple sharing of 
localized electron-domains by  atomic cores will be particularly useful in 
accounting for the properties of substances for which the number  of 
valence electrons per atomic core is relatively small. Such models for 
metals from Groups I and II,  with electrons - -  or pairs of electrons - -  
playing the role of conventional anions, have, in fact, been proposed by  
numerous authors 7Z, l14-1zo). These models account directly, if yet  only 
qualitatively, for m a n y  of the important  chemical and physical properties 
of metals. While hardly new, these models, with anticipated refinements, 
m a y  fulfill in other respects Houston's hope " tha t  in due t ime there m a y  
emerge [in the s tudy of metals] some new ideas which are as significant 
and simple as the t rea tment  of nuclear vibrations by  means of normal 
coordinates, as helpful as the application of Fermi statistics to the 
electrons, and as pictorial as the t rea tment  of electrons as waves" 121). 
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IX. Different Domains for Different Spins 

Fig. 32 shows on the left a conventional, localized domain model of the 
electronic environment of an atom that  satisfies the Octet Rule. Each 
domain is occupied by  two electrons. I t  is well known, however, tha t  the 
assumption of two electrons per orbital is unnecessarily restrictive ~7,129.). 
Bet ter  energies are obtained in quantum mechanical calculations if 
different orbitals are used for electrons of different spins, a fact first 
demonstrated in quanti tat ive calculations on helium by  Hylleraas 123) 
and Eckart 124). Later, this "split-orbital" method was applied to r~- 
electron systems ~7,125). Its general application to chemical systems 
has been developed by  Linnett 1~o. 

Linnett's procedure may be viewed as a refinement of classical struc- 
tural theory 99). In Linnett's theory, the van't Hoff-Lewis tetrahedral 
model is applied twice, once to each set of spins, with the assumption 
that,  owing to coulombic repulsions between electrons of opposite spin, 
there may  be, in some instances, a relatively large degree of spatial 
anticoincidence between a system's two spin-sets. 

On the right in Fig. 32 is an electron-domain representation of Lin- 
nat's model of an Octet-Rule satisfying atom in field-free space. For  
domains of (i) fixed size and distribution of charge, (ii) fixed distances 
from the nucleus, and (iii) fixed tetrahedral disposition with respect to 
other domains of the same spin-set, three of the four contributions to the 
total energies of the two structures in Fig. 32 are identical, namely the 
energies arising from (i) electronic motion, (ii) nuclear-electron attrac- 
tions, and (iii) electron-electron repulsions between electrons of the same 

) 

Organic Oxygen Inorganic Oxygen 

Fig. 32. Electron-domain representat ion of (left) strong-field and  (right) weak-field 
models of an  octet,  after  Linnett l~O) 
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spin. Between electrons of opposite spin, however, repulsions are less 
for the structure on the right than for the one on the left. In the absence 
of external fields, the structure on the right with partially anticoincident 
spin-sets is presumably a better representation of, e.g., an hypothetical 
08-  ion than is the structure on the left with fully coincident spln-sets. 

The relatively weak fields of two Li + ions are evidently not able to 
force into coincidence the two spin-sets of an 02-  ion, for it is reported 
that  in the gas phase the molecule Li20 is linear 19.7). With, however, an 
increase in charge and decrease in size of the kernels of the ligands, the 
tendency to produce spatial pairing in the bonding -- and, hence, also, 
in the non-bonding -- regions about the central atom increases and the 
bond angle at oxygen gradually decreases toward the (approximately) 
tetrahedral angle characteristic of organic (that is to say, small-core) 
compounds. The data have been reviewed by Gillespie l~s}. In inorganic 
compounds average values for the bond angles S i -O-S i ,  P -O- -P ,  and 
S - O - S  are, respectively, 137, 128, and 118 ~ In C120 the bond angle 
is 110.8 ~ . 

In the Linnett, weak-field model of an octet, the spin-densities off 
opposite corners of the octet are of opposite signs, Fig. 32. This suggests 
that  two, identical magnetic ions coordinated colinearly by an oxide ion 
might be coupled antiferromagnetically, Fig. 33, as, in fact, has been 

! i 

Fig. 33. Antiferromagnetic coupling of two magnetic cations via an intervening 
anion. Cf. Halpern, V. : Proc. Royal Soc. (London} 291, 113 (1966) 

37 



H. A. B e n t  

observed, first for MnO lzg~, later for several transition metal fluorides 
with the W08 structure is0} and, also, for such species as (C15Ru-O- 
RuC15)4- x31} and (C15Re--O-ReC15~ 4- 18a~. 

One of the earliest applications of the method of different orbitals 
for different spins appears in Slater's classic study of the cohesion of 
monovalent metals 13s). In Stater's model of the body-centered cubic 
structure of the alkali metals, the lowest unperturbed, zero spin-state is 
taken to be one in which the valence electrons about the atoms at the 
cube-corners have one spin, spin r162 while those at the cube-centers have 
the opposite spin, spin (3. 

The upper drawing in Fig. 34 is a schematic, electron-domain repre- 
sentation of the spin-density in a plane through two neighboring corner 
atoms and the adjacent center atom in Slater's model ot the alkali metals. 
Solid circles represent the atoms' kernels (M+ cations). The Pauli Exclu- 
sion Principle permits domains occupied by electrons of opposite spin 
to overlap (comer atoms with the central atom), but prohibits overlap 
between domains occupied by electrons of the same spin (comer atoms 
with comer atoms). 

Na(br162 

Na2(g) 

Fig. 34. Top:  Electron-domain represerttation of Slater 's  model of the  alkali metals 
133). Bo t tom:  Electron-domain representat ion of an  analogous model for the  corre- 
sponding gaseous dimers 
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Since the shortest interatomic distance in the metallic state of the 
alkali metals, M(bce), is greater than the interatomic distance in the 
corresponding gaseous dimer, M~.(g), the length of the body-centered 
unit cell, a, is shown in Fig. 34 as being fixed by contact between valence- 
shell domains occupied by electrons of the same spin (those at adjacent 
comers). This model predicts that,  insofar as the sizes and shapes of 
electron-domains are transferable, the distance of closest approach of 
two isolated alkali atoms should be (bottom drawing, Fig. 34) one-half 
the unit length, a[2, plus the corresponding ionic radius, r~+. This sum 
is close to the observed interatomic distance for the gaseous dimers of 
sodium and potassium, Table 3. 

Table 3..4 relation between the interatomio distances in 
solid and gaseous alkali metals (see Fig. 34) (Distances 
in Angstroms) 

Metal, M a(bce) r ~  -2) a]2+rM+ i .a .d,  in 
M2(g) 

Li 3.50 0.60* 2.33 2.67 
Na 4.28 0.95 3.09 3.08 
K 5.33 1.33 3.99 3.92 

* Most authors use a slightly larger value, ca. 0.68,4. 

The core model of Fig. 34 (atomic cores surrounded -- but  not pene- 
trated -- by  valence-shell electrons) has a long history. I t  was advanced 
by Ramsey, in 1908, who referred to an atom's outer electrons as a "rind" 
la4) ; by Lorentz, in 1916, who viewed metals as a crystalline arrangement 
of hard, impenetrable cations with valence electrons in the interstices 
135); by  Langmuir, in 1919, who noting (after Faraday 136) and many 
others) the relatively large molar volume of metallic sodium, postulated 
a specific repulsion between a completed octet and a single free electron 
137); by Rice, in a classic paper on the alkali and alkaline earth metals, 
in 1933, who, after the fashion of van der Waals, took the volume avail- 
able to a metal's valence electrons as the metal's atomic volume less 
an "intrinsic ionic volume" which, in anticipation of the theory of 
pseudopotentials (vide infra), was assumed to act "to some extent like 
a region into which it [a valence electron] cannot go" t3s); by  Stokes, 
in 1964, who concluded that  in a metal crystal the ions have a covolume 
equal to "the volume of spheres having the radii found from studies of 
alkali halide crystals and which is effectively inaccessible to the valency 
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electrons" 139), by  Raich and Good, in 1965, who treated the conduction 
electrons as a gas of uniform density in a spherical shell "around impene- 
trable spheres representing the ion core" 140); and by  Cutler, in 1967, 
who, following Rice and later workers, found that  the empirically deter- 
mined effective radius of an ion in a metal  is generally comparable with 
its conventional ionic radius 141). 

The potential energy function for a valence electron in the core model 
is compared with the pseudopotential of Phillips and Kleinman 142) and 
Cohen and Heine 143~ in Fig. 35. The potential energy function for the 
impenetrable core model is given by  the dashed line. I t  is Coulombic 
down to a core radius Rc, at which point it rises to infinity. According 
to the cancellation theorem of pseudopentential theory 143-1447, the 
negative potential energy of a valence electron near an atomic nucleus 
is nearly cancelled by the positive kinetic energy associated with the 
rapid oscillations of the wave function imposed by  the conventional --  
if not essential 145) _ requirement that  the wave functions of the valence 
electron be orthogonal to the wave functions of all the core-electrons. 
The result is an effective cut-off coulomb potential shown schematically 
in Fig. 35 by  the solid line 146). 

To account for the magnetic hyperfine interaction in, e.g., the ground 
state of a lithium atom, it is necessary in the core model to go beyond the 
usual, restricted Hartree-Fock approximation, which assumes that  the 
spatial parts of one-electron orbitals are independent of ms (the spin- 

~, 4x 

V 

R c 

t 
t 

> r  

Fig. 35. Dashed line: Potent ia l  energy funct ion for a valence electron in the  im- 
penet rable  core model. Rc = core radius.  Solid line: Pseudopotent ia l ,  a f te r  A u s t i n  
and  Heine  146) 
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equivalence restriction), and which therefore does not permit core 
electrons to make a contribution to the magnetic hyperfine interaction 
147}. For an atom with an odd number of valence electrons, different 
radial functions should be used for core electrons with different spins. 

The use in the quantum mechanical calculations of discontinuous trial 
functions constructed from exclusive orbitals has been discussed by 
Weare and -Parr 148) and Hall 149), who establish that,  by using, e.g., 
the Green's function to turn Schrodinger's differential equation into an 
integral equation 149~, one can do a priori quantum mechanical calcula- 
tions on molecules using as basis functions atomic orbitals on different 
nuclei that  are rigorously cut off so that  no orbital on one atom has a 
non-vanishing overlap with any orbital on another atom 14s}. 

X. S u m m a r y  

The development of useful models of mat ter  prior to 1926 shows thaL 
while a f u n d a m e n t a l -  i.e. widely applicable -- explanation of the prop- 
erties of mat ter  may  be, in principle, a quantum mechanical problem, 
many problems can be treated in a simpler fashion. Even complicated 
systems have their simpler aspects 1~0). 

Clementi asserts, however, tha t  it is becoming increasingly apparent 
that  any "all-electron" quantum mechanical t reatment  of a moderately 
complex molecule is not feasible, even with modern high-speed computers 
151). "Is there," Whyte asks, "no short cut from the postulates of physics 
to our visual observations ?" 152). 

A significant simplification in the electronic interpretation of chem- 
istry can, in fact, be achieved by  introducing the Exclusion Principle 
at the very beginning of the discussion x53). The justification for this 
procedure lies chiefly in the simplicity of the results, their visualizable 
character, and their explanatory power. 

The Exclusion Principle can be expressed in several ways: in Pauli's 
early statement tha t  no two electrons can have all their quantum 
numbers the same; or, more satisfactorily (since individual quantum 
numbers are, strictly speaking, physically meaningless in systems of 
strongly interacting particles) in Heisenberg's later statement that  the 
wave function for a system of fermions must be antisymmetric. 

The antisymmetric requirement is an intrinsic property of electrons, 
along with their charge, mass, and spin. Any 'state'  that  violates the 
ant isymmetry requirement is absurd as a state in which an electron has, 
e.g., a spin of three halves or zero mass 154~. 

The antisymmetry requirement implies that  electrons with the same 
spin cannot be at the same place at the same time. Electrons of like spin 
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tend to avoid each other. "This effect is most powerful," writes Lennard- 
Jones 1557, "much more powerful than that  of electrostatic forces. I t  
does more to determine the shapes and properties of molecules than any 
other single factor. I t  is the exclusion principle which plays the dominant 
role in chemistry. Its all-pervading influence does not seem hitherto to 
have been fully realised by chemists, but it is safe to say that  ultimately 
it will be regarded as the most important property to be learned by those 
concerned with molecular structure." 

The Exclusion Principle endows quantum mechanical systems with a 
property analogous in many respects to the classical concept of impene- 
trability x 5~. This property finds expression in classical structural theory 
in the concept of molecular, van der Waals domains that  may touch and 
deform one another but do not overlap; in the concept of ionic spheres 
of influence that, while polarizable and compressible, are effectively 
impenetrable; and in the well known, if seldom articulated, theorem that  
the valence strokes of classical structural theory never cross one another 
7s). Taken with Lewis's identification of the valence-stroke as precisely 
two electrons, this non-crossing theorem virtually demands (in retrospect) 
a wave-like character for electrons and an exclusion principle. 

The evolution of the valence stroke from a primitive, irreducible 
element of chemical theory to a construct to which the laws of modern 
physics may be applied is summarized in Fig. 36. 

oo 

1868 1916 1926 1960 

Fig. 36. A shor t  h is tory  of the  in t roduct ion into s t ructura l  chemistry of the  discov- 
eries of electron-physics 

The concept of (approximately) transferable, localized electron- 
domains provides a link between quantum physics and classical chemical 
theory and serves to clarify, from the viewpoint of physics, the status of 
classical chemical concepts. This link provides a chemist, therefore, with 
an intuitive understanding of quantum mechanical relations, in the 
sense that  it permits one to guess qualitatively, through the use of classi- 
cal chemical theory, what answers rigorous applications of the quantum 
mechanical formalism would give when applied to simple chemical 
problems 15~j. Through the Correspondence Principle, the electron- 
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domain representation enables one to utilize, also, in the systematic 
development of a theory of small-core, covalent compounds nearly every 
feature of the structural theory of ionic compounds 157). The chief results 
obtained in this way are summarized in the following Principles of Struc- 
tural Chemistry. 

Covalent compounds may be viewed as ion-compounds. 

Cations = atomic cores (usually relatively small cations). 
Anions = valence-sheU electrons. 
Generally ranton > rea~ion- 

A polyhedron of anions, which may be localized electrons, is formed 
about each cation. All compounds may be viewed as coordination com- 
pounds. 

A cation's coordination number is determined, in part, by the radius 
ratio. Rattling is bad. Hence, 

Small cores ( 0 < r < 0 . 2 5  /~) have an EPCN (electron pair 
coordination number) = 4. 
Large cores (r > 0.25 A) may have an EPCN > 4. 

In anion-deficient structures, polyhedra may share corners, edges, 
or faces. 

Edge- and face-sharing destabilizes a structure, owing to the cation- 
cation Coulomb term. 

Highly charged cations tend not to share polyhedron elements with 
each other, owing to the cation-cation Coulomb term. 

In edge- and face-sharing, and in mutual sharing by highly charged 
cations, cation-cation repulsions may operate to displace the cations, if 
small, from the centers of their coordinated polyhedra. 

Anions may be shared by more than two cations. 
Unshared electrons tend to envelop the atomic cores to which they 

are coordinated. 
The chief differences between small-core, organic compounds and 

large-core, inorganic compounds are summarized schematically in Fig. 37. 
At a small-core site (Fig. 37, left drawing), one finds, typically, a coordi- 
natively saturated, octet-rule-satisfying, relatively unreactive electro- 
philic center whose reactions are kinetically controlled and proceed via 
back-side attack with inversion of configuration and much bond-breaking 
preceeding the transition state. At a large-core site (Fig. 37, right draw- 
ing), one finds, typically, a coordinatively unsaturated, variable-valence, 
relatively reactive electrophilic center whose reactions are thermody- 
namically controlled and proceed often via front-side attack with retention 
of configuration and much bond-making preceeding the transition state. 
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ORGANIC CHEMISTRY iNORGANIC CHEMISTRY 

Fig. 37. Shielded and incompletely shielded cores. Models for the discussion of 
reactivity pat terns in small- and large-core chemistry 

The major types of bonds encountered in chemistry are summarized 
schematically in Fig. 38. Broadly speaking, there are two types of atomic 
cores, small and large, and three combinations of core-types: small with 
small, large with large, and small with large. Significantly, chemists 
have traditionally recognized three types of bonds: covalent, metallic, 
and ionic. These correspond, respectively, to electrons shared b y  two 
or more small cores, two or more large cores, or a small core and a large 
core.  

Covalent 

Ionic 

Metallic 

Multicenter 

Fig. 38. Bond types. Electron-domain models of chemical bonds 
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I. Introduction 

The technique of activation analysis evolved from the work of Heresy 
and Levi in 1936 on the reactions of neutrons with rare earth elements 1). 
The technique was not widely used until 1950, when a period of rapid 
growth in the number of applications started. The literature in the field 
today approaches 4000 publications and monographs, including nearly 
600 contributions in 1967 alone. An excellent bibliography cross-indexed 
by author, element determined, matrix analyzed and technique used 
has been recently published by the U. S. National Bureau of Standards 2). 
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Numerous books and monographs published in the last decade are 
available to provide fundamental information on the method 8-17). 

The technique permits qualitative and quantitative elemental ana- 
lyses in a wide variety of sample matrices. Principal advantages of the 
method are 

high sensitivity (often in the sub-nanogram region) for many elements, 
freedom from laboratory and reagent contamination problems, 
and in many cases the possibility of rapid and essentially non- 
destructive analyses. 

The method yields only gross sample elemental abundances and by 
itself does not permit distinguishing between different chemical states 
of an element in mixtures. For many elements, activation analysis is the 
most sensitive analytical technique available. It is the purpose of this 
paper to show that recent advances in instrumentation now make 
possible accurate, rapid, and often non-destructive determinations of 
elemental abundances by this technique and that it should be included 
among the routine analytical tools available in any modem analytical 
facility. 

Activation analysis is based on the production of radioactive nuclides 
by means of induced nuclear reactions on naturally occurring isotopes 
of the element to be determined in the sample. Although irradiations 
with charged particles and photons have been used in special cases, 
irradiation with reactor thermal neutrons or 14 MeV neutrons produced 
by Cockcroft-Walton type accelerators are most commonly used because 
of their availability and their high probability of nuclear reaction (cross 
section). The fundamental equation of activation analysis is given below: 

where, 

. 4 =  
n 

o" = 

If ~--- 
t a = 

(i) 

t h e  a c t i v i t y  of t h e  p r o d u c t  r ad ionuc l ide  (d i s in tegra t ions  per  second).  
t h e  n u m b e r  oI a t o m s  o5 t he  t a r g e t  nuc l ide  in t h e  sample .  
" f lux" ,  or  t h e  a r e a - t i m e  d e n s i t y  of t he  b o m b a r d i n g  par t ic les  (part icles  
pe r  squa re  c e n t i m e t e r  pe r  second) .  
"c ross  sec t ion" ,  or  t h e  p robab i l i t y  t h a t  a t a r g e t  nuc l eus  will u n d e r g o  a 
specific nuc l ea r  r eac t ion  w i t h  t h e  inc iden t  par t ic les  (square  cen t ime te r s ) .  
t h e  deca y  c o n s t a n t  of t h e  p r o d u c t  r ad ionuc l ide  (In 2/H, where  H is t h e  
half-l ife of  t h e  rad ionuc l ide  in  t i m e  un i t s  ident ica l  to  t hose  used  for tt 
a n d  td). 
t h e  t i m e  of i r r ad ia t ion  of t h e  sample .  
t he  t i m e  of decay  fol lowing i r r ad ia t ion  a n d  pr ior  to t h e  s t a r t  of  coun t ing .  

The term (1-e-at 0 is referred to as the saturation factor and approaches 
unity as the time of irradiation becomes large with respect to the half- 
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life of the product radionuclide. Obviously, little is gained by  irradiation 
of the sample for periods longer than 2 or 3 times the half-life of the 
product  radionuclide. 

The weight (W) of the element in the sample in units of grams m a y  
then be computed from Eq. 2: 

W =  n (At.Wt.)/6.02 • 10 a8 (Iso.Abd.) 

where, 

At. Wt.  ~ the  a tomic  weight  of the  element  
Iso. Abd. ~ the  isotopic abundance  of the  ta rge t  nuclide expressed as a 

fraction. 

(2) 

The use of Eq. 1 depends on accurate information on the flux, the cross 
section, and the absolute act ivi ty of the product radionuclide. In  practice 
these da ta  are difficult to obtain and, in addition, the flux m a y  not be 
constant with respect to t ime or position of irradiation. 

I t  is the usual practice, therefore, to irradiate a standard containing 
a known amount  of the element to be determined along with the samples 
and to count both  standards and samples with the same detector system. 
In  this case the absolute value of the flux, the constancy of the flux, and 
the detection efficiency of the detector do not enter into the determina- 
tion. By combining the s tandard activation equations for both s tandard 
and sample, the following equation results: 

Rstd -- Wstd (e-atd)std 

Rsam Wsam (r 

where, 

Rstd and Rsam ~ the experimental counting rates for the standard and 
sample, respectively. 

