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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 time.

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 paper presented at a Symposium on the Stercochemistry of Inorganic
Compounds sponsored jointly by the Inorganic Chemistry Divisions of the Chem-
ical Institute of Canada and the American Chemical Saciety, at Banff, Alberta,
June 12—14, 1968.

This study was supported in part by a grant from the National Science Founda-
tion.
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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 bipheny! 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 Dretding 9- or Prentice-Hall 3)-) type valence-stick model of
cyclohexane in which spheres of appropriate size (ca. 2”7 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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Localized Molecular Orbitals and Bonding in Inorganic Compounds

Fig. 3. Graphic formula and electron-domain model of methane, Not shown is the
relatively small electron-domain of the carbon atom’s 1s electrons

It 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 may 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-shell-electron-domain model of
ethane superimposed on the molecule’s conventional graphic formula.
Not shown are the electron-domains of the carbon atoms’ 1s 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

r

Fig. 4. Graphic formula and equal-sphere-size domain model of ethane
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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. 5. Improved eletron-domain model of ethane. The domain of the carbon-carbon
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 8. As pointed out,
however, by Fock ? and Dirac 19, and later stressed by Lennard-Jones
11 and Pople 12, the orbitals of a Slater-determinant are not umiguely
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
y for the four valence-shell electrons of a carbon atom in a 55 state may
be written, in the orbital approximation, either in terms of the 2s, 2 p,,
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2py, 2P, orbitals or in terms of the linearly equivalent tetrahedral
orbitals fe1, fea, tes, tea [ter=(1g) 25+ 2P+ 2Py +2p,), etc.] 12, For
all values of the electronic coordinates,

p=0N|2s, 29z, 2Py, 2p:|| = N || tey, tez, tes, tea],

where || | indicates a Slater-determinant and NV 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 Slafer 14 had shown how
to create four semi-localized, partially directed, sp3 orbitals (the tetra-
hedral orbitals, fe) by “hybridizing” (s.e. by taking linear combinations
of) atomic s and $ functions (vide supra). Even earlier, in constructing
mathematical models of directed bonds, chemists and physicists had
intuitively created the p, and py orbitals from the less directional p_;
and p.1 orbitals of atomic spectroscopy. Still, in the early papers on
molecular orbital theory, which were necessarily descriptive and intuitive
rather than analytic 1%, Hund and Mulliken generally stopped with the
setting up of, and assignment of -electrons to, orbitals 1. 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-jJones 11 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 29, 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 29, or energy-localized orbitals 23; too,
since they are by intention at least qualitatively transferable from mole-
cule to molecule 29, they have been called molecularly invariant orbitals
(MIQ’s) 28),

Owing to their transferability and high self-repulsion energies, local-
ized molecular orbitals should be useful in discussions of the correlation
problem 27 in quantum mechanics 28), 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 3%, Different
localization procedures generally yield different but similar numerical
results 39, ‘

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 49. 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 Edmiston 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 Ny are shown in Figs. 7 and 8.

CEFOFgO ON%NO

Fig. 6a and b. Schematic representation of localized molecular orbitals for (a) Fa
and (b) Ng, after Edmiston and Ruedenberg 49
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Fig. 7. Contour map by Ruedenberg and Salmon of the sigma lone pair on N in Na.
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—3/2, The
increment between contours is 0.05 Bohr—32. 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. It should be a dashed, not a
solid, line.)

~ —
f~~__..__—— .

N N
Fig. 8. Contour map of a trigonal bonding orbital in Ns. Courtesy of Professor Klaus
Ruedenberg



H. A. Bent

Recently Gamba has emphasized 49 that, owing to the antisymmetri-
zation requirement, even for atoms, “A much better picture is obtained
[over that given by filling successively 1s, 2s, 2, efc. orbitals] by choos-
ing appropriate combinations of the original single particle states so
that they have minimum spatial overlap and by filling successively these
‘bunched orbitals’ with electrons. The picture that thus emerges (emphasis
added) is much nearer to the model of close-packed spheves than to any other
model.”

III. 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 47,

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 2)); smaller, dashed circles represent
van der Waals-like domains of silicon cations (=0.41 & 2)).

Fig. 9. The silicon-oxygen chain 1n 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 Si4+ cations (the atomic cores of silicon atoms) by
the domains of C4+ cations (the atomic cores of carbon atoms; r=0.15 A
2)), (ii) the domains of the bridging (¢.e., bonding) oxide ions by the
domains of the electron-pairs of aliphatic carbon-carbon single bonds
{r ~0.6¢ A 49)), and (iii) the domains of the non-bridging oxide ions by
the domains of the protonated electron-pairs of carbon-hydrogen bonds
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(polarized hydride ions; 7 ~1.0 A, when coordinated by C4+ cations),
yields a model, analogous to that shown for ethane in Fig. 5, of the all-
trans, all-eclipsed configuration 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 may be generalized in a Principle of Correspondence:
There exists an t1somorphism between the jon-packing model of heteropolar
compounds and the electron-patr model of homopolar compounds. This
correspondence is summarized in Table 1.

Table 1. An isomorphism 47

Heteropolar compounds

Homopolar compounds

Cations

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

Anions

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

Tonic radius

An approximate characterization
of an ion’s domain of influence.

Crystal

Large, periodic lattice of cations
and anions.

Isomorphic crystals

Closc 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 coves
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.

Electyide ion’s vadius

An 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.
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Table 1 (continued)

Heteropolar compounds

Homopolar compounds

Coordination compound

Close confederation of cations and
anions.

Coordination site

A region of space about a cation
that may 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 cation’s anionic
environment.

First coovdination shell

Spherical sheath about a cation.
Generally well-occupied by anions.

Second coordination shell

Region immediately beyond the
bumps and hollows produced by
the anion’s in a cation’s first coordi-
nation shell.

Coordinatively satuvated
Coordination shells well-occupied
by anions.

Awnion 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

Covalent compound

Close confederation of atomic cores
and electride ions.

Localized molecular orbital
A region of space about an atomic
core that may be occupoed by an
electride ion.

The Couper-Crum Brown convention 52)
Each chemical symbol is surround-
ed by a number 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
clectronic environment.

Valence shell

Spherical sheath about an atomic
core.

Generally well-occupied by eclec-
tride ions.

Outer d-orbitals and antibonding
orbitals

Potential cnergy ‘‘pockets” 39
about 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 about eack atomic core.

Single bond
Two octets sharing a single elec-
tride ion.

Double bond

Two octets sharing two electride
ions.
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Table 1 (continued)

Heteropolar compounds

Homopolar compounds

Shared face

Two coordination polyhedra shar-
ing three anions.

Effects of multiple shaving on cation-
cation distances
The more anions two cations share
with each other, the less the dis-
tance between the two cations.

Pauling’s thivd vule
Shared edges and particularly shar-
ed faces destabilize a structure,
owing to the cation-cation Coulomb
term.

Paling’s fourth rule
Cation’s with large charges tend
not to share anions with each other,
owing to the cation-cation Coulomb
term.

Ivvegulay polyhedra
Coordination polyhedra whose
anions are not all shared alike will
generally be distorted.

Pauling’s fifth rule

Mutual repulsions between two
cations that share edges or faces
of their coordination polyhedra
with each other may displace the
cations away from the centers of
their polyhedra, with obvious
effects on internuclear distances
and angles.

Stmple bridging ion
An anion shared by two cations.

Non-bridging ion
An anion in the coordination shell
of only one cation.

* Kernel = Atomic core.

Triple bond

Two octets sharing three electride
ions.

Bond orders and bond lengths

Triple bonds are shorter than
double bonds, which are shorter
than the corresponding single
bonds.

Baeyer’s strain energy
Double bonds and particularly
triple bonds destabilize a structure,
owing to the kernel-kernel Cou-
lomb term.*

Large cove-charge strain energy
Atomic cores with large charges
tend not to share electride ions
with each other, owing to the
kernel-kernel Coulomb term.

Non-ideal valence angles

QOctets whose electrons arc not all
shared alike will generally be dis-
torted.

Effects of multiple bonds on molecular

geometry
Mutual repulsions between two
atomic cores that share two or
three electrides ions with ecach
other may displace the cores away
from the centers of their octets,
with obvious effects on bond angles
and lengths 92,

Ordinary bonding pair
An electride ion shared by two
atomic cores.

Lone patr
An electride ion in the valence
shell of only one atomic core.
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Table 1 (continued)

Heteropolar compounds

Homopolar compounds

Multiply-byidging ion
An anion shared by three or more
cations.

Transferability of ionic domains

Unshared anions occupy about the
same space in a cation's coordina-
tion shell as do chemically identical
shared anions.

An empivical vule

Unshared anions occupy more space
in a cation’s coordination shell than
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 tetrahedrally
by four anions.

Occupied octahedral inteystice

Cation surrounded octahedrally by
six anions.

Pauling’s principle of local electrical
neutrality
Charges are neutralized locally in
crystals.

Multicentey bond

An electride ion shared by three
or more atomic cores.

The Lewis 59-Sidgwick-Powell 59-
Gillespie-Nyholm 56 yule
Lone pairs may often be treated
like bonding pairs.

Gillespie's rule 57
Unshared electride ions occupy
more space in an atom’s valence
shell than do shared electride ions.

An empivical rule 49

The size of an electride ion appears
to be larger the larger the smallest
atomic core to which it is coordi-
nated.

Bond diagram
The key to the simple description
of covalent compounds.
Often a fragment of a close-packed
array 7.

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

Atomic core surrounded tetrahe-
drally by four electride ions.

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

Lewis’s principle of zero formal
charges
Charges are neutralized locally in
molecules.
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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® 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 atom” =any atom other than
hydrogen) and 18 valence-shell electrons are bent, while with 16 valence-

8) Not ‘‘hardness.” 1tis useful to suppose that 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” 5%. 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? 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-

3 Octets
? Pairs

BENT

A=p=C;

3 Octets
8 Pairs

LINEAR
Fig. 10. Tangent-circle, two-dimensional electron-domain models illustrating
‘“Walsh’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, 46, 47 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 61, and, later,
by Pauling and Hendricks 62 and Latimer 69,

Three types of interactions contribute to the lattice energies of the
(small, aperiodic) “crystals” depicted in Fig. 10: 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; 7.e., for the arrangement that places
that kernel with the largest charge near the center of the electron cloud;
namely, (+5) —(+7) = (+6) (N~F=0).

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

15
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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 that
minimizes the cation-cation coulomb term €3); 7.e., for the arrangement
that places the kernels with the largest charges in those interstices that
share the fewest elements with other interstices; z.e., in the present
instance, for the arrangement (+7) — (4 5)= (46} (F—N=0).

3. The s-Character Rule. The rule that the s-character of an atom
tends to concentrate in orbitals the atom uses in bonds toward electro-
positive substituents 64.65) 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 (alchemical) insertion of the two protons on the

% kv

HC—CH ~—---> 'F=CH;

LHCHY d_ b

Fig. 11. Tangent-circle, two-dimensional electron-domain model of ethane and
methyl fluoride illustrating the rule that the s-character of an atom tends to con-
centrate in orbitals the atom uses toward electropositive substituents 64
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left into the adjacent heavy-atom’s nucleus (dashed arrows, — which
would convert that atom 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 “HCH” 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
atom 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 cove to the field of neighboring atomic cores in the
molecule €6),

4. Tilted Methyl Groups. Insertion of only one, not both, protons of a
“CHg" group into the nucleus of the adjacent heavy atom 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 attraction
of the heavy-atom kernel on the right for the lone pair of the “NHgy"
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 “NHy"” group over the surface of the carbon-
nitrogen bond 67, as indicated in exaggerated fashion in the bottom
structure of Fig. 11. This last structure agrees qualitatively with the
experimental observation that the methyl groups in, ¢.g., methyl amine
68) methyl alcohol 69, dimethyl ether 79, and dimethyl sulfide 71) are
tilted 2.5—8.5° loward 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 statement in crystal chemistry that
“rattling is bad”, that the number of anions about a cation should not
be so great as to create a cavity larger than the cation 72, corresponds
to the statement 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 that the atom’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 atom’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 afomic coves, Fig. 13.
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“H,C = CH," 4=>
Isoelectronic
Principle

“Hy,C=NH,’ °4e

(K

“Hellmann-Feynman
Theorem*

Tilted I 0
"Methyl” Group “>

Fig. 12. Tangent-circle models for the discussion of tilted methyl groups (see text)

BB

SeF,

Sofes

Tef, WF, UF,

Fig. 13. Tangent-circle representation of the local electronic environments about
the kernels of some Group VI hexafluorides
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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 fluorine 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 2, respectively). These hexafluorides are, in
order, mnon-existent, extra-ordinarily unreactive, hydrolyzed slowly,
hydrolyzed completely at room temperature in 24 hours, hydrolyzed
readily, and hydrolyzed very rapidly.

