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Forschungszentrum Rossendorf
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GLOSSARY

Actinyl ion Dioxo actinide cations MO and MO3™.

Decay chain A series of nuclides in which each member
transforms into the next through nuclear decay until a
stable nuclide has been formed.

Lanthanides Fourteen elements with atomic numbers 58
(cerium) to 71 (lutetium) that are a result of filling the
4 f orbitals with electrons.

Nuclear fission The division of a nucleus into two or
more parts, usually accompanied by the emission of
neutrons and y radiation.

Nuclide A species of atom characterized by its mass num-
ber, atomic number, and nuclear energy state. A ra-
dionuclide is a radioactive nuclide.

Primordial radionuclides Nuclides which were pro-
duced during element evolution and which have
partly survived since then due to their long half-
lives.

Radioactivity The property of certain nuclides of show-
ing radioactive decay in which particles or y radia-
tion are emitted or the nucleus undergoes spontaneous
fission.

Actinide Elements

Speciation Characterization of physical and chemical
states of (actinide) species in a given (chemical)
environment.

Transactinide elements Artificial elements beyond the
actinide elements, beginning with rutherfordium (Rf),
element 104. The heaviest elements, synthesized until
now, are the elements 114, 116, and 118. At present,
bohrium (Bh), element 107, is the heaviest element
which has been characterized chemically; chemical
studies of element 108, hassium (Hs), and element 112
are in preparation.

THE ACTINIDE ELEMENTS (actinoids) comprise the
14 elements with atomic numbers 90-103, which fol-
low actinium in the periodic table: thorium (Th), pro-
tactinium (Pa), uranium (U), neptunium (Np), plutonium
(Pu), americium (Am), curium (Cm), berkelium (Bk), cal-
ifornium (Cf), einsteinium (Es), fermium (Fm), mendele-
vium (Md), nobelium (No), and lawrencium (Lr). The ac-
tinides constitute a unique series of elements which are
formed by the progressive filling of the 5 f electron shell.
Although not formally an actinide element, actinium (Ac;

21



212

atomic number 89) is usually included in discussions about
the actinides.

According to the International Union of Pure and Ap-
plied Chemistry (IUPAC), the name actinoid is prefer-
able to actinide because the ending “-ide” normally indi-
cates a negative ion. However, owing to wide current use,
“actinide” is still allowed.

I. DISCOVERY, OCCURRENCE, AND
SYNTHESIS OF THE ACTINIDES

A. Naturally Occurring Actinides

All of the isotopes of the actinide elements are radioac-
tive, and only four of the primordial isotopes, 23 Th, *°U,
238U, and ***Pu, have a sufficient long half-life for there to
be any of these isotopes left in nature. Only three actinide
elements and actinium were known as late as 1940. In ad-
dition to thorium and uranium, protactinium and actinium
have been found to exist in uranium and thorium ores due
to the 233U [Eq. (1)] and ?*>U [Eq. (2)] decay series:

280 =% 24mh =5 234pa 5 iU, (1)
285y =% BlTh =L, 81py —% 2T, )

It was not until 1971 that the existence of primordial >**Pu
in nature in trace amounts was shown by D. C. Hoffman
and co-workers.

Uranium was the first actinide element to be discov-
ered. M. H. Klaproth showed in 1789 that pitchblende con-
tained a new element and named it uranium after the then
newly discovered planet Uranus. Uranium is now known
to comprise 2.1 ppm of the Earth’s crust, which makes
it about as abundant as arsenic or europium. It is widely
distributed, with the principal sources being in Australia,
Canada, South Africa, and the United States. The two
most important oxide minerals of uranium are uraninite
(U30g; 50-90% uranium), a variety of which is called
pitchblende, and carnotite (K,(UO;)(VOy), - 3H,0; 54%
uranium). A very common uranium mineral is autu-
nite (Ca(UO,),(POy4); - nH,0O, n=8-12). Natural ura-
nium consists of 99.3% 23U and 0.72% of the fissionable
isotope 2°U. A third important isotope, 233U, does not
occur in nature but can be produced by thermal-neutron
irradiation of 2*2Th [Eq. 3)]:

22Th 4 ln — 2BTh =5 2pa L 2BU. (3)

This process converts thorium to fissionable fuel in a
breeder reactor.

Thorium was discovered by J. J. Berzelius in 1828 when
he isolated a new oxide from a Norwegian ore then known
as thorite. He named the oxide thoria, and the metal he ob-
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tained by reduction of its tetrachloride with potassium he
named thorium. (Later, in 1841, B. Peligot used the same
method to prepare uranium metal for the first time.) Tho-
rium constitutes 8.1 ppm of the Earth’s crust and is thus
as abundant as boron. Converted by neutron irradiation
to 233U, it could yield an amount of neutron-fissile ma-
terial several hundred times the amount of the naturally
occurring fissile uranium isotope 2*3U. The principal tho-
rium ore is monazite, a mixture of rare-earth and thorium
phosphates containing up to 30% ThO,. Monazite sands
are widely distributed throughout the world. In Canada
thorium is recovered from uranothorite (a mixed thorium-
uranium silicate accompanied by pitchblende) as a co-
product of uranium. Rarer minerals thorianite (90% ThO,)
and thorite (ThSi04; 62% thorium) have been found in the
western United States and New zealand. Natural thorium
is 100% 2¥*Th.

In 1913 protactinium was discovered by K. Fajans and
O. Gohring, who identified **™Pa as an unstable member
of the 238U decay series. They named the new element bre-
vium because of its short half-life of 1.15 min. In 1918 the
longer-lived isotope 2*! Pa, with a half-life of 32,800 years,
was identified independently by two groups, O. Hahn and
L. Meitner, and F. Soddy and J. A. Cranston, as a prod-
uct of 2¥U decay. Since the name brevium was obviously
inappropriate for such a long-lived radioelement, it was
changed to protactinium, thus naming element 91 as the
parent of actinium. Protactinium is one of the rarest of
the naturally occurring elements. Although not worth ex-
tracting from uranium ores, protactinium becomes con-
centrated in residues from uranium processing plants.

Actinium was discovered by A. Debierne in 1899. Its
name is derived from the Greek word for beam or ray,
referring to its radioactivity. The natural occurrence of
the longest lived actinium isotope 2*’Ac, with a half-life
of 21.77 years, is entirely dependent on that of its pri-
mordial ancestor, 2°U. The natural abundance of 227 Ac
is estimated to be 5.7 - 10~'° ppm. The most concentrated
actinium sample ever prepared from a natural raw material
consisted of about 7 ug of ?*’Ac in less than 0.1 mg of
L3.203.