Wsta and l V s a m  ~ weights of the element in the standard and sample, 
respectively, assuming identical isotopic composition. 

(3) 

Since the standard and sample are to be counted with the same detector 
system, they are ordinarily counted in sequence and the decay factors 
(e-ma) will not be identical. 

When the indicator radionuclide has a half-life short with respect to 
the counting time, as in the determination of oxygen via 14 MeV neutron 
activation to produce 7.37 sec half-lifel6N, additional corrections to the 
above equations are required is). 

Many of the early applications of activation analysis were designed 
specifically to take advantage of its high sensitivity for rarer elements 
and its freedom from sources of contamination. In these trace element 
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studies time-consuming radiochemical separations employing inactive 
carriers were often required to obtain the product radionuclide in a 
radiochemically pure form for counting. This was necessary in activation 
analysis of complex matrices, due to the production of macro-amounts 
of interfering activities from major abundance components of the sample. 
Non-destructive determination of several major elements in complex 
matrices was sometimes possible by  means of direct gamma-ray scintilla- 
tion spectrometry using a NaI (T1) detector 19). Unfortunately, the energy 
resolution of most commercially available NaI(T1) crystals is only about 
50 KeV at 0.7 MeV (full width at half maximum for a gamma-ray 
photopeak). Hence, the use of NaI(T1) detectors often required use of 
computer methods of spectrum resolution to resolve the overlapping 
photopeaks. 

Recently, the development of extremely high resolution solid state 
Ge(Li) gamma-ray detectors, the application of gamma-gamma coinci- 
dence techniques, and the availability of low cost 14 MeV neutron 
generators have renewed interest in activation analysis as a means for 
routine rapid and non-destructive elemental abundance determinations 
of both major and trace elements. Some of these new techniques will be 
discussed in the sections that  follow. 

II. Some Non-Destructive Activation Methods 

A. 14 MeV Neutron Activation Analysis 

1. General 

In many chemistry laboratories today it is possible to find small low 
energy particle accelerators especially designed to function as generators 
of 14 MeV neutrons for analytical work. Much of the early emphasis in 
14 MeV neutron activation was directed towards the determination of 
oxygen in pure metals, geological materials and meteorites ~0-~3). This 
was natural, since direct oxygen determinations have long been a difficult 
problem for the analytical chemist. Oxygen determinations with 14 MeV 
neutrons via the x60(n,p)16N reaction have been shown to be rapid, 
accurate, and suitable for large scale semi-automated analytical applica- 
tions 34,26). 

Many analysts are not aware that  over one-half of the elements in the 
l~eriodie table may be determined at levels of one milligram, or less, with 
commercially available neutron generators. Actual experimental sensi- 
tivities are, of course, dependent on levels of interfering activities gener- 
ated in the activation of complex matrices. The sensitivities listed in 
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Fig. 1 are based on a routine operating flux of 2 �9 l0 s neutrons cm -2 
sec - t .  With a fresh tr i t ium target  a useful 14 MeV neutron flux of 2.5 �9 10 9 
neutrons cm -2 sec -1 may  be at tained for a short period of time. However, 
depletion of the target  is rapid when operating with the high beam 
currents required. For longer-lived indicator radionuclides irradiation 
times longer than 5 minutes could be used to improve sensitivities. Again, 
target  depletion usually restricts the routine use of 14 MeV activation to 
relatively short irradiation periods. For special applications, most of the 
sensitivity limits listed in Fig. 1 could easily the improved by  a factor 
of ten. 
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Fig. 1. Sens i t iv i t ies  for  14 MeV n e u t r o n  ac t i va t i on  ana lys i s  based  largely  on  t he  
compi l a t ion  of Cuypers and  Cuypers ~5). T he  s y m b o l  Mn  - - 4  signifies a s ens i t i v i t y  
of 10 - I  g r a m s  for M n  us i ng  a 14 MeV n e u t r o n  f lux of a p p r o x i m a t e l y  2 • l0 B neu-  
t r o n s - c m  -2  sec -1. T he  l imi t  of s ens i t i v i ty  was  considered to be  t he  po in t  a t  wh ich  
t he  i n t e g r a t e d  p h o t o p e a k  coun t s  equa l ly  th ree  s t a n d a r d  dev ia t ions  of t he  back-  
g r o u n d  c o u n t  in t h e  p h o t o p e a k  region,  u s i ng  t h e  base l inc  m e t h o d .  On ly  t he  ind ica to r  
rad ionuc l ide  r e su l t ing  in t he  h i g h e s t  s ens i t i v i t y  is l is ted.  I n  m a n y  cases  a l t e rna t e  
i nd i ca to r  rad ionuc l ides  could be  used.  F o r  ind ica to r  rad ionuc l ides  w i th  half - l ives  
g rea te r  t h a n  one m i n u t e  t he  i r radia t ion ,  de lay  and  c o u n t i n g  t i m e s  were 5 minu t e s ,  
1 m i n u t e  a n d  5 m i n u t e s ,  respect ively .  F o r  shor te r  half-l ife ind ica to r  rad ionuc l ides  
t he se  t i m e s  were 3 half- l ives,  1 half-life a n d  3 half-l ives,  respect ive ly .  De tec to r s  were 
two  3" • 3" NaI(T1) c rys ta l s  2.4 c m  a p a r t  w i th  t he  s ample  cen te red  be twccn  t h e m  
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In 14 MeV neutron activation analysis the four principal nuclear 
reactions leading to the formation of indicator radionuclides are as 
follows: 

T a r g e t  Nuc lea r  P r o d u c t  
Nucl ide  React2on Rad ionuc l ide  

Az (n,p) A (z- l )  
Az (n, oc) A-8 (Z--Z) 
AZ (n, 2n) A-1 Z 
AZ (n, n') A. Z 

The cross sections for (n,~,) reactions common in reactor thermal neutron 
activation generally decrease with increasing neutron energy with the 
exception of resonance-capture cross section peaks at specific energies. This 
reaction is, therefore, not important  in most 14 MeV activation determi- 
nations. However, some thermalization of the 14 MeV flux may always 
be expected due to the presence of low Z elements in the construction 
materials of the pneumatic tubes, sample supports, sample vial, or the 
sample itself (particularly when the sample is present in aqueous solution). 
The elements A1, Mn, V, Sn, Dy, In, Gd, and Co, in particular, have high 
thermal neutron capture cross sections and thermal capture products 
have been observed in the 14 MeV neutron irradiation of these elements 
in spite of care taken to reduce the amount of low Z moderating materials 
in the region of the sample irradiation position 25}. 

The (n,2n), (n,n')  and most (n,p) reactions on stable nuclides are 
endoergic; that  is, they have a non-zero reaction energy threshold. The 
(n, oc) reaction is endoergic for low Z target nuclides, but  becomes 
exoergic for higher Z nuclides. In most cases, cross sections for the four 
principal 14 MeV neutron reactions are less than 1 barn (10 -34 cm2). 
In contrast, the thermal neutron (n, 7I) reaction is always exoergic and 
may have cross sections exceeding 105 barns. 

I t  is obvious, therefore, that  14 MeV neutron activation analysis 
can not compete with thermal neutron activation analysis as a technique 
for trace element analysis. In simple matrices, however, the rapid and 
non-destructive nature of the technique recommends its use for routine 
analysis of large numbers of samples for elemental abundances at the 
one milligram level, or above. I t  is unfortunate that  the element carbon 
can not be determined by  this technique. The nuclear reaction l~C(n, 
2n) I1C which would be of great analytical importance is endoergic to the 
extent  of nearly 19 MeV. This reaction is obviously not energetically 
possible using the 14.7 MeV neutrons produced by the ~H(aH, n)aHe 
reaction commonly employed in most neutron generators. 
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I t  should be noted that  commercial neutron generators are also 
easily adopted to the generation of 2.8 MeV neutrons produced by the 
2H(2H, n)SHe reaction. In most cases it is merely necessary to replace 
the tri t ium target with one containing occluded deuterium. The neutron 
yield from this reaction is much less than for the D--T reaction and the 
useful flux is often not much greater than could be obtained by  use of 
isotopic sources. About 35 elements have been found to possess reasonably 
high (n,n'7) or (n, 7 ) cross sections for 2.8 MeV neutrons 4z). Since the 
8 most common elements in the earth's crust are not among those readily 
activated, there is some potential application of 2.8 MeV neutrons in 
analyses for certain elements in minerals and ores, where major element 
interferences via 14 MeV activation may be a problem. 

2. Neutron Generators 

Commercial 14 MeV neutron generators available today are largely 
simple particle accelerators of the Cockcroft-Walton type 37). Van de 
Graaff type accelerators have also been used for activation analysis, 
but  are generally regarded as too expensive to be used exclusively for 
this purpose. The Cockcroft-Walton type of neutron generator consists 
essentially of an ion source capable of producing atomic or molecular 
deuterium ions (D + or D~), acceleration electrodes supplied b y  voltage- 
multiplier or transformer-rectifier circuits, a drift tube maintained at a 
high vacuum, and a tritium-containing target. A schematic diagram of a 
simple Cockcroft-Walton neutron generator is shown in Fig. 2. 

Three types of ion sources are in common use. The radio frequency 
ion source 28) has advantages of a high (70--90%) atomic deuterium ion 
beam, high stability, and low deuterium gas consumption. This source is, 
however, very sensitive to impurities in the deuterium gas and requires 

Protective dome 
, "  . . . . . .  "/" . ' To 

j 200kv Power .+  Accelerating \ vacuum pump . 
s I c /arget , -  Ion source power " ~  / e  e t rodes,  \ ~ coolina 

! ~ Focusing lens I t / Ti-Tritiurn 
k Ion source bottle / / target 

"~.~. . . . . . .  , . . . . . . . . . . . . .  _ F _ _ _ J  Drift tube 
..J._ 

Fig. 2. Schematic diagram of the major components of a Cockcroft-Walton type 
neutron generator 
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more attention to obtain opt imum performance. The deuterium is 
usually introduced into this source by  diffusion through a heated paUa- 
dium metal  cylinder. The rate of introduction of deuterium into the 
source may  be easily controlled by  varying the heating temperature  of the 
palladium cylinder. The palladium leak is to be preferred over a simple 
mechanical type of gas input regulation, since it contributes to a cleaner 
vacuum system by  preventing introduction of impurities into the ion 
source. Impur i ty  deposits on the surface of the target  which would 
reduce the neutron yield are minimized by  maintenance of a clean vacuum 
system. 

The Penning ion source achieves ionization of the deuterium gas by  
means of acceleration of streams of electrons released by  cathodes on 
either side of a hollow anode chamber. I ts  advantages of simplicity of 
construction and operation, long operating lifetime, and ability to 
generate moderately high beam currents are balanced by  its low effi- 
ciency in producing atomic D + ions. Ordinarily, over 80% of the beam 
produced by  the Penning ion source is made up of molecular D~ ions. 
An acceleration potential of 200 kilovolts will accelerate both  a D + ion 
and a + " D2 xon to an energy of 200 KeV, but  each deuteron in the molecular 
ion acquires only 1/2 the energy, or 100 KeV. The 14 MeV neutron yield 
of the generator in units of neutrons sec -1 milliampere -1 is a function of 
acceleration voltage, as shown in Fig. 3. Since the neutron yield of a 
100 KeV deuteron is only approximately 0.36 that  of a 200 KeV deuteron, 

2.G 

"•I.C 
c 

100 200 300 
Deuteron energy (keV} 

Fig. 3. Var ia t ion of the  re la~ve 14 MeV neu t ron  yield a t  a cons tan t  beam cur ren t  
as a function of deuteron energy. I t  should be noted t ha t  acceleration of only molec- 
ular D + ions th rough  a potent ia l  of 200 KV results  in each deuteron in the  molec- 
ular  ion having  a energy of 200/2, or only  100 KeV. This  calculated curve is based 
on use of a th ick Ti-T ta rge t  100) 
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the overall 14 MeV neutron yield of a pure molecular ion beam (D~) 
accelerated through a potential of 200 KV will be only 0.72 of that  which 
could be obtained by a pure atomic ion beam (D +) accelerated through 
the same potential. 

The cross section for the 3H(d,n)4He reaction reaches its maximum 
value at only 107 KeV incident deuteron energy. When "thick" ( ~ 1 mg 
cm -2 thick deposit of titanium) ti tanium-trit ium targets are used, how- 
ever, the neutron yield continues to increase even above 200 KV accelera- 
tion potential. This is due to increased penetration of the deuteron beam 
into the tri t ium enriched layer. Since the penetration of molecular 
deuterium ions is less than that  for monatomic deuterium ions for the 
same acceleration potential, accelerators using Penning ion sources 
require extremely clean vacuum systems to minimize build-up of deute- 
ron absorbing deposits on the surface of the target. 

More recently the modified duoplasmatron type of ion source 29) has 
been used with neutron generators. In this source both electrostatic and 
magnetic focusing are employed to generate the plasma in high density 
in the restricted region of the beam extraction port. These sources are 
capable of generating extremely high beam currents with high power 
efficiency and low gas consumption. Atomic deuterium ion yields of at 
least 60% are possible with this source. The principal disadvantage of 
this source at present is its high cost. 

The targets used in neutron generators consist of tritium occluded in 
a thin layer of t i tanium deposited on a copper backing. Since the deute- 
ron beam generates an appreciable amount of heat in the target, the 
back copper face of the target is usually cooled by  circulating water or 
Freon-l l3.  The neutron yield from the ~H(d,n)4He reaction is very 
nearly isotropic and the product neutron energy varies from approxi- 
mately 14.7 MeV in the forward direction to approximately 13.4 MeV at 
180 ~ from the direction of the incident deuteron beam when using an 
acceleration potential of 150 KV. Tritium is evaporated from the target 
during deuteron bombardment and only a small fraction of the total 
amount of tritium in the target is effectively used in neutron generation. 
In the operation of a neutron generator a rather rapid decrease in neutron 
yield is observed over the first few minutes of operation, followed by 
an approximately exponential decrease in yield with a half-time of 
approximately 3--4 milliampere-hours of target exposure. In our labora- 
tories targets are changed about every 15 milliampere-hours. 

The necessity of frequent target changes and the at tendant  risk of 
tri t ium contamination of personnel and laboratories 301 has led to the 
development of high yield sealed-tube generator systems in which the 
tritium supply is constantly replenished a1-331. Ordinarily these systems 
operate by  accelerating a mixture of deuterium and tritium ions into the 
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target and recirculation of the gases through a Penning type ion source. 
Neutron yields in excess of 1011 neutrons sec -1 with little or no degrada- 
tion in the yield over periods of operation in excess of 100 hours have 
been obtained. In addition to the safety and convenience factors, the 
sealed-tube generator systems are generally much smaller than the 
conventional pumped-type accelerators which permits greater flexibility 
in shielding arrangements. I t  has been suggested that  sealed-off neutron 
tubes with outputs above 1012 neutrons sec -1 and neutron yield half- 
times of several hundred hours are feasible 33). These generators are 
particularly attractive for installation in industrial facilities where 
analyses are performed on a routine basis by  technician-level personnel. 
More detailed reviews of accelerator systems for activation analysis are 
available in the literature 36,37) and are also available from manufac- 
turers of neutron generators. 

3. Sample Handling and Packaging 

The majority of the applications of 14 MeV neutron activation analysis 
involve the use of short-lived indicator radionuclides. Therefore, it is 
essential that the sample be returned quickly to the counting station 
following irradiation. Pneumatic sample transfer systems employing 
compressed nitrogen, or a vacuum are most commonly used 34,35). An 
inexpensive system may be constructed from ordinary low density 
polyethylene tubing i s )  Irradiation, delay and counting times are ordi- 
narily controlled by  means of preset timing circuits. Completely auto- 
mated control and transfer systems are available commercially. 

Samples for analysis are ordinarily packaged in machined or heat- 
sealed 3a) polyethylene vials ("rabbits") for 14 MeV neutron irradiation. 
Sample sizes of 0.1 to 2 grams are most often used, although samples 
weighing in excess of 25 grams have been used in special eases. The small 
sample size is desirable in order to minimize the effect of neutron flux 
inhomogeneity caused by  sample self-absorption and flux variations 
across the sample irradiation position. For the highest precision, biaxial 
rotation of the sample both in the irradiation and the counting positions 
is desirable. Dual biaxial rotation assemblies are commercially available. 
These systems provide for simultaneous irradiation of the standard and 
the sample and, hence, improve precision in the analyses by  minimizing 
errors due to time variations in the intensity of the neutron flux 39~. 
Severe sample inhomogeneity, or situations where sample and standard 
vary  appreciably in physical size or composition may lead to a lack of 
precision even when a biaxial rotation assembly is used 40). 

For the analysis of rocks and minerals, the sample is usually powdered 
and the standard is prepared by  doping Spec-Pure Si02 with an aliqout 
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of a standard solution of the element to be determined. For the analysis 
of solutions, the standard is usually an aliquot of a standard solution 
of the element to be determined diluted to a volume approximating that  
of the sample to be analyzed. Metal samples are commonly irradiated in 
the form of filings, or small preformed cylinders. In this case, standards 
of independently analyzed metal would be desired. In some cases it 
might be more desirable to dissolve the metal, so that  easily prepared 
solution standards could be used. As stated previously, efforts to achieve 
physical and gross chemical similarity of standard and sample are 
required for analyses of the highest quality. 

I t  is common to prepare standards that  contain approximately the 
same or slightly larger amounts of the element of interest than the 
amount estimated to be found in the sample. In this way errors associated 
with varying sample and standard instrumental dead-time corrections 
in the counting system are minimized. This is an important  consideration 
when counting indicator radionuclides having half-lives short with respect 
to the time of counting. 

Although commercially available polyethylene tubing and vials that  
are used for the construction of "rabbits"  are relatively free of metal 
contamination, blanks on empty irradiation vials should always be run. 
Small amounts of oxygen absorbed or included in ordinary polyethylene 
can offer a serious interference in the determination of oxygen in small 
samples. "Oxygen-free" polyethylene prepared in a nitrogen atmosphere 
can be obtained commercially. The dies used to form some polyethylene 
items apparently result in slight contamination of the surfaces of 
these items with chromium. Pre-irradiation cleaning with acids has been 
shown to be desirable for materials used in the construction of the 
"rabbits".  

4. Precision and Accuracy 

Discussions of errors associated with the technique of activation analysis 
in general may be found in many of the books and monographs refer- 
enced in the introduction to this paper. Interferences unique to 14 MeV 
neutron activation techniques have been reviewed by Mathur and Old- 
ham 43) and a discussion of precision has been published by  Mort and 
Orange 43). 

Some of the most important  factors affecting the precision and the 
accuracy of 14 MeV activation are reviewed below. The random errors 
as listed in the section on precision are generally reduced in importance 
by  running replicate analyses on each of several aliquants of the sample 
and averaging all the results. Consideration given to the reduction of 
these sources of error will, of course, result in a reduction of the number 
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of replicate determinations required to obtain results of the desired 
accuracy. 

Some Factors Affecting Precision 
(1) Non-reproducible positioning of sample and/or standard during irradia- 
tion and counting. Use of a biaxial dual capsule rotator  and rotation of 
the capsules during counting are commonly used procedures in minimiz- 
ing this source of error. 

(2) Non-uniform flux distribution across the sample irradiation posi- 
tion. This is an important  consideration in the analysis of non-homo- 
geneous samples, or samples and standards that  differ appreciably in 
their physical dimensions and properties. An isotropic flux distribution 
from the D--T reaction is only realized at a distance of several inches 
from the tritium target a0L The error may be minimized by  increasing 
the distance from the sample irradiation position to the generator target. 
This will, of course, reduce the sensitivity of the determination due to 
the reduced flux level at the greater distance. In general non-homo- 
geneous samples should be avoided and standards physically similar 
to the samples should be used. Use of a defocused deuteron beam is also 
helpful abe. 

(3) Time variations in the intensity of the flux during irradiation. 
This is an important  consideration only when a single sample transfer 
system is used. Gas-filled BFa neutron counter tubes are often used to 
monitor the neutron flux in order to normalize the data  when the sample 
and the standard are not irradiated simultaneously. Gain shifts and 
dead-time effects associated with the use of neutron monitoring detectors 
also contribute to the errors associated with a single sample transfer 
system. 

(4) Errors in photopeak baseline selection and photopeak integration. 
While manual methods depending on subjective judgement are com- 
monly used for baseline selection (the baseline is often assumed to be 
approximately linear over a small number of channels), analyses of 
multicomponent spectra often require mathematical curve-fitting and 
resolution with the aid of a computer. 

(5) Errors in timing. For the determination of elements yielding short 
half-life indicator radionuclides (such as in the determination of oxygen 
via 7.3 secl6N), accurate timing is extremely important. For these cases 
electronic scaler timers are to be preferred over electromechanical types of 
timers. Errors due to variable detector dead-time must also be considered 
when the gross activities of the sample and the standard differ appreciably 
and the indicator radionuclide is short-lived. 

(6) Errors in standard and sample preparation. Gravimetric and vol- 
umetric errors in the preparation of the standard and the sample are 
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common to all methods of analysis. When using the small samples 
common in routine activation analysis, care must be taken to assure 
that  the sampling procedure used is valid. Homogenization of the bulk 
sample prior to sampling and use of replicate samples is desirable. 