The great kinetic stability of sulfur hexafluoride 73,79, like that of
carbon tetrafluoride 73), particularly toward nucleophilic reagents, may
be viewed as arising from the presence about the central atom’s kernel
(and about the kernels of the fluorine atoms) of a mnearly complete,
protective sheath of electrons with no “pockets™ 32 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 attack 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 cation [#(06+) = 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, ﬁowever, is the coordination scheme 3,1 shown in C.

A B C

Fig. 14 A—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. Covalency Limits

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 that the reason why, for ex-
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ample, SiF§ can exist but not CF3 is only that there is not room for
six fluorine atoms round the smaller carbon. It is interesting to consider
this argument in detail, and see how it has been affected by the increase
of our knowledge of atomic dimensions’ 75),

Using standard ionic and covalent radii, Sidgwick presents his argu-
ment graphically, Fig., 15. Each vertical line in Fig. 15 summarizes
information on four molecules: MFg (octahedral molecules; wvalency
angle 90°) and MF,4 (tetrahedral molecules; valency angle 109.5°),
M =C and Si. Outer circles in each group represent halogen atoms. In
each instance the uppermost halogen atom makes a valency angle of
90° with the halogen atom on the left of the line and a valency angle
of 109.5° with the halogen atom on the right of the line. Halogen atoms
are drawn to touch M, “so that the condition of stability is that 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
attached atoms in actual stable molecules, but for far more than are ever
found; even in the imaginary Clg there would be space left between the
iodine atoms.”

Tonic Model Covalent Model Electride Ion Model
Valency Angle Valency Angle Valency Angle

90°  109.5° 90°  109.5° 90°  109.5°

CFg CF, CFg CF, CFs| CF,
SiFg SiFy SiFg SiF, SiFg| SiFy

Fig. 15. Tangent-sphere models of CF4, SiF4, hypothetical CF3~, and SiF;, based
on conventional ionic and covalent radii (columns 1 and 2) and the electride ion
model (column 3}
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“[1]t would seem,” concludes Sidgwick, ‘“that the steric influence can
have nothing to do with covalency limits” 79).

Sidgwick’s discussion raises an important question: What 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 49, 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 better to the known facts than do either of Stgdwick’s trial models.
It is consistent with the existence of CF4, SiFy4, and SiF?;_ and with the
non-existence of CFa .

Fig. 16. Two-dimensional, tangent-circle representation of an electron-domain
model of a coordinated fluoride ion
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Fig. 17. Two-dimensional, tangent-circle representation of an electron-domain
model of CFy4. Open circles represent valence-shell electron-domains. Smaller filled
circles represent atomic cores. Valence strokes pass through shared electron domains.
Note mutual overlap of the ligands’ conventional van der Waals domains

After Werner 78, and more recently Rundle 77, one is led to suggest
that the maxtmwm coordination nwmber of an atom may be considered as
having reference to the space around the surface of the kernel of the atom

S Y o g ‘
78).

VI. Saturation of Secondary Affinity

Neutralization of charge does not cease with the saturation of primary
chemical affinity. All stable molecules are surrounded by stray electro-
static lines of force that emerge from not-completely shielded atomic
cores (positive patches, hollows, relatively low-lying vacant orbitals,
electrophilic centers, acidic sites) and terminate on exposed portions of
some  clectron-cloud (negative patches, bumps, relatively high-lying
occupied orbitals, nucleophilic centers, basic sites).

The most exposed portions of molecules’ electron-clouds are electron-
pairs whose coordinated atomic cores are located largely, or solely, on
one side of the pairs, ¢.¢., unshared electrons (particularly those attached
to the relatively small kernels of carbon, nitrogen, oxygen, and fluorine
atoms and which are, therefore, relatively localized in space; vide infra)
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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.

@ ()

B C

Fig. 18 A—C. LMO-electron-domain models of (A) NHgz, (B} C3Hy, and (C) CgHs.
Unprotonated domains with sufficient exposure to exhibit nucleophilic activity are
shaded

Participation of unshared electron-pairs in the saturation of primary
and Lewis-like, secondary acidic sites are compared, schematically, in
Figs. 19 and 20. The structures of many molecular complexes formed in
the latter fashion have been determined, first and most fully, by Hassel
and co-workers 798D,

Fig. 21 is a stylized drawing of a two-dimensional, localized electron-
domain model of the molecular complex formed between trimethyl amine
(smaller circles, on left) and molecular iodine (larger circles, on right)
showing extensive penetration of the conventional van der Waals enve-
lope of the acceptor molecule, Ig, by the protruding electron pair of the
donor molecule (van der Waals radius sum for nitrogen and iodine:
3.65 A; observed N---1 distance in the complex MesN - ICl: 2.30 A).
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 (cf. I'ig. 21, lower structure)
have been emphasized by several investigators 81,82,
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Fig. 19. Saturation of primary affinity. Two-dimensional representation of an
clectron-domain model of the formation of a conventional chemical bond: the reac-
tion of a Lewis base (NHy) with a relatively strong Lewis acid (BHg).

"NHy *Bry *NHy+Be

Fig. 20. Saturation of secondary affinity. Two-dimensional representation of an
clectron-domain model of the formation of a molecular complex: the reaction of a
Lewis base (NHg) with a relatively weak Lewis acid (Brg)

“Hassel-type” complexes (Figs. 20 and 21) have been formed via
mteractions of the acidic sites off “positive halogen” atoms and the
unshared electrons in ethers, ketones, sulfides, and selenides. Sometimes
both lone pairs of a covalently bonded, bivalent oxygen atom participate
in intermolecular interactions. In, for example, the acetone-bromine
1:1 molecular complex, each lone pair of an oxygen atom is shared with
a halogen molecule 83, With very large, sterically unhindered cationic
sites, 7.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}y, with which H,0 is iso-
electronic, is known to be coordinated in this fashion by the copper
atoms in the borohydridobis(triphenylphosphine)copper(l) complex 84,
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Hydrogen Bond

Fig. 21. Saturation of residual affinity. Schematic, tangent-circle representations of
electron-domain models of the molecular complexes MegN - To and MegN - HI

And in, e.¢., solid ethylmagnesium bromide dietherate, each oxygen
atom has, in addition to its two neighboring carbon atoms, a magnesium-
atom neighbor that les almost exactly on the bisector of the COC
angle 89,

It would appear that localized molecular orbital, electron-domain
models will prove useful in interpretative studies of the structural
chemistry of electron-pair donor-acceptor interactions.

A B

Fig. 22 A and B. Electron-domain models of a water molecule sharing with a metal
cation (solid circle} {A) one and (B) two electron 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 IYig. 23. The lone pair and bonding pairs are
structurally 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, non-octet-expanding atoms (carbon, nitrogen, oxygen and
fluorine).

Fig. 23. Two-dimensional representation of an electron-domain model of an angu-
larly-localized, Lewis-type lone pair

With larger atoms, however, a lone pair would not be expected to
remain in the angularly localized state shown in Structure A, Tig. 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 schematically the
initiation of this process. The lone pair in B is more highly delocalized
angularly, if not radially, than a Lewis, bonding-pair-like lone pair. In
B the lone pair occupies more space about the surface of the atomic core
than does a bonding pair. It may be called a Gillespie lone pair.

A B C

Fig, 24 A-—C. Lewis-, Gillespie-, and Sidgwick-type 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 that would be obtained if one ignored the presence of the lone
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(I1), 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 Stdgwick 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 57.86) {0 account for several features of
Bartell and Hansen's 87 accurately determined structures of PI's,
CH3PF4, and {(CH3)oPF3, and may be useful, also, in explaining why
the axial bond in BrFj is evidently shorter than the equatorial bonds.

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

\_/

A B C

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(II) 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 99, 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 atom’s kernel and valence-shell electrons.

The structural chemistry of the tin(II) ion has been reviewed by
Donaldson 9D, 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 ns2 outer electron con-
figuration,” he writes, “presents a unique problem in descriptive in-
organic chemistry.”

28



Localized Molecular Orbitals and Bonding in Inorganic Compounds

Cl

cl S

C

Fig. 27. Schematic representation of the local electronic environment of a tellurium
kernel in the 1:1 complex of benzenetellurenyl chloride and thiourca 90

VIII. Further Uses of Localized Electron-Domain Models

1. Estimation of Interatomic Distances. The notion of transferable inter-
ference radii — that, e.g., a hydrogen atom is approximately the same
““size”” whether it is attached to a phenyl ring (I'ig. 1) or to a cyclohexane
ring (Fig. 2); or that a sodium ion is approximately the same “size”
whether it is surrounded by chloride ions in NaCl or by, say, bromide
ions in NaBr — has found wide application in the estimation of distances
between (i) adjacent atoms in adjacent molecules in molecular solids
and (ii) adjacent atoms in ionic solids. Extension of these results to the
estimation of interatomic distances within covalent molecules through
use of the localized electron-domain model and one, new, two-parameter
relation (but no new empirical radii} is illustrated in Fig. 28.

In Fig. 28, R is the radius of the electron pair of a linear, one-electron-
pair bond, length d4; 7, and 7y are Pauling’s crystal radii 2. Empirically,
R may be expressed, as indicated, as a constant, approximately equal
to the Bohr radius, plus an increment that increases with the size of the
smaller (and generally the more highly charged) atomic core. It is this
atomic core — the one to which in the compound’s name the suffix ide
is added — that largely determines the properties of the shared clectron-
pair. Some single-bond distances calculated by means of the R equation”
given in Fig. 27 are compared with recently determined interatomic
distances in Table 2.

The relationship between atomic radii, ionic radii, van der Waals
radii, and the electride-ion model of a shared-electron-pair bond is shown
in Fig. 29. M represents a relatively large atomic core of an electroposi-

29



H. A. Bent

d=2R+ 1, +n,
R=06+04r

Fig. 28. Estimation of internuclear distances. Electron-domain model of a partially
ionic, linear, one-electron-pair bond. Cf. the bond-charge model of Parr, R. G, and
R. F. Borkwman: J. Chem. Phys. 49, 1055 (1968) and Borkman, R. IF., G. Simons,
and K. . Parr: J. Chem. Phys. 50, 58 {1969)

Table 2. Some calculated and vecently observed bond lengths (in A)

Compound Bond Cale. length  Obs. length
[2-dimethylaminoethyl(methyl) amino-  Mg—C 2,12 2.10 92
di{methylmagnesium)’
Octamethyldialuminiummonomagnesium Al—~C 1.97 1.97 99
Dimethylgermane Ge—C 2.00 1.95 94
Heptamethylbenzene tetrachloroaluminate  Al—Cl 217 2.12 99
Silicon tetrachloride Si—Cl 2.09 2.02 96)
Diboron tetrachloride B—B 1.76 1.70 98

tive element (z.e., a cation). X represents a relatively small atomic core
of an electronegative element (i.e., the kernel of an anion). The large,
unlabelled sphere represents an electride ion.

Slater has emphasized that the ionic radii for electropositive elements
are about 0.85 A smaller than the atomic radii, while those for the electro-
negative elements are about 0.85 A larger than the atomic radii 7.
From Fig. 29 one sees that, to the extent that one may ignore the varia-
tion of R with core radii (Fig. 28),

(X or M’s Atomic Radius) = (X or M’s Kernel Radius) -+ R
(X’s Tonic Radius) (X's Kernel Radius) + 2 R.
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Fig. 29, Atomic and ionic radil. A model for the discussion of the relationships
between atomic, ionic, and van der Waals radii.

Hence,

{X’s Tonic Radius) = (X’s Atomic Radius) 4 K
(M’s Tonic Radius) = (M’s Kernel Radius) = (M's Atomic Radius) — K.

value 0.6 A, close to the mean value of the kernel radii of the more
familiar elements.

From Fig. 29, “We can understand”, to quote Slater 97, “how the
sum of ionic radit for an electropositive and ¢lectronegative element is
able to lead to almost exactly the same result as the sum of the atomic
radii of the same elements’”.