B. Synthetic Actinides

Stimulated by the discovery of the neutron in 1932 by
J. Chadwick and the first synthesis of artificial radioactive
nuclei using « particle-induced nuclear reactions in 1934
by F. Joliot and I. Curie, many attempts were made to
produce transuranium elements by neutron irradiation of
uranium. In 1934, E. Fermi and later O. Hahn, L. Meitner,
and F. Strassmann reported that they had created transura-
nium elements. But in 1938, O. Hahn and F. Strassmann
showed that the radioactive species produced by neutron
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irradiation of uranium were in fact fission fragments re-
sulting from the nuclear fission of uranium! Thus, the early
search for transuranium elements led to one of the greatest
discoveries of the 20th century.

The first transuranium element, neptunium, was discov-
ered in 1940 by E. M. McMillan and P. H. Abelson. They
were able to chemically separate and identify element 93
formed in the following reaction sequences [Eq. (4)]:

238 1 23977 P 230 TP 239
nU+ o1 = U — "5 Np —— 5Pu. (4)
23 min 2.3 days

They showed that element 93 has chemical properties sim-
ilar to those of uranium and not those of an eka-rhenium as
suggested on the basis of the periodic table of that time. To
distinguish it from uranium, element 93 was reduced by
SO, and precipitated as a fluoride. This new element was
named neptunium after Neptune, the planet discovered af-
ter Uranus. In 1952, trace amounts of 237Np were found
in uranium of natural origin, formed by neutron capture
in uranium.

It was obvious to the discoverers of neptunium that
23Np should B decay to the isotope of element 94 with
mass number 239, but they were unable to identify it.
However, up to the end of 1940, G. T. Seaborg, E. M.
McMillan, J. W. Kennedy, and A. C. Wahl succeeded in
identifying 2¥Pu in uranium, which was bombarded with
deuterons produced in the 60-in. cyclotron at the Univer-
sity of California in Berkeley [Eq. (5)]:

—B

28U +2H — 2in + %5Np . Bpu.  (5)
Element 94 was named plutonium after the planet discov-
ered last, Pluto. In 1941, the first 0.5 ug of the fissionable
isotope 2**Pu were produced by irradiating 1.2 kg of uranyl
nitrate with cyclotron-generated neutrons. In 1948, trace
amounts of 2°Pu were found in nature, formed by neutron
capture in uranium. In chemical studies, plutonium was
shown to have properties similar to uranium and not to os-
mium as suggested earlier. The actinide concept advanced
by G. T. Seaborg, to consider the actinide elements as a
second f transition series analogous to the lanthanides,
systematized the chemistry of the transuranium elements
and facilitated the search for heavier actinide elements.
The actinide elements americium (95) through fermium
(100) were produced first either via neutron or helium-ion
bombardments of actinide targets in the years between
1944 and 1955.

Element 96, curium, was produced in 1944 by the bom-
bardment of 2*?Pu with helium ions in the Berkeley 60-in.
cyclotron, and soon after it was found that >*!Pu, formed
from 23°Pu by two successive neutron captures in a nuclear
reactor, decays under 8~ particle emission to give >*'Am.
Earlier attempts to produce and chemically separate ameri-
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cium and curium failed, believing that they would have
chemical properties similar to uranium, neptunium, and
plutonium. Once it was recognized that these elements,
according to G. T. Seaborg’s actinide concept, might have
properties similar to europium and gadolinium, the use of
proper chemical procedures led to success. By analogy to
europium (named after Europe) and gadolinium (named
after Johan Gadolin, a Finnish rare-earth chemist), for el-
ements 95 and 96 the names americium after the continent
of America and curium to honor Pierre and Marie Curie
were proposed. The elements with the atomic numbers
97 and 98 at first could not be produced by irradiation
with neutrons, because §~ decaying isotopes of curium
were not known. By 1949 sufficient amounts of **! Am
and *?Cm had been accumulated to make it possible to
produce elements 97 and 98 in helium-ion bombardments.
The « particle-emitting species produced in the bombard-
ments could be identified as isotopes of elements 97 and
98, which were named berkelium and californium after
the city and state of discovery.

Elements 99 and 100, named einsteinium and fermium
to honor Albert Einstein and Enrico Fermi, were unex-
pectedly synthesized in the first U. S. thermonuclear ex-
plosion in 1952. The successive capture of numerous neu-
trons by 23U and subsequent 8~ decay chains ended in
the B stable nuclides °*Es and *>Fm. From tons of coral
collected at the explosion area, hundreds of atoms of the
new elements could be separated and positively identi-
fied. Further attempts to produce still heavier elements
in underground nuclear tests or in high-flux nuclear re-
actors failed. »’Fm is the heaviest nuclide which can be
produced using neutron-capture reactions, owing to the
very short half-lives of the heavier fermium isotopes and
their spontaneous fission instead of 8~ decay. To pro-
duce element 101, mendelevium, only about 10° atoms of
233Es were made available for a bombardment with he-
lium ions in the Berkeley 60-in. cyclotron. For the first
time an element was discovered in “one-atom-at-a-time”
experiments on the basis of only 17 produced atoms re-
coiling from the einsteinium target. The discoverers of
element 101, A. Ghiorso, B. G. Harvey, G. R. Choppin,
S. G. Thompson, and G. T. Seaborg, suggested the name
mendelevium in honor of the Russian chemist Dmitri 1.
Mendeleev, who was the first to use a periodic system of
the elements to predict the chemical properties of undis-
covered elements.

The synthesis of element 102 was even more compli-
cated, because a fermium target to apply the bombardment
with helium ions was not available. In order to make use of
lighter target elements, heavier ions had to be accelerated.
The discovery of element 102 was first reported in 1957
by an international group working at the Nobel Institute
of Physics in Stockholm. The name nobelium in honor of
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Alfred Nobel was immediately accepted by the IUPAC.
However, experiments at Berkeley and the Kurchatov
Institute in Moscow showed that the original Swedish
claim to have prepared element 102 was in error. Attempts
to synthesize and identify isotopes of element 102 in
heavy ion bombardments of actinide targets dragged on
for many years at the laboratories in Berkeley and Dubna,
Russia. Thus, scientists from Berkeley suggested that the
credit for the discovery should be shared. But, in 1993 the
IUPAC-IUPAP Transfermium Working Group concluded
that the Dubna laboratory finally achieved an undisputed
synthesis.