(7) Counting statistics. The statistical standard deviation of the num- 
ber of counts in the photopeak is equal to the square root of the integrated 
photopeak counts. For most useful determinations it is assumed that  
sufficient activity is produced in order to assure errors due to counting 
statistics are less than 1%. 

(8) Instrumental errors in counting. Since these errors may  occur to 
either sample or standard, the overall effect on the determination can in 
some sense be regarded as random in nature. Pulse pile up at high count- 
ing rates, analyzer channel drop, and gain shift where integration is clone 
between preset limits may all contribute to an erroneously low observed 
counting rate. 

Some Factors Affecting Accuracy 
(1) Primary interference reactions. These are nuclear reactions on elements 
other than the element to be determined which yield the same indicator 
radionuclide. For example, silicon is determined by  the zsSi(n,p)asA1 
reaction. However, the same indicator radionuclide is produced from 
phosphorus by  the alp(n,~)2SA1 reaction. Hence, a high phosphorus 
abundance in a sample will lead to erroneously high values for silicon. 
Corrections may be applied to the data if concentrations of the interfering 
elements can be determined independently. 

(2) Secondary interference reactions. These are nuclear reactions 
induced by  secondary particles produced in the sample or its immediate 
environment which will produce the indicator radionuclide by interaction 
with elements other than the one to be determined. For example, nitrogen 
is usually determined by  the 14N(n, 2n) lSN reaction. The 14 MeV neutrons 
may generate recoil protons by collision with hydrogen atoms in the 
vial, transfer tubes, or sample support assembly. These recoil protons 
may induce the 13C(#,n)lzN reaction with the carbon of the vial, leading 
to the formation of the same indicator radionuclide. This type of inter- 
ference is ordinarily not serious in cases other than the nitrogen deter- 
mination. 

(3) Gamma-ray spectral interferences. This is important  in cases where 
the 0.511 MeV annihilation radiation from the product radionuclide is 
measured in the determination. Obviously, all other reactions yielding 
positron emitters would provide an interference. In the determination 
of oxygen a spectral interference is produced if the sample contains an 
appreciable amount of boron. The l lBe  produced by the l lB(n ,p ) l lBe  
decays with the emission of an 11 MeV negatron and also gamma-rays 
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having energies close in energy to those emitted by the 16N indicator 
radionuclide used in the determination of the oxygen. 

(4) stir-shadowing and resonance capture effects. The use of small 
samples and standards so that the neutron flux is not appreciably atten- 
uated between the exterior and interior of the irradiation unit is to be 
desired. When large samples are used or appreciable high cross section 
material is present in the matrix, it is important that the standard be 
prepared with a matrix physically and chemically similar to that of the 
sample. 

(5) Inaccurate calibration ofrdative counting efflciencies. In the use of a 
dual sample transfer system where both sample and standard are counted 
simultaneously with different counters it is important that the relative 
efficiencies of the two counting systems be accurately determined and 
that these efficiencies do not vary with time. These errors may be partly 
compensated for by irradiating the same sample and standard several 
times and alternately reversing the sample and standard counting 
positions. 

A reported relative standard deviation of 1--2~/o for small sets of 
replicate analyses is common in many recent papers employing this 
technique. Results failing within 0.10% of the theoretical percentage 
of oxygen in samples containing about 50% oxygen based on 32 replicate 
determinations have been reported 24). For the 32 determinations the 
relative standard deviation for the data was approximately 0.3%. This 
level of accuracy and precision is certainly adequate for most analytical 
purposes. 

S. Some Applications 

As mentioned previously, one of the early applications of 14 MeV neutron 
activation analysis was in the analysis of rocks and stony meteorites for 
oxygen and silicon. Both of these elements are rather difficult to deter- 
mine accurately by conventional analytical techniques. Fig. 4 illustrates 
the gamma-ray spectrum obtained at three different decay times follow- 
ing 14 MeV neutron irradiation of a stony meteorite containing approxi- 
mately 35% oxygen and 18% silicon. The sample size was approximately 
200 mg. Oxygen was determined by integration of the counts above 
4.5 MeV. The activity in this energy region is almost entirely due to the 
photopeak of 16N and its two escape peaks hence, no baseline determina- 
tion or background determination is required 237. After a decay period 
of approximately 1 minute silicon was determined by integrating the 
1.78 MeV photopeak of 28A1 produced from silicon 44). A standard rock 
sample with well established contents of silicon and oxygen may be used 
to provide simultaneously a standard for both elements. Since irradiation, 
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Fig. 4. Gamma-ray spectrum of an irradiated stony meteorite following a 13 sec 
irradiation with a flux of approximately 10 s 14 MeV neutrons cm-2  sec-1. Gamma- 
ray photopeaks of 28A1 and lSN produced by activation of silicon and oxygen, 
respectively, are prominent features of the spectrum. The features at 5.62 and 5.11 
MeV are the first and second escape peaks due to pair production events of the 
primary 6.13 MeV 16N gamma-rays in the 3 ~ • 3" NaI(Tl) detector 

delay and counting times total less than 5 minutes ,a large number of 
samples may be processed in a working day, as compared to mettlods 
based on conventional techniques. 

An interesting modification of this technique for oxygen has been 
developed by Morgan ag) in our laboratories. A 4096-channel analyzer 
is used in its multiscaler mode to sequentially monitor the relative 
neutron flux (via a BFs neutron counter), the decay of the activated 
sample, and the irradiation, delay and counting times. The analyzer is 
activated at the start of the "rabbit" send cycle and at the start of the 
irradiation the output of the BFs neutron monitor is fed into the analyzer 
memory. The relative neutron flux is measured from this record and any 
time variations in the flux during irradiation are easily detected and may 
be partly compensated for by use of an appropriate computer program. 
Since the multiscaler timing sequence is continuous, irradiation, delay, 
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and counting times may be read directly from the analyzer output. 
During the delay period in which the sample is transferred to the counting 
station, the multiscaler input is automatically switched to the output of 
a 4"•  NaI(T1) well crystal. At the start of the counting cycle the 
activity of the sample is measured by the analyzer as a function of time. 
A least squares fit may be applied to the decay curve by the computer 
and the net lSN counts for the counting period calculated. A typical 
analyzer output trace is shown in Fig. 5. The energy region of interest 
is selected by a single channel analyzer inserted between the detector 
and the multichannel analyzer. This technique has the advantage of 
recording all data necessary for the computations on a single computer 
compatible output tape. As stated previously, variations in the neutron 
flux and the presence of longer and shorter half-life impurity activities 
may be corrected for by application of appropriate computer programs. 
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Fig. 5. Use of a 4096-charmel analyzer  in the multiscaler mode for the  determinat ion 
of oxygen via 14 MeV neu t ron  act ivat ion analysis  

Activation with 14 MeV neutrons has been used to determine the 
oxygen content of various metals such as beryllium 2o), C1, F, O, Na, Si, 
and various rare earths in complex molten salt electrolytes 45) the 
protein content of food products by means of the nitrogen content as) 
160/lsO and 14N/lSN isotopic ratios in stable isotope tracer experiments 
4~,4s), and in a wide variety of other applications. One application we 

64 



Non-Destructive Techniques in Activation Analysis 

have found to be of use in our own laboratory is in the rapid determina- 
tion of the carrier chemical yields in trace element determinations via 
reactor irradiation and radiochemical separations. Reactivation of the 
purified carrier-containing sample with 14 MeV neutrons in most cases 
will produce different short-lived indicator radionuchdes than are pro- 
duced in the original thermal neutron irradiation. Hence, with the use 
of the appropriate standards it is easy to determine the chemical yield 
of the separation procedure without converting the separated element 
to an acceptable gravimetric weighing form. In conventional separation 
procedures the conversion of the element to the final weighing form is 
often the most time consuming step in the analysis. 

B. Use of Ge(Li) Detectors for Mult i -Element Trace Analysis 

1. General 

The recent general availability of solid state Ge(Li) gamma-ray detectors 
has made possible new applications of activation analysis to multi- 
element trace analysis. A simplified schematic representation of a Ge(Li) 
detector is given in Fig. 6. The principal advantage of these detectors is 
their excellent energy resolution for gamma-ray spectrometry 5z). While 
a typical 3~• 3" NaI(T1) scintillation crystal may have a photopeak 
resolution of 50 KeV fwhm (full width at half maximum) for the 13vCs 

Li d rifted active region ( ch arg e.depleted ) 

~L Ge crystal 

d. c.-~_ 

Original Li doped Original p- type 
region {n-type) Ge 

Fig. 6. Schematic representation of a Ge(Li) semiconductor type radiation detector 

gamma-ray, a good Ge(Li) solid state detector will exhibit a resolution 
of 3--4 KeV fwhm. It is obvious that this high resolution will often permit 
resolution of very complex gamma-ray spectra without requiring com- 
plex computer spectrum resolution techniques. 

Unfortunately, Ge(Li) detectors also have some disadvantages. Even 
the relatively large detectors of 35--40 cc active volume will have photo- 
peak efficiencies of only approximately 5% that of a standard 3" • 3" 
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NaI(T1) scintillation detector for 1 MeV gamma-rays. The difference 
becomes even greater for higher energy gamma-rays, since the high 
atomic number of iodine in the NaI(T1) detector results in a greater 
photoelectric efficiency at high energies. An additional disadvantage is 
tha t  the Ge(Li) detector must be maintained at liquid nitrogen tempera- 
tures in order to maintain its properties. The need for a cryostat and for 
rather sophisticated noise-free amplification electronics makes the Ge(Li) 
detector system of 35-40  cc active volume at least 2 or 3 times more 
expensive than a simple 3 ~ • 3" NaI(T1) detector system. 

The relatively low efficiency of solid state detectors presently avail- 
able generally limits their use to activation techniques employing a 
nuclear reactor. The low flux and short half-life indicator radionuclides 
associated with 14 MeV neutron activation techniques in many cases do 
not permit accumulation of sufficient counts for good statistics with a 
Ge(Li) detector. Estimated sensitivities for potential non-destructive 
thermal neutron activation analyses using a large volume Ge(Li) detector 
are given in Fig. 7. Indicator radionuclides listed are all gamma-ray 
emitters, or decay by  positron emission to yield annihilation radiation. 
Sensitivities are calculated on the basis of no spectral interferences and 
would be somewhat poorer in complex matrices. In many cases other 
indicator radionuclides than the one listed could be employed. The data  
presented should be regarded as merely representative of the sensitivity 
that  might be obtained in more or less ideal situations. 

Typically very few channels are included in a given photopeak in the 
analyzer display due to the high resolution of these detectors. Selection 
of the proper base-line for photopeak integration and errors due to 
chance dropping of data in an individual channel may  still require 
dependence on computer programs to obtain accurate and consistent 
results 50}. The Compton edges in Ge(Li) spectra are also very sharp and 
care must be taken not to mistake the Compton edge from a higher 
energy gamma-ray interaction for a photopeak of analytical interest. 
The Compton edge of a higher energy gamma-ray interaction underlying 
a photopeak of interest may  make precise photopeak integration ex- 
tremely difficult. Adjustments of irradiation or decay periods may  often 
be made to favor the radionuclide of interest. Even with the high resolu- 
tion of the Ge(Li) detector some spectral interferences may dictate use of 
radiochemical separations or special techniques such as NaI(T1)-Ge(Li) 
gamma-gamma coincidence spectrometry 51}. In the latter case the in- 
creased selectivity obtained may be at the expense of considerably 
reduced sensitivity. 

In spite of the problems associated with the new solid state detectors 
there is no question that  they are extremely useful in multi-element 
determinations and in many cases eliminate the need of time-consuming 
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Fig. 7. Estimated sensitivities for non-destructive thermal neutron activation 
analysis using a large volume Ge(Li) gamma-ray detector. The symbol Mn--10 
signifies an approximate sensitivity of 10 -z~ grams for Mn using a reactor thermal 
neutron flux of 10 za neutrons cm - z  sec -z .  Irradiation times axe to saturation activity 
or one hour, whichever is less. Calculations are based on counting the sample one 
c e n t i m e t e r  f r om a 35 to  40 cc Ge(Li) de t ec to r  (pho topeak  efficiency for e~ wou ld  
be  a p p r o x i m a t e l y  5 %  t h a t  for  a 3" • 3" bIaI(Tl) detector) .  Sens i t iv i t ies  l i s ted  a re  
t h e  a m o u n t  of  t h e  e l emen t  t h a t  wou ld  yie ld  a g a m m a - r a y  p h o t o p e a k  c o u n t i n g  r a t e  
of  a t  l ea s t  10 c o u n t s ] m i n  for i nd i ca to r  r ad ionuc l ides  w i t h  ha l f - l ives  g rea t e r  t h a n  
one  h o u r  a n d  100 coun t s / r a i n  for  t hose  w i t h  ha l f - l ives  less t h a n  one hour .  All indi-  
c a to r  r ad ionuc l ides  l i s ted h a v e  hal f - l ives  g r ea t e r  t h a n  1 m i n u t e .  I n  m a n y  cases  
o t h e r  i nd i ca to r  r ad ionuc l ides  could  be  selected.  F o r  t h i s  compi la t ion ,  ba sed  on  a n  
i r r ad ia t ion  t i m e  of one  h o u r  or  less, p re fe rence  was  g iven  to  shor te r - l ived  radio-  
nuc l ides  

radiochemical separations or use of complex computer processing of acti- 
vation data. Some apphcations of these detectors in non-destructive 
activation analyses are discussed in the following section. 

2. Some Applications 

The utility of Ge(Li) detectors in activation analysis is best illustrated 
by  their applications to trace element analyses in complex matrices such 
as rocks, meteorites, and biological materials. Immediately after irradiation 
of materials of these types the principal activities are due to ~4Na and 
4SK, since sodium and potassium are major matrix components and have 
favorable activation properties. In  order to determine trace element 
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abundances without the necessity of employing radiochemical separa- 
tions the samples are usually allowed to decay for at least five days, at 
which time these activities are appreciably reduced. Bremsstrahlung 
radiation from the beta decay of sap in biological materials having a 
high phosphorus content may also provide an interference to purely 
instrumental determinations. In the event it is desired to make use of 
short-lived indicator radionuclides in a determination, radiochemical 
separations for alkali elements and phosphorus may be required. Inor- 
ganic absorbers such as hydrated Sb205 for alkali elements and SnO~ 
for phosphate ions have been employed for rapid elimination of these 
interferences in the analysis of biological materials 53). 

The Ge(Li) gamma-ray spectrum of thermal neutron irradiated 
cigarette tobacco as obtained in our laboratory is shown in Fig. 8. In this 
case a 50 day decay period has eliminated the major portion of inter- 
ferences from sodium, potassium and phosphorus activities. Assignments 
of photopeaks in this figure may be regarded as tentative, since half-lives 
of the individual peaks were not followed. As many as fifteen elements 
have been determined in tobacco products and biological standard kale 
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Fig. 8. Ge(Li) gamma-ray  spectrum for thermal  neut ron irradiated cigarette tobacco 
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using a single reactor irradiation and purely instrumental techniques s4, 
ss) The data obtained for the standard kale samples are in good agree- 
ment with data obtained by more time-consuming conventional analytical 
techniques Ge(Li) detectors have been used in the analysis of micro- 
plankton s6), human hair for forensic investigations 57), dental tissue 5s), 
fish and animal tissues ~9), barnacle shells 60) and a wide variety of other 
materials of biological origin. 

The application of Ge(Li) detectors to the determination of trace de- 
~nents in rocks is beautifully illustrated by the work of Gordon et al. 0 z) who 
were able to determine instrumentally 23 elements in a wide variety of igne- 
ous rocks. A useful discussion of sensitivities and potential interferences 
may also be found in this paper. The Ge(Li) gamma-ray spectrum of ther- 
mal neutron irradiated standard granite G-1 as obtained in our laboratory 
is shown in Fig. 9. Again, the tentative assignment of photopeaks is based 

~ Eu "'C e 

3 '!I 
~3  

6 
1, 
3 
2 

8 
6 

2 

0 

0.34 
nSIHf 0.89 
tsz Eu I'~Sc 

I 1.124 i 0.t,8 0.60 "So 111 Nznpa Hf 13~Cs 
Jl I I \  J }'4Sb 0.78 . . . .  } 

0.24 ,SZEu 
0.zJJ, "~Eu d~cs 

~SZr 0365 
0.72 

Gran i te  G-1 15=Eu 1.086 
7 d. i r r a d i a t i o n  
20 d. decay 
8000 s .count  

1.296 

ISOTb 
1.272 

1.337 
SOCo 

1.,~6 
~11 K 

i t i i 1 i i t I l t 
40-00 80.00 120.00 160.00 200.00 240.00 280.00 320.00 360.00 400.00 

Channel (• ) 
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principally on energy calibrations. The period of decay for this sample 
was long enough that activities from sodium and potassium in the sample 
have decayed. The phosphorus content of this rock is negligible, as 
compared to the situation frequently encountered with biological mate- 
rials. A somewhat different distribution of activities is observed in an 
irradiated tektite, as shown in Fig. 10. Due to the high background in the 
lower energy regions of Ge(Li) spectra (due principally to the Compton 
distributions from higher energy gamma-ray interactions), rapid radio- 
chemical group separations have been found to be desirable for the 
determination of certain rare earths, rubidium, cesium, strontium and 
barium in rocks 6s). 
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Fig. 10. Ge(Li) gamma-ray spectrum for a thermal  neut ron irradiated tektite.  A 
major  port ion of the  ls4Sb act ivi ty in this  spectrum is due to an t imony contamina-  
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Many applications which use Ge(Li) spectra of irradiated samples for 
identification purposes as a type of "chemical fingerl~rinl'" have recently 
appeared in the literature. The potential of this technique in the fields of 
forensics, archeology, and detection of art forgeries is just beginning to 
be explored. 

C. Appl icat ions  of G a m m a - G a m m a  Coincidence  Spect rometry  

1. General 

Gamma-gamma coincidence spectrometry has recently been applied in 
a variety of special cases to provide a high degree of resolution for radio- 
nuclides undergoing decay by cascade gamma-ray emission, or positron 
decay. In certain cases this technique may exhibit a greater freedom 
from interferences and higher counting efficiencies than can be obtained 
by currently available large volume Ge(Li) detectors. 

A simplified schematic diagram of a gamma-gamma coincidence system 
is given in Fig. 11. The system illustrated consists of two 3 ~ • 3" NaI(T1) 
detectors coupled to photomultiplier tubes, two double delay line ampli- 
tiers, two single channel jitter-free analyzers to select the energy windows 
of interest, a fast coincidence module, and a multichannel analyzer for 
data accumulation. The photomultipliers are provided with voltage 
divider networks designed to reduce the gain shifts of the detector. A 
pulse generated in detector 1 and of energy within the window selected 
by  single channel analyzer 1 and a pulse generated in detector 2 and of 
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Fig. 11. Schematic diagram of a fast gamma-gamma coincidence spectrometer 
system 
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an energy selected by single channel analyzer 2 when in coincidence, will 
cause the fast coincidence unit to gate the multichannel analyzer through 
its slow coincidence gate input. The pulse from detector 2, simultaneously 
delayed in time by the variable delay box, is then accepted by the multi- 
channel pulse height analyzer and stored in its memory. Placing the 
discrimination electronics before the fast coincidence module may reduce 
somewhat the time resolution of the system, but is effective in reducing 
the high Compton chance coincidence background in the low energy 
region of the spectrum. The system described as used in our laboratory 
s3,e4} was found to have a coincidence resolution time of approximately 
30 nanoseconds (full width at half maximum of a e~ variable delay 
curve). In order to achieve optimum precision and accuracy it is necessary 
to minimize long and short term gain shifts in the detector and amplifier 
circuits. Gain shifts which are a function of sample activity may be 
avoided by preparation of standards which will yield gross activities 
similar to that expected for the sample. 

One simple approach to the preparation of appropriate standards 
where the gross activity of the sample may be large with respect to the 
activity of interest is to use the method of standard addition. In this 
technique a number of aliquants of the sample are spiked with varying 
amounts of the element to be determined and irradiated along with a 
similar sized unspiked sample. The specific activities of the spiked and 
unspiked samples are then plotted vs. the weight of added element as 
illustrated in Fig. 12. Extrapolation of this curve to zero specific activity 
will easily permit calculation of the unknown amount (x) of the element 
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Fig. 12. Preparation of standards for non-destructive activation analysis using the 
method of standard addition 
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in the sample. This method also provides a degree of compensation 
for self-absorption effects in cases where it is necessary to use large 
samples. 

Gamma-gamma coincidence techniques may be applied in either 
thermal or 14 MeV neutron activation analysis. However, the lower 
efficiency of the coincidence technique ( _< 10% with 3" x 3" NaI crystals) 
as compared to singles counting limits its use somewhat in the 14 MeV 
method, due to the lower flux and hence lower activity levels produced 
by commercial neutron generators. Its greatest utility in 14 MeV neutron 
activation is perhaps the measurement of 0.511 MeV annihilation radia- 
tion resulting from positron emitters produced by (n,2n) reactions. 
Cuylbers and Cuypers 25) have tabulated the elements for which the 
0.511 MeV photopeak is one of the major spectral features following 
activation with 14 MeV neutrons. A summary of their compilation is 
given in Table 1. Calculated sensitivities for 14 MeV activation followed 
by coincidence counting of annihilation radiation have been published 
by Schulze 65). 