From Fig. 29 one sees, also, that

(X’s van der Waals Radius) A

Additionally, from Fig. 29 one sees that, if, as proposed by Frost 12,
a gpherical gaussian function is a fair representation of the distribution
of charge within an electride ion, there should be, as found by Slater 97,
‘a very good correlation, and in many cases praciically an equality, betwee
the atomic radii . . . and the calculated radius of maximum radial charge
density tn the outermost shell of the atom’ .
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2. Stereochemistry 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°-Degree Rule” 57¢ that predicts
correctly the distribution of lone pairs over axial and equatorial positions
in the trigonal-bipyramidal configurations of compounds of the type
(Ezlone pair) AX4E (e.g. SF4, (CHa)zTCClz), AX3E2 (Bg C1F3, C6H5
ICly), and AX3E;s (e.g. ICls, XeFs). Gillespie’s rule works, also, for
electron-pair-coordination-number-6 compounds of the type AX4E,
(e.g. ICly, XeFy). 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 4 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 9%). This stereochemical feature might
arise from intrinsic departures of the central atom’s core from spherical
symmetry °9, from nonbonded interactions, andjor 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 (Ifigs. 24C and 26) is further suggested by the structures of the
compounds ReTeXoE examined by McCullough and co-workers 100-102)
(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
Te—X distance — increases in going from X =Cl to X =1, 7.e., with
increasing ‘“‘goodness’ of the leaving group (Cl-, 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 (CHg)sSet and
I~ 103), And trimethyltelluronium bromide is al:1 electrolyte in dime-
thylformamide 1909,
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Numerous authors have cited the halide-ion donor properties and
tendency toward ionization of the Group VI tetrahalides, particularly
SCly 105), SeCly 108-107) Te(Cly 106-108) and TeBry 197-108) but not
the fluorides such as SeF4 199, 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. It 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 112,

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 fwo atomic cores (for every line-segment
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A B C

Fig. 30 A—C. The Berry mechanism for electron-pair-coordination-number 5. (A) Tri-
gonal bipyramidal coordination. Ligands bonded through shaded electron-domains
are in axial positions. (B) Tetragonal pyramidal coordination. A slight distortion of
structure A. (C) Trigonal bipyramidal coordination. A slight distortion of structure
B. Ligands bonded through shaded electron-domains are now in equatorial positions

has precisely #wo 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 fhree 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, ¢.g., BeF2, MgFs, CaF3, NaCl,
and CsCl, it is easy to see, if not to show, schematically, in two dimensions,
that 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, # >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, B4Cls, and TaeCIﬂr
have been described 4952, A drawing of a spherical-domain model of
the methyl lithium tetramer, (LiCHg)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 — 7.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 (LiCHg)4
to the lithium-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 r¢cg=
714+ =r111111c ~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 711+ = 7rivLiriC)
— the calculated value for the Li-Li/Li-C ratio is 1.14.

Fig. 31. Electron-domain model of (LiCHg)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, 7.¢., in the halides and chalcogenides of the ele-
ments of Group I and II of the Periodic Table. By the Correspondence
Principle, one anticipates that 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 72,114-120), These models account directly, if yet only
qualitatively, for many of the important chemical and physical properties
of metals. While hardly new, these models, with anticipated refinements,
may fulfill in other respects Houston’s hope ““that in due time there may
emerge [in the study of metals] some new ideas which are as significant
and simple as the treatment of nuclear vibrations by means of normal
coordinates, as helpful as the application of Fermi statistics to the
electrons, and as pictorial as the treatment 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. It is well known, however, that t4e
assumption of two electrons per orbital is unnecessarily vestrictive 27,122),
Better energies are obtained in quantum mechanical calculations if
different orbitals are used for electrons of different spins, a fact first
demonstrated in quantitative calculations on helium by Hylleraas 129
and Eckart 129. Later, this “split-orbital” method was applied to =-
electron systems 27,125, Its general application to chemical systems
has been developed by Linnett 126),

Linneit’s procedure may be viewed as a refinement of classical struc-
tural theory 99. In Linnett's theory, the van’t Hoff-Lewss 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-
nett’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 befween electrons of the same

(i

Organic Oxygen Inorganic Oxygen

Fig. 32. Electron-domain representation of (left) strong-field and (right) weak-field
models of an octet, after Linnett 126)
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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
02~ ion than is the structure on the left with fully coincident spin-sets.

The relatively weak fields of two Lit+ ions are evidently not able to
force into coincidence the two spin-sets of an O2- ion, for it is reported
that in the gas phase the molecule Li2O is linear 127, 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 128), In inorganic
compounds average values for the bond angles Si—0—Si, P—0—P, and
S—0—S are, respectively, 137, 128, and 118°. In Cl30 the bond angle
is 110.8°.

In the Liunett, 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

Fig. 33. Antiferromagnetic coupling of two magnetic cations via an intervening
anion. Cf. Halpern, V.: Proc. Royal Soc. (London) 297, 113 (1966)
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observed, first for MnO 129, later for several transition metal fluorides
with the WOj3 structure 139, and, also, for such species as (ClsRu—O0—
RuCls)4- 131 and (ClsRe—~0O—ReClg) 4~ 132),

One of the earliest applications of the method of different orbitals
for different spins appears in Slafer’s classic study of the cohesion of
monovalent metals 13%), In Silafer’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 «, while those at the cube-centers have
the opposite spin, spin B.

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 of 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 (corner atoms with the central atom), but prohibits overlap
between domains occupied by electrons of the same spin (corner atoms
with comer atoms).

Fig. 34. Top: Electron-domain representation of Slater's model of the alkali metals
133), Bottom: Electron-domain representation 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(bcc), is greater than the interatomic distance in the
corresponding gaseous dimer, My(g), the length of the body-centered
unit cell, «, is shown in Fig. 34 as being fixed by contact between valence-
shell domains occupied by electrons of the same spin (those at adjacent
corners). 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, /2, plus the corresponding ionic radius, #a+. This sum
is close to the observed interatomic distance for the gaseous dimers of
sodium and potassium, Table 3.

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

Metal, M a(bcc) ry+2 a/2+4rm+ ia.d.in

Ma(g)
Li 3.50 0.60* 2.35 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. It was advanced
by Ramsey, in 1908, who referred to an atom’s outer electrons as a “rind”
134); 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 139 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” 138); 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” 189); 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
Coken and Heine 14%) in Fig. 35. The potential energy function for the
impenetrable core model is given by the dashed line. It is Coulombic
down to a core radius R,, at which point it rises to infinity. According
to the cancellation theorem of psendopentential theory 143-144), 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 148),

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 i, (the spin-

> <

N e TR

Fig. 35. Dashed line: Potential energy function for a valence electron in the im-
penetrable core model. R, = core radius. Solid line: Pseudopotential, after Austin
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 148),

X. Summary

The development of useful models of matter prior to 1926 shows that,
while a fundamental — ¢.¢. widely applicable — explanation of the prop-
erties of matter may be, in principle, a quantum mechanical problem,
many problems can be treated in a simpler fashion. Even complicated
systems have their simpler aspects 130,

Clements asserts, however, that it is becoming increasingly apparent
that any ‘“‘all-electron” quantum mechanical treatment 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 153). 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 Paulz s
early statement that 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
antisymmetry requirement is absurd as a state in which an electron has,
e.g., a spin of three halves or zero mass 134,

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 159, “much more powerful than that of electrostatic forces. It
does more to determine the shapes and properties of molecules than any
other single factor. It 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 158), 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
78, 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.

— <

1868 1916 1926 1960

Fig. 36. A short history of the introduction into structural 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 187, 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-shell electrons.
Generally 7anion > 7cation-

A polyhedron of anions, which may be localized elecirons, 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<7<0.25 A) 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 patterns 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 #iree 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 by two
or more small cores, two or more large cores, or a small core and a large
core.

Covalent

lonic

L
@,
o

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 Hevesy
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 3-17),

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 modern 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:

A =noo(l—e¢*)era (1)
where,

A = the activity of the product radionuclide (disintegrations per second).

#n = the number of atoms of the target nuclide in the sample.

g = “flux”, or the area-time density of the bombarding particles (particles
per square centimeter per second).

¢ = “‘cross section’’, or the probability that a target nucleus will undergo a
specific nuclear reaction with the incident particles (square centimeters).

A = the decay constant of the product radionuclide (In 2/H, where H is the

half-life of the radionuclide in time units identical to those used for #
and #4).

t; the time of irradiation of the sample.

tg == the time of decay following irradiation and prior to the start of counting.

f

The term (1—e—4#) 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 may
then be computed from Eq. 2:

W =n (At.Wt.)/6.02 x 1028 (Iso. Abd.) 2)
where,
At. Wt, = the atomic weight of the element
Iso. Abd. = the isotopic abundance of the target nuclide expressed as a

fraction.

The use of Eq. 1 depends on accurate information on the flux, the cross
section, and the absolute activity of the product radionuclide. In practice
these data are difficult to obtain and, in addition, the flux may not be
constant with respect to time or position of irradiation.

It 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 standard activation equations for both standard
and sample, the following equation results:

Rota _ Wsta (eMd)sia 3)
Rsam Waam (e7#d)sam

where,

Rsta and Rggm = the experimental counting rates for the standard and
sample, respectively.

Wsta and Wgeam = weights of the element in the standard and sample,
respectively, assuming identical isotopic composition.

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~4ta) 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-life16N, additional corrections to the
above equations are required 18),

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 NalI(T1) detector 19). Unfortunately, the energy
resolution of most commercially available NaI(Tl) crystals is only about
50 KeV at 0.7 MeV (full width at half maximum for a gamma-ray
photopeak). Hence, the use of Nal(Tl) 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
oxygern in pure metals, geological materials and meteorites 20-23), 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 180(xn,p)16N reaction have been shown to be rapid,
accurate, and suitable for large scale semi-automated analytical applica-
tions 24,26),

Many analysts are not aware that over one-half of the elements in the
periodic 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 semnsitivities listed in
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Fig. 1 are based on a routine operating flux of 2 - 108 neutrons cm~-2
sec—1. With a fresh tritium target a useful 14 MeV neutron flux of 2.5 - 10®
neutrons cm=2 sec—1 may be attained 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.

H He
Li Be B-3 |C N-4 |0-4 |F-3 ([Ne
g 13y 16| 16y
Na-4{Mg-3 Al-4 1Si-4 |P-5 |S Cl-3 |Ar
| #Mg Mg 2PAL| Al 3mey
K-31Ca |Sc-4[Ti-3 |V-4 |Cr-4 {Mn-4iFe-3[Co0-3Ni-3[Cu-4|Zn-3 |Ga-4 |Ge-4 |As~3|Se-4 |Br-4 [Kr
sy tge lasmge] siTi| 52y | Sty [58Ma lseMmn] 57N | 52cu] $92n | 58Ga | T5mGe|SmGe|7Imse | 788,
Rb-4|Sr-3{Y -3|Zr-4[Nb-2{Mo-3|Tc Ru-3 |Rh Pd-4 |Ag-4 [Cd-4 [In-4 |Sn-3 |Sb-4 [Te 1 Xe
simpp| $7mg, | Vimy fesmy | s0myf 95 015 W[ 1980 ] Mimeg| Emp | 1235, | 1205y
Cs-2Ba-4|La Hf-3|Ta-4 |[W-3 |Re Os Ir- 2[Pt Au-3 |Hg-4 |TI '{Pb-2|[Bi Po At Rn
132 {137m 9m o} 190mg [ 183m 130m 192my 1199, 207m
Cs|""Ba Ht Ta W Ir AU H Pb
N —— : _
Fr Ra [Ac

Ce-4 |Pr-§|Nd-4 |Pm |Sm-3]|Eu-3|Gd-2|Tb-3|Dy-L|Ho JEr-3[Tm |¥b JLu-2

l:!mce I&OPr |3§mce lnsm ISlmEu \ilGd lSBme lBimDy |l1mE, I'IlmLu

Th [P U
Photopeuk.used @:Hulf-llf.e les?_thcn 1min
is composite,Only—1 Determined via 0.511 MeV
shortest half-life annihilation radiation

radionuclide listed

Fig. 1. Sensitivities for 14 MeV neutron activation analysis based largely on the
compilation of Cuypers and Cuppers 25). The symbol Mn —4 signifies a sensitivity
of 10-4 grams for Mn using a 14 MeV neutron flux of approximately 2 X 108 ncu-
trons-cm~2 sec~1. The limit of sensitivity was considered to be the point at which
the integrated photopeak counts equally three standard deviations of the back-
ground count in the photopeak region, using the baseline method. Only the indicator
radionuclide resulting in the highest sensitivity is listed. In many cases alternate
indicator radionuclides could be used. For indicator radionuclides with half-lives
greater than one minute the irradiation, delay and counting times were 5 minutes,
1 minute and 5§ minutes, respectively. For shorter half-life indicator radionuclides
these times were 3 half-lives, 1 half-life and 3 half-lives, respectively. Detectors were
two 3”7 X 3” Nal(T]) crystals 2.4 cm apart with the sample centered between them
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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:

Target Nuclear Product
Nuclide Reaction Radionuclide
Az (n.5) A(z—1)

AZ (n,c) A~8(Z--2)

AZ (n,2n) A-1lZ

Az (n,n') ArZ

The cross sections for (n,7) 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 Al, 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,#") and most (n,p) reactions on stable nuclides are
endoergic; that is, they have a non-zero reaction energy threshold. The
(n, <) 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 (10-2¢ cm?2).
In contrast, the thermal neutron (%,y) reaction is always exoergic and
may have cross sections exceeding 103 barns.