Also, the discovery of element 103, the last actinide el-
ement, was contested by Berkeley and Dubna for a long
time. At Berkeley mixtures of californium isotopes were
bombarded with boron ions, whereas at Dubna the bom-
bardment of americium targets with oxygen ions was ap-
plied. Finally, both groups accepted the conclusion of the
Transfermium Working Group, that full confidence was
built up over a decade with credit for discovery of ele-
ment 103 attaching to work in both Berkeley and Dubna.
The name lawrencium after E. O. Lawrence, the inventor
of the cyclotron, suggested by A. Ghiorso and co-workers
from Berkeley and accepted by IUPAC, was finally rec-
ommended by IUPAC in 1997 together with the names for
the transactinide elements up to element 109.

Table I summarizes the discovery or synthesis of all of
the actinide elements.

Il. RADIOACTIVITY AND NUCLEAR
REACTIONS OF ACTINIDES

All isotopes of the actinides and actinium are radioac-
tive. Table II presents data on several of the most avail-
able and important of these. The unstable, radioactive ac-
tinide nuclei decay by emission of « particles, electrons,
or positrons (8~ or B decay, respectively). Alternatively
to the emission of a positron, the unstable nucleus may
capture an electron of the electron shell of the atom (sym-
bol ¢). In most cases the radioactive decay leads to an
excited state of the new nucleus, which gives off its excita-
tion energy in the form of one or several photons (y rays).
In some cases a metastable state results that decays in-
dependently of the way it was formed. Spontaneous fis-
sion (symbol sf) is another mode of radioactive decay,
which was discovered in 1940 by G. N. Flerov and K. A.
Petrzhak.

The numerous radionuclides present in thorium and ura-
nium ores are members of genetic correlated radioactive
decay series, which are represented in Fig. 1. In all of
these decay series, only « and B~ decay are observed.
With emission of an « particle (‘Z‘He), the atomic number
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is reduced by 2, the mass number by 4. With emission
of a B~ particle, the mass number remains unchanged,
whereas the atomic number increases by 1. As a result,
in these decay series the mass number can differ only by
multiples of 4 and there are four such families, desig-
nated 4n + 0 (thorium series), 4n + 1 (neptunium series),
4n + 2 (uranium or uranium-radium series), and 4n + 3
(actinium series). The neptunium series is missing in na-
ture. It was probably present in nature for some million
years after the genesis of the elements, but decayed due to
the relatively short half-life of 3’Np, compared with the
age of the Earth (about 5 - 10° years). Each series contains
a number of short-lived nuclides, and the final members
of each series are stable nuclides. « Decay is the domi-
nant decay mode of long-lived heavy nuclei with atomic
numbers Z > 83. With increasing atomic numbers spon-
taneous fission begins to compete with a decay. For 233U
the probability of spontaneous fission is about 1074% of
that of a decay and is already about 90% for 2°Fm.

The radioactive decay is the simplest form of a nuclear
reaction according to equation [Eq. (6)]:

A—> B+x+AE. (6)

This is a mononuclear reaction. In nuclear science, how-
ever, binuclear reactions are generally understood by the
term “nuclear reaction.” They are described by the general
equation [Eq. (7)]:

A+x—B+y+ AE, @)

where A is the target nuclide, x is the projectile, B is the
product nuclide, and y is the particle or photon emitted.
Equations (3)—(5) are examples for neutron- and deuteron-
induced nuclear reactions. With heavy ions (heavier than o
particles) as projectiles, the heaviest actinides have been
synthesized. Targets made from heavy actinide nuclides
such as Cm and 2*’Bk have been used to synthesize
several transactinide elements in heavy-ion reactions.
Nuclear fission of actinides is, without doubt, the most
important nuclear reaction. Nuclear fission by thermal
neutrons may be described by the general equation

[Eq. ()]
A4+n—B+D+4+vn+ AE. ®)

The fission products B and D have mass numbers in the
range between about 70 and 160, the number of neutrons
emitted is v~ 2-3, and the energy set free by fission is
AE =~ 200 MeV. This energy is relatively high, because
the binding energy per nucleon is higher for the fission
products than for the actinide nuclei. In the case of nu-
clei with even proton and odd neutron numbers, such as
23U, 23U, and **Pu, the binding energy of an additional
neutron is particularly high, and the barrier against fission
is easily surmounted. Therefore, these nuclides have high
fission yields for fission by thermal neutrons.
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TABLE | Discovery or Synthesis of Actinide Elements
Most
Atomic Source or Isotope first stable
number Element Symbol Investigators synthesis discovered isotope Source of name
89 Actinium Ac A. Debierne (1899) Uranium ore 27 A¢ 27 A¢ Greek word for ray
90 Thorium Th J. . Berzelius (1828) Thorium ore 232Th 232Th Scandinavian god of
war, Thor
91 Protactinium Pa K. Fajans, O. Gohring Uranium ore 234pg 234py Parent of actinium
(1913) concentrates
92 Uranium §] M. H. Klaproth (1789) Pitchblende 28y 28y Planet Uranus
93 Neptunium Np E. M. McMillan, Bombardment of 2%Np 2TNp Planet Neptune
P. Abelson (1940) uranium with
neutrons:
U+ bn
_ﬁ_
239 239
92U 23 min 93Np
94 Plutonium Pu G. T. Seaborg, Bombardment of 238py 244py Planet Pluto
E. M. McMillan, uranium with
J. W. Kennedy, deuterons:
A. Wahl (1940) U +3H —
2(1)n + zgng
P s
—_ Pu
2.1days %
95 Americium Am G. T. Seaborg, Bombardment of 21 Am 3 Am America
R. A. James, plutonium with
L. O. Morgan, neutrons:
A. Ghiorso (1944) BIPu+2in —
uipy L5 2Am
96 Curium Cm G. T. Seaborg, Bombardment of 242Cm 247Cm Pierre and Marie Curie
R. A. James, plutonium with
A. Ghiorso (1944) helium ions:
232Pu + ‘Z‘He —
22Cm + In
97 Berkelium Bk S. G. Thompson, Bombardment of 243Bk 2478k Berkeley, CA
A. Ghiorso, americium with
G. T. Seaborg (1949) helium ions:
zgéAm + gHe
243
— 283Bk +2\n
98 Californium Cf S. G. Thompson, Bombardment of 25cf »lcf California
K. Street, A. Ghiorso, curium with
G. T. Seaborg (1950) helium ions:
zgéCm + ‘z‘He
24
— 2B3Cf+4n
99 Einsteinium Es Workers at Berkeley, Discovered in the 253gg 252gg Albert Einstein