Table 1. Elements which after 14 Me V neutron irradia- 
tion exhibit prominent 0.511 Me V positron annihila- 
tion photopeaks 25) 

Elemen t  Ind ica to r  Half-life 
de termined radionuclide 

Ag 1~ 24.0 m 

Br  ~SBr 6.5 m 

C1 8~mCl 32.0 m 

Cr 4gCr 41.9 m 
Cu eZCu 9.76 m 

F XSF 110. rn 

F e  58Fe 8.51 m 

G a  SSGa 68 .3  m 

K aSK 7.71 m 

MO 911~0 15.5 m 

lq" f a n  9.96 m 

Ni 57Ni 36.0 h 

p 8op 2.50 m 

Pd x~ 8.4 h 

P r  14~ 3.39 m 

Sb 12~ 15.9 m 

Sm x43Sm 9.0 m 

Zn eaZn 38.4 m 
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In the case of thermal neutron reactor irradiated samples relatively 
few positron emitters of analytical utility are produced. The indicator 
radionuclides 64Cu (12.8 hour half-life) and 65Zn (245 day half-life) 
produced from thermal neutron irradiation of copper and zinc, respec- 
tively, are the most promising for analytical work. Many indicator 
radionuclides produced by thermal neutron (n, 7) reactions, however, 
decay via cascade gamma-ray emission and may be selectively deter- 
mined by coincidence techniques. A compilation of thermal neutron 
activation sensitivities using gamma-gamma coincidence has been pre- 
pared by Wing and Wahlgren 66~. Table 2 lists a few of the most promising 
elements which may be determined by means of cascade gamma-ray 
coincidences. This selection is based on radionuclides produced in high 
yield by thermal neutron activation and which have coincident gamma- 
rays which are prominent features of their spectrum. In special cases 
other indicator radionuclides might also be selected. 

Table 2. Thermal neutron activation determinations using gamma-gamma coincidence 
counting techniques 

Element Indicator Half-life Prominent  coincident gamma- 
determined radionuclide rays (MeV) 

Ag 11~ 260. d 0.657, 0.884 
As ~6As 26.5 h 0.559, 0.657 
Au l~ 2.70 d 0.412, 0.676 
Ba 181Ba 12. d 0.124, 0.496 
Br S~Br 35.3 h 0.554, 0.618 
Cd XllmCd 48.6 m 0.150, 0.246 
Ce 14aCe 33. h 0.232, 0.493 
C1 asC1 37.3 m 1.60, 2.17 
Co 6~ 5.26 y 1.17, 1.33 
Cs ~34Cs 2.05 y 0.605, 0.796 
Cu 64Cu 12.8 h 0.511 annih. 
Dy 166Dy 2.32 h 0.362, 0.633 
Er  l~IEr 7.52 h 0.112, 0.308 
Eu l~2mEu 9.3 h 0.122, 0.842 
Ga 7~Ga 14.1 h 0.834, 2.20 
Gd 161Gd 3.7 m 0.102, 0.315 

Ge T~Ge 11.3 h 0.215, 0.417 
Hf lSlHf 42.5 d 0.133, 0.482 
Hg 197mHg 24. h 0.134, 0.165 
Ho la6Ho 26.9 h 0.080, 1.38 
I x~"I 25.0 m 0.441, 0.528 
In li6mIn 54.0 m 1.09, 1.29 

rad. 
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Table 2 (continued) 

Element  Indicator Half-life Prominent  coincident gamma- 
determined radionuclide rays (1VIeV) 

Ir  la~Ir 74.2 d 0.296, 0.316, others 
La i4OLa 40.2 h 0.329, 1.60 
Lu l~VLu 6.74 d 0.113, 0.208 
Mn 5Sl~n 2.58 h 0.847, 1.81 
Mo x~ 14.6 m 0.51, 1.56 
Na 24Na 15.0 h 1.37, 2.75 
Nd I4gNd 1.8 h 0.114, 0.424 
Ni 6aNi 2.56 h 0.368, 1.11 
Os laaOs 31. h 0.139, 0.322 
P t  19zPt 18. h 0.077, 0.191 
Rb aSRb 17.8 m 0.91, 1.85 
Re ~aaRe 16.7 h 0.155, 0.478 
Rh l~ 4.41 m 0.051, 0.077 
Ru l~ 4.44 h 0.315, 0.47 
Sb 1~45b 60. d 0.603, 1.69 
Sc ~SSc 83.9 d 0.889, 1.12 
Se ~SSe 120. d 0.136, 0.265 
Sm 153Sm 47. h 0.0697,0.103 
Sn ~vmSn 14. d 0.159, 0.162 
Ta la~Ta 115. d 0.0678,1.12 
Tb 16~ 72.1 d 0.298, 0.879 
Te taSTe 25. m 0.150, 0.453 
Ti 51Ti 5.8 m 0.320, 0.605 
U SagNp 2.35 d 0.106, 0.278 
W laTW 23.9 h 0.072, 0.134 
Yb l~aYb 101. h 0.114, 0.283 
Zn eSZn 245. d 0.511 annih, rad. 

Early analytical determinations using the coincidence counting tech- 
nique often merely set the two single channel analyzer windows to bracket 
the two or more coincident gamma-ray energies of interest. Sealers were 
used to simply record all coincident events. When working with complex 
matrices, many interfering activities may be produced. Chance Compton 
event coincidences in such a simple system may produce a high back- 
ground level which may vary from sample to sample. I t  is desirable, 
therefore to use a multichannel pulse height analyzer rather than a 
scaler to record the spectrum generated in one detector which is in 
coincidence with events occurring within the energy window determined 
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by the second detector and single channel analyzer. The resultant spec- 
t rum may then be resolved by  standard baseline subtraction methods to 
eliminate contributions from chance Compton coincidence events in the 
detectors. 

A simple illustration of the improvement in resolution possible with 
a gamma-gamma coincidence system is presented in Fig. 13. A mixed 
source of ~'Na and ~0Co was counted in both the singles mode (A), and 
the coincidence mode (B), to accumulate approximately the same number 
of baseline corrected counts under the 0.511 MeV photopeak. In the 
coincidence mode the gating single channel analyzer window was set to 
bracket the 0.511 Meu energy region. In the coincidence mode spectrum 
the 0.511 MeV annihilation radiation photopeak from ~2Na is seen to be 
well defined on top of a low coincidence background which is easily 
resolved by  baseline determination techniques. Selection of a proper 
baseline would be much more difficult in the case of the singles spectrum, 
due to the appreciably higher Compton baseline. 
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Since the window setting in the second detector line is most often 
set to bracket the energy of only one of the coincident gamma-rays when 
their energy separation is large, the counting efficiency of such a system 
is low. Only half of the coincident events are recorded by  the analyzer. 
A sum-coincidence spectrometer which permits almost twice the number 
of coincident events to be recorded has been described by Hoogenboom 67). 
In this system a summing amplifier is used to add the two coincident 
pulses and the resultant pulse is fed to a single channel analyzer whose 
window is set to define the energy region of the summed pulse. This 
output  is used to gate the multichannel analyzer together with the fast 
coincidence unit. If as determined by  the coincidence unit, two events 
from the detectors are in coincidence, and if their summed energy falls 
within the window set by  the single channel analyzer at the summer 
output,  the event from the first detector is accumulated by  the multi- 
channel analyzer. Hence, both coincident gamma-ray peaks are recorded, 
resulting in an improvement in the counting statistics with no loss in resolu- 
tion. In addition, deadtime effects in the multichannel analyzer are 
minimized since the high energy window setting of the single channel 
analyzer eliminates chance coincidence events that  do not meet the sum 
energy requirements. Such a system has been used in the selective deter- 
mination of antimony 6s). One disadvantage of such a system is that  
effects of baseline shifts are doubled in the use of the summing circuit. 

In the use of the systems described above it is generally possible to 
determine only one indicator radionuclide during a single counting 
period. Setting narrow energy windows on the single channel analyzer(s) 
provides the desired selectivity and minimizes Compton interferences. 
A more elaborate coincidence system which permits multi-element deter- 
mination while retaining the selectivity of the coincidence method has 
been described by  Perkins and Robertson o~). This system makes use of 
multidimensional gamma-ray coincidence spectrometry. The two primary 
NaI(T1) detectors are surrounded by  a large NaI(TI) or plastic scintillator 
which is operated in anticoincidence to events recorded in the primary 
detectors. Compton scattering events in the primary detectors are there- 
fore excluded from being recorded by  the multichannel analyzer by  
detection of the scattered secondary photon by  the external anticoinci- 
dence shield. When two gamma-rays are emitted in coincidence and are 
detected by  photoelectric interactions in the two primary detectors, the 
event is recorded at a point in a matr ix (often 64 • 64 channels) in the 
analyzer memory. The X and Y axes of the matr ix correspond to the 
energy of gamma-rays received by  the two primary detectors, respectively. 
Hence coincident gamma-rays of 1 MeV detected in detector No. 1 and 
2 MeV detected ill detector No. 2 would result in an event being stored 
in a memory position in the field of the matr ix equivalent to 1 MeV on 
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the X axis and 2 MeV on the Y axis. While single channel analyzers may 
still be used to define the general energy field of interest, the window 
settings for both detectors may be set wide enough to permit determina- 
tion of several coincident gamma-ray emitting indicator radionuclides 
simultaneously. Activities of individual radionuclides may then be 
resolved from the three dimensional array by integration of the volume 
of the peaks of interest, or by simple spectrum stripping operations. In 
effect, the multiparameter feature of the detection system permits 
simultaneous accumulation of data equivalent to a number of single 
channel analyzer window settings equal to the number of matrix elements. 
Fig. 14 illustrates the multiparameter display obtained in our labora- 
tories 497 by coincidence counting of a thermal neutron irradiated stony 
meteorite. The spectrum represents the results of irradiating 0.23 grams 
of meteorite for one hour at a flux of l0 Is n cm -2 sec -1  and counting for 
40,000 seconds. The tops of the peaks correspond to approximately 
20,000 counts. No anticoincidence Compton shield was used in this 
determination. The principal peaks are due to 46Sc, sSCo(from Ni), 
s0Co, and 192Ir. 

Fig. 14. Multiparameter coincidence spectrum of a thermal neutron irradiated stony 
meteorite. Energy windows set to cover range from approximately 0.2 to 2.0 MeV 
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Coincidence techniques have also been used for Compton interference 
reduction in the use of large volume Ge(Li) detectors together with plastic 
scintillator anticoincidence shields 7o). In some cases it might be desirable 
to use the coincidence electronics to gate the multichannel analyzer to 
accept only non-coincident pulses. In 14 MeV neutron activation proce- 
dures the annihilation radiation resulting from the decay of 13N produced 
indirectly from the carbon in the plastic irradiation unit may be discrim- 
inated against by gating the analyzer to accept only non-coincident 
events. 

2. Some Applications 

A discussion of the coincidence technique with some general applications 
has been published by Wahlgren, Wing and Hines ~l). Many of the early 
applications of the technique made use of the fact that ~4Cu is one of the 
few radionuclides produced by thermal neutron irradiation for which the 
0.511 MeV positron annihilation photopeak is a prominent feature of the 
spectrum. CO2bl~er has been determined in meteorites 72) and copper 
ores ~3,~4) by coincidence counting of B4Cu annihilation radiation. The 
rapid and selective nature of the determination may have important 
applications in the on-line sorting of copper ores. 

Greenland ~5) has discussed the application of cascade gamma-ray 
coincidence techniques to the determination of cesium and cobalt in 
silicate rocks. Bromine has been determined in stony meteorites by this 
technique, using the cascade gamma-rays of 8~Br 70. 

Herr and Wolfle ~) have described a coincidence method for the 
determination of trace amounts of selenium and iridium in minerals and 
several metals. The determination of iridium is an especially interesting 
problem, since this element is used as an indicator to measure the rate of 
infall of cosmic material on the earth. The indicator radionuclide, 192Ir, 
produced by thermal neutron activation of iridium has a compIex decay 
scheme with many cascade gamma-rays of potential analytical utility. 
The availability of a number of coincident pairs provides an additional 
opportunity to check for potential interferences when iridium is a minor 
component in complex matrices. The high thermal neutron cross section 
of 191Ir and the application of coincidence counting makes it possible 
to determine iridium non-destructively in complex matrices at the sub- 
microgram level, using irradiations of less than one hour at a flux of 
1018 n cm -~ sec -1. Fig. 15 illustrates the singles and coincidence spectra 
for a thermal neutron irradiated stony meteorite B4). In the singles 
spectrum the photopeaks of 192Ir are almost completely disguised by 
the presence of 51Cr at approximately 0.32 MeV, annihilation radiation, 
and the Compton distribution from higher energy gamma-rays. The 
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strong interference of 51Cr is not removed by  use of a Ge(Li) detector, 
although a determination may  be made by  use of one of the less abundant  
192Ir gamma-rays,  if the appreciable decrease in sensitivity may  be ac- 
commodated. The coincidence spectrum of the same meteorite illustrated 
in Fig. 15, clearly shows the spectrum of t92Ir. The intense photopeak at 
approximately 0.30--0.32 MeV was shown by  standard addition of 51Cr 
and half-life to be entirely due to 192Ir and m a y  be used for the iridium 
determination. The detection efficiency by  means of this coincidence 
method has been shown to be approximately 10 times greater than tha t  
for meteoritic iridium determinations using a 12 cc Ge(Li) detector. 
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Fig. 15. Singles and coincidence spectra for a thermal neutron irradiated stony 
meteorite 

Fujii et al. 7s) have developed a rapid method for the determination 
of praseodymium, using 14 MeV neutron activation and gamma-gamma  
coincidence counting. 

The coincidence technique has also been applied to the activation 
analysis of biological materials 79-82) and forensic materials s3). 

One of the earlier and still one of the most  interesting applications 
of coincidence counting in activation analysis is the isotopic determina- 
tion of eLi by  Coleman 84). In this method aqueous solutions of LiOH 
are irradiated with thermal  neutrons to produce tritons by  means of the 
6Li(n,t)4He reaction. The tritons then react with the oxygen in the 
aqueous solution by  the 160(t,n)lSF reaction. The lSF is a positron 
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emitter with a half-life of 109.7 minutes and is detected by coincidence 
measurement of 0.511 MeV annihilation radiations. The method permits 
multiple isotopic determinations on the same sample. The procedure is 
rapid and has been shown to yield data  in good agreement with those 
obtained by  use of mass spectrometry, which is a destructive technique. 

D.  O t h e r  N o n - D e s t r u c t i v e  T e c h n i q u e s  

1. General 

The use of 14 MeV neutron activation principally for major elements, 
Ge(Li) detectors for trace elements following thermal neutron irradia- 
tions, and gamma-gamma coincidence techniques for positron or cascade 
gamma-ray emitters as discussed in the previous sections, provide the 
analyst with powerful tools for devising schemes for non-destructive 
analysis. A few additional activation techniques which may be useful 
in special applications are discussed briefly below. In most of these cases 
rather sophisticated instrumentation is required. I t  is unlikely, therefore, 
that  these techniques will be in routine use in a facility devoted principally 
to analytical applications. In some cases, however, arrangements may be 
made for part  time use of a more extensive nuclear facility for a specific 
analytical problem. 

2. Photoactivation Analysis 

A number of lighter elements, such as carbon, nitrogen and oxygen may 
not be determined at the ppm level, by  the usual neutron activation 
techniques. Activation with photons of 10 to 70 MeV generated by  an 
electron linear accelerator or a betatron ss} makes it possible to determine 
these and many other elements at the microgram level, or below. The 
principal photon induced nuclear reactions in this energy region are the 
(7,7') and (7,n) reactions. In the case of the (7,n) reaction the product 
radionuclide is most often a positron emitter and additional selectivity 
may  be obtained by  coincidence counting of the annihilation radiations. 
The nuclear reactions 160(7,n ) 150 H ~ 2.1 minutes, 14N(7,n ) 18N H = 10 
minutes, and 12C(7, n) llC H = 20.5 minutes all yield positron emitters. 
These elements are of considerable interest in the analysis of biological 
materials. Resolution of the activities from oxygen and carbon is easily 
accomplished by decay curve analysis, due to their greatly different 
half-lives. The presence of nitrogen in mixtures containing oxygen and]or 
carbon makes decay curve resolution much more difficult. The threshold 
energy for the 14N(7, n)I~N reaction is, however, considerably lower than 
that  for the other two reactions and selective analyses for nitrogen may 
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be accomplished with reduced sensitivity, using photons of approximately 
12 MeV. The reduced sensitivity is due to the fact that the activation 
cross section for the reaction on nitrogen is extremely small for photon 
energies less than 20 MeV. For photon activation of matrices containing 
oxygen, carbon and nitrogen, radiochemical separation of nitrogen follow- 
ing irradiation is often found to be desirable. As with neutron activation 
analysis, primary interference reactions may be a problem. In some 
cases where the desired reaction and the interference reaction have 
appreciably different threshold energies (for example, 14N(7,n)13N 
threshold= 10.6 MeV and lsO(7,t)13N threshold= 25 MeV), discrimina- 
tion may be simply accomphshed by selection of the appropriate electron 
bombarding energy in the accelerator. 

Many articles relating to the techniques and applications of photo- 
activation analysis have appeared in the literature in the last several 
years. Especially useful reviews have been published by Albert s~,sT}, 
Engelmann et al. 8s~, and Lutz 99). 

3. Charged Particle Activation Analysis 

Protons, deuterons, tritons, helium-3 ions, and alpha particles have all 
been used as activating particles for activation analysis. Cyclotrons 
capable of accelerating the charged particles to energies of approximately 
15 MeV for singly charged particles, or 30 MeV for doubly charged 
particles are commonly used. For protons, (p,n), (p, pn), (p,2n), and 
(p, a) reactions are among the most common. The number of potentially 
useful reactions increases with increasing bombardment energy. 

The method has several limitations. First, relatively few analytical 
chemists have routine access to accelerators of the type required. In 
addition, the relatively small penetration of charged particles of the 
above energy restricts the depth of activation in the sample to a layer 
often less than 1 mm thick. In some cases where only the oxygen content 
of a metal surface is desired, this may be an advantage 89). The attenua- 
tion of the charged particles in the sample liberates an appreciable 
amount of heat which may lead to alteration of the sample unless it is 
adequately cooled. In this respect, the technique may not be regarded 
to be truly non-destructive. 

The technique has been widely applied to analyses for lighter elements 
such as carbon, oxygen, sulphur, nitrogen and boron in high purity 
metals and semiconductor materials 86-88,90-92). Neutron activation 
techniques for these elements do not provide sufficient sensitivity for 
many applications. In addition; the high neutron capture cross sections 
of many metals prevent the use of neutron activation techniques in the 
determination of trace impurities in the high purity metal matrix. 
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4. Prompt  Gamma-Ray Analysis 

The prompt gamma-rays emitted following neutron or charged particle 
interactions with the target nuclide may be used as a basis for non-des- 
tructive analyses. The important  advantage of this technique is that  the 
determination does not depend in any manner on the half-life of a product 
radionuclide. In fact, using this technique, the product nuclide need not 
even be radioactive. Many conventional activation determinations are 
limited in their sensitivities by  short half-life product radionuc]ides, or 
the fact that  the most abundant or highest cross section isotope of the 
element to be determined leads to a stable product on irradiation. 

Following capture of a thermal neutron (the most common activating 
particle for this technique) the resultant compound nucleus promptly 
decays, usually through several intermediates, yielding a spectrum of 
gamma-rays characteristic of the nuclide. The physical setup of the irra- 
diation and counting components is extremely important  in minimiz- 
ing interferences. Ordinarily a collimated beam of thermal neutrons is 
passed out of a suitable reactor port and allowed to impinge upon the 
sample which is in the form of a circular disc. The sample holder must be 
designed to minimize the mass of supporting material intersected by the 
beam. A NaI(T1) or Ge(Li) detector with collimator and appropriate 
shielding is placed to aim at the sample at fight angles to the neutron 
beam. The detector must be shielded from scattered neutrons as well as 
from spureous gamma-rays generated in the vicinity of the counting 
station. Detailed descriptions of such a setup have been given by  Green- 
wood and Reed 93) and Lombard et al. 94). A fast/slow sum-coincidence 
spectrometer has been used by  Lussie and Brownlee 9s) to further reduce 
the spureous gamma-ray background encountered in capture gamma-ray 
detection. 