It 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. It is unfortunate that the element carbon
can not be determined by this technique. The nuclear reaction 12C(x,
2x)11C 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 2H(3H,#)%He
reaction commonly employed in most neutron generators.
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It should be noted that commercial neutron generators are also
easily adopted to the generation of 2.8 MeV neutrons produced by the
2H(2H, #)3He reaction. In most cases it is merely necessary to replace
the tritium 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,#'y) or (n,y) cross sections for 2.8 MeV neutrons 41). 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 29, 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 D3), acceleration electrodes supplied by 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
ton source 28 has advantages of a high (70—909%,) 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
//i 200kv Power . Afccetlergting \\vucuum pump Target
¢~ lonsource power glectrodes \ f cooling
; —— assembly
. th ! oSN [ 1
inpu . —
1 —— - r
| =TT/
l\ Focusing lens Ti-Tritium
™~ Ion source bottle ,l target
AN —_ 7 Drift tube

Fig. 2. Schematic diagram of the major components of a Cockcroft-Walton type
neutron generator
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more attention to obtain optimum performance. The deuterium is
usually introduced into this source by diffusion through a heated palla-
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. Impurity 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. Its 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 D3 ions.
An acceleration potential of 200 kilovolts will accelerate both a D+ ion
and a D} ion to an energy of 200 KeV, but each deuteron in the molecular
ion acquires only 1/3 the energy, or 100 KeV. The 14 MeV neutron yield
of the generator in units of neutrons sec—! 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,

2.0

- —_
o i
T T

Relative neutron yield

ol
(51
T

0 100 200 300

Deuteron energy {keV)
Fig. 3. Variation of the relative 14 MeV neutron yield at a constant beam current
as a function of deuteron cnergy. It should be noted that acceleration of only molec-
ular D} jons through a potential 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 thick Ti-T target 190
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the overall 14 MeV neutron yield of a pure molecular ion beam (D3)
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,»)4He reaction reaches its maximum
value at only 107 KeV incident deuteron energy. When “thick” (~ 1 mg
cm~2 thick deposit of titanium) titanium-tritium 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 tritium 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 609, 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 titanium 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-113. The neutron yield from the 3H(d,#n)*He 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 attendant risk of
tritium contamination of personnel and laboratories 39 has led to the
development of high yield sealed-tube genervator systems in which the
tritium supply is constantly replenished 31-33), 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. It has been suggested that sealed-off neutron
tubes with outputs above 1012 neutrons sec—! 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 38:37 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 34:3%), An
inexpensive system may be constructed from ordinary low density
polyethylene tubing 18). 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 38 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 cases. 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 49,

For the analysis of rocks and minerals, the sample is usually powdered
and the standard is prepared by doping Spec-Pure SiO9 with an aligout
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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.

It 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 trradiation 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 42 and a discussion of precision has been published by Mo#f 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 49. 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 49), '

(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 BF3 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 sec16N), 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 19%,.

(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 done
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 28Si(n,p)28Al
reaction. However, the same indicator radionuclide is produced from
phosphorus by the 31P(#,«)28Al 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 (z,2#1)13N 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)13N 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) Gamuma-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 11Be produced by the 1B(n,$)11Be
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 18N indicator
radionuclide used in the determination of the oxygen.

(4) Self-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 of relative counting efficiencies. 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—29, for small sets of
replicate analyses is common in many recent papers employing this
technique. Results falling 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 0.39%,. This
level of accuracy and precision is certainly adequate for most analytical
purposes.

5. 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 359, oxygen and 189, 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 2%, 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® 14 MeV neutrons em~2sec—1, Gamma-
ray photopeaks of 28Al and 8N 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 McV 18N gamma-rays in the 3” X 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 methods
based on conventional techniques.

An interesting modification of this technigue for oxygen has been
developed by Morgan 49 in our laboratories. A 4096-channel analyzer
is used in its multiscaler mode to sequentially monitor the relative
neutron flux (via a BF3 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 BF 3 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”x4” Nal(Tl) 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 18N 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.

Beam time —~}+—Delay time -———=]=——Counting time ~———

w {Send Irradiate Return Count
g |
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= Line for 7.3
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Fig. 5. Use of a 4096-channel analyzer in the multiscaler mode for the determination
of oxygen via 14 MeV neutron activation analysis

Activation with 14 MeV neutrons has been used to determine the
oxygen content of various metals such as beryllium 29, Cl, F, O, Na, Sj,
and various rare earths in complex molten salt electrolytes 45, the
protein content of food products by means of the nitrogen content 46),
160Q/180) and 14N/15N isotopic ratios in stable isotope tracer experiments
47,48), and in a wide variety of other applications. One application we
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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 radionuclides 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) Detectots for Multi-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 32. While
a typical 3” X 3” Nal(Tl) scintillation crystal may have a photopeak
resolution of 50 KeV fwhm (full width at kalf maximum) for the 137Cs

Li drifted active region(charge.depleted)

Signal 7
out +

<T Ge crystal

d = :
L 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” x 3”
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Nal(Tl) 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(Tl) detector results in a greater
photoelectric efficiency at high energies. An additional disadvantage is
that 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” X 3”7 Nal(Tl) 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 80, 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—1% grams for Mn using a reactor thermal
neutron flux of 1013 neutrons cm—2 sec—1, Irradiation times are to saturation activity
or one hour, whichever is less. Calculations are based on counting the sample one
centimeter from a 35 to 40 cc Ge(Li) detector (photopeak efficiency for 8%Co would
be approximately 5%, that for a 37 X 3” NaI(Tl) detector). Sensitivities listed are
the amount of the element that would yield a gamma-ray photopeak counting rate
of at least 10 counts/min for indicator radionuclides with half-lives greater than
one hour and 100 counts/min for those with half-lives less than one hour. All indi-
cator radionuclides listed have half-lives greater than 1 minute. In many cases
other indicator radionuclides could be selected. For this compilation, based on an
irradiation time of one hour or less, preference was given to shorter-lived radio-
nuclides

radiochemical separations or use of complex computer processing of acti-
vation data. Some applications 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 24Na and
42K, 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 32P 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 Sbs0s 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 neutron irradiated cigarette tobacco
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using a single reactor irradiation and purely instrumental techniques 54.
55, 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 58, human hair for forensic investigations 57, dental tissue 58,
fish and animal tissues 39, barnacle shells 80 and a wide variety of other
materials of biological origin.

The application of Ge(Li) detectors to the determination of #race ele-
ments inrocks is beautifully illustrated by the work of Gordon et al. 1) who
were able to determine instrumentally 23 elementsin 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 ourlaboratory
is shown in Fig. 9. Again, the tentative assignment of photopeaks is based
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Fig. 9. Ge(Li) gamma-ray spectrum for thermal neutron irradiated standard granite
rock, G—1
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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 82,
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Fig. 10. Ge(Li) gamma-ray spectrum for a thermal neutron irradiated tektite. A

major portion of the 124Sb activity in this spectrum is due to antimony contamina-
tion in the quartz irradiation vial
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Many applications which use Ge(Li) spectra of irradiated samples for
identification purposes as a type of “chemical fingerprint” 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. Applications of Gamma-Gamma Coincidence Spectrometry

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 gamsma-gamma coincidence system
is given in Fig. 11. The system illustrated consists of two 3* x 3” NaI(Tl)
detectors coupled to photomultiplier tubes, two double delay line ampli-
fiers, 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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1p L1 anal. » coin (e anal, te— Amp.
1 cireuit 2 2
\
Coincid
gate
Data Pulse Pulse
output height ke— delay
analyzer \ box
Pulse
Sample input
3"x 3" Nal
detectors

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
63,64) was found to have a coincidence resolution time of approximately
30 nanoseconds (full width at half maximum of a 8%Co 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 ( < 109, with 3” X 3” Nal 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 (#,2n) reactions.
Cuypers and Cuypers 29 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 69),

Table 1. Elements which aftev 14 MeV neutron ivvadia-
tion exhibit prominent 0.511 MeV positron annihila-
tion photopeaks 29

Element Indicator Half-life
determined radionuclide

Ag 106Ao 240 m
Br 8Br 65 m
Cl 24m(] 320 m
Cr 48Cr 419 m
Cu 62Cu 9.76 m
F 13 110. m
Fe 33Fe 851 m
Ga 65Ga 68.3 m
K 38K 7.71 m
Mo ?1Mo 155 m
N 13N 9.96 m
Ni 57Ni 360 h
P aop 2.50 m
Pd 101pd 84 h
Pr 140py 3.39m
Sb 1208 159 m
Sm 1438m 90 m
Zn 837n 384 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 (»,y) 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 Wahigren 68), 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 determinalions using gamma-gamma coincidence
counting techniques

Element Indicator Half-life Prominent coincident gamma-
determined radionuclide rays (MeV)
Ag 110mAgy 260. d 0.657, 0.884
As 78As 26.5 h 0.559, 0.657
Au 198 Ay 2.70d 0.412, 0.676
Ba 13113, 12. 4 0.124, 0.496
Br 82Br 353 h 0.554, 0.618
Ccd 111mCq 486 m 0.150, 0.246
Ce 143Ce 33. h 0.232, 0.493
Cl sl 37.3 m 1.60, 2.17
Co 60Co 526y 1.17, 1.33
Cs 134Cs 205y 0.605, 0.796
Cu 64Cu 128 h 0.511 annih, rad.
Dy 165Dy 2.32h 0.362, 0.633
Er 171y 7.52h 0.112, 0.308
Eu 152mEy 93 h 0.122, 0.842
Ga 72Ga 141 h 0.834, 2.20
Gd 161Gd 37 m 0.102, 0.315
Ge Ge 11.3 h 0.215, 0.417
Hf 181f 425 d 0.133, 0.482
Hg 197mHg 24. h 0.134, 0.165
Ho 166 ¢ 269 h 0.080, 1.38
I 1281 25,0 m 0.441, 0.528
In 116m]p 540 m 1.09, 1.29
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Table 2 (continued)

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

Ir 192 742 d 0.296, 0.316, others
La 1407 5 402 h 0.329, 1.60

Lu 177Lu 6.74d 0.113, 0.208

Mn 56Mn 2.58h 0.847, 1.81

Mo 101Mp 146 m 0.51, 1.56

Na 24Na 150 h 1.37, 275

Nd 149Nd 1.8 h 0.114, 0.424

Ni 85Ni 2.56h 0.368, 1.11

Os 183Qg 3. h 0.139, 0.322

Pt 187pt 18. h 0.077, 0.191

Rb 88Rb 178 m 091, 185

Re 188Re 16.7 h 0.155, 0.478

Rh 104mRh 441m 0.051, 0.077

Ru 105Ry 4.44h 0.315, 0.47

Sb 1248h 60. d 0.603, 1.69

Sc 48Sc 839 d 0.889, 1.12

Se 75Se 120. d 0.136, 0.265

Sm 1538m 47. h 0.0697,0.103

Sn 117mSn 14. d 0.159, 0.162

Ta 182Ta 115. d 0.0678,1.12

Tb 160TH 721 d 0.298, 0.879

Te 1317 25. m 0.150, 0.453

Ti 51Ti 58 m 0.320, 0.605

U 239Np 235d 0.106, 0.278

W 137W 239 h 0.072, 0.134

Yb 175Yb 101. h 0.114, 0.283

In 85Zn 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. Scalers 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. It 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-
trum 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 22Na and €9Co 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 MeV energy region. In the coincidence mode spectrum
the 0.511 MeV annihilation radiation photopeak from 22Na 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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Fig. 13. Spectra of a mixed 22Na-%°Co source in singles and coincidence counting
modes illustrating improved baseline resolution (a=singles, b= coincidence)
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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 87,
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 %8. 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 Roberison 69, This system makes use of
multidimensional gamma-ray coincidence spectrometry. The two primary
NaI(Tl) detectors are surrounded by a large NaI(Tl) 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 matrix (often 64 X 64 channels) in the
analyzer memory. The X and Y axes of the matrix 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 in detector No. 2 would result in an event being stored
in a memory position in the field of the matrix 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 49 by coincidence counting of a thermal nentron irradiated stony
meteorite. The spectrum represents the results of irradiating 0.23 grams
of meteorite for one hour at a flux of 1013 » cm—2 sec—! 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, 58Co(from Ni),
60Co, and 192Ir,
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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 79, 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 7D. 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. Copper has been determined in meteorites 72 and copper
ores 73,749 by coincidence counting of 64Cu annihilation radiation. The
rapid and selective nature of the determination may have important
applications in the on-line sorting of copper ores.