Argonne, and
Los Alamos (1952)

fallout of the first
thermonuclear
explosion as a
result of uranium
bombardment
with fast neutrons:
BU+ 1500 —

_7‘[}_
253 253
U — “gEs

Continues
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TABLE | (continued)
Most
Atomic Source or Isotope first stable
number Element Symbol Investigators synthesis discovered isotope Source of name
100 Fermium Fm Workers at Berkeley, Discovered in the 255Fm 25TFm Enrico Fermi
Argonne, and fallout of the first
Los Alamos (1952) thermonuclear
explosion as a result
of uranium
bombardment
with fast neutrons:
U+ 1740 —
5u 2 g
101 Mendelevium Md A. Ghiorso, Bombardment of 236Md 258Md Dimitri Mendeleev
B. H. Harvey, einsteinium with
G. R. Choppin, helium ions:
S. G. Thompson, zggEs + ‘Z‘He
G. T. Seaborg (1955) — BOMd + \n
102 Nobelium No E. D. Donets, Bombardment of 24No 2¥No  Alfred Nobel
V. A. Shegolev, americium with
V. A. Ermakov (1966) nitrogen ions:
243 Am -+ N
— B4No+4ln
103 Lawrencium Lr Workers at both Bombardments of (®8Lr) 2621 Ernest Lawrence

Berkeley and
Dubna (1961-1971)

actinide targets
with heavy ions

lll. APPLICATIONS OF ACTINIDES

The practical importance of the actinide elements derives
mainly from their nuclear properties. The principal appli-
cation is in the production of nuclear energy. Controlled
fission of fissile nuclides in nuclear reactors is used to
provide heat to generate electricity. The fissile nuclides
233y, 25U, and **°Pu constitute an enormous, practically
inexhaustible, energy source.

Several actinide nuclides have found other applications.
Heat sources made from kilogram amounts of >*Pu have
been used to drive thermoelectric power units in space
vehicles. In medicine, *®Pu was applied as a long-lived
compact power unit to provide energy for cardiac pace-
makers and artificial organs. >*!' Am has been used in neu-
tron sources of various sizes on the basis of the («,n) reac-
tion on beryllium. The monoenergetic 59-keV y radiation
of 2! Am is used in a multitude of density and thickness
determinations and in ionization smoke detectors. >>Cf
decays by both o emission and spontaneous fission. One
gram of 232Cf emits 2.4 - 10'? neutrons per second. >>Cf
thus provides an intense and compact neutron source. Neu-
tron sources based on 2>>Cf are applied in nuclear reactor
start-up operations and in neutron activation analysis.

Nuclear energy and the application of actinide elements
in other fields may promise mankind a prosperous future;
however, whether the promise becomes a reality depends
on the solution of numerous technological, economic, so-

cial, and international problems. Technical problems are
related to the safe operation of nuclear reactors, reprocess-
ing, and waste disposal, to the prevention of environmen-
tal contamination with radioactive and toxic substances,
and to the prevention of the diversion of plutonium for an
uncontrolled manufacture of nuclear weapons. All these
technical and technological problems are soluble, but the
future of nuclear energy depends also on the solution of
other problems of acute global concern.

IV. ACTINIDE METALS

A. Preparation of Actinide Metals

All of the actinide elements are metals with physical
and chemical properties changing along the series from
those typical of transition elements to those of the lan-
thanides. Several separation, purification, and preparation
techniques have been developed considering the differ-
ent properties of the actinide elements, their availability,
and application. Powerful reducing agents are necessary
to produce the metals from the actinide compounds. Ac-
tinide metals are produced by metallothermic reduction of
halides, oxides, or carbides, followed by the evaporation
in vacuum or the thermal dissociation of iodides to refine
the metals.

The metallothermic reduction of halides was the first
method to be successfully applied. Actinium metal can
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TABLE Il Important Isotopes of the Actinide Elements
Atomic number Element Isotope Half-life Mode of decay
89 Actinium 227 Ac 21.7 years B7(0.986), «(0.014), y
28Ac 6.15h B
90 Thorium 232Th 1.405-10'0 years  «,
91 Protactinium 2lpy 32760 years o,y
4py 6.70 h B
92 Uranium 25y 7.038 - 108 years o
28y 4.468-10° years  «
93 Neptunium ZINp  2.144-10% years  «
94 Plutonium 238py 87.7 years o
239py 2.411-10* years o
242py 3.733.10° years  «
24Py 8.08- 107 years «(0.999), sf(0.001)
95 Americium 241 Am 432.2 years o,y
23 Am 7370 years o
96 Curium 22Cm 162.8 days o
244Cm 18.10 years o
28Cm  3.40-10° years «(0.916), sf(0.084)
97 Berkelium 247TBk 1380 years a(<100%)
29Bk 320 days B7(0.99999), «(0.00001)
98 Californium 29¢f 351 years o
Bles 898 years a
B2t 2.645 year «(0.969), sf(0.031)
99 Einsteinium 22Es 471.7 days «(0.76, £(0.24)
253Eg 20.47 days a
254Es 275.7 days a
100 Fermium 22Fm 25.39h «(0.99998), sf(0.00002)
25Fm 20.07h a
26Fm  157.6 min sf(0.919), «(0.081)
101 Mendelevium ~ 2°Md 27 min £(0.92), «(0.08)
256Md  78.1 min £(0.907), (0.093)
102 Nobelium 2¥No 58 min 2(0.75), £(0.25)
103 Lawrencium 2601 ¢ 3.0 min «(0.75), £(0.25)

be produced by reducing AcF; with lithium at 1200°C.
Small amounts of actinium can be obtained from residues
of uranium processing. Gram amounts of >?’Ac has been
produced synthetically at Mol, Belgium, by neutron irra-
diation of ?°Ra [Eq. (9)]:

zégRa + (l)n — 2§§Ra + vy ’ : ZSZAC. )
42.2 min
Both thorium and uranium occur to a significant extent in
nature, and industrial processes have been developed for
the production of these elements.