I t  is of interest to note that  the method is capable of isotopic analysis 
of elements having adjacent stable isotopes and has also been used for 
the direct determination of hydrogen in plastics 94). The prompt gamma- 
ray emission following proton or deuteron bombardment has been used 
to measure the carbon content of steels 96,97). The method has also been 
widely used for the activation determination of boron. The principal 
disadvantage of the method is the requirement of direct access to a port  
in a nuclear reactor or a particle accelerator. Isotopic sources of neutrons 
have been used in some cases where high sensitivity is not required. The 
method should become more useful in the future when high intensity 
2s~Cf neutron sources become available. The neutron emission rate of a 
one curie 252Cf spontaneous fission neutron source is 300 times that  which 
may be obtained from any other one curie isotopic neutron source 9s). 
The use of these sources would reduce the shielding problems encoun- 
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tered in the use of nuclear reactors for prompt-gamma analysis. Unfor- 
tunately, it is certain to be many years before these sources are widely 
available. 

5. Neutron Activation Followed by  Delayed Neutron Counting 

Neutron irradiation of fissionable nuclides results in the production of 
many fission product radionuclides which decay by  negatron emission. 
In some cases, the negatron decay of the fission product radionuclide 
leads to an excited state of a daugther radionuclide which promptly 
emits a neutron to attain a "magic number" neutron configuration. An 
example is the fission product S~Br(H~ 55 sec.) which decays by  nega- 
tron emission to an excited state of STKr which in turn promptly emits 
a neutron to form stable 8SKr with the magic neutron number 50. Since 
the emission of the neutron from S:Kr is prompt, the rate of neutron 
emission from the irradiated sample decays with the half-life of the 
delayed neutron emitter precursor, STBr. 

The fact that  neutrons can be detected with reasonably high efficiency 
and with minimal interferences from other radiations permits the prac- 
tical determination of fissionable species such as isotopes of uranium and 
thorium by delayed neutron counting. The known delayed neutron 
emitter precursors are all short lived and the irradiated samples are 
counted with 10BF3-filled proportional counters immediately after 
irradiation without any separation chemistry. 

In early work gross counting of delayed neutrons was used to deter- 
mine the abundance of a single fissionable nuclide known to be in the 
sample. Brownlee 101) has reported techniques by which two or more 
fissionable species may be determined at the submicrogram level in a 
single irradiated sample. Nuclides fissionable only with fast neutrons 
may also be determined by  this technique. One of the more interesting 
applications of the method is in the non-destructive determination of 
uranium and thorium at trace levels in minerals, rocks, and stony mete- 
orites 102,10B). 

Ill. Summary 

I t  has been the purpose of this paper to review some of the more recent 
developments in the use of activation techniques for the essentially non- 
destructive determination of elemental or isotopic abundances. The term 
non-destructive is used in the sense that  the gross chemical and physical 
properties of the sample remain essentially unaltered. In the case of 
reactor irradiations for long periods of time, the samples will retain an 
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appreciable level of radioactivity which may  limit their use in certain 
later applications. Long exposure to radiation will also result in the 
degradation of certain biological materials. The essential point is that  
there are now a wide var ie ty  of activation techniques tha t  will yield 
abundance da ta  rapidly and accurately and still permit  retention of the 
sample for other studies, forensic evidence, or museum display. 

For  ult imate sensitivity, activation techniques employing radio- 
chemical separations must  still be employed. Chemical separations using 
inactive carriers m a y  be used to obtain radiochemicaUy pure samples 
tha t  m a y  be counted with beta  particle detectors which have much higher 
counting efficiencies than any gamma-ray  detector commonly used. In 
many  cases a rapid group separation (as in the separation of the alkali 
group elements from irradiated biological materials) will permit  the 
rapid determination of many  more elements than can be determined by  
strictly instrumental  means. 

The current availability of small portable 14 MeV neutron generators 
and the future availability of high intensity 252Cf spontaneous fission 
neutron sources will certainly result in the wide spread use of activation 
techniques for non-destructive "on-s t ream" product analysis in industry. 
The cost of the required instrumentat ion for m a n y  types of activation 
analysis is not excessive, as compared to the cost of other modern analy- 
tical instrumentation. The simple "off-on" operation of the new sealed- 
tube neutron generators and minimal maintenance associated with the 
use of an isotopic 25~Cf neutron source will permit  operation of the 
analytical facility with technician-level personnel. The versati l i ty of the 
activation technique justifies its inclusion among the other major  analy- 
tical techniques employed in any  modern analytical facility. 
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A. Introduction 

Since the discovery of ferrocene in 1951 transition metal organometallic 
chemistry 1) has received much attention in numerous laboratories 
throughout the world. Compounds with a variety of unusual structures 
and properties have been prepared. Some of these compounds are of 
practical interest as catalysts for the synthesis of unusual and useful 
organic compounds 2). 

As the development of transition metal organometallic chemistry 
has progressed resulting in the knowledge of an increasing variety of 
unusual compound types, the emphasis in this field has shifted from 
the synthesis of new compounds to the study of known compounds by 
physical and spectroscopic techniques. Mass spectroscopy first began to 
be applied extensively to the study of transition metal organometallic 
compounds in 1965, although scattered papers in this area had appeared 
as early as 1955 including particularly Friedman, Irsa, and Wilkinson's 3) 
now classic study on the mass spectroscopy of biscyclopentadienylmetal 
derivatives. Recently several comprehensive reviews have appeared in 
the area of mass spectroscopy of organometallic compounds 4,s). 
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This present article summarizes the results of these studies as well as 
related mass spectroscopic data obtained in the author's laboratories as 
well as some related studies by other workers 4,5). For a review of the 
general principles of mass spectrometry the reader is referred to any of 
several books in this area s-lo} (see also 11-2~ on information to be 
obtained from mass spectra). 

B. Some General Features of the Mass Spectra of Transi t ion 
Metal OrganometaUic Compounds  

The majority of transition metal organometallic compounds contain 
carbonyl and]or cyclopentadienyl groups. Before reviewing the frag- 
mentation patterns of selected transition metal organometaUic com- 
pounds with more unusual ligands, some characteristics of the fragmen- 
tation patterns of metal carbonyls and cyclopentadienyls will first be 
examined. This will enable the remaining discussion to focus on the 
more unusual aspects of the fragmentation patterns of compounds with 
other structural features. 

The mass spectra of simple metal carbonyls such as M(CO)6, (M= Cr, 
Mo, and W) 13}, Fe(CO)5 12~, and Ni(CO)4 12~ exhibit stepwise loss of 
carbonyl groups from the molecular ion to give ions of the type M(CO) +. 
This metal-carbon bond cleavage is such a favored fragmentation path- 
way that it predominates over most other alternatives in the mass spectra 
of metal carbonyls containing other ligands. Thus, in most cases the 
molecular ion loses all of its carbonyl groups before any types of frag- 
mentation processes take place. 

An alternate fragmentation pathway for metal carbonyl derivatives 
involves cleavage of the carbon-oxygen bonds rather than the metal- 
carbon bonds. This type of process is only observed in metal carbonyls 
with unusually strong metal-carbon bonds. As carbonyl groups are 
successively lost, the remaining metal-carbon bonds become stronger a) 
since the available electron density for retrodative bonds is shared be- 
tween fewer carbonyl groups. For this reason, carbon-oxygen bond 

a) If  the  metal -carbon bonds  did not  become stronger  upon successive loss of 
carbonyl groups, stepwise loss of carbonyl  groups would not  be observed. Ins tead 
all carbonyl  groups in  a meta l  carbonyl would be lost a lmost  s imul taneously  in 
cont ras t  to all reported observations.  There is some evidence for the  s imul taneous  
loss of two carbonyl groups in the  mass  spectra of some metal  carbonyl  deriva- 
t ives with part icularly s trong metal-carbon bonds suggest ing tha t  as the  metal-  
carbon bond becomes s tronger  the  difference in energy required to remove sucessive 
carbonyl groups descreases. This observation suggests  t ha t  the  effect of addi- 
t ional  retrodative bonding is less in cases where there is already a relatively 
large a m o u n t  of retrodative bonding. 
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cleavage can compete with metal-carbon bond cleavage in the mass 
spectra of metal carbonyl derivatives only after most of the carbonyl 
groups are already lost. The ions WC + and WC20 + arising from carbon- 
oxygen bond cleavage are found in the mass spectrum of hexacar- 
bonyltungsten, but  this type of carbon-oxygen bond cleavage cannot 
compete effectively with metal-carbon bond cleavage in ions containing 
more carbonyl groups. 

The metal-n-cydopentadienyl bond is somewhat stronger in =-cyclo- 
pentadienyl derivatives than the metal-carbon bond in metal carbonyl 
derivatives. However, stepwise loss of ~-cyclopentadienyl ligands occurs 
in the mass spectra of n-cyclopentadienyl derivatives 24}. The following 
fragmentation of ferrocene is particularly important  because of the 
occurrence of ferrocene as a pyrolysis product in numerous mass spectra: 

(C5H~)2 Fe+ -c~H, C5H5 Fc+ -C.H. Fe + 
m* 78.5 m* 25.8 

m/e 186 rn]e 121 m]e 56 

Elimination of a neutral C~H2 fragment from the C5H5 ligand also 
occurs frequently in the mass spectra of n-cyclopentadienyl derivatives 
especially in processes of the following type 24}: 

CsHsM+ -CzH,) C3Ha M+ - c t H ,  M + 

The molecular ion of cobaltocene also undergoes elimination of a 
methyl group by  the following sequence 24~: 

(C5H5) 2Co + ~ C9H7Co + --J- CHa 

This process must clearly involve a hydrogen shift. 
In one of the earliest detailed mass spectroscopic studies with transition 

metal organometaUic compounds, Friedman, Irsa, and Wilkinson 3) 
showed that  in the mass spectra of (C5H5)21V[ derivatives the molecular 
ion was more stable in the covalent n-cyclopentadienyls than in the ionic 
cyclopentadienides. 

The mass spectra of some transition metal organometallic derivatives 
sometimes exhibit dipositive ions which are identified by peaks at half- 
integral m/e values. Dipositive ions are much more intense in the mass 
spectra of organometaUic derivatives of the third row (Sd) transition 
metals (e. g. tungsten) than in the mass spectra of the corresponding orga- 
nometallic derivatives of the lighter (3 d and 4 d) transition metals. Triposi- 
tive ions are extremely rare, but  there is some evidence for the occurrence 
of the ion CsHsW(CO) +++ 19). 
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C. Mass Spectra of Polynuclear Metal Carbonyl Derivatives 

The facile loss of carbonyl groups in the mass spectra of metal carbonyls 
permits the generation of novel bare metal cluster ions M + in the mass 
spectra of polynuclear metal carbonyls of the type Mx(CO)y. Thus in the 
mass spectra of Mng~(CO)zo and C02(CO)s all carbonyl groups are lost 
before rupture of the metal-metal bond resulting in the production of the 
bimetallic ions Mn~ and Co~, respectively 14). 

The trimetallic ions M + ( M =  Ru and Os) are major components in 
the mass spectra of Ms(CO)t2 (M = Ru and Os) 25,2G). The tetrametallic 
ions M + (M = Co and Rh) similarly are maior components in the mass 
spectra of M4(CO)I~ ( M = C o  or Rh) ~5,26). The Os + cluster is found in 
the mass spectrum of Os40~(CO)12 2s). Further  fragmentation of these 
M + metal clusters results in metal-metal bond rupture giving the ions 
Mn + (1 < n < x ) .  

In some polynuclear metal carbonyls of the first row (3d) transition 
metals the metal-metal bonds are too weak to survive complete loss of 
carbonyl groups. Thus in the mass spectrum of FeB(CO)z~, stepwise loss 
of carbonyl groups occurs only as far as the tricarbonyltriiron ion 
Fe3(CO) + 2~). The rupture of the iron-iron bonds competes with the 
stepwise loss of carbonyl groups givingions such as Fe2(CO) + and Fe(CO)~. 
The mass spectrum of Fe2(CO)9 exhibits the ion Fe(CO)~ which may 
represent pentacarbonyliron formed by the following pyrolysis process 25): 

3 Fe~(CO)9 --~ 3 Fe(CO)5 + Fe3(CO)Iz 

Mass spectral data suggest that  metal-metal bonds between first row 
transition metals are weaker than corresponding metal-metal bonds 
between second and third row transition metals. Thus in the series 

(CO) sM--M'(CO)~ (M = M' = Mn or Re; M = Mn, M' = Re) 

the metal-metal bond strengths increase in the following sequence 27) 

M n - M n  (least) < Re--Re < M n - R e  (greatest). 

The greater strength of the bond between dissimilar metal atoms may 
arise from an electronegativity difference between the dissimilar metal 
atoms which adds an electrostatic force to strengthen the metal-metal 
bond. 

The mass spectra of some compounds containing metal-carbon 
clusters have been investigated. The mass spectra of the YCC03(CO)9 
compounds (J : Y = H, F, C1, Br, CH3 and CsHs) exhibit stepwise loss 
of nine CO groups giving the interesting cluster ions YCCo + 26,2s,29). 
The ion CH3CCo~ from CH3CC08(CO)9 (J: Y = CH3) undergoes further 
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dehydrogenation to give HC~.Co +, metal-carbon bond cleavage to give 
HCo~ and Co +, and cobalt-cobalt bond cleavage in these latter fragments 
to give ions with one or two cobalt atoms. The phenyl derivative 

C6HsCCos(CO)9 (/: Y=C6Hs) 2s) 
~+ 

exhibits the series of doubly charged ions C6HsCCoa(CO)6-,,. The mass 
spectrum of [CCo3(C0)9]~ (2) exhibits stepwise loss of all eighteen CO 
groups to give the unusual metal carbide ion C~Co~ 29). 

O O O 

oo.Lco oc,%co oc, Lco 
Co C- OC Co /Co.. CO 

y_c_/_._l_bco/_co oc_-co . / . . . ] . bc_c  ..... i__.-.co/_co 
/ \CO \/o/ \, \//-co 

,-co oo c,'CO 
0 0 0 

; 2 

Another source of metal carbide ions is the ruthenium compound 
RusC(CO) 17. The mass spectrum of this compound exhibits an ion series 
Ru6C(CO) + (n = 0 thru 16) 30). A low abundance of RusC + is also found30). 
The mass spectra of the Ru6(CO)14 (arene) derivatives have also been 
investigated. A series of ions RuGC(CO)14-n (arene) § is observed ao). 

D. Mass Spectra of Cyclopentadienylmetal Carbonyl Derivatives 

A variety of interesting effects have been noted in the mass spectra of 
eyclopentadienylmetal carbonyl derivatives 19,al). Cyclopentadlenyliron 
carbonyl derivatives have a great tendency to undergo pyrolysis in the 
mass spectrometer producing ferrocene which gives rise to an ion (CsH 5) 2- 
Fe + (m/e 186). Furthermore, compounds of the type RFe(CO)2CsH5 
produce substituted ferrocenes of the type C10H9RFe and CloHsRzFe 
by similar pyrolytic processes. Certain acyl derivatives 

(e. g. C6HsCOFe(CO) 2C5H5) 

undergo decarbonylation in the mass spectrometer to produce the corre- 
sponding alkyl derivatives; such decarbonylation reactions have been 
previously effected photochemically. 

The ions CsHsFe(CO).I+ (n =2, 1, and 0) have been observed in the 
mass spectra of the 

RFe(CO)~CsH5 derivatives (R=C6HsCOS, CH3S, NC5H4CH2, 
CsHloNCH2CH~, CHaOCOCH2, CGHs, and C6HsCH=CHCO). 
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The ions CsHsMo(CO)nI + (n = 3, 2, 1, and 0) have been observed in the 
mass spectra of the 

RMo(CO)sC5H5 derivatives (R~--CHsSCH2, CH2NCO, 1/2 (CF2)s, and 
Br(CH2) 4). 
The mass spectrum of [CsHsCr(NO)2] ~ exhibits the ions CsHsCr(NO)~I + 
(n ---= 2, I, and 0). 

Some cyclopentadienyliron carbonyl derivatives exhibit sufficient 
metastable ions for the complete fragmentation scheme from the molec- 
ular ion down to the bare iron ion Fe + to be elucidated 19). One such 
compound is the acetyl derivative CHsCOFe(CO)2C5Ha (3) (Fig. 1). 
The parent ion CHsCOFe(CO)2C5H + of this compound appears to break 
down via two major pathways. In the first pathway successive losses of 
carbonyl groups occur to give the carbonyl-free ion CHsFeCsHs. This 
ion then loses hydrogen to give the ion CcHr + which subsequently 
loses a C6H6 fragment to give the bare ion Fe +. In the second pathway 
for the fragmentation of the molecular ion CHaCOFe(CO)2CsH~ loss 
of a methyl group first occurs giving the ion CsH5Fe(CO) +. This ion 
then loses carbonyl groups stepwise giving the ion CsH5Fe+ which finally 
loses the cyclopentadienyl ring to give again the bare iron ion Fe +. 

Another cyclopentadienyhron carbonyl derivative for which complete 
fragmentation schemes could be deduced by metastable ion analysis is 
the methyl ester CHsOCOCH2Fe(CO)~CsH5 (4) (Fig. 2) 19). Again the 
parent ion CHsOCOCH2Fe(CO)2CsH + appears to break down by two 
major pathways. In the first pathway losses of carbonyl groups occur to 

+ 
give the ion CHsOCOCH2FeCsH5. Analysis of the metastable ions shows 
that the two carbonyl groups can be lost from the molecular ion either 
individually or simultaneously. Further fragmentation of the CHaOC- 
OCH2FeCsH + ion occurs by the elimination of ketene and concurrent 
shift of a methoxy group from carbon to iron to give the ion C 5HsFeOCH~. 

This ion then undergoes dehydrogenation to form the ion 

CsHsFeCOH + 
which is then decarbonylated to give CsHdFe+. Loss of cyclopentadiene 
from the latter ion converts it to the bare iron ion Fe +. The second 
pathway for the degradation of the molecular ion 

CHaOCOCH 2Fe(CO) 2C 5H + 

Pe .0 F e  FeL C Mo H 
oc 7\ c o oo i-c o oo 

O CH S 0 H I H H OC~H 5 
OCHs 

3 4 5 6 
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CH3COFe(CO) ~C5H5 

+e- 

CH3CsH4FeCsHs-t- (C~Hs)2Fe CH3COFe(CO) 2CsH~ -CH, ~ CsHsFe(CO)~ 

1 1 1 1 --2e-- --2e-- -CO * -CO * 

CH3CsH4F~CsH~ (CsHs)~Fe+ CI-I3~e(CO)~CsH~ CsHsFe(CO)~ 

-ool. - ol. 
CsHsFe+ CH3FeCOCsH + CsHsFeCO + 

~176 
Fe+ CH3FeCsH + CsHsFe+ 

CcHoFe+ Fe+ 

-elIt61 * 

Fe + 

* The metastable ion corresponding to this process was observed. 

Fig. 1. Fragmentat ion scheme of CH3CO~e(CO)2CsH 5 

first involves loss of the methoxy group to give the ion 

C6HsFe(CO) 2CHACO+ 

possibly of structure (5) containing x-bonded ketene. This ion subse- 
quently loses ketene to form the C~H5Fe(CO)~ ion which is then degraded 
to Fe + by the expected successive losses of the two carbonyl groups 
followed by loss of the =-cyclopentadienyl ring. Similar ketene-elimination 
processes are noted in the mass spectrum of the molybdenum derivative 
C2HsOCOCH 2Me(CO) 3C5H5 (6). 

The mass spectrum of the ~-allyl derivative CaHsMo(CO)~CsH5 (7) 
also exhibits some interesting features. The molecular ion first loses one 
of its carbonyl groups to give the monocarbonyl ion C~HsMoCOCsH~ 
which still appears to contain the rc-allyl ligand. Fragmentation of this 
monocarbonyl ion next involves a loss of 30 mass units rather than the 
usual 28 mass units corresponding to loss of a carbonyl group. This 
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CHsOCOCH2Fe(CO) 2C5H5 COCII2Fe(CO) ~CsH + 

(C5H5) ~Fe / C H  3OCOCH2Fe(CO) 2C5H + CSI-IsFe(CO) + 

1- I 1 +e -CO , --CC} * 
--~ / ', 

-~ co I* CltaOCOCH~ (C5H5) 2Fc~ CsHsFeCO + 

C,5I-[5Fe+ --CH'aOCOCII2FeCsH~ C5tI5Fe+ 

1 1 1 --CsIT 6 * _ CHACO --Of H. * 

Fc + CsHsFeOCH + Fc+ 

--H= I * 
CsHsFeCOH+ 

-CO I * 

CsHsFeH+ 

-CsI'II 1 * 

Fe+ 

* The metastablc ion correspoading to this process was observed. 

Fig. 2. Fragmentation scheme of CHsOCOCH2Fe(CO)zCsHs 

indicates that  the ion CaH5MoCOCaH + undergoes nearly simultaneous 
loss of caxbon monoxide and hydrogen to give an ion CaHaMoCsH~ 
apparently containing a ~-cyclopropenyl group. A similar fragmentation 
scheme is also noted for the tungsten analogue CsHsW(CO)~CsH5 (7: 
M = W) but  not for the iron compound C3HsFeCOCsH5 3a). 