Greenland 79 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 82Br 76).

Herr and Wolfle 79 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 complex decay
schemne 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
1012 n cm~2sec—1. Fig. 15 illustrates the singles and coincidence spectra
for a thermal neutron irradiated stony meteorite 4. 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
192]y 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 192]Ir. 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 1%2Ir and may 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 that
for meteoritic iridium determinations using a 12 cc Ge(L1i) detector.

0.32
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0.81

Counts
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050 irradiated meteorite

Coincidence mode
irradiated meteorite

Coincidence mode
19211 standard

Gamma energy

Fig. 15. Singles and coincidence spectra for a thermal neutron irradiated stony
meteorite

Fujii et al. 78 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 8%,

One of the earlier and still one of the most interesting applications
of coincidence counting in activation analysis is the isotopic determina-
tion of 6Li by Coleman 89, 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(4,#)18F reaction. The 18F 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. Other Non-Destructive Techniques

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. It 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 85 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
(y,7') and (y,%) reactions. In the case of the (y,#) 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 180(y,#)150 H = 2.1 minutes, 14N(y,n)13N H =10
minutes, and 12C(y,7)11C 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(y,#)13N 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(y,#)}13N
threshold = 10.6 MeV and 160(y,#)13N threshold =25 MeV), discrimina-
tion may be simply accomplished 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 86,87,
Engelmann et al, 88, 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,#), (p.7n), (p,2n), and
(, @) 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 radionuclides, 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 Nal(Tl) or Ge(Li) detector with collimator and appropriate
shielding is placed to aim at the sample at right 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. 9. A fast/slow sum-coincidence
spectrometer has been used by Lussie and Brownlee 99 to further reduce
the spureous gamma-ray background encountered in capture gamma-ray
detection.

It 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 4. The prompt gamma-
ray emission following proton or deuteron bombardment has been used
to measure the carbon content of steels 26,97, 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
252Cf 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 98,
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 87Br(H =55 sec.) which decays by nega-
tron emission to an excited state of 37Kr which in turn promptly emits
a neutron to form stable 86Kr with the magic neutron number 50. Since
the emission of the neutron from #7Kr is prompt, the rate of neutron
emission from the irradiated sample decays with the half-life of the
delayed neutron emitter precursor, 87Br.

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 10BFg-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 10D 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 102,108)_

1. Summary

It 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 variety of activation techniques that will yield
abundance data rapidly and accurately and still permit retention of the
sample for other studies, forensic evidence, or museum display.

For ultimate sensitivity, activation techniques employing radio-
chemical separations must still be employed. Chemical separations using
inactive carriers may be used to obtain radiochemically pure samples
that may 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-stream’ product analysis in industry.
The cost of the required instrumentation for many 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 252Cf neutron source will permit operation of the
analytical facility with technician-level personnel. The versatility 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 D 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%,
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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 6-10 (see also 11-23 on information to be
obtained from mass spectra).

B. Some General Features of the Mass Spectra of Transition
Metal Organometallic Compounds

The majority of transition metal organometallic compounds contain
carbonyl andjor cyclopentadienyl groups. Before reviewing the frag-
mentation patterns of selected tramsition metal organometallic 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)g, (M =Cr,
Mo, and W) 13, Fe(CO)5 12, and Ni(CO)4 12 exhibit stepwise loss of
carbony! groups from the molecular ion to give ions of the type M(CO)s.
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®
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. Instead
all carbonyl groups in a metal carbonyl would be lost almost simultaneously in
contrast to all reported observations. There is some evidence for the simultaneous
loss of two carbonyl groups in the mass spectra of some metal carbonyl deriva-
tives with particularly strong metal-carbon bonds suggesting that as the metal-
carbon bond becomes stronger thedifference in energy required to remove sucessive
carbonyl groups descreases. This observation suggests that the effect of addi-
tional retrodative bonding is less in cases where there is already a relatively
large amount 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 WC30+ 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-w-cyclopentadienyl bond is somewhat stronger in =-cyclo-
pentadienyl derivatives than the metal-carbon bond in metal carbonyl
derivatives. However, stepwise loss of n-cyclopentadienyl ligands occurs
in the mass spectra of wn-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:

-C,H, —C.H,
(CsHs)gFet ——23 CsHzFet ————s Fet
m* 78,5 m* 25.8

mfe 186 m/e 121 m/fe 56

Elimination of a neutral CgHj, fragment from the Cs;Hj ligand also
occurs frequently in the mass spectra of n-cyclopentadienyl derivatives
especially in processes of the following type 24:

-C,H, —C,H,
C5H5M+ —_— CaH3M+ —_— MT

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

(CsHp)eCot - CgH7Cot 4+ CHg

This process must clearly involve a hydrogen shift.

In one of the earliest detailed mass spectroscopic studies with transition
metal organometallic compounds, Friedman, Irsa, and Wilkinson 3
showed that in the mass spectra of (CsHs) oM 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 organometallic derivatives of the third row (54) transition
metals (e.g. tungsten) than in the mass spectra of the corresponding orga-
nometallic derivatives of the lighter (34 and 44) transition metals. Triposi-
tive ions are extremely rare, but there is some evidence for the occurrence
of the ion CsHsW(CO)3** 19,
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C. Mass Spectra of Polynuclear Metal Carbonyl Derivatives

The facile loss of carbony! 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 My(CO)y. Thus in the
mass spectra of Mng(CO)10 and Co2(CO)g 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 M3(CO)12 (M =Ru and Os) 25.26), The tetrametallic
ions M} (M=Co and Rh) similarly are major components in the mass
spectra of M4(CO)12 (M =Co or Rh) 25:26), The Osj cluster is found in
the mass spectrum of Os404(CO)1g 2%. Further fragmentation of these
M3 metal clusters results in metal-metal bond rupture giving the ions
M; (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 Feg(CO);2 stepwise loss
of carbonyl groups occurs only as far as the tricarbonyltriiron ion
Fe3(CO)% 26). The rupture of the iron-iron bonds competes with the
stepwise loss of carbonyl groups giving ions such as Fes(CO) and Fe(CO)%.
The mass spectrum of Fez(CO)g exhibits the ion Fe(CO)$ which may
represent pentacarbonyliron formed by the following pyrolysis process2%;

3 Fe2(CO)g — 3 Fe(CO)5-+ Fe3(CO)1a

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)5 (M=M'=Mn or Re; M=Mn, M’ = Re)
the metal-metal bond strengths increase in the following sequence 27

Mn—Mn (least) << Re—Re < Mn—Re (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 YCCog(CO)g
compounds (7: Y=H, F, Cl, Br, CHs and C¢H3) exhibit stepwise loss
of nine CO groups giving the interesting cluster ions YCCog 26,28,29),
The ion CH3CCo% from CH3CCo3(CO)g (7: Y =CHjy) undergoes further
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dehydrogenation to give HC2C0'§, 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

CeHsCCo3(CO)g (7: Y =CgHs) 28
exhibits the series of doubly charged ions CgH5CCog(CO) &%,. The mass

spectrum of [CCa3(CO)gla (2) exhibits stepwise loss of all eighteen CO
groups to give the unusual metal carbide ion CzCoyg 29,
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Another source of metal carbide ions is the ruthenium compound
Ru6C(CO)17 The mass spectrum of this compound exhibits an ion series
RugC(CO)7 (2 =0 thru 16)39. A low abundance of RuzC+is also found39.
The mass spectra of the Rug(CO)14 {arene) derivatives have also been
investigated. A series of ions RugC(CO)14-, (arene)* is observed 30,

D. Mass Spectra of Cyclopentadienylmetal Carbonyl Derivatives

A variety of interesting effects have been noted in the mass spectra of
cyclopentadienylmetal carbonyl derivatives 19,31, Cyclopentadienyliron
carbonyl derivatives have a great tendency to undergo pyrolysis in the
mass spectrometer producing ferrocene which gives rise to an ion (C5Hs)2-
Fet (m/e 186). Furthermore, compounds of the type RFe(CO)2CsHs
produce substituted ferrocenes of the type C1gHgRFe and CioHgRzFe
by similar pyrolytic processes. Certain acyl derivatives

(e. g. C6H5COF6(CO) 2C5H 5)

~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),zI+ (n=2, 1, and 0) have been observed in the
mass spectra of the
RFe(CO}2oCsH 5 derivatives (R=CsH5COS, CH3S, NC;H,CH,
C5H10NCH2CH2, CHaOCOCHg, C6H5, and C6H5CH=CHCO).
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The ions CsHsMo({CO),I+ (=3, 2, 1, and 0) have been observed in the
mass spectra of the

RMo(CO)3CsH ;5 derivatives (R=CH3aSCHg, CH2NCO, 1/2 (CF3)s, and
BI’(CHg) 4).

The mass spectrum of [C5sHsCr(NO)s]a exhibits the ions C5H5Cr(NO),I+
(n=2, 1, 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 Fet to be elucidated 19. One such
compound is the acetyl derivative CH3COFe¢(CO)2CsHs (3) (Fig. 1).
The parent ion CH3gCOFe(CO) 2CsH3 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 CgHgFet which subsequently
loses a C¢Hg fragment to give the bare ion Fe*. In the second pathway
for the fragmentation of the molecular ion CH3COFe(CO) 2C5H’§ loss
of a methyl group first occurs giving the ion CsHgFe(CO)$. This ion
then loses carbonyl groups stepwise giving the ion CsHgFe* which finally
loses the cyclopentadienyl ring to give again the bare iron ion Fet.

Another cyclopentadienyliron carbonyl derivative for which complete
fragmentation schemes could be deduced by metastable ion analysis is
the methyl ester CHgOCOCH Fe(CO)oCsHs (4) (Fig. 2) 19, Again the
parent ion CH30COCH2Fe(CO)2C5H§ appears to break down by two
major pathways. In the first pathway losses of carbonyl groups occur to
give the ion CH sOCOCH FeCsH3. 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 CH30C-
OCHFeCsH% ion occurs by the elimination of ketene and concurrent
shift of a methoxy group from carbon toiron to give theion CsHsFeOCH?.

This ion then undergoes dehydrogenation to form the ion
C5H5F6COH+
which is then decarbonylated to give CsHgFe+. 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

CH30COCH ;Fe(CO)2CsHE

Fe ¥ +<\C. N N
N NG - / ocC C O
¢ e KA oc S A oc/ co e
© cH o CI)CH HH Cl’czﬂs
3.
3 4 5 6
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CH3COFe(CO)2CsH

+e~
l A —-2e~
—CH,
CH3CsHyFeCsHj -+ (CyHp) 2 Fe CH3COFe(CO)eCsHE ~——> C;HsFe(CO)E
+e~ +e— co
—2e— —~2e” —Co | » - *
CH3CyH4FeCsH} (CsHg)oFet CHg3Fe(CO)oCsHE CsH5Fe(CO)E
—C,H,l * —col * -col *
CsHysFet CHaFeCOCng CsH5FeCO+
-C,H,l * —CO | * -Co l *
v
Fet CH3zFeCsHY CsHsFet
-H,| = ~C,H, l *
L2
CeHgFe* Fet
—CyH, | *
A\ 4
Fet

* The metastable ion corresponding to this process was observed.

Fig. 1. Fragmentation scheme of CH3COFe(CO)2CsHj

first involves loss of the methoxy group to give the ion
CsHzFe(CO)2CHCOT,

possibly of structure (5) containing w-bonded ketene. This ion subse-
quently loses ketene to form the CsH5Fe(CO)3 ion which is then degraded
to Fet by the expected successive losses of the two carbonyl groups
followed by loss of the n-cyclopentadienyl ring. Similar ketene-elimination
processes are noted in the mass spectrum of the molybdenum derivative
CszOCOCHzMO(CO)3C5H5 (5)

The mass spectrum of the w-allyl derivative CgHsMo(CO)¢CsHs (7)
also exhibits some interesting features. The molecular ion first loses one
of its carbonyl groups to give the monocarbonyl ion CagHsMoCOCsHE
which still appears to contain the =-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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—H,| =
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* The metastable ion corresponding to this process was observed.