Thorium is produced commercially from monazite
sands. After mining, the monazite sands are concentrated
magnetically and then treated with either hot, concentrated
sulfuric acid or hot, concentrated sodium hydroxide. The

acid treatment dissolves the thorium phosphate present,
while the basic process converts the phosphates to insol-
uble hydroxides. The separation of thorium from the ura-
nium and rare-earth phosphates after the acid process can
be carried out by selective precipitation of the thorium and
rare earth phosphates and then by using a solvent extrac-
tion process to remove the thorium. When the alkali open-
ing method is used, the insoluble hydroxides are dissolved
in nitric acid and the thorium and uranium(VI) species are
extracted, leaving the lanthanides in the aqueous phase.
The thorium and uranium can then be separated by further
solvent extraction.

Thorium metal can be produced in several ways. In
the most common process, thorium oxide is reduced with
calcium [Eq. (10)]:
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Thorium series Neptunium series
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FIGURE 1

1000°C
ThO, + 2Ca — Th + 2CaO. (10)
Ar

The reaction mass is leached with water and dilute acid,
leaving thorium metal powder. Very pure thorium metal
can be prepared by the van Arkel process involving the
thermal decomposition of Thly.

To obtain significant quantities of protactinium, a sep-
aration procedure was developed for extracting protac-
tinium from the sludge that was left after the ether
extraction of uranium at the Springfields refinery. The pro-
cess yielded 127 g of pure 23!Pa from 60 tons of sludge.
Protactinium metal can be obtained by reducing PaF, with

barium vapor at 1300°C, followed by increasing the tem-
perature to 1600°C to produce a bead of protactinium
metal. Single-crystal protactinium metal is obtained by
a modified van Arkel process starting from the carbide.
More then 150 minerals containing uranium are known.
Typically, however, uranium ores contain only about 0.1%
uranium. In the commercial production of uranium metal,
the ore is crushed, concentrated, roasted, and in most cases
leached with sulfuric acid in the presence of an oxidizing
agent such as manganese dioxide or chlorate ions to con-
vert all of the uranium to uranyl sulfato complexes. Car-
bonate leaching is used to extract uranium from ores con-
taining minerals such as calcite. The recovery of uranium
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from leach solutions can be affected by ion exchange, sol-
vent extraction, and chemical precipitation. Most leach
solutions are now treated by anion-exchange methods or
solvent extraction or both for purification prior to pre-
cipitation. The two principal methods of precipitation are
now neutralization with ammonia or the precipitation of
uranium peroxide, UOy - xH,O, with hydrogen peroxide.
The precipitates (“yellow cake”) are dried and ignited
to U3Og or UOs3, depending on temperature. To produce
nuclear-grade material, these raw products are normally
further refined by solvent extraction or fluoride volatility
processes. The purified uranium is converted to UO3, re-
duced with hydrogen to UO,, and converted to UF, with
hydrogen fluoride. The UF, can either be reduced to ura-
nium metal or fluorinated to UFg for isotope enrichment
by gaseous diffusion.

The production of uranium metal usually involves the
reduction of UF; with magnesium at 700°C. The metal
may be refined by molten-salt electrolysis followed by
zone melting. Because of the low melting point of ura-
nium, the van Arkel process is not as feasible as for tho-
rium and protactinium.

The principal source of neptunium (**’Np) is irradiated
nuclear reactor fuel based on 2*>U. A slightly modified
Purex (plutonium-uranium recovery by extraction) pro-
cess can be used to separate neptunium from uranium,
plutonium, and fission products during reprocessing of
nuclear reactor fuel. Ion-exchange methods are used for
the final purification and concentration. Neptunium metal
is produced by reduction of NpF,4 with calcium metal us-
ing iodine as a booster. Refining is accomplished by vac-
uum melting. Plutonium was the first synthetic actinide
element to be produced on a large scale. It is produced in
nuclear reactors by the so-called pile reactions [Egs. (11)
and (4)]:

23§U + on — fission products + 2.5n+ ~200 MeV

(11)
238 1 23077 A7 239 P a3g
U +on = “5U —> 53Np — “5;Pu “)
23 min 2.3 days

The most widely employed method for plutonium repro-
cessing used today in almost all of the world’s reprocess-
ing plants is the Purex (plutonium-uranium reduction ex-
traction) process. Tributylphosphate (TBP) is used as the
extraction agent for the separation of plutonium from ura-
nium and fission products. In effecting a separation, ad-
vantage is taken of differences in the extractability of the
various oxidation states and in the thermodynamics and
kinetics of oxidation reduction of uranium, plutonium, and
impurities. Various methods are in use for the conversion
of plutonium nitrate solution, the final product from fuel
reprocessing plants, to the metal. The reduction of pluto-
nium halides with calcium proved to be the best method
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for metal production, and PuF, is most commonly used as
the starting material. The crude plutonium metal may be
refined by electrolysis in molten salts.

Americium and curium can be obtained from the aque-
ous waste of the Purex process. This americium is a mix-
ture of **!Am and ?**Am. Isotopically pure **'Am, the
decay product of >*!'Pu, can be obtained from aged plu-
tonium. Solvent extraction and ion-exchange procedures
are used to recover americium from waste streams. Ameri-
cium metal is produced by lanthanum reduction of the ox-
ide, followed by vacuum distillation of the americium at
1400°C.

23Cm and ?**Cm are minor constituents of nuclear
waste. Gram quantities of 2*>Cm and 2**Cm were pro-
duced by neutron irradiations of 2*! Am and plutonium,
respectively. The Tramex process based on the extraction
with tertiary amines and high-pressure ion-exchange sys-
tems was developed for the recovery of curium. Curium
metal is advantageously produced by thorium reduction
of the oxide, followed by vacuum distillation of the metal
at 2000°C.

Weighable quantities of the transcurium elements
berkelium (**Bk), californium (>2Cf), and einsteinium
(*3Es) for use in research are produced in the high-
flux nuclear reactors HFIR at Oak Ridge and SM-2 at
Dimitrovgrad, Russia. ’Fm in picogram quantities was
produced only at Oak Ridge. Targets containing pluto-
nium, americium, and curium are irradiated in the high-
flux reactors and then processed. After target dissolution
followed by impurity, rare-earth, and curium removal,
the transcurium elements are separated by high-pressure
cation exchange using ammonium «-hydroxyisobutyrate
as the eluent. Berkelium metal in microgram to milligram
amounts is produced by reducing BkF; or BkF, with
lithium metal, followed by the removal of lithium fluo-
ride at 1200°C from the less volatile berkelium metal.
The more volatile californium, einsteinium, and fermium
metals can be prepared by reduction of the oxides with
lanthanum metal, followed by a distillation of the ac-
tinide metals. To prepare the metals free of a supporting
material at least a few milligrams of metal have to be
distilled.