The mass spectra of binuclear cyclopentadienylmetal carbonyl 
derivatives of chromium and molybdenum provide useful indications 
of the relative strengths of the metal-metal bonds in various compound 
types. The mass spectrum of [CsHsCr(CO)sla (8: M = C r )  exhibits no 
bimetallic ions but  only monometallic ions such as CsHsCr(CO) + (n = 3, 
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2, 1, and 0) as well as the ions C5HsCr(CO)nH + ( n = 3 ,  2, and 1) formed 
by  proton abstraction from the mass spectrometer 26). This indicates 
that  the metal-metal bond in [CsHsCr(CO)3]3 is so weak that  it breaks 
upon vaporization in the mass spectrometer. The mass spectrum of the 
molybdenum compound [CsH5Mo(CO)a]2 (8: M = Mo) exhibits the bi- 

o o o 

\ /  
OC-IV[o-CO 

7 8 

metallic ions (C5H5)2Mo2(CO) + (n = 6, 5, 4, 3, 2, and 0) as well as some 
monometallic ions indicating that  the molybdenum-molybdenum bond 
is strong enough to survive vaporization and remains part ial lyintact  upon 
electron impact 26,31). The mass spectra of [(CHs)aCsMo(CO)2]2 (9) and 
[CgHgMo(CO) 2] 2 (10) both show only bimetallic ions indicating a very 
strong metal-metal bond consistent with the presence of metal-metal 
triple bonds as indicated in the structures 9 and 10 34). 

The mass spectra of [C5H5M(CO)~]2 (M= Fe 31) and Ru as) and of 
[C5HsCr(NO)2]3 33) have been investigated. The carbonyl derivatives 
exhibit only rather routine decarbonylation, dehydrogenation, and 
acetylene-elimination processes. The nitrosyl derivative [C5HsCr(NO)2]2 
exhibited stepwise loss of nitrosyl groups 33). 

A particularly interesting cyclopentadienylmetal carbonyl derivative 
is the iron compound [C5HsFeCO]4 which has an unusual symmetrical 
tetrahedral structure and a v (CO) frequency at ~ 1620 cm -1 indicative 
of an unusually strong iron-carbon bond and an unusually weak carbon- 
oxygen bond 35). The mass spectrum of [CsH 5FeCO] 4 exhibits a molecular 
ion but  very weak carbonyl-containing tetrametallic fragment ions 
(CsHs)4Fe4(CO) + ( n = 3 ,  2, and 1) and (CsHs)4Fe4(CO)nC + (n----2 and 0); 
the relative intensities of these two series of ions are approximately equal 
indicating similar tendencies for iron-carbon and carbon-oxygen cleavage 
in contrast to most metal carbonyl derivatives where metal-carbon 
cleavage occurs much more easily than carbon-oxygen cleavage. This 
anomalous behaviour in the mass spectrum of [CaHsFeCO]4 may clearly 
be at tr ibuted to the unusually weak carbon-oxygen bonds and the 
unusually strong iron-carbon bonds in this complex. Trimetallic ions 
observed in the mass spectrum of [CsH5FeCO]4 include (CsHs)aFeaC + 
and the series (CsHs)sFe3(CO) + ( n = 2 ,  1, and 0); the highest m/e tri- 
metallic ion (CsH5)aFe3(CO) + probably arises by  elimination of a neutral 
C5HsFe(CO)~ fragment from the parent ion (CsHs)4Fe4(CO) +. The tri- 
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metallic ion (CsHs)sFe + undergoes further fragmentation by the follow- 
ing iron-elimination process as): 

(CsHs)~Fe + m* 259,S ) (CsHs) 3Fe '~+ Fo 

m/e  363 m/e  307 

The (CsHs)3Fe + ion may have a triple decker sandwich structure such 
as 11. This possibility is supported by its further fragmentation by 
elimination of a neutral CsHsFe fragment by the following process: 

{C5Hs)~Fe~ ~ (CsH~)~Fe+ + C s H s F e  
m* 112.4 

m e / 3 0 7  m/e  186 

This is the only example of an elimination of a neutral CsHsM frag- 
ment supported by the presence of a metastable ion which has been 
observed in work with a great variety of rc-cyclopentadienyl derivatives. 

Similar triple-decker sandwich ions (CsH5)3M + (M=Fe  or Ni) have 
been observed in very low abundances in the mass spectra of ferrocene 
and nickelocene at pressures high enough for bimolecular reactions to 
occur 23). 

Mi~ller and Herberhold 37) have studied the mass gpectra of some 
cyclopentadienylmanganese carbonyl derivatives of the type 

CsHsMn(CO) 2L 

(L = CO, cycloolefins, maleic anhydride, isocyanides, amines, phosphines, 
sulfoxides, etc.). In most cases loss of the two carbonyl groups occurs 
in a single step. The ion CsHsMnCsH + from the cyclopentene derivative 
undergoes dehydrogenation to give the ion 

(C5H5) 2Mn+. 
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The ion CsHsM_nCNC6H~I from the cyclohexyl isocyanide complex 
undergoes successive losses of hydrogen cyanide and cyclohexene in 
either possible sequence. The following processes exemplify unusual 
fragmentations observed in the mass spectrum of the dimethylsulfoxide 
complex: 

CsHsMnSO(CHs)~ -~- CsHsMnO + + (CH3)2S 

CsHsMnSOCH-~ ~ CsHsMnOH+ -~ S=CH2 

The mass spectra of some ~-indenylmolybdenum carbonyl derivatives 
of the type RMo(CO)nCgH7 have been investigated as). The usual step- 
wise loss of carbonyl groups is observed except for the ~-allyl derivative 
~-C3HsMo(CO) 2C9H7 where the loss of H2 accompanies the loss of the 
last carbonyl group as in the related ~-allyl derivative 

~-C3HsMo(C0) 9,C5H5 (7). 

In the mass spectrum of the a-methyl derivative 

CH3Mo(CO) 3C9H7 

loss of the methyl group competes with loss of the last carbonyl group 
to give the ion C10HsMo +. The ion C9HTMo + is a major fragment in 
the mass spectra of some ~-indenylmolybdenum carbonyl derivatives; 
it apparently can undergo two successive C~H2 eliminations. The metal- 
free indenyl ion CgH~ also undergoes easily two successive C2H~ 
eliminations. The mass spectrum of the ~-allyl derivative 

~-C sH 5Mo(CO) 2C9H 

indicates the presence of about 2% of a previously unidentified im- 
purity of empirical formula corresponding to 

~-CsHsMo(CO) ~(~TC9H6C3Hs) ; 

this species exhibits a fragmentation pattern similar to that of the other 
~-allylmolybdenum carbonyl derivatives including the loss of H2 with 
the loss of the last carbonyl group. 

Fe 
/ l \  

C C ogo 
12 
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E. Mass Spectra of Olefin Metal Carbonyl Derivatives 

The mass spectra of monometallic olefin derivatives of metal carbonyls 
of the following types have been investigated: 

a) (triene)M(CO)a: M = C r ,  triene ---- benzene 39,4o), cycloheptatriene 
40), cyclooctatetraene 4o); M =  W, triene = toluene 4o), ~h-xylene 4o), 
mesitylene 4o), cycloheptatriene 4o) 1,8,5-cyclooctatriene 40); 

b) (diene)M(CO)4: diene=l,5-cyclooctadiene,  M = M o  and W 4o); 
bicycloE2,2,1]heptadiene, M = W 4~ ; dicyclopentadiene, M = W  40); 

c) (diene)~M(CO)9.: diene = 1,3-cyclohexadiene, iK = Mo or W 4o); 
d) (diene)Fe(CO)s: diene=cyclooctatetraene 4o), 1,3-cyclohexadiene 

4n, and cycloheptadienol 4o). 
Stepwise loss of carbonyl groups are observed in these mass spectra. 

The carbonyl-free ions then generally undergo further fragmentations 
by  dehydrogenation and elimination of two carbon fragments, particu- 
larly C2H2. In cases where the olefm has two adjacent sp 3 carbon 
atoms (1,3-cyclohexadiene, 1,3,5-cyclooctatriene, and 1,5-cyclooctadiene) 
dehydrogenation is particularly facile and occurs prior to the loss of all 
carbonyl groups. The mass spectrum of the cycloheptadienol derivative 
CTH9OHFe(CO) 8 (12) exhibits facile elimination of H20.  

The diolefins bicyclo[2.2.1] heptadiene and dicyclopentadiene are 
Diels-Alder adducts of cyclopentadiene. In the mass spectra of the 
tungsten carbonyl complexes of these olefms a retro-Diels-Alder frag- 
mentation (CsHs elimination) is observed to take place with such facility 
that  it is observed before all carbonyl groups are lost. Thus the mass 
spectrum of bicyclo[2,2,1]-heptadienetetracarbonyltungsten (73) exhibits 
the family of ions Cg.HzW(CO) + (n = 2, 1, and 0) formed by  bond cleavage 
as[indicated by  dotted lines in structure 13. Similarly, the mass spectrum 
of dicyclopentadienetetracarbonyltungsten (14) exhibits the family of 
ions CsHsW(CO) + (n = 0, 1, 2, or 3) formed by  bond cleavage as indicated 
by  the dotted lines on structure 74. 

OC--W--CO Oc//W\..CO 
/ x 

C C C C 
0 0 0 0 

13 14 

The mass spectra of some binuclear iron carbonyl complexes of the 
type (triene) Fe2(CO)8 have been investigated 26,38). Reaction between 
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Fe3(CO)I2, 1,4-dibromobutyne-2, and zinc gives a volatile air-stable 
red-orange solid, m.p. 69--70 ~ originally 42) believed to be C4HaFe2(CO) 5 
but  later 26) shown by mass spectrometry to be C4H4Fe2(CO)6; this 
compound appears to have structure 15. The molecular ion of this com- 
plex undergoes stepwise loss of all six carbonyl groups. The resulting 
C4H4Fe + ion then loses its C4H4 group giving the bare diiron ion Fe + 
which fragments further giving an iron atom and a bare iron ion Fe +. 
A complete series of metastable ions is observed for all eight of these 
steps. 

The mass spectrum of the 1,3,5-cyelooctatriene complex 

CsH10Fe2(CO) 6 

has also been investigated 3s). The molecular ion in the mass 
spectrum of CsH10Fe2(CO) 6 undergoes the stepwise loss of its six carbonyl 
groups giving the " + ions CsH10Fe2(CO)~ ( n = 5 ,  4, 3, 2, 1, and 0). In some 
cases one iron atom can also be lost forming the ions CsHloFe(CO) + 
(n = 1 and 0 and possibly 3 and 2). The end product from the loss of all 
six carbonyl groups and one iron atom from the molecular ion is the 
carbonyl-free monometallic ion CsH10Fe +. Metastable ion analysis 
indicates that  the ion CsH10Fe + goes to the bare iron ion Fe + by  the 
following two steps: 

CsHIoFe + -+ CsH6Fe + + CzH4 

C s H s F e  + --~ Fe++CeHs 

Other iron-containing ions in the mass spectrum of CsHloFe2(CO)6 
arising from less important  fragmentation processes include CsHsFe +, 
Fe +, and FeCO +. 

The mass spectra of binuelear iron carbonyl complexes of acenaph- 
thylene and azulene have been briefly reported 26) The acenaphthylene 
complex previously 4a) reported as C12HsFe2(CO)6 exhibits C12HBFe~ 
(CO)~ as the highest m/e ion; the implied pentacarbonyl formulation 
was later 44) confirmed by  X-ray crystallography which indicated struc- 
ture 16. The reaction between azulene and Fe(CO)5 has been reported 45) 
to give dark red CloHsFe2(CO)5; this formulation was confirmed by  

OC.. '.'~ CO 

OC / ~%, \CO 
OC-- Fe--Fe--CO 

C / I I 
0 C C 

0 0 

16 
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mass spectroscopy 26~. However, under slightly different conditions 
azulene and Fe(CO)s gave another dark red product which was shown 
by mass spectrometry 26} to be the previously unknown [CloH sFe(CO) 2] 3. 
The mass spectra of these olefin-iron carbonyl complexes exhibited not 
only the corresponding molecular ions but also fragment ions correspond- 
ing to the stepwise loss of all carbonyl groups. 

F. Mass Spectra of Tert iary Phosphine  Derivatives 
of Metal Carbonyls 

The relatively low molecular weight of the tris(dimethylamino)phosphine 
ligand gives its metal carbonyl complexes 45~ appreciable volatility 
thereby making them suitable for mass spectral studies. The mass spectra 
of several tris(dimethylamino)phosphine complexes of metal carbonyls 
have been reported 46,47~. The usual stepwise loss of carbonyl groups 
occurs in the mass spectra of these compounds though sometimes two 
carbonyl groups are lost in a single step. 

Another process occurring in the fragmentation of tris(dimethyl- 
amino)phosphine-metal carbonyl complexes is the loss of a (CH3)2N 
group from a [(CHs)2N]3PM(CO) + ion to form the corresponding 
[(CH3)2N] 2PM(CO) + ion. This process competes effectively with the loss 
of carbon monoxide from the same ion. A rough indication of the relative 
tendencies for the molecular tris(dimethylamino)phosphine-metal car- 
bonyl ion (P+) to lose carbon monoxide and to lose a dimethylamino 
group is provided by the ratio [P-44]/([P-44] + [P-28]) where [P-44] and 
[P-28] correspond to the relative intensities of the ions 44 and 28 mass 
units less than the molecular ion, respectively. The tendency for the 
molecular ions to lose carbon monoxide to form the (P-28)+ ion is nega- 
tively correlated with the metal-carbon bond strength since this process 
involves rupture of a metal-carbon bond. However, the loss of a dimethyl- 
amino group from a molecular ion to form the (P-44) + ion does not 
involve rupture of a direct metal-ligand bond but instead rupture of a 
phosphorus-nitrogen bond. Thus the tendency for the molecular ion to 
lose a dimethylamino group is much less affected by variations in the 
metal-carbon bond strength than the tendency for the parent ion to 
lose a carbonyl group. For this reason higher values of the ratio [P-44]/ 
([P-44] + [P-28]) may indicate a higher metal-carbon bond strength at 
least for closely similar compounds. This ratio is much higher for tungsten 
carbonyl derivatives than for the completely analogous molybdenum 
and chromium carbonyl derivatives thereby indicating greater strength 
of tungsten-carbon bonds than similar molybdenum-carbon bonds and 
chromium-carbon bonds. 
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Another process of interest in the mass spectra of tris(dimethyl- 
amino)phosphine derivatives is the elimination of a CHsNCH2 (azapro- 
pene) fragment. This occurs in ions containing first-row transition metals 
but no carbonyl groups, e.g. 

[(CHs)2N]3PM + --~ [(CH3)zN]2PHM++ CHsNCH2 (M=Cr or Fe) 

CsHsVP[N(CH3) 2] + ~ C5H5VPH[N(CH3)2]~ + CHsNCH2 

Other neutral fragments eliminated in the fragmentation processes 
of tris-(dimethylamino) phosphine metal carbonyl complexes appear to 
contain phosphorus-hydrogen bonds, e.g. 

[(CH3)~N]2PHFc+ -~ (CHsNCH2)2Fe++ PH3 

[(CH3)~N]aPFe+ -+ (CH3NCH~)2Fc++ (CH3)aNPH~ 

A characteristic feature of the mass spectra of metal carbonyl com- 
plexes containing two tris(dimethylamino)phosphine ligands is the pres- 
ence of ions of the type [(CH3)2N]4PM + presumably of the structure 
[(CH3)2N]sPMN(CH3)~ containing a metal-nitrogen bond. Other ions 
containing metal-nitrogen bonds are observed including (CH3)2NM + 
(M = Fe or Cr). 

The mass spectra of certain metal carbonyl complexes of triphenyl- 
phosphine and 1,2-bis(diphenylphosphino)ethane (Pf-Pf) have been 
investigated 4s). Besides the usual stepwise loss of carbonyl groups, 
cleavage of the phosphorus-carbon bond occurs. Thus triphenylphosphine 
complexes exhibit cleavage of the phenyl-phosphorus bond after all 
carbonyl groups are lost. The 1,2- bis(diphenylphosphino)ethane com- 
plexes (e.g. (Pf-Pf)EW(CO)5]2 and (Pf-Pf)M(CO)4) exhibit elimination 
of the ethylene bridge between two phosphorus atoms. 

Phosphorus trifluoride is a weak a-donor but strong r~-acceptor 
ligand like carbon monoxide. I t  therefore forms metal trifluorophosphine 
complexes similar in properties (but somewhat more stable than) the 
corresponding metal carbonyls. The mass spectrum of Ni(PFs)4 49) 
exhibits successive loss of the PFa ligands analogous to the successive 
loss of carbonyl groups in the mass spectrum of Ni(CO)4 121. Ions of the 
type Ni(PF3) + also appear to exhibit the loss of a fluorine atom giving 
ions of the type Ni(PF3)n-IPF~. In the mass spectra of the cobalt tri- 
fluorophosphine derivatives HCo(CO) n(PFs) 4-n(n = 0,1,2, 3,4) a similar 
fragmentation pattern is observed 5o). 
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G. Mass Spectra of Metal Carbonyl Halides 
and Metal Carbonyl Hydrides 

Halogens and hydrogen can be either terminal or bridging ligands in 
transition metal carbonyl complexes. When bonded to one metal atom 
in a terminal position, these ligands are readily lost in the fragmentation 
in the mass spectrometer. However, when bonded to two metal atoms in a 
bridging position, these ligands remain bonded to the metal atom(s) 
until an advanced stage of the fragmentation process. This greater 
difficulty of cleavage of a bridging liganfl as compared with a terminal 
ligancl may  be at tr ibuted to the need to break two metal-ligand bonds for 
removal of a bridging ligand but  only one metal-ligand bond for removal 
of a terminal ligand. 

This difference in the behavior of bridging and terminal halogens has 
been observed in the mass spectra of the simple metal carbonyl halides 
4s,51). The mass spectra of the metal carbonyl halides M(CO)5X (X = C1, 
Br, or I;  M-----Mn or Re) and Fe(CO)412 exhibit competitive carbonyl 
and halogen losses giving in the cases of the M(CO)5X derivatives ions 
of both the types M(CO)•X+ and M(CO) +. However, in the mass spectra 
of the binuclear metal carbonyl halides with bridging halogen atoms 
[M(CO) 4X] 2 (M = Mn, X = I ; M = Re, X ---- I or C1) and [Rh(CO) 2C132 all 
carbonyl groups are lost to give the ions M2X + before any of the halogens 
are lost. 

The mass spectra of some metal carbonyl halides with =-cyclopen- 
tadienyl, ~-cycloheptatrienyl, ~-allyl and ~-indenyl ligands have been 
investigated 5~,8s). The usual losses of carbonyl groups and C~Ha frag- 
ments are observed. The mass spectra of the chlorides exhibited a strong 
iodine memory effect, since ions expected for the corresponding iodides 
were also observed in their mass spectra. Pyrolysis of the halides 

CsHsMo(CO) aX 

to the new binuclear halides [CsHsMo(CO)X]2 occurs in the mass spec- 
trometer. The halides [C5HsMo(CO)X]~. probably have structure 17 
somewhat similar to tha t  of [Rh(CO)2C1] 2; the central metal atoms in the 
two types of complexes are isoelectronic. Because of a combination of 
pyrolysis and the iodine memory effect, the mass spectrum of 

CsHsMo(CO) aC1 

exhibits ions clearly arising from the three binuclear halides 

[CsHsMo(CO)C1] ~, [CsHsMo(CO)I]2, 

and [CsHsMo(CO)]2IC1. The mass spectrum of the ~-indenyl derivative 
C gH 7Mo(CO) 81 as~ (originally 58) formulated as C 9H ~Mo(CO) 31) indicated 
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that this compound was converted largely into the binuclear derivative 
[CgHTMoIz~2 formulated as 58; the ions in the mass spectrum of this 
complex undergo competing losses of C9H7 and I fragments. 

Several processes of interest occur in the mass spectrum of the =-allyl 
derivative C3HsFe(CO)~I 52). The series of ions CaraFe(CO)hi + (n = 3, 
2, 1, and 0) resulting from the stepwise loss of carbonyl groups is observed. 
However cleavage of the =-allyl and/or iodide ligands can compete 
effectively with loss of carbonyl groups giving rise to the additional 
series of ions Fe(CO)nI + (n=2,  1, and 0), C3HsFe(CO) + (n=3,  2, 1, and 
0), and Fe(CO) + (n = 2, 1, and 0). A more unusual series of ions in the 
mass spectrum of CsHsFe(CO)3I is C2H2Fe(CO) + (n=3,  2, 1, and 0) 
formed apparently by elimination of methyl iodide; this process must 
involve a hydrogen shift. 