Fig. 2. Fragmentation scheme of CH3OCOCH F¢(CO)3CsHs

indicates that the ion C3H5MoCOC5H’§ undergoes nearly simultaneous
loss of carbon monoxide and hydrogen to give an ion C3H3M0C5H§
apparently containing a n-cyclopropenyl group. A similar fragmentation
scheme is also noted for the tungsten analogue CsHzW(CO)2CsH5 (7:
M = W) but not for the iron compound CsHsFeCOCsH 5 32,

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)sls (8: M=Cr) exhibits no
bimetallic ions but only monometallic ions such as C5H5Cr(CO)Z (n=3,
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2, 1, and 0) as well as the ions CsHsCr(CO),H+ (# =3, 2, and 1) formed
by proton abstraction from the mass spectrometer 28. This indicates
that the metal-metal bond in [CsH5Cr(CO)g]z is so weak that it breaks
upon vaporization in the mass spectrometer. The mass spectrum of the
molybdenum compound [CsHsMo(CO)3s]s (8: M=Mo) exhibits the bi-
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metallic ions (CsHs)aMoa(CO)% (=86, 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 partially intact upon
electron impact 26:31), The mass spectra of [(CH3)5CsMo(CO)s]2 (9) and
[CoH gMo(CO)2a]2 (70) 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 70 39,

The mass spectra of [CsHsM(CO)zls (M =Fe 21} and Ru 3% and of
[CsHsCr(NO)2]2 33 have been investigated. The carbonyl derivatives
exhibit only rather routine decarbonylation, dehydrogenation, and
acetylene-elimination processes. The nitrosyl derivative [CsH5Cr(NO)z]2
exhibited stepwise loss of nitrosyl groups 33),

A particularly interesting cyclopentadienylmetal carbonyl derivative
is the iron compound [CsHsFeCO]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 39. The mass spectrum of [CsH sFeCO]4 exhibits a molecular
ion but very weak carbonyl-containing tetrametallic fragment ions
(CsH5) 4F€4(CO)Z (n = 3, 2, and 1) and (C5H5) 4Fe4(CO)nC+ (n =2 and 0) N
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 [CsH;FeCO]4 may clearly
be attributed 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 [CsHsFeCO]4 include (CsHp)gFesCt
and the series (C5Hg)gFeg(CO)5 (n=2, 1, and 0); the highest m/e tri-
metallic ion (C5Hg)sFe3(CO)% probably arises by elimination of a neutral
CsHsFe(CO)z fragment from the parent ion (C5H5)4Fe4(CO)}'{. The tri-

100



The Fragmentation of Transition Metal Organometallic Compounds

(@) (o]
CH;3 8 8 C C
CH, CH; | i CH; 1 i
Mo Mo Mo==Mo
L g
CH; CHy § S H, CH; s S
9 10
- a4

Fe

Fe

11

metallic ion (C5H5)3Fe§ undergoes further fragmentation by the follow-
ing iron-elimination process 38 :

+ +
(C5H5)3F83 m (C5H5)3Fe2+Fe

m/fe 363 mfe 307

The (CsHs)sFe} ion may have a triple decker sandwich structure such
as 77. This possibility is supported by its further fragmentation by
elimination of a neutral CsHjsFe fragment by the following process:

(CsH)sFe} —aa” (Css)aFet +Csllske

me/ 307 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 =-cyclopentadienyl derivatives.

Similar triple-decker sandwich ions (C5Hs)sM3 (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),

Miiller and Herberhold 37 have studied the mass Spectra of some
cyclopentadienylmanganese carbonyl derivatives of the type

CsHsMn(CO)oL
(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 CsHsMnCsHjg from the cyclopentene derivative
undergoes dehydrogenation to give the ion

(C5H5) 2Mnt,
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The ion C5H5MnCNC6Hf1 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(CHg)} - CsHsMnO* + (CHg)sS
CsHgMuSOCH} - C5H;MnOH* 4+ S=CH;

The mass spectra of some w-indenylmolybdenum carbony! derivatives
of the type RMo(CO),C9H7 have been investigated 3®. The usual step-
wise loss of carbonyl groups is observed except for the n-allyl derivative
7-C3H5Mo(CO)2CoH7 where the loss of Hz accompanies the loss of the
last carbonyl group as in the related r-allyl derivative

-CgHsMo(CO)2CsHjp (7).

In the mass spectrum of the c-methyl derivative

CH3M0 (CO) 3C 9H7

loss of the methyl group competes with loss of the last carbonyl group
to give the ion CjoHgMo*. The ion CoH7Mo* is a major fragment in
the mass spectra of some m-indenylmolybdenum carbonyl derivatives;
it apparently can undergo two successive C2Hj eliminations. The metal-
free indenyl ion CoH? also undergoes easily two successive CgHsy
eliminations. The mass spectrum of the n-allyl derivative
ﬂ-CaHsMO(CO)ngH'z

indicates the presence of about 29, of a previously unidentified im-
purity of empirical formula corresponding to

TE-C3H 5M0 (CO) 2(7:-C9H 6C3H 5) ; v

this species exhibits a fragmentation pattern similar to that of the other
w-allylmolybdenum carbonyl derivatives including the loss of Hz with
the loss of the last carbonyl group.
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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)3: M=Cr, triene==benzene 39.40), cycloheptatriene
40), cyclooctatetraene 49; M=W, triene = toluene 49, p-xylene 40,
mesitylene 49, cycloheptatriene 49 1,3,5-cyclooctatriene 40);

b) (diene)M(CO)4: diene=1,5-cyclooctadiene, M=Mo and W 40);
bicyclo[2,2,1]heptadiene, M =W 40; dicyclopentadiene, M =W 40);

c) (diene) sM(CO)q: diene = 1,3-cyclohexadiene, M= Mo or W 40};

d) (diene)Fe(CO)s: diene = cyclooctatetraene 49, 1,3-cyclohexadiene
41, and cycloheptadienol 40,

Stepwise loss of carbonyl groups are observed in these mass spectra.
The carbonyl-free jons then generally undergo further fragmentations
by dehydrogenation and elimination of two carbon fragments, particu-
larly CgHga. In cases where the olefin has two adjacent sp® 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
C7sHyOHFe(CO)3 (72) exhibits facile elimination of Hz0.

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 olefins a retro-Diels-Alder frag-
mentation (C5Hg 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 CoH ZW(CO)I (n=2, 1, and 0) formed by bond cleavage
as/indicated by dotted lines in structure 7.3. Similarly, the mass spectrum
of dicyclopentadienetetracarbonyltungsten (74) exhibits the family of
ions CgHeW(CO)F (#=0, 1, 2, or 3) formed by bond cleavage as indicated
by the dotted lines on structure 74.

28
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The mass spectra of some binuclear iron carbonyl complexes of the
type (triene) Fes{CO)g have been investigated 26.33), Reaction between
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Fe3(CO)12, 1,4-dibromobutyne-2, and zinc gives a volatile air-stable
red-orange solid, m.p. 69—70 °, originally 42) believed to be C4H sFe2{CO)5
but later 26) shown by mass spectrometry to be C4HFea(CO)g; this
compound appears to have structure 75. The molecular ion of this com-
plex undergoes stepwise loss of all six carbonyl groups. The resulting
C4H4Fe2 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-cyclooctatriene complex

CngoFez(CO) 6

has also been investigated 33). The molecular ion in the mass
spectrum of CgH10Fe3(CO)g undergoes the stepwise loss of its six carbonyl
groups giving the ions CgH1¢Fe3(CO)y (#=5,4, 3,2, 1, and 0). In some
cases one iron atom can also be lost forming the ions CngoFe(CO)I
(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 CgHjoFet. Metastable ion analysis
indicates that the ion CgHigFe* goes to the bare iron ion Fet by the
following two steps:

CgHjogFet > CgHgFet - CaHy
CeHgFet — Fet-CgHp

Other iron-containing ions in the mass spectrum of CgHjoFea(CO)g
arising from less important fragmentation processes include CsHsFet,
Fe3, and FeCO+.

The mass spectra of binuclear iron carbonyl complexes of acenaph-
thylene and azulene have been briefly reported 26}, The acenaphthylene
complex previously 43 reported as C12HgFes(CO)s exhibits CioHgFes
(CO)% as the highest m/e ion; the implied pentacarbonyl formulation
was later 49 confirmed by X-ray crystallography which indicated struc-
ture 76. The reaction between azulene and Fe(CO); has been reported 49
to give dark red CioHgFes(CO)s; this formulation was confirmed by

co
oc “Fe ,‘/Fe Zco
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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 28 to be the previously unknown [C1oHgFe(CO)z]s.
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 Tertiary Phosphine Derivatives
of Metal Carbonyls

The relatively low molecular weight of the tris(dimethylamino)phosphine
ligand gives its metal carbonyl complexes 48 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 (CHg)aN
group from a [(CH3)2N]sPM(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-
bony! 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] 4 [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 CH3NCHg (azapro-
pene) fragment. This occurs in ions containing first-row transition metals
but no carbonyl groups, e.g.

[(CH3)aN]sPM+  — [(CHg)sN]sPHM* - CHgNCHg (M=Cr or Fe)
C5H5VP[N(CHa)s]} » CsHsVPH[N(CHg)a]s + CH3NCH3

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

[(CH3)zN]zPHFet - (CH3NCHg)oFet - PH3
[(CHg)oN]gPFe* - (CHgNCHg)sFet - (CHg)NPH;

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)aN]4PM+ presumably of the structure
[(CHg) gN];;PMN(CH;;)Jgr containing a metal-nitrogen bond. Other ions
containing metal-nitrogen bonds are observed including (CH3)oNM+
(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 48%). 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. (P{-PI)[W(CO)s5]2 and (Pf-Pf)M(CO)4) exhibit elimination
of the ethylene bridge between two phosphorus atoms.

Phosphorus trifluoride is a weak o-donmor but strong w-acceptor
ligand like carbon monoxide. It therefore forms metal triftuorophosphine
complexes similar in properties (but somewhat more stable than) the
corresponding metal carbonyls. The mass spectrum of Ni(PFg)q 49
exhibits successive loss of the PF3 ligands analogous to the successive
loss of carbonyl groups in the mass spectrum of Ni(CO)4 12). Jons of the
type Ni(PF3)y also appear to exhibit the loss of a fluorine atom giving
ions of the type Ni(PFg)n_lPFE. In the mass spectra of the cobalt tri-
fluorophosphine derivatives HCo(CO)»(PF3)4—n(#=10,1,2,3,4) a similar
fragmentation pattern is observed 50,
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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 atomsin 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 ligand as compared with a terminal
ligand may be attributed 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
48,51), The mass spectra of the metal carbonyl halides M(CO);X (X =Cl,
Br, or I; M=Mn or Re) and Fe{CO)4l, exhibit competitive carbony!l
and halogen losses giving in the cases of the M(CO)s;X 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]2s (M=Mn, X=1I; M=1Re, X=1 or Cl) and [Rh{(CO),Cl]; all
carbonyl groups are lost to give the ions MaX3 before any of the halogens
are lost.

The mass spectra of some metal carbonyl halides with w-cyclopen-
tadienyl, m-cycloheptatrienyl, w-allyl and w-indenyl ligands have been
investigated 52,38), The usual losses of carbonyl groups and CoHp 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)sX

to the new binuclear halides [CsH3Mo(CO)X]2 occurs in the mass spec-
trometer. The halides [CsHsMo{(CO)X]2 probably have structure 77
somewhat similar to that of [Rh(CO)aCl]s; 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

Cs5H5Mo(CO)3Cl

exhibits ions clearly arising from the three binuclear halides
[CsH5Mo(CO)Cl]a, [CsH5Mo(CO)I]s,

and [CsHsMo(CO}]2ICl. The mass spectrum of the n-indenyl derivative
C9H7Mo(CO)3I 38 (originally 53 formulated as CoH7Mo(CO)2I) indicated
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that this compound was converted largely into the binuclear derivative
[C¢H17Mols]s formulated as 78; the ions in the mass spectrum of this
complex undergo competing losses of CoH+7 and I fragments.