Californium is the heaviest actinide for which data like
the enthalpy of sublimation have been determined directly
with bulk quantities of about 2 mg of pure metal. Due to the
limited availability of the heaviest actinides down to the
“one-atom-at-a-time” scale, the preparation of the metals
becomes an integral part of an experiment for studying the
metals. Unusual experimental approaches like the mea-
surement of partial pressures of the actinide under study
over an alloy, studies of diffusion of actinide atoms in met-
als, and adsorption studies of actinide atoms onto metal
surfaces by thermochromatography have been reported.



220

To obtain and stabilize the actinides under study in the
elemental/metallic state, the reduction of actinide oxides
with lanthanum metal and the desorption of actinide atoms
from metals like tantalum, titanium, and zirconium have
been applied successfully.

B. Properties of Actinide Metals
1. Electronic Structure

The electronic ground state configurations of the gaseous
actinide atoms consist of the closed-shell electronic
structure of the noble gas radon, a partly filled 5 f shell,
and two to four electrons in the 6d and 7s states. The elec-
tronic ground state configurations for the actinides and,
for comparison, the lanthanides are given in Table III.
The filling of the f shell is a common feature of both
lanthanides and actinides. However, there are remarkable
differences in the properties of the 4 f and 5 f electrons.
The 4 f orbitals of the lanthanides and the 5 f actinide or-
bitals have the same angular part of the wave function but
differ in the radial part. The 5 f orbitals also have a radial
node, while the 4 f orbitals do not. The major differences
between actinide and lanthanide orbitals depend, then, on
the relative energies and spatial distributions of these or-
bitals. The 5f orbitals have a greater spatial extension
relative to the 7s and 7 p than the 4 f orbitals have relative
to the 65 and 6 p. This allows a small covalent contribution
from the 5 f orbitals, whereas no compounds in which 4 f
orbitals are used exist. In fact, the 4 f electrons are so
highly localized that they do not participate in chemical
bonding, whereas the 5d and 6s valence electrons over-

Actinide Elements

lap as for the transition elements. The energies of the 5 f,
6d, 7s, and 7p orbitals are comparable over a range of
atomic numbers, and since the orbitals overlap spatially,
bonding can involve any or all of them. This is especially
important in the first half of the actinide series. Oxidation
states up to +7 are available, and the electronic structure
of an actinide in any given oxidation state may vary from
compound to compound and in solution, depending on the
ligands, because the small differences in energy between
the 5 f, 6d, 7s, and 7 p orbitals can be compensated within
the range of chemical bonding energies.

With increasing atomic number, the 5 f electrons be-
come increasingly localized as a consequence of in-
sufficient screening. Beginning with americium, the 5 f
electrons do not participate in bonding, similar to the 4 f
electrons in the lanthanides. In the heaviest actinides, the
5f electrons appear even more localized than the anal-
ogous 4 f electrons. This conclusion is supported by the
tendency to form the divalent oxidation state well before
the end of the actinide series.

In the region of the heaviest actinides, relativistic ef-
fects may become noticeable. Due to the relativistic mass
increase of the electrons, which are strongly accelerated
in the vicinity of a highly charged nucleus, the spherical
7s and 7 py , orbitals have high electron densities near the
nucleus, whereas the 64 and 5 f orbitals become desta-
bilized. Thus, the ground state configuration for lawren-
cium was predicted to be [Rn]5 f'4d°7s2 p! instead of the
[Rn]5 f'*d'7s* configuration, which might be expected
by analogy with lutetium.

The 5 f electrons of the lighter actinide metals through
plutonium have highly extended wave functions. Thus,

TABLE Il Ground State Electronic Configurations of 5f and 4 f Elements

Atomic Atomic Electronic structure
number  Symbol Element Electronic structure [Rn] plus  number  Symbol Element [Xe] plus
89 Ac Actinium 6d7s> 57 La Lanthanum 5d6s?
90 Th Thorium 6d>7s> 58 Ce Cerium 4 £5d6s?
91 Pa Protactinium 5f26d7s? or 5 f6d*7s> 59 Pr Praseodymium 43652
92 U Uranium 5f36d7s> 60 Nd Neodymium 4 f46s2
93 Np Neptunium 53752 61 Pm Promethium 43652
94 Pu Plutonium 56752 62 Sm Samarium 40652
95 Am Americium 5f77s? 63 Eu Europium 4£7652
96 Cm Curium 5f76d7s> 64 Gd Gadoliniuum 4£75d6s>
97 Bk Berkelium 586d7s% or 5 £97s> 65 Tb Terbium 4 £96s2
98 Cf Californium 510742 66 Dy Dysprosium 4 f10652
99 Es Einsteinium 5f1752 67 Ho Holmium 411652
100 Fm Fermium 512752 68 Er Erbium 4112652
101 Md Mendelevium 513752 69 Tm Thulium 4 f136s2
102 No Nobelium 514752 70 Yb Ytterbium 4 f14652
103 Lr Lawrencium 5 £146d°7s%p! or (5 f'46d'75%) 71 Lu Lutetium 4 £1454652
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these delocalized or itinerant 5 f electrons are involved
in the metallic bonding as a part of the conduction band
formed together with the 6d and 7s electrons. The band
character of the delocalized 5 f electrons is inhibitory to
the development of magnetism. Within the framework of
a simple model of the metallic bond, the metal is an array
of ions held together by quasi-free conduction electrons,
and a metallic valence can be defined as the contribution
of outer electrons each atom gives to the “sea” of bonding
conduction electrons. Conversely, the metallic valence is
the charge left per atom when the bonding electrons have
been stripped off. In this approach, the first five actinides
after actinium, thorium up to plutonium, are considered
as having metallic valences greater than three.

As the atomic number increases, the radial extension
and the bandwidth of the 5 f electrons decreases. From
americium on the 5 f electrons are localized, nonbond-
ing, and carry a magnetic moment. The actinide metals
americium to californium and lawrencium are trivalent
metals. Einsteinium to nobelium are divalent metals due
to very high promotion energies needed to promote one
f electron to the metallic bonding state as known from
ytterbium in the lanthanide series. Thus, the actinide se-
ries displays more complex electronic structures than does
the lanthanide series; not only in the first half of thek
series.