~xf "co 

17 18 

The mass spectra of some metal nitrosyl halides have been studied 54). 
The halides [Fe(NO)2X]2 (79:10 = C1 or Br) which contain an iron-iron 
bond in addition to the metal halogen bridges exhibit stepwise loss of 
the nitrosyl groups to give the ions Fe2X +. By contrast, the halides 
[Co(NO)2X]2 (20: 70=C1, Br, or I) exhibit cleavage of the bimetallic 
system to Co(NO)2X + which then undergoes elimination of nitrosyl 
groups and halogens. The mass spectrum of the cyclopentadienylmetal 
nitrosyl halide [CsH~Mo(NO)I2]2 (27) has also been investigated 5~. 
It does not exhibit a molecular ion. The highest m]e ion in its mass spec- 
trum is (CsHs)2Mo2(NO)2I~ corresponding to elimination of I2 from the 
molecular ion. In the proposed structure for [CsHsMo(NO)I2]2 (21) the 
two non-bridging iodine atoms on different molybdenum atoms could 
be eliminated together as I2 in a pyrolysis reaction. This would leave the 
compound CsHsMo(NO)I2 which could have structure 22 with a molyb- 
denum-molybdenum bond and a favored 18-electron rare gas configura- 
tion for each molybdenum atom. The ion (C5H5)2Mo2(NO)2I + undergoes 
competitive stepwise losses of nitrosyl groups and]or iodine atoms. 
The mass spectrum of [CsHsMo(NO)I~]~ also exhibits the mononuclear 
ion CsHsMo(NO)I~ apparently formed by cleavage of the iodine bridges 
in 27. This ion undergoes further fragmentation by loss of its nitrosyl 
group followed by elimination of C5H5, CzH~ and/or iodine. 
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In the case of the mass spectra of mononuclear terminal metal car- 
bonyl hydrides such as HMn(CO)5 55) and CsH5W(CO)3H 19) hydrogen 
loss competes effectively with carbonyl loss even from the molecular ion. 
However, in the case of some polynuclear metal carbonyl hydrides with 
bridging hydrogen atoms, loss of hydrogen only occurs after most or all 
of the carbonyl groups are lost 5~). Thus in the mass spectrum of HRe3- 
(CO)14 (23) hydrogen loss does not compete with the stepwise loss of 
carbonyl groups until the ion HRe3(CO)~ is reached; ions of the types 
HRe2(CO)+-n are also observed as well as Re2(CO)+o apparently formed 
by  a carbon monoxide transfer reaction. In the mass spectrum of 

H2Ru4(CO) 13 

the two hydrogen atoms are lost after loss of six carbonyl groups 
57). However, in the mass spectrum of HsRea(CO)12 losses of hydrogen 

.oo co / 
oN" ~.x / "~o oN \x / "~o ~ ~'o\i/'~ 
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and carbon monoxide compete with each other 56). In the mass spectrum 
of the manganese analogue, monometallic ions are predominantly ob- 
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served apparently due to the expected greater weakness of manganese- 
manganese bonds than that of rhenium-rhenium bonds. 

In the mass spectrum of H3Rua(CO)la six carbonyl groups are lost 
followed by two hydrogens and then the remaining carbonyl groups 57). 
Similar fragmentation patterns are noted for H4Ru4(CO)I~ 57) and the 
trinuclear osmium carbonyl hydrides HOs3(CO) loY 5s). (y = H, OH, 
and OCHa). 

H.  Mass Spectra of Alkylthio,  Dia lkylphosphido  and 
Dialkylureylene Derivatives 

The mass spectra of several compounds of the type (RS)2Fe2(CO)6 
(e. g. 24, 25, and 26) normally exhibits stepwise loss of carbonyl groups 
followed by cleavage of the carbon-sulfur bond 59). In the case of 

C 2H 4S 2Fe2(CO) s 
an ethylene fragment is eliminated from the C2H4S3Fe + ion. In the 
mass spectra of (RS)3Fe2(CO)~ compounds containing R groups with 
~-hydrogen atoms, (e.g. ethyl and n-butyl) neutral olefin fragments 
are eliminated from the carbonyl free ions (RS)~Fe + resulting ultimately 
in the ion Fe2(SH) + 51). The manganese compound H2C3S3Mnu(CO)6 
(27) exhibits a similar fragmentation pattern; in this case losses of CuH3 
and CO from the monocarbonyl ion H3C3S2M_u~.CO + are competitive 
processes 60). The mass spectra of certain bis(trifiuoromethyl)ethylene- 
dithiolate derivatives such as CaHsMSeC2(CFa)~ (M = Co, Rh, and It), 
[CsHsMoS2C2(CF3) 3] 3, and CsHsW[S3C2(CFs) 2] 3 exhibit similar facile 
cleavage of carbon-sulfur bonds resulting in the elimination of neutral 
C4F6 fragments ~1). Cleavage of carbon-sulfur bonds predominates in 
the mass spectrum of the 2,5-dithiahexane complex CaHIoS3W(CO)4 
once all carbonyl groups are lost 59). 
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In the mass spectra of compounds with bridging alkylthio groups such 
as those discussed above, cleavage of the carbon-sulfur bond occurs 
before cleavage of the metal-sulfur bond. However, in the case of the 
mass spectrum of the compound CH3SFe(CO)2CsH5 (28) a similar 
cleavage of the carbon-sulfur bond in the carbonyl-free ion CsHsFeSCH~ 
is not observed 59). Instead the ion CsHsFeSCH + undergoes dehydro- 
genation to give the ion C6H6SFe + or hydrogen sulfide elimination to 
give the ion C6H6Fe +. Again this behavior is consistent with the expected 
weaker bonding of a metal atom to a terminal sulfur atom with only one 
metal-sulfur bond than to a bridging sulfur atom with two (or sometimes 
more) metal-sulfur bonds. 

The mass spectra of cyclopentadienylchromium nitrosyl derivatives 
of the type [CsHsCrNOSR]2 (29:R:CH3 or C6H5) 62) exhibit stepwise 
loss of the nitrosyl groups followed by carbon-sulfur bond cleavage with 
loss of the alkyl groups. The resulting [CsHsCrS] + ion then loses a neutral 
CrS~ fragment to give the (CsHs)2Cr + ion. The mass spectra of [RSM 
(NO)2]~ (30: M = F e  or Co; R : C 2 H 5  or n-C4Hg) exhibit stepwise loss 
of nitrosyl groups followed by olefm elimination 54). 

Reactions of tetraalkylbiphosphines with various metal carbonyls 
can give either metal carbonyl complexes of the tetraalkylbiphosphine 
without rupture of the phosphorus-phosphorus bond or metal carbonyl 
derivatives with bridging dialkylphosphido groups with rupture of 
the phosphorus-phosphorus bond 63). The mass spectra of both types 
of compounds have been investigated G4). The mass spectra of metal 
carbonyl complexes of tetramethylbiphosphine of the types (CO),MP- 
(CH3)~P(CH3)2M(CO)n (M=Cr, Mo, and W, n = 5 ;  M = F e ,  n = 4 )  
exhibit the usual stepwise losses of carbonyl groups; in addition cleavage 
of the phosphorus-phosphorus bond competes with loss of carbonyl 
groups giving rise to ions of the type (CH3)2PM(CO) +. The facile phos- 
phorus-phosphorus bond cleavage in compounds of this type is consistent 
with the weakness of this bond as shown by the relatively long phos- 
phorus-phosphorus bond length 6 5) in (CO) 3NiP(C 6H 5) ~P (C 6H5) 2Ni(CO) 3 
indicated by an X-ray crystallographic study. The mass spectra of the 
dimethylphosphido derivatives [(CH3)2PM(CO)n]2 (M----Or, Mo, and W, 
n = 4; M = Fe, n = 3) exhibit only binuclear ions; the usual stepwise loss 
of carbonyl groups is observed. A comparison between the mass spectra 
of the chromium and manganese derivatives of the type 

[(CH3) 2PM(CO) 4] 2 

shows little difference except for the presence of an ion of the type 
(CH3)2PM+ in the manganese derivative but not the chromium 
derivative despite the fact that the two compounds have different 
structures: the chromium derivative but not the manganese derivative 
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has a metal-metal bond. The mass spectra of the halides 

[(CHs)2PFe(CO)sX]2 (31: X=C1 ,  Br, or I) 

exhibit no parent ion or fragment ions containing both phosphorus and 
halogen. The iodide [(CHs)2PFe(CO)sI]2 exhibits a family of ions 
Fez(CO),I~ (0 < n  < 6) suggestive of pyrolysis in the mass spectrometer 
to give the iron carbonyl iodide [Fe(CO)sI]2 (32) which is otherwise 
unknown but would have a structure similar to that of the [Fe(CO) sSR]2 
derivatives such as 3,/. 

Reactions of Fes(CO)12 with alkyl isocyanates or alkyl azides give 
the N,N' dialkylureylene-diiron hexacarbonyls (RN)2COFe2(C0)6 (33); 
mass spectroscopy was used for the initial identification of these com- 
pounds 6~). The mass spectrum of the diphenyl derivative 

(C6HsN) 2COFe2(CO) 6 (33: R = C6H5) 
has been investigated in somewhat greater detail 6~). The molecular ion 
in this mass spectrum first loses stepwise its seven carbonyl groups giving 
the ion (C6HsN)2Fe +. The ion 

(C6HsN) 2COFe + 

is more than twice as abundant as any other ions of the type 
(C6HsN) 2Fe2(CO) + suggesting that  the last carbonyl group is lost with 
much greater difficulty than the first six carbonyl groups. Furthernlore 
the ion (C6HsN)2COFe + besides losing its last carbonyl group can also 
fragment by  the following three processes all supported by  the presence 
of appropriate metastable ions: 

1. Elimination of an HNCO fragment: 

(C~H5N) 2COFe~ -~ C6H5NC6H4Fe~ + HNCO 

2. Elimination of an 12eNCO fragment: 

(C~HsN) 2COFe + --*- (CsHs) 2FeN + + FeNCO 

S. Elimination of a phenyl (iso)cyanide fragment: 

(C6HsN) 2COFc + -,- C~HsNFe20 + + CoHsNC 

J= IM = c p. COco o c ~ - - - . . / c o  oC.,e  oc.  co 
OC-Fe Fe/-CO wc-9e ~ e - c o  

OC" I ~ , , _ /  I"CO x i., o c - \ / - c o  X ~  
~,c c~, ~ c - ~ \ ~  
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No evidence is available which indicates whether the neutral frag- 
ment eliminated in (1) is cyanic, isocyanic, or even fulminic acid or 
whether the neutral fragment eliminated in (3) is phenyl isocyanide or 
benzonitrile. These features of the mass spectrum of 

(CeHsN) ~COFe2(CO) 

support the proposed structure 33 (R=C6Hs) in which one of the 
seven earbonyl groups is not bonded to an iron atom but instead 
bridges two nitrogen atoms. 

I. Mass  Spectra of Fluorocarbon Derivat ives  of 
Transit ion Metals 

The first mass spectral studies on fluorocarbon derivatives of metal 
carbonyls were reported in 1961 6s); the octafluorotetramethylene 
derivative C4FsFe(CO)4 (34) and the octafluoro-l,3-cyclohexadiene 

CHs 

F,, , , /  F F CHs 
F~ \ i ..-CO F F 

F..../ /,e'-- CO 
F--t;~C/CO 

F F c' 'c 
o ~ o  

34 35 36 

derivative C6FsFe(CO)8 (35) were included in this early work. In the 
mass spectra of both 34 and 35 stepwise losses of carbon monoxide occur 
followed by elimination of an FeF~ fragment. Elimination of neutral 
metal fluoride fragments after loss of carbonyl groups was later shown by 
metastable ion evidence to be a rather general process in the mass spectra 
of fluorocarbon derivatives of metal carbonyls and cyclopentadienyls sg, 
7o). Elimination of neutral FeF2 fragments was observed in the mass 
spectra of the diverse iron complexes C2F4S2Fe~(CO)6, C4F6S2Fe2(CO)6, 
C6FsFe(CO) 2CsHs, 3,4-H2C6F~Fe(CO) zCsHs, p-CFaCsF4Fe(CO) 2C5H5, 
C14Hx4F6Fe(CO) 3, CsF~Fe(CO)41, and C2F5Fe(CO) 2CsHs. Elimination 
of a neutral CoF2 fragment was observed ~1) in the mass spectrum of 
[(CFs)~C2S~CoCO]3. Elimination of a neutral CsHsCoF fragment was 
observed 69) to occur in the mass spectrum of the fluorinated bicyclo- 
[2,2,2] octatriene ("barrelene") derivative CsHsCoC14HI4F8 (36). Elim- 
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ination of neutral HF fragments frequently occur in the mass spectra 
of organic fluorine compounds 72); such HF eliminations have been 
observed in the mass spectra of the fluorinated organometallic derivatives 
C6FsFe(CO)~C5Hs, 3,4-H~CsFsFe(CO)2CsHs, p-CFaC6F4Fe(CO)2CsHs, 
C14H14F6Fe(CO)3, and CsHsCoC14H14F6 eg). 

Formation of neutral metal fluoride fragments as described above 
clearly requires a shift 05 fluorine from carbon to a metal atom. Similar 
fluorine shift processes can also account for some metal fluoride ions 
observed in the mass spectra of transition-metal-fluorocarbon derivatives. 
Thus many fluorocarbon derivatives of the cyclopentadienylmetal car- 
bonyls exhibit the ions CsHsMF + which clearly must be formed by a 
fluorine shift process. In the mass spectra of the pentafluoropropenyl 
derivatives CF~CF=CFM(CO)2CsH5 (M= Fe or Ru) the ions CsHsMF + 
are clearly formed by elimination of a neutral CaF4 fragment from the 
carbonyl-free ions C3FsMC~H~ 70). Elimination of a neutral CF2 frag- 
ment from the ion CaFsRe + gives the ion C2FaRe + which could be 
C~.F,ReF+ 7o). The ion CFaMoC~H~ in the mass spectrum of 

CFsMo(CO) 3C5H5 

C12F18MNCCHs 
I -}-e- 

--2e- 
-F 

C12Fz~MNCCH-~ ~ Cz2FzTM(NCCH3)+ 

-e,F. I -C,F, 

CsFz2MNCCH~ CsFzlMF2(NCCH3)+ 

C s F I 2 M +  CaFIIMF(NCCH3) + 

l --e,F0 I -C,P, 

C4F6M+ C4FsMFs(NCCH3) + 

I -C,F, 

-CHsCIq 

--CHaCI~ 

> C12FI 7~V[+ 

CsFnMF + 

Fig. 3. General featurcs of the f ragmenta t ion  pa t t e rn  involving the  metal  ions in 
the  compounds (CF~C--~CCF3)8M(NCCH3) (M = Mo and W) 
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appears to lose CF2 with a fluorine shift to give the ion C6HsMoF + v3). 
The mass spectra of CsF~Mo(CO)3CsH5 and 

CsFTCOW(CO) 8CsHs 

exhibit the ions CsHsMF + obviously formed by two fluorine shifts ~3). 
Hexafluorobutyne-2 reacts with the acetonitrile complexes (CHs 

CN)sM(CO)3 (M-----Mo and W) to form the very stable white crystalline 
derivatives [(CFs)2C~]sMNCCHs (M=Mo and W). The fragmentation 
patterns (Fig. 3) exhibit an interesting sequence of C4F4 elimination 
combined with other processes ~8). The molecular ions in these mass 
spectra first appear to lose one fluorine atom giving the ions 

CI~FzTMNCCH~. 

This ion then appears either to lose acetonitrile giving 

C12F17M + 

or to lose a C4F4 fragment with shift of two fluorine atoms to the 
metal giving CsFzlMF2(NCCH3) +. The ion CsFlzMF2(NCCH3) + then 
loses fluorine giving CsFllMF(NCCHs) +. This latter ion then appears to 
lose acetonitrile giving CsFllMF + or to lose C4F4 with shift of two more 
fluorine atoms to the metal atom giving C4F5MFs(NCCH3) +. Another 
similar C4F4 elimination from the ion C4F~MFs(NCCHs) + followed by a 
fluorine shift gives the novel ion CHaCNMF~, a major metal-containing 
ion in the mass spectra of both the molybdenum and tungsten derivatives. 

HN%c ~ e  OC,, ~-~ .,CO 
cr/- f -co oc-  _M-co 

oo- T, .9 
c 
CF s CsFe / ~'C~F s 

37 

Trifluoroacetonitrile reacts with CHsFe(CO)2CsH5 under pressure to 
give an unusual black trifluoroacetimino complex 

CFsC(NH)Fe(CO)(NCCFs)(C.H5) (37) ~4). 

The parent ion in the mass spectrum of this complex first loses its 
carbonyl group giving the ion CFsC(NH)Fe(NCCFs)(C5H5) + which can 
then undergo either loss of F or loss of CFsCN; in the latter case the ion 
CF3C(NH)FeCsH + is formed. This ion then undergoes loss of a neutral 
CF~. fragment to give CsHsFeF(CNH) + which then loses HCN to give 
CsHsFeF+. 
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The mass spectra of several bis(pentafluorophenyl)phosphido and 
bis(pentafluorophenyl)arsenido derivatives of iron and ruthenium car- 
bonyls of the type [(C6F5) ~EM(CO) 3] 2 (38: E = P or As; M = Fe or Ru) 
have been investigated 75, 76). Stepwise losses of carbonyl groups followed 
by elimination of C6F5FeF or MF2 (M = Fe or Ru) fragments are ob- 
served. 

j.  Mass Spectra of ~-Cyclopentadienyl  Derivatives wi thout  
Carbonyl  L igands  

The first fragmentation process of the molecular ion in the mass spectra 
of ~-cyclopentadienylmeta/carbonyl derivatives is generally the loss of 
carbonyl groups 19). Other processes of interest are generally only ob- 
served after all carbonyl groups are lost. The mass spectra of ~-cyclo- 
pentadienyl derivatives without carbonyl groups are of interest because 
a greater variety of fragmentation processes occur with the molecular 
ion. In the mass spectra of most ~-cyclopentadienyl derivatives without 
carbonyl ligands the molecular ion is the strongest metal-containing 
ion in the mass spectrum in contrast to the mass spectra of =-cyclo- 
pentadienylmeta/carbonyl derivatives where the intensity of the molecu- 
lar ion is always low compared with that of other metal-containing ions. 

The relative intensities of the Chrism + and MQ + ions in the mass 
spectra of the ChHhMQ compounds provide a useful qua/itativeindication 
of the relative strengths of the metal-Q bonds and the metal- ~-cyclo- 
pentadienyl bonds 77). The ratio [MQ+]/[ChHhM +] for ChH~MQ deriva- 
tives containing iron or metals to the left of iron in the periodic table 
such as ChHhMCvH7 (M=V or Cr), ChHhMnC6H6, ChHhFeC9H7, and 
ChHhFeC4H4N ranges from 0.0037 to 0.16 indicating a high abundance 
of ChrisM+ relative to MQ +. This suggests the high stability of the metal- 

ChHhMCTH7 

l- +e 

/CsM51~tC~H + ~ ) CcHciX,I+ ) IV[+ 
/ [ "~J{, 
/ J - c , ~ ,  "~  ChHhMChH + 

- c . ~ . ;  r / 
-C,H 7 ~  ChrisM+ - -  

:Fig. 4. Fragmentat ion scheme of Cst-ISI~,IC~I-I ~ compounds 
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=-cyclopentadienyl bond as compared with the metaloQ bond. This agrees 
with other observations on the stability of bonds between metal atoms 
and ::-cyclopentadienyl rings as compared with other ::-bonded ligands. 

n-Cyclopentadienyl derivatives of nickel and palladium behave 
differently from those of iron and metals to the left of iron in the Periodic 
Table. The fragmentation patterns of the CsHsMQ compounds 

CsHsPdCsHs, C10H12OCHsPdCsHs, and CsHsNiC1sHI~ 

indicate that the =-C5H5 ring is lost at least as readily as the Q ligand 
from the parent ion. If the Q ligand contains a hydrogen atom attached 
to an sp 3 carbon atom (e.g. CloHlzOCHs and C1sHI? [tetramethylcyclo- 
pentadienylbutenyl]), the =-bonded CsHs ligand abstracts this hydrogen 
atom and is eliminated as a C5H6 (cyclopentadiene) fragment. In the 
case of C3HsPdCsHs where no such hydrogen atom is available, the 
=-bonded C5H5 ring appears to be eliminated as a neutral C5H5 fragment. 

The mass spectra of the mixed ::-cyclopentadienyl-::-cyclohepta- 
trienyl derivatives CsH5MC7H7 (39: M = V  or Cr) exhibit sufficient 
metastable ions to provide reasonable evidence in support of four frag- 
mentation pathways (Fig. 4) from the molecular ions to the "bare" metal 
ions ??,78). In the first fragmentation pathway the molecular ion first 
loses its C?H7 ring giving the ion CsHsM + which then loses its C5H5 ring 
giving the bare metal ion M +. In the second fragmentation pathway the 
molecular ion loses both its C5H5 and C7H7 rings in one step to give the 
bare metal ion M +. In the third fragmentation pathway the molecular 
ion first loses a neutral C2H2 fragment giving the ion C.~HsMCsH+; this 
ion then loses successively its two C.~H5 groups giving the bare metal 
ion M +. 

M Fe 

3.9 40 41 

The fourth fragmentation pathway from the molecular ions 

CsHsMC7H~ 

down to the bare metal ions M + is particularly unusual. In this path- 
way the molecular ions go to the bare metal ions by successive losses 
of two C6H6 fragments. Metastable ions for both losses of the C6Hs 
fragments for both the vanadium and chromium complexes are observed 
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thereby strongly supporting the existence of this pathway. The ability 
for CsHsMCTH + ions without any C6Hs rings to fragment by loss of 
neutral C6Hs fragments is an interesting demonstration of the stability 
of neutral CsH6 fragments probably corresponding to benzene. 