Several processes of interest occur in the mass spectrum of the =-allyl
derivative CgH5Fe(CO)3l 52). The series of ions CgHsFe(CO)4I* (n=3,
2, 1, and 0) resulting from the stepwise loss of carbonyl groups is observed.
However cleavage of the n-allyl and/or iodide ligands can compete
effectively with loss of carbonyl groups giving rise to the additional
series of ions Fe(CO),I* (n=2, 1, and 0), C3H5Fe(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 CgHsFe(CO)sl is CoHaFe(CO)y (n=3, 2, 1, and 0)
formed apparently by elimination of methyl iodide; this process must
involve a hydrogen shift.
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The mass spectra of some metal nitrosyl halides have been studied 59.
The halides [Fe(NO)2X]2 (79: 70 =Cl 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 FesX$3. By contrast, the halides
[Co(NQ)gX]2 (20: 70=Cl, Br, or I) exhibit cleavage of the bimetallic
system to Co(NO)sX+* which then undergoes elimination of nitrosyl
groups and halogens. The mass spectrum of the cyclopentadienylmetal
nitrosyl halide [CsHsMo(NO)Iz]z (27) has also been investigated 52.
It does not exhibit a molecular ion. The highest m/e ion in its mass spec-
trum is (CsHs)aMoz(NO)oI3 corresponding to elimination of Iy from the
molecular ion. In the proposed structure for [CsHsMo(NO)Is]s (27) the
two non-bridging iodine atoms on different molybdenum atoms could
be eliminated together as I 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 (CsHjz)aMoa(NO) oIs undergoes
competitive stepwise losses of nitrosyl groups andfor iodine atoms.
The mass spectrum of [CsHs;Mo(NO)Ig]s also exhibits the mononuclear
ion CsHsMo(NO)I3 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 CsHj, CgHg 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)s 59 and CsH;W(CO)sH 1® 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 58, Thus in the mass spectrum of HRes-
(CO)14 (23) hydrogen loss does not comgete with the stepwise loss of
carbonyl groups until the ion HRe3(CO)3 is reached; ions of the types
HRe3(CO)}—,, are also observed as well as Reg(CO)7g apparently formed
by a carbon monoxide transfer reaction. In the mass spectrum of

HgRIl4(CO) 13

the two hydrogen atoms are lost after loss of six carbonyl groups
57). However, in the mass spectrum of H3Re3(CO)12 losses of hydrogen

X X
ON\F e/ \Fe/No ON\C 0/ \Co _No @_l e \| _@
g . 'd ~ i |
ON '\X/ NO ON '\X/ NO NO\I/
79 20 21
2
Ooc\ R,e _co
L C ~
ON, AN @ oC_ | ! >co
\MS/ M R gg
.7 o oc” i~e Y° co
I C ~ .-
6 R
2 oc” o
(o]
23
oc,_—_ O
OC—Fe  Fd-CO
oc” 87 “co
EN
CH, CH; OC\/\ /CO OC\/\ /CO
OC— Fe-CO OC;Fe . Fe-~-CO
2 oc H\ §7/ “co oc \s‘// “co
i )
\c / CH; 3
/\
HH 25 26

and carbon monoxide compete with each other 8. 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 HaRu4(CO)13 six carbonyl groups are lost
followed by two hydrogens and then the remaining carbonyl groups 57.
Similar fragmentation patterns are noted for H4Ruy4(CO)12 579 and the
trinuclear osmium carbonyl hydrides HOs3(CO)10Y 5®. (Y=H, OH,
and OCH3).

H. Mass Spectra of Alkylthio, Dialkylphosphido and
Dialkylureylene Derivatives

The mass spectra of several compounds of the type (RS)2Fez(CO)g
{e.g. 24, 25, and 26) normally exhibits stepwise loss of carbonyl groups
followed by cleavage of the carbon-sulfur bond 9. In the case of

CaH4S 2F€2(CO) 6

an ethylene fragment is eliminated from the C2H452Fe’§ ion. In the
mass spectra of (RS)eFes(CO)¢ compounds containing R groups with
B-hydrogen atoms, (e.g. ethyl and #s-butyl) neutral olefin fragments
are eliminated from the carbonyl free ions (RS)sFe# resulting ultimately
in the ion Fez(SH)'E 51, The manganese compound H2CgSoMng(CO)g
(27) exhibits a similar fragmentation pattern; in this case losses of CaHa
and CO from the monocarbonyl ion H3CaS:MngCO+ are competitive
processes 60, The mass spectra of certain bis(trifluoromethyl)ethylene-
dithiolate derivatives such as CsHsMS2C2(CF3)e (M =Co, Rh, and Ir),
[C5H5M052C2(CF3) 2] 2, and C5H5W[52C2(CF3)2]2 exhibit similar facile
cleavage of carbon-sulfur bonds resulting in the elimination of neutral
C4F;s fragments 61, Cleavage of carbon-sulfur bonds predominates in
the mass spectrum of the 2,5-dithiahexane complex C4H1¢S2W(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)2:CsHs (28) a similar
cleavage of the carbon-sulfur bond in the carbonyl-free ion CsH sFeSCH$
is not observed 59. Instead the ion CzHzFeSCH3 undergoes dehydro-
genation to give the ion C¢HeSFe* or hydrogen sulfide elimination to
give the ion C¢HgFe*. 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]z (29: R=CHgs or CgHj) 82 exhibit stepwise
loss of the nitrosyl groups followed by carbon-sulfur bond cleavage with
loss of the alkyl groups. The resulting [C5H5CrS]3 ion then loses a neutral
CrSg fragment to give the (CsHp)2Crt ion. The mass spectra of [RSM
(NO)s)e (30: M=Fe or Co; R=CyHs5 or #n-C4Hyg) exhibit stepwise loss
of nitrosyl groups followed by olefin elimination 59,

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 4. The mass spectra of metal
carbonyl complexes of tetramethylbiphosphine of the types (CO),MP-
(CH3)oP(CH3)sM(CO), (M=Cr, Mo, and W, n=5; M=VFe, 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 (CHs)2PM(CO)5. 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 €9 in (CO)gNiP(C¢H5)2P(CsH5)2Ni(CO)3
indicated by an X-ray crystallographic study. The mass spectra of the
dimethylphosphido derivatives [(CHg)2PM(CO)yle (M =Cr, Mo, and W,
n=4; M ="Fe, n=23) 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) ]2

shows little difference except for the presence of an ion of the type
(CH3)oPM+ 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
[(CH3)2PTe(CO)gX]s (37: X=Cl, Br, or I)

exhibit no parent ion or fragment ions containing both phosphorus and
halogen. The iodide [(CHa)2PFe(CO)3l]s exhibits a family of ions
Fe2(CO),I5 (0 <n<6) suggestive of pyrolysis in the mass spectrometer
to give the iron carbonyl iodide [Fe(CO)3l]s (32) which is otherwise
unknown but would have a structure similar to that of the [Fe(CO)3SR]s
derivatives such as 34.

Reactions of Feg(CO);1z with alkyl isocyanates or alkyl azides give
the N,N’ dialkylureylene-diiron hexacarbonyls (RN)sCOFeq(CO)g (33);
mass spectroscopy was used for the initial identification of these com-
pounds 6., The mass spectrum of the diphenyl derivative

(C6H5N) 2COF€2(CO) 6 (33: R= C6H5)

has been investigated in somewhat greater detail 7. The molecular ion
in this mass spectrum first loses stepwise its seven carbonyl groups giving
the ion (C¢HsN)oFe$. The ion

(C eH 5N) 2COF6+

is more than twice as abundant as any other ions of the type
(CeHsN)oFe2(CO)y suggesting that the last carbonyl group is lost with
much greater difficulty than the first six carbonyl groups. Furthermore
the ion (C6H5N)2C0Fe§ 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:

{CeH5N)2COFef — CeH5NCgH4Fe} + HNCO

2. Elimination of an FeNCO fragment:

CgHgN)2COFe} —» (CeHs)2FeN+ 4 FeNCO
2

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

(CeH5N)2COFe} — CgHNFeg0Ot 4 CgH5NC

H,C CH,
9" Y o oc, _—, CO
oc 7, \ .0 oc _— O OC/Fe\ /Fe Zco
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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)2COFes(CO)g

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

I. Mass Spectra of Fluorocarbon Derivatives of
Transition Metals

The first mass spectral studies on fluorocarbon derivatives of metal
carbonyls were reported in 1961 98); the octafluorotetramethylene
derivative C4FgFe(CO)4 (34) and the octafluoro-1,3-cyclohexadiene

F F
F\ #FFp CH;
¢ co
F’/C/ \Fl CO P CHs CFy
S~
L Sl B _ of
F c” co FYF 7 te CF
¥ ¥ e
0§ 0
o
34 35 36

derivative CgFgle(CO)g (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 69,
70), Elimination of neutral FeF, fragments was observed in the mass
spectra of the diverse iron complexes CoF 4S2Fea(CO)g, C4F¢SzFes(CO)s,
C6F5F6(CO) 2C5H5, 3,4-H2C6F3FG(CO) 2C 5H5, p-CF3C5F4Fe(CO) 2C5H5,
C14H14F6FG(CO) 3 C3F7FC(C0)4I, and CstFe(CO) 2C5H5. Elimination
of a neutral CoF; fragment was observed 71 in the mass spectrum of
[(CF3)2C252C0oCO]s. Elimination of a neutral CsHsCoF fragment was
observed €9 to occur in the mass spectrum of the fluorinated bicyclo-
[2,2,2] octatriene (“barrelene”) derivative CsH5CoC14H14Fg (36). Elim-
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ination of neutral HF fragments frequently occur in the mass spectra
of organic fluorine compounds ?2; such HF eliminations have been
observed in the mass spectra of the fluorinated organometallic derivatives
C5F5Fe(C0)ZC5H5, 3,4-H2C6F3FC(CO)2C5H5, ?-CF3C6F4FG(C0)2C5H5,
C14H14F6F€(CO) 3, and C5H5COC14H14F6 69),

Formation of neutral metal fluoride fragments as described above
clearly requires a shift of fluorine from carbon to a metal atom. Similar
fluorine shift processes can also account for some metal fluoride ‘ons
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 CF3CF=CFM{CO)sC5H5 (M= Fe or Ru) the ions CsHsMF+
are clearly formed by elimination of a neutral C3F, fragment from the
carbonyl-free ions CsFsMCszH?E "0, Elimination of a neutral CFq frag-
ment from the ion CzFsRet gives the ion CoF3Re* which could be
CoFaReF+ 79, The ion CF3MoCsHF in the mass spectrum of

CF3MO(C0) 3C5H 5

C19F1gMNCCHg

+e~
—2e”
~CH,CN

-F
C12F13MNCCH; ——— CoF1oM(NCCHg)t ———— Cy5F17M+

-~C.F, l —C,F,
A
CsFlgl\INCCHg CgF11MF(NCCHg)+
J —CH,CN l -F
—CH,CN
CgF1aM* CgF11MF(NCCHg)t ———— > CgF i MF+
~C,F, l —C.F,
9
C4FegM+ C4FsMFg(NCCHg)+
l -C,F,
(CHaCN)MFZ

Fig. 3. General features of the fragmentation pattern involving the metal ions in
the compounds (CF3C=CCF3)3sM(NCCHg) (M =Mo and W)
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appears to lose CFy with a fluorine shift to give the ion CsHsMoF+ 73,
The mass spectra of CgFyMo(CO)3CsHs and

CsF,COW(CO)sCsHs

exhibit the ions CsHsMF% obviously formed by two fluorine shifts 73,

Hexafluorobutyne-2 reacts with the acetonitrile complexes (CHgz
CN)gM(CO)3 (M ==Mo and W) to form the very stable white crystalline
derivatives [(CFg)2C2]sMNCCH3 (M=Mo and W). The fragmentation
patterns (Fig. 8) exhibit an interesting sequence of C4F4 elimination
combined with other processes 73). The molecular ions in these mass
spectra first appear to lose one fluorine atom giving the ions

C12F17MNCCHS.

This ion then appears either to lose acetonitrile giving

CiaF1M*

or to lose a C4Fs fragment with shift of two fluorine atoms to the
metal giving CgF11MFa(NCCH3)*. The ion CgF11MFa(NCCHg)* then
loses fluorine giving CgF11MF(NCCHg)+. This latter ion then appears to
lose acetonitrile giving CgF11MF+ or to lose C4F4 with shift of two more
fluorine atoms to the metal atom giving C4FsMF3(NCCHg)*. Another
similar C4F4 elimination from the ion C4FsMF3(NCCH3)* followed by a
fluorine shift gives the novel ion CHgCNMFZ, a major metal-containing
ion in the mass spectra of both the molybdenum and tungsten derivatives.

HN, oc e co

EC—FTe—co M M—CO

CFy B Sco

N CSFB( 2 CaFs
CFy cst/ CeFs
37 38

Trifluoroacetonitrile reacts with CHgFe(CO)oCsHg under pressure to
give an unusual black triflucroacetimino complex

CF3sC(NH)Fe(CO)(NCCF3)(CsHs) (37) 4.

The parent ion in the mass spectrum of this complex first loses its
carbonyl group giving the ion CF3C(NH)Fe(NCCF3)(CsHs)* which can
then undergo either loss of F or loss of CF3CN; in the latter case the ion
CF3C(NH)FeC5H§ is formed. This ion then undergoes loss of a neutral
CF3 fragment to give CsHsFeF(CNH)* which then loses HCN to give
C5H5F€F+.
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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 [(CeF5)2EM(CO)3]l2 (38: E=P or As; M="Fe or Ru)
have been investigated 79,79, Stepwise losses of carbonyl groups followed
by elimination of C¢FsFeF or MFg (M =Fe or Ru) fragments are ob-
served.