2. Crystal Structures

Actinide crystal structures are more complicated and di-
versified than the corresponding lanthanide metal struc-
tures. Information about the crystal structures of the ac-
tinide metals is given in Table IV.

Actinium and thorium have no f electrons and behave
like transition metals with a body-centered cubic structure
of thorium. Neptunium and plutonium have complex, low-
symmetry, room-temperature crystal structures and ex-
hibit multiple phase changes with increasing temperature
due to their delocalized 5 f electrons. For plutonium metal,
up to six crystalline modifications between room tempera-
ture and 915 K exist. The f electrons become localized for
the heavier actinides. Americium, curium, berkelium, and
californium all have room-temperature, double hexagonal,
close-packed phases and high-temperature, face-centered
cubic phases. Einsteinium, the heaviest actinide metal
available in quantities sufficient for crystal structure stud-
ies on at least thin films, has a face-centered cubic structure
as typical for a divalent metal.

3. Physical Properties

The radioactivity of the actinides along with their lim-
ited availability makes their experimental investigation in
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most cases notoriously difficult. Therefore, data on physi-
cal properties of the actinide metals are very limited. Data
on selected physical and thermodynamic properties are
presented in Table V.

Proceeding along the 5 f series, the high melting points
of Th and Pa reflect their transition metal character, Np
and Pu have very low melting points due to f-orbital re-
flection, the melting points rise over Am to Cm, and they
then again decrease. The maximum at Cm reflects both its
half-filled 5 f shell and the presence of a d-type valence
electron. The decreasing melting points of the transcurium
elements reflect the onset of s-type bonding and the loss
of d bonding in the divalent metals. The melting point
of Lr is expected to be as high as that of Cm, assuming d
bonding, but should be lower if it behaves like a p element
due to relativistic effects.

Looking at transport and magnetic properties along
the actinide series, superconductivity under atmospheric
pressure (Th, Pa), superconductivity under high pressure
(U), exchange reinforced Pauli paramagnetism without
superconductivity (Np, Pu), superconductivity under at-
mospheric pressure (Am), and finally magnetic ordering
and absence of superconductivity (Cm, Bk, Cf) are succes-
sively encountered. Measurements of electrical, magnetic,
or electronic properties of the heaviest actinides beyond
californium have been missing up to now.

4. Thermodynamic Properties

One of the fundamental properties of a metal is its enthalpy
of sublimation. The enthalpy of sublimation of a metal,
which is a measure of its cohesive energy, is related to the
electronic structure in both the solid and its vapor. The
enthalpies of sublimation of the actinide metals thorium
through californium have been determined directly by va-
por pressure measurements using the pure metals, those of
einsteinium and fermium by measuring partial pressures
over alloys. Estimates of the enthalpies of sublimation for
the actinide metals californium through nobelium have
also been made based on thermochromatographic mea-
surements of the adsorption of actinide atoms on metals.
The experimental enthalpies of sublimation clearly reflect
the trends and changes in the electronic properties of the
actinide metals when progressing across the series. Thus,
there is further evidence for metallic divalency well before
the end of the actinide series.

5. Alloying Behavior

Experimental studies of actinide alloys have been carried
out with Np, Am, Cm, Bk, Es, and Fm, and far more
extensive studies have been carried out with the actinide
metals of technological importance, Th, U, and Pu. The
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TABLE IV Crystal Structure of the Actinide Metals

Actinide Elements

Melting Stability Lattice parameters Metallic
Atomic  point Crystal Space range Metallic Temp. Density radii
number (K) Phase symmetry’ group (K) a (1&) b (1&) [ (1&) 3 (deg) valence (K) (gem™?) (A)

89 1320 Ac fec Fm3m <1320 5.314 293 10.06 1.88
90 2023 a-Th fce Fm3m <1633 5.180 293 11.72 1.798
B-Th bee Im3m 1633-2023  4.11 1698 1.78
91 1845 «-Pa bet I4/mmm <1200 3.921 3.235 >4 15.43 1.631
B-Pa fec Fm3m 1200-1845  5.018 12.31 1.777
92 1408  «-U eco Cmcem <941 2853 5.865 4.955 >4 293 19.060 1.56
B-U t P4,mnm 941-1049  10.759 10.759  5.656 993 18.11
y-U bee Im3m 1049-1408  3.525 1078 18.06 1.55
93 913  «-Np o Pnma <553 6.663  4.723  4.887 >3 293 20.45 1.55
B-Np t P4/nmm  553-849 4.897 3.388 586 19.36
y-Np bee Im3m 849-913 3.52 873 18.00 1.54
94 9132 «-Pu m P2iIm <398 6.183  4.822 10.963 101.79 >3 294 19.86 1.58
B-Pu bem 12/m 398-488 9.284 10463 7.859 92.13 463 17.70 1.59
y-Pu fco Fddd 488-593 3.159 5.768 10.162 508 17.14 1.589
8-Pu fec Fm3m 593-736 4.637 593 15.92 1.644
§'-Pu bet 14/mmm  736-756 3.34 4.44 738 6.00 1.644
&-Pu bee Im3m 756-913.2  3.363 763 16.51 1.594
95 1449 a-Am dhcp P63/mmc <1347 3.468 11.248 3 293 13.671 1.730
B-Am fee Fm3m 1347-1449  4.894 295 13.65 1.730
96 1681 «-Cm dhep P63/mmc <1550 3.496 11.33 3 293 13.51 1.745
B-Cm fec Fm3m 1550-1681  5.039 1.79
97 1323 «-Bk dhep P63/mmc <1250 3.416 11.068 3 293 14.79 1.704
B-Bk fce Fm3m 1250-1323  4.999 293 13.24 1.764
98 1173 o-Cf dhcp P63/mmc <863 3.39 11.01 3 15.1 1.69
B-Cf fce Fm3m 4.94 13.7 1.75
y-Cf fec Fm3m 5.75 8.70 2.03
99 1130 (a-Es) hep P63/mmec <573 3.98 6.50 2
(B-Es) fcc Fm3m 5.71 2.03
100 Fm fce 2 2.00
101 Md fee 2 1.985
102 No fce 2 1.97
103 Lr bee 3 1.66

“bee, body-centered cubic; dhep, double hexagonal close-packed; fec, face-centered cubic; hep, hexagonal close-packed; m, monoclinic; bem,
body-centered monoclinic; o, orthorhombic; eco, end-centered orthorhombic; fco, face-centered orthorhombic; t, tetragonal; bct, body-centered

tetragonal.

complex and variable electronic properties of the actinides
are reflected in their alloying behavior also. Varying the
composition can result in properties ranging from super-
conductivity to magnetism. There is a huge number of
possible intermetallic compounds because of the many
possible valence states of the actinides itself. The itiner-
ant f-electron metals protactinium through plutonium are
mutually soluble. Uranium and plutonium form a number
of isomorphous compounds due to their similarity in size.
The trivalent actinide metals are expected to be mutually
soluble in one another. The same should hold for the diva-

lent metals einsteinium through nobelium, but they should
not alloy with the higher valent actinide metals.