The mass spectrum of the r~-pyrrolyl derivative C5HsFeC4H4N (40) 
exhibits a very strong molecular ion peak ?7). The following four frag- 
mentation processes of the molecular ion were confirmed by observation 
of appropriate metastable ions: 

1. Elimination of C2H2 

CsHsFeC4H4N + -~ C5HsFeC~H2N + + C2H2 

2. Elimination of HCN 

CsH5FeC4H4N + -~ C5H5FeCsH + -[- HCN 

3. Elimination of C~H2N 

C5HsFeC4H4N + --~ C5HsFeC2H + + C2H2N 

4. Elimination of the entire C4HaN ligand 

CsHsFeC4H4N + --~ C5H5Fe + + C4H4N 

In addition the ion CoHgN + is observed which may be formed by 
elimination of a neutral iron atom from the molecular ion. 

The mass spectra of several r~-indenyl derivatives have been investi- 
gated 38). Fig. 5 shows the predominant features of the fragmentation 
scheme of (CgHT)2Fe (dT). The parent ion in this mass spectrum first 
loses one of its indenyl ligands giving the ion CgHTFe +. This ion then 

(C9H7) 2Fe / 7  C18H~4 

$-2oj_o0 , 
(C9H7)2 Fe+ , ~ C9H?Fe + 

1 -t-c- --28-- 

(C9H7) 2Fe 2+ 

-Ctt a 
�9 C17H1~I 

--Fe -Clef, 
C.H? , C?H~ 

l +e-- 
--2e-- 

* Metastable ions were observed for these processes. 

Fig. 5. Fragmentat ion scheme of (CgHT)2Fe 
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loses its iron atom giving the indenyl ion C9H +. The only other iron ion 
present in significant abundance is the doubly charged molecular ion 
(C9H7) 2Fe 2+. The bare iron ion Fe + is only observed in low abundance. 

C7HsFe + 

*~ --CzlT~ 

CsHsFe + 

CsHs FcCpHII 

--2e-- 
-C6~ 1 Successive Dehydrogenations 

CpHloFc+ < CsHsFeCpH~" 1 > > ], > CsHsFeCpH + 

CgHsFc+ -C,H,$ �9 * ~-.x~.....~ C5HsFcCTH~ 
e CsHsFeC6H~ 

CgH~ 

Fc+ 
Fig. 6. Fragmentation scheme of C5HsFeC9Hn 

Apparently the indenyliron ion CoHTFe + fragments almost exclusively 
by  elimination of a neutral iron atom according to the following equation: 

CgHTFe + -+ C91-17+ + Fe 

This contrasts with the behavior of the corresponding cyclopenta- 
dienyliron ion CsHsFe+ which fragments mainly by  elimination of a 
neutral C5H5 fragment according to the following equation: 

CsHsFe + -*- Fe + + CsH5 

The ion ClsH~4 appears to arise by  elimination of an iron atom from 
the molecular ion with concurrent coupling of the two indenyl ligands. 

The molecular ion of rc-cyclopentadienyl-n-indenyliron (benzoferro- 
cene, d2) CsHsFeCpH2 can lose either its indenyl (C9H7) ligand giving 
the ion CsHsFe + or its cyclopentadienyl (C5H5) ligand giving the ion 
C9HTFe +. The ratio of the relative abundance of CpHTFe + to that  of 
CsHsFe + is only 0.071 indicating that  the tendency for the parent ion 
to lose its n-indenyl ligand is much greater than the tendency for the 
parent ion to lose its n-cyclopentadienyl ligand. Further  fragmentation 
of CsttsFe + results in the elimination of a C5H5 fragment giving Fe + 
whereas further fragmentation of CpHTFe + results in the elimination of 
a neutral iron atom giving CpH~. 
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Hydrogenation of CsHsFeCgH7 (42) at atmospheric pressure in the 
presence of a palladium catalyst has been shown to give CsHsFeCgHll  
(43) 79). Fig. 6 depicts the principal features of the fragmentation 
scheme in the mass spectrum of C sHsFeCgH 11. The molecular ion under- 
goes the following four processes indicated by  metastable ion analysis: 

H H H  

Fe 

42 43 

1. Elimination of CH8 

CsHsFeC9H+I --~ CsHsFeC8II~ + CH~ 

This process must necessarily involve a hydrogen shift. 

2. Elimination of C2H4 

CsH~FeCgH+I -o- CsHsFeC~H~ + C2H4 

Two adjacent sp 8 carbon atoms in the six-membered ring of the CgHn 
hgand can be eliminated as ethylene. 

3. Elimination of CaH~ 

CsHsFeC9H+I --~ CsHsFeC6tt~ + C3H5 

The C~HsFeC6H + ion formed in this reaction has also been isolated 
in the form of stable salts. 

4. Elimination of CsHs + H~ 

CsHsFeCoH+I --~ CoHsFe + + C5H6 + Ha 

The presence of an appreciable abundance of C9H10Fe + also suggests 
elimination of the =-cyclopentadienyl ligand as C5H6 from the parent 
ion. 

120 



The Fragmcntation of Transition Metal Organometallic Compounds 

4- 

~ .--r--'ff 
m ~ 

! / \  \ 
e , . \  \ 

f~ 

IT _~ r j I ~ t~  I ~ I 4- 

\:\l.[ = " q I v 

\ =. ~1 ~ 

, ;  

By use of the cyclononatetraenide anion the compound CsH5FeCgHg, 
an intermediate hydrogenation product of CsHsFeCgHT, is obtained 3s). 
The molecular ion in the mass spectrum of CsHsFeCgH9 undergoes 
dehydrogenation as far as CsHsFeCgH~ and C2H2 elimination as far as 
(C5H5) 9.Fe +. Other processes observed in the mass spectra of CsHsFeCgH9 
are similar to those discussed for other organometallic compounds. 
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The mass spectra of some cyclopentadienylrhodium olefin complexes 
have been investigated so). The molecular ion in the mass spectrum of 
the ethylene complex CsHsRh(C2H4)2 undergoes fragmentation to the 
bare metal ion by the following sequence: 

l~ 

2. 

3. 

C5H5Rh(CsH4) + -*- CsH5RhC2H~ -{- C2H4 

CsHsRhC2H ~ --~ CsH5Rh+ + CsH4 

CsH5Rh + --,- Rh + + C5H5 

The ethylene groups are thus lost stepwise much like the carbonyl 
groups in metal carbonyIs. The relative abundance of the molecular ion 
in the mass spectrum of CsHsRh(C2H4)2 is only about 10% of that of the 
strongest rhodium ion CsHsRh + similar to the relative abundance of the 
molecular ions in similar metal carbonyl derivatives. 

As might be expected the mass spectrum of the 1,5-cyclooctadiene 
complex CsH5RhCsH12 (44) exhibited a much more complex fragmenta- 
tion pattern (Fig. 7). Several pathways appear to be possible in going 
from the parent ion to the ion CsHsRh+, which can then fragment to a 
bare rhodium ion Rh + by cleavage of its C5H5 ring. Thus, the parent ion 

Rh 

44 

C5HsRhCsH12 can form the ion CsHsRh+ by loss of the CsH12 ligand 
in a single step. Alternatively the parent ion can lose the elements of 
ethane (C2H6 or 2 CH3) to form the ion CsH5RhC6H +, which can then 
lose its C6Hs ligand in a further step forming CsHsRh +. The molecular 
ion C~H5RhCsH+2 may also undergo dehydrogenation forming 

CsHsRhCsH + 

which can then lose a CsHs fragment forming CsHsRh +. Alter- 
natively the ion CsHsRhCsH~ can lose a neutral C6H6 fragment 
forming an ion CTHTRh +, which then appears to form C5H5Rh + with 
expulsion of a neutral C2H2 fragment. Still another possible route from 

�9 �9 �9 . { -  

CsHsRhCsH+2 to C5HsRh + involves the intermediate ion CsHsRhC4Hs; 
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this suggests that under certain conditions 1,5-cyclooctadiene can break 
down into butadiene units in the mass spectrometer as indicated by the 
dotted lines in 44. 

The mass spectrum of C5H5RhCsH12 also exhibits the ion CsHgRh + 
possibly formed by elimination of a neutral cyclopentadiene (C5H6) 
fragment from the ion CsHsRhCsH+o. The ion CsHgRh + can fragment 
to the bare rhodium ion Rh + by successive losses of C2H~, H, and C6Hs. 
The fact that this further degradation of CBHgRh + ion bypasses the 
CsHsRh + step suggests that CsHgRh + is not CsHsRhC3H~ still contain- 
ing a n-cyclopentadienyl ring. 

These observations suggest that in different fragmentation modes of 
the molecular ion of CsHsRhCsHI2 (44) either the C5H5 ring or the Call12 
ring may be lost. This indicates that the fragmentation pattern of 
CsHsRhCaH12 in the mass spectrum is intermediate between those of 
typical ~-cyclopentadienyl derivatives of iron, manganese, chromium, 
vanadium, and their heavier congeners and those of rc-cyclopentadienyl 
derivatives of nickel and palladium. In the former cases the ligands other 
than n-cyclopentadienyl are lost most readily in the mass spectrum 
resulting in relatively high abundances of the C5H5M + ions. In the latter 
cases an important fragmentation pathway of the molecular ion is loss 
of the =-cyclopentadienyl ring as C5H6 resulting in relatively high abun- 
dances of cyclopentadienyl-free metal ions. 

The mass spectra of several n-cyclopentadienyl derivatives of nickel, 
palladium, and platinum have also been investigated 77). The molecular 
ion in the mass spectrum of the r~-cyclopentadienylplatinum derivative 
(CHa)3PtCsH5 can fragment either by loss of the cyclopentadienyl ring 
forming (CH3)aPt+ or by loss of the methyl groups forming CH3PtC5H~ 
and CsHsPt +. The molecular ion in the mass spectrum of the n-allyl- 
palladium derivative C3HsPdCsHs appears to fragment either by loss 

�9 Pd ~ ~-~ Ni __..K.. f f  

0 
45 46 

of the r~-allyl group as allene giving CaHdPd + or by loss of the n-cyclo- 
pentadienyl group as C5H5 giving C3HsPd+. The ion CsHsPd+ was not 
detected in appreciable quantities; the mass spectrum of CsHsPdCsH5 
thus differs from that of most ~-cyclopentadienyl derivatives. However 
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chemical studies al) have shown the ~-cyclopentadienyl  ring to be remov-  
ed from CaHsPdCsH5 more readi ly  t h a n  the =-allyl group. The  molecular  
ion in the  mass spec t rum of the ~-cyc lopentadienylpa l lad ium der ivat ive  
(CzoHz2OCHs)PdCsH~ (45 )  loses a C5H6 f ragment  forming the ion 
C l o H l l O C H 3 P d  + which is much  more a b u n d a n t  t h a n  the  combined  
CsH6Pd + and  C5HsPd + ions;  this suggests t ha t  in  45 the  C10H120CH3 
l igand is more t igh t ly  bonded  to the pa l lad ium a tom t h a n  the n-cyclo- 
pen tad ieny l  l igand. Similar ly  in  the mass spec t rum of the =-cyclopen- 
tad ienyln ickel  der ivat ive  C5HsNiC13H17 (d6)  the  ion NiClaH+6 formed 
by  loss of the ~-cyclopentadienyl  r ing as C5H6 from the  molecular  ion 
is more t h a n  twice as a b u n d a n t  as the ion C5HsNi + formed by  loss of the 
ClsH17 l igand from the  molecular  ion. These da t a  indicate  t h a n  in d6 

the subs t i tu t ed  r~-eyclobutenyl l igand is more s t rongly bonded  to the 
nickel a tom t h a n  the ~-cyclopentadienyl  ring. 

K.  R e f e r e n c e s  

1) King, R. B. : Transition Metal Organometallic Chemistry: An Introduction. 
New York: Academic Press 1969. 

2) Bird, C. W. : Transition Metal Intermediates in Organic Synthesis. London: 
Logos Press 1967. 

3) Friedman, L., A.  P.  Irsa, and G. Wilkinson: J. Am. Chem. Soc. 77, 3689 (1955). 
4) Bruce, M.  I. : Advan. Organometal. Chem. 6, 273 (1968). 
5) Cais, M.,  and M. S. Lupin : Advan. Organometal. Chem., in press. 
6) Budzikiewicz, H., C. Djerassi, and D. H. Williams : Interpretation of Mass 

Spectra of Organic Compounds. San Francisco: Holden-Day, Inc. 1964. 
7) Beynon, J .  H. : Mass Spectrometry and its Applications to Organic Chemistry. 

Amsterdam: Elsevier Publishing Company 1960. 
8) Kiser, R.  W. : Introduction to Mass Spectrometry and its Applications. New 

York: Prentice Hall 1965. 
9) Bierna~n, K.  : Mass Spectrometry: Organic Chemical Applications. New York: 

McGraw-Hill 1962. 
to) Reed, R.  I .  : Applications of Mass Spectrometry to Organic Chemistry. New York: 

Academic Press 1966. 
11) Melton, C. E. : In:  Mass Spectrometry of Organic Ions; F. W. McLafferty, Ed. 

New York: Academic Press 1963. 
12) Winters, R.  E., and R. W. Kiser: Inorg. Chem. 3, 699 (1964). 
la) _ _ Inorg. Chem. d, 157 (1965). 
14) _ _ j .  Phys. Chem. 69, 1618 (1965). 
15) Dougherty, R. C., and C. R. Weisenberger: J. Am. Chem. Soc. 90, 6570 (1968). 
16) Beekey, H. D., H. Kn~ppel, G. Metginger, and P. Schulze : Advan. Mass Spectro- 

metry 3, 35--68 (1966). 
17) Becco~saU, J .  K.,  B. E. Job, and S. O'Brie~: J. Chem. Soc. A 423 (1967). 
18) Field, F. H. : Accounts Chem. Res. 1, 42 (1968). 
19) King, R. B . :  J. Am. Chem. Soc. 90, 1417 (1968). 
20) Carrick, A.,  and F, Glockling: J. Chem. Soc. A 40 (1967). 
21) Taubert, R., and F. P.  Lossing: J. Am. Chem. Soc. 84, 1523 (1962). 

124 



The Fragmentat ion of Transition Metal Organometallic Compounds 

22) Mellon, C. E., and W. H. Hamil l :  J. Chem. Phys. dl ,  546 (1964). 
23) Sehumacher, E., and R. Taubenest: Helv. Chim. Acta 47, 1525 (1964). 
24) Mt~ller, J. ,  and L. D'Or: J. Organometal. Chem. 70, 313 (1967). 
25) Johnson, B. ~ .  G., ] .  Lewis, I .  G. Williams, and f . M.  Wilson : J. Chem. Soc. A 

341 (1967). 
26) King,  R. B. : J. Am. Chem. Soc. 88, 2075 (1966). 
27) Sver H. f . ,  and G. A .  J u n k :  J. Am. Chem. See. 89, 2836 (1967). 
2s) Robinson, B. H., and W. S. Tham:  J. Chem. Soc. A 1784 (1968). 
a9) May$, M.  J. ,  and R. N.  F.  S impson:  J.  Chem. Soc. A 1444 (1968). 
30) Johnson, B. F. G., R. D. Johnston, and J.  Lewis: J. Chem. Soc. A 2865 (1968). 
31) Sehumacher, E., and R. Taubenest: Helv. Chim. Act~ 49, 1447 (1966). 
32) King, R. B., and M. Ishaq : to be published. 
33) _ Org. Mass Spectrometry 2, 657 (1969). 
34) _ Chem. Commun. 986 (1967). 
3s) _ Inorg. Chem. 5, 2227 (1966). 
36) _ Chem. Commun. 436 (1969). 
27) Maller, J. ,  and M. Herberhold: J. Organometal Chem. 13, 399 (1968). 
38) King,  R. B. : Can. J. Chem. 47, 559 (1969). 
39) Pignataro, S., and F. P.  Lossing: J. Organometal. Chem. I0, 531 (1967). 
40) King, R. B. : paper presented at  the First  International  Symposium on New 

Aspects of the Chemistry of Metal Carbonyls and Derivatives, Venice, Italy, 
September, 1968, Proceedings, paper E 7; Appl. Spectry. 23, 536 (1969). 

41) Winters, R. E., and R. W. Kiser:  J. Phys.  Chem. 69, 3198 (1965). 
42) Nakamura, A.,  P.  J .  Kim,  and N. Hagihara: J. Organometal. Chem. 3, 7 (1963). 
42) King, R.  B., and F. G. A .  Stone: J. Am. Chem. See. 82, 4357 (1960). 
44) Churchill, M.  R., and f .  Wormald: Chem. Commun. 1597 (1968). 
45) King, R. B. : Inorg. Chem. 2, 936 (1963). 
46) _ j .  Am. Chem. Soc. 90, 1412 (1968). 
47) Braterman, P.  S. : J. Organometal. Chem. 77, 198 (1968). 
as) Lewis, J. ,  ,4. R. Manning,  J .  R. Miller, and J. M. Wilson:  J. Chem. See. A 1663 

(1966). 
49) Kiser, R. W., M.  .4. Krassoi, and R. f . Clark : J.  Am. Chem. Soc. 89, 3653 (1967). 
5o) Saalfeld, F. 1~., M.  V. McDowell, S. K .  Gondal, and ,4. G. MacDiarmid:  J. Am. 

Chem. Soc. 90, 3684 (1968). 
51) Edgar, K.,  B.  F. G. Johnson, f .  Lewis, I .  G. Williams, and J.  M. Wilson : J. 

Chem. Soc. A 379 (1967). 
52) King,  R. B. : Org. Mass Spectrometry 2, 401 (1969). 
-~6) --, and M. B. Bisnette: Inorg. Chem. d, 475 (1965). 
54) Johnson, B. F.  G., J .  Lewis, I .  G. Williams, and J.  M. Wilson : J.  Chem. Soc. A 

338 (1967). 
53) Edgell, W.  F., and W. M.  Risen:  J. Am. Chem. Soc. 88, 5451 (1966). 
so) Smith, f .  M.,  K.  Mehner, and H. D. Kaesz:  J. Am. Chem. Soc. 89, 1759 (1967). 
37) Johnson, B. F. G., R. D. Johnston, f . Lewis, B. H. Robinson, and G. Wilkinson : 

J. Chem. See. A 2856 (1968). 
~s) _ f .  Lewis, and P . . 4 .  K i l t y :  J. Chem. Soc. A 2859 (1968). 
59) King,  R. B. : J. Am. Chem. Soc. 90, 1429 (1968). 
60) _ and C. A.  Eggers: Inorg. Chem. 7, 1214 (1968). 
el) _ and M. B. Bisnette : Inorg. Chem. 6, 469 (1967). 
e2) Preston, F. J. ,  and R. L Reed: Chem. Commun. 51 (1966). 
~3) Hailer, R. G. : Preparative Inorg. Reactions (W. L. Jolly, Ed.) 2, 211--236 (1965). 
64) Johnson, B. F. G., J .  Lewis, J .  M.  Wilson, and D. T. Thompson : J.  Chem. Soc. 

A 1445 (1967). 

125 



R. B. King 

65) Mais, R. H. B.,  P. G. Owston, D. T. Thompson, and A. M.  Wood: J.  Chem. Soc. 
A 1744 (1967). 

86) I;lannigan, W. T., G. R. Knox, and 1;'. L. Pauson: Chem. (London) 1094 (1967). 
67) King, R. B.  : Org. Mass Spectrometry  2, 381 (1969). 
8s) Hoehn, H. H., L. Pratt, K.  F. Wallerson, and G. Wilkinson : J. Chem. Soc. 2738 

(1961). 
69) King, .R.B. : J. Am. Chem. Soc. 89, 6368 (1967). 
70) Bruce, M.  I. : Org. Mass Spectrometry  2, 63 (1969). 
71) King, R. B., and T. F. Korenowski : Chem. Commun. 771 (1966). 
7~) Budzikiewicz, H., C. Djerassi, and D. H. Williams: In te rpre ta t ion  of Mass Spectra 

of Organic Compounds, p. 76. San Francisco: Holden-Day, Inc. 1964. 
73) King, R. B. : Appl. Spectry. 23, 137 (1969). 
74) _ and  K.  H. Pannell: J.  Am. Chem. Soc. 90, 3984 (1968). 
75) Miller, J.  M . :  J.  Chem. Soc. A 828 (1967). 
76) Cooke, M.,  M.  Green, and D. Kirkpatrick: J.  Chem. Soc. A 1507 (1968). 
~7) King, R. B. : Appl. Spectry. 23, 148 (1969). 
78) Mi~ller, J.,  and P. G6ser: J.  Organometal .  Chem. 12, 163 (1968). 
79) King, R. B., and M. B. Bisnette: Inorg. Chem. 3, 796 (1964). 
80) _ j .  Organometal  Chem. 74, P 19 (1968). 
81) Gubin, S. P., A.  Z. Rubezhov, B.  L. Winch, and A. N. Nesmeyanov : Tetrahedron 

Let ters  2881 (1964). 

Received May 19, 1969 

126 