J. Mass Spectra of =-Cyclopentadienyl Derivatives without
Carbonyl Ligands

The first fragmentation process of the molecular ion in the mass spectra
of n-cyclopentadienylmetal 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 n-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 n-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 w-cyclo-
pentadienylmetal 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 CsHsM* and MQ+ ions in the mass
spectra of the CsHsMQ compounds provide a useful qualitativeindication
of the relative strengths of the metal-Q bonds and the metal- n-cyclo-
pentadienyl bonds 77. The ratio [MQ*]/[CsHsM*] for CsHsMQ deriva-
tives containing iron or metals to the left of iron in the periodic table
such as C5H5MC7H7 (M:‘—V or Cr), C5H5MnCeHa, C5H5F€C9H7, and
CsHsFeC4H 4N ranges from 0.0037 to 0.16 indicating a high abundance
of CsHsM™ relative to MQ*. This suggests the high stability of the metal-

CsHsMC,H,

+e

—2e¢—
v ~CoHyg ~CeH,
CsMsMCoH} —————> CegHMt —— Mt

\C“i{“

—C,H, CsH5MCsHE
~CeH \ /
-C,H, CsHsM*

—CH,

v

M+
Fig. 4. Fragmentation scheme of C;HsMCyHy compounds
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n-cyclopentadienyl bond as compared with the metal-Q bond. This agrees
with other observations on the stability of bonds between metal atoms
and w-cyclopentadienyl rings as compared with other w=-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

C3H5PdC5H5, C1oH120CH3PdC5H5, and C5H5NiC13H17

indicate that the n-CsHj 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 sp3 carbon atom (e.g. C10H120CH3 and Cy3H 7 [tetramethylcyclo-
pentadienylbutenyl]), the =-bonded CsHjs ligand abstracts this hydrogen
atom and is eliminated as a CsHg (cyclopentadiene) fragment. In the
case of CgH;PdCsHs where no such hydrogen atom is available, the
n-bonded CsH j ring appears to be eliminated as aneutral CsH g fragment.

The mass spectra of the mixed =-cyclopentadienyl-w-cyclohepta-
trienyl derivatives CsHsMC7H7 (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 77.78), In the first fragmentation pathway the molecular ion first
loses its C;Hg ring giving the ion CsHsM+ which then loses its CsH 5 ring
giving the bare metal ion M*. In the second fragmentation pathway the
molecular ion loses both its CsHj and C;Hy rings in one step to give the
bare metal ion M+, In the third fragmentation pathway the molecular
jon first loses a neutral CoHg fragment giving the ion CsHsMCsH% ; this
ion then loses successively its two CsHp groups giving the bare metal

? o

Fe

® o e

39 40 4

The fourth fragmentation pathway from the molecular ions
CsHsMC,HY
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 Ce¢Hg fragments. Metastable ions for both losses of the CgHg
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 CsHsMC-H7 ions without any CgHg rings to fragment by loss of
neutral Cg¢Hg fragments is an interesting demonstration of the stability
of neutral C¢Hg fragments probably corresponding to benzene.

The mass spectrum of the =-pyrrolyl derivative CsHzFeC4H 4N (40)
exhibits a very strong molecular ion peak ??. The following four frag-
mentation processes of the molecular ion were confirmed by observation
of appropriate metastable ions:

1. Elimination of CoHg

CsH5FeC4H 4Nt - CsHsFeCoHoN+* - CoHp
2. Elimination of HCN

CsH5FeC4H N+ —» C5HsFeCgHY 4 HCN
8. Elimination of CoHsN

CsHsFeC4H4NT - C5H5Fe02H; + CoH N
4. Elimination of the entire C4H4N ligand

CsHsFeC4H4N+ » CsHsFet - 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 =-indenyl derivatives have been investi-
gated 38). Fig. 5 shows the predominant features of the fragmentation
scheme of (CoHy)oFe (47). The parent ion in this mass spectrum first
loses one of its indenyl ligands giving the ion CgHyFe*. This ion then

—cH,
(CoH7)oFe CisHj, —— CuHy,

-C,H, ~Fe ~C,H, -
(CoHy)gFe™ _'*—) CoH;Fet ——> CQH;‘ —:——> C7H5

*
+e +e
—2e” —2e—

(CoH7)gFe2t CgH% k

* Metastable ions were observed for these processes.

Fig. 5. Fragmentation scheme of (CgHjy)gFe
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loses its iron atom giving the indenyl ion CyHY. The only other iron ion
present in significant abundance is the doubly charged molecular ion
(CoHpr)2Fe2+, The bare iron ion Fe* is only observed in low abundance.

CsHsFeCgHi1
+e—
~2e"
—CyH, Successive Dehydrogenations
CoHjplet +———— C51'I5}?“(3(:9‘[‘I'{'1 > > > C5H5FCC91T;
~C,H, % <H, %{H, \) +
“H, - CsHsFeCgH
CoHgFot  ~ —CaHil* <Gl e s
CrHgFe* CsH3FeCoHY CsHsFeC7HY
*| -o,m. N\Fe
—hzils
CsHjFet CQHS
&H‘
Tet

Fig. 6. Fragmentation scheme of CsHsFeCgHj,

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

CoHyFet ~ CoH} + Fe

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

CsHyFet —» Fet 4 CsHsp

The ion C13H1'4 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 m-cyclopentadienyl-n-indenyliron (benzoferro-
cene, 42) CsHsFeCpH7 can lose either its indenyl (CoHy) ligand giving
the ion CsHsFet or its cyclopentadienyl (CsHs) ligand giving the ion
CoHFet. The ratio of the relative abundance of CgH7Fet to that of
CsHsFet is only 0.071 indicating that the tendency for the parent ion
to lose its m-indenyl ligand is much greater than the tendency for the
parent ion to lose its n-cyclopentadienyl ligand. Further fragmentation
of CsHgFet results in the elimination of a CsHs fragment giving Fe+
whereas further fragmentation of CoHrFet results in the elimination of
a neutral iron atom giving CoH7Y.
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Hydrogenation of CsHsFeCgHy (42) at atmospheric pressure in the
presence of a palladium catalyst has been shown to give CsHsFeCgH1a
(43) 79, Fig. 6 depicts the principal features of the fragmentation
scheme in the mass spectrum of CsHsFeCgH11. The molecular ion under-
goes the following four processes indicated by metastable ion analysis:

gi H

H

H
Fe HH g Fe
42 43

1. Elimination of CHg
CsHsFeCgHY; - C5H5FeCgH} -+ CH3
This process must necessarily involve a hydrogen shift.

2. Elimination of CoHy

C5H5F€C9H'{1 - C5H5FGC7H-; +C2Hy

Two adjacent sp3 carbon atoms in the six-membered ring of the CoH1y
ligand can be eliminated as ethylene.

3. Elimination of C3Hjp

C5H5F6C9H;1 - C5H5F€C¢5HE + CgHjp

The C5H5FeCsH}'{ ion formed in this reaction has also been isolated
in the form of stable salts.

4. Elimination of CsHg+ He
C5H5F609H1‘1 - CoHgFet4-CsHg-} Hgp
The presence of an appreciable abundance of CyHjoFet also suggests
elimination of the m-cyclopentadienyl ligand as CsHg from the parent

won,
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* Metastable ions were observed corresponding to these processes.

Fig. 7. Fragmentation scheme of CsHsRhCgHj2

CsHsRhCgH]

By use of the cyclononatetraenide anion the compound CsHsFeCgHg,
an intermediate hydrogenation product of CsHzFeCgHy, is obtained 33,
The molecular ion in the mass spectrum of CsHsFeCoHy undergoes
dehydrogenation as far as CsHsFeCgH?Y and CoHy elimination as far as
(CsHs5)gFet. Other processes observed in the mass spectra of CsHsFeCgHp
are similar to those discussed for other organometallic compounds.
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The mass spectra of some cyclopentadienylrhodium olefin complexes
have been investigated 80). The molecular ion in the mass spectrum of
the ethylene complex CsHsRh(CsHg)2 undergoes fragmentation to the
bare metal ion by the following sequence:

1. CsH5Rh(CoHyg)} - CsH5RhCoH} + CoHy
2. C5H5RhCoHY -+ CsHsRh+ - CoHy
3. CsHsRht - Rh*+ C5Hs

The ethylene groups are thus lost stepwise much like the carbonyl
groups in metal carbonyls. The relative abundance of the molecular ion
in the mass spectrum of CsH5Rh(C2H )3 is only about 109, 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 CsHsRhCgH 13 (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 CgHsRh*, which can then fragment to a
bare rhodium ion Rh+ by cleavage of its CsHy ring. Thus, the parent ion

C5H5RhC8H12 can form the ion C5H5Rh+ by loss of the Csle ligand
in a single step. Alternatively the parent ion can lose the elements of
ethane (CoHg or 2 CHjp) to form the ion CsHsRhCeHE, which can then
lose its CgHg ligand in a further step forming CsHsRh*. The molecular
ion CsHsRhCgH71z may also undergo dehydrogenation forming

CsHsRhCgHE

which can then lose a CgHg fragment forming CsHsRh*. Alter-
natively the ion CsHsRhCgHE can lose a neutral CgHg fragment
forming an ion C7H;Rh+*, which then appears to form CsHsRh* with

expulsion of a neutral CoHg fragment. Still another possible route from
CsH5RhCgHT, 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 CsHsRhCgH 2 also exhibits the ion CgHgRh+
possibly formed by elimination of a neutral cyclopentadiene (CsHg)
fragment from the ion C5H5RhC8H41'o. The ion CgHgRht can fragment
to the bare rhodium ion Rh+ by successive losses of CoHg, H, and C¢Hsg.
The fact that this further degradation of CgHgRh+ ion bypasses the
CsHsRh+ step suggests that CgHgRh+ is not CsH3sRhCgHT still contain-
ing a n-cyclopentadienyl ring.

These observations suggest that in different fragmentation modes of
the molecularion of CsHsRhCgH 2 (44) either the CsH s ring or the CgH 1o
ring may be lost. This indicates that the fragmentation pattern of
CsHsRhCgHi1g in the mass spectrum is intermediate between those of
typical w-cyclopentadienyl derivatives of iron, manganese, chromium,
vanadium, and their heavier congeners and those of n-cyclopentadienyl
derivatives of nickel and palladium. In the former cases the ligands other
than =-cyclopentadienyl are lost most readily in the mass spectrum
resulting in relatively high abundances of the CsHsM ions. In the latter
cases an important fragmentation pathway of the molecular ion is loss
of the n-cyclopentadienyl ring as C5Hg 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 ??. The molecular
ion in the mass spectrum of the n-cyclopentadienylplatinum derivative
(CH3)3PtCsHs5 can fragment either by loss of the cyclopentadienyl ring
forming (CHg)gPt+ or by loss of the methyl groups forming CHaPtCsH3
and CsHsPt+. The molecular ion in the mass spectrum of the =-allyl-
palladium derivative CgHsPdCsHj; appears to fragment either by loss

CH;O CH,4
CH,
N
Pd i CHy,
45 46

of the n-allyl group as allene giving CsHgPd+ or by loss of the w-cyclo-
pentadienyl group as CsHj giving C3HsPd+. The ion CsHsPd+ was not
detected in appreciable quantities; the mass spectrum of CgHsPdCsHj5
thus differs from that of most n-cyclopentadienyl derivatives. However
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chemical studies 81 have shown the n-cyclopentadienyl ring to be remov-
ed from C3gH;PdCsHg more readily than the w-allyl group. The molecular
ion in the mass spectrum of the w-cyclopentadienylpalladium derivative
(C10H120CH3)PdCsH5 (45) loses a CsHg fragment forming the ion
C10H110CH3Pd+ which is much more abundant than the combined
CsHgPdt and CsHsPd* ions; this suggests that in 45 the C19H120CH3
ligand is more tightly bonded to the palladium atom than the =-cyclo-
pentadienyl ligand. Similarly in the mass spectrum of the n-cyclopen-
tadienylnickel derivative CsHzNiCy3H 17 (46) the ion NiC13HTs formed
by loss of the n-cyclopentadienyl ring as CsHg from the molecular ion
is more than twice as abundant as the ion CsHNit formed by loss of the
Ci13Hi7 ligand from the molecular ion. These data indicate than in 46
the substituted =-cyclobutenyl ligand is more strongly bonded to the
nickel atom than the w-cyclopentadienyl ring.
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