A large number of intermetallic compounds of the ac-
tinide metals with transition metals and with elements of
the aluminium and silicon groups are known. All have
metallic properties. Compounds with AnX3 stoichiom-
etry have the AuCus-, TiNis-, MgCds-, or PuAls-type
structure. At AnXj,, stoichiometry Laves phases having
the MgCu,-type or MgZn;,-type structures are found very
often, especially when the partner is an Fe- or Ni-group
transition metal. At AnX the NaCl-type structure and at the
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TABLE V Selected Physical and Thermodynamic Properties
of Actinide Elements

Enthalpy  Enthalpy of
Boiling of fusion, sublimation, Electrical
point AHyyg AHYy, resistivity
Symbol (K,1atm) (kJmol~!) (kJmol™!) (u£ cm,295K)

Ac (3200) (418)
Th (5000) 14 598 14
Pa (4230) 16.7 570 18
U 3818 19.7 536 31
Np (4174) 5.23 465 123
Pu (3508) 2.82 342 138
Am (2067) 14.4 284 67
Cm (3383) 13.8 387 86
Bk (2900) 7.91 310
Cf (1745) 7.51 196
Es (1269) 9.40 133(167)
Fm (1350) 143(143)¢
Md (136)
No (134)

¢ Values in parentheses are estimates based on thermochromato-
graphic measurements.

AnX;s stoichiometry AuBes-- and CaCus-type structures
are found.

V. ACTINIDE IONS

A. Oxidation States

The oxidation states of the actinide elements are listed
in Table VI. Unlike the lanthanide elements, for which
the dominant oxidation state is +3, the actinides exhibit a
broad range of oxidation states, ranging from +2 to 47 in
solution. The proximity of 5 f, 6d, and 7s energy levels in
the lighter actinides results in a variety of oxidation states
up to +7. The stability of the higher oxidation states de-
creases with increasing atomic number. From americium
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on, a more lanthanide-like behavior is exhibited. The most
stable oxidation state of the heavier actinides with the ex-
ception of No is +3; however, in contrast to the analogous
lanthanides, the divalent oxidation state appears well be-
fore the end of the actinide series. Thus, in comparison
with the analogous 4 f electrons, the 5 f electrons in the
latter part of the actinide series appear more tightly bound.

With the exception of thorium and protactinium, all of
the actinide elements show a 43 oxidation state in aqueous
solution. A stable 44 state is observed in the elements tho-
rium through plutonium and in berkelium. The oxidation
state +5 is well established for the elements protactinium
through americium, and the 46 state is well established in
the elements uranium through americium. The oxidation
state +2 first appears at californium and becomes increas-
ingly more stable in proceeding to nobelium.

For any oxidation state, the ionic radii decrease reg-
ularly with increasing atomic number as a consequence
of the decreased shielding by f electrons of the outer
valence electrons from the increasing effective nuclear
charge. This actinide contraction is very similar to the cor-
responding lanthanide contraction. Table VII summarizes
crystallographic ionic radii of lanthanide and actinide ions
for coordination numbers 6 and 8.

B. Solution Chemistry

Although many solvents have been studied, the most
widely used solvent is still water. Table VIII presents some
data on the stability of various actinide ions in water. In
aqueous solution the actinide ions present in the oxida-
tion states +1 to +6 are M*, M?+, M3, M*, MO7,
and MO§+. MO;‘ oxo anions are known for the oxidation
state +7. The actinyl ions MO; and MO%+ are remarkably
stable. The oxygen atoms are linearly coordinated to the
actinide metal with short metal-oxygen distances ranging
from 1.6 to 2.0 A for MO3™. The strength of the metal-
oxygen bond decreases with increasing atomic number in
the actinyl ions from uranium to americium.

TABLE VI Oxidation States of the Actinide Elements
Atomic number 89 90 91 92 93 94 95 96 97 98 99 100 101 102 103

Symbol Ac Th Pa U Np Pu Am Cm Bk Cft Es Fm Md No Lr
Oxidation states 1?7

(2) ) ) 2 2 2
3 3) 3) 3 3 3 3 3 3 3 3 3 3 3 3
4 4 4 4 4 4 4 4 4) 4?
5 5 5 5 5 5? 5?
6 6 6 6 6?
7 7 7?

Note: Bold type: most stable; ( ): unstable; ?: claimed but not substantiated.
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TABLE VIl Crystallographic lonic Radii of Lanthanide and Actinide lons
Coordination number 6 Coordination number 8
Ion
Symbol M2+ M3+ M4+ MO; M3+ M4+ MO}"
La 1.304 1.032 1.162
Ce 1.278 1.010 0.863 1.138 0.967
Pr 1.253 0.996 0.847 1.122 0.949
Nd 1.225 0.983 0.836 1.107 0.936
Pm 1.206 0.968 0.826 1.090 0.925
Sm 1.183 0.958 0.815 1.079 0.912
Eu 1.166 0.946 0.807 1.065 0.903
Gd 1.140 0.937 0.799 1.055 0.894
Tb 1.119 0.923 0.792 1.040 0.886
Dy 1.096 0.912 0.782 1.027 0.874
Ho 1.075 0.900 0.773 1.014 0.864
Er 1.056 0.889 0.764 1.003 0.854
Tm 1.038 0.879 0.756 0.993 0.844
Yb 1.026 0.869 0.748 0.984 0.835
Lu 0.863 0.741 0.979 0.827
Ac 1.41 1.12 1.26
Th 1.36 1.08 0.932 1.22 1.048
Pa 1.30 1.05 0.906 0.78 1.20 1.016
U 1.27 1.028 0.889 0.76 1.160 0.997 0.73
Np 1.24 1.011 0.874 0.75 1.141 0.980 0.72
Pu 1.21 0.995 0.859 0.74 1.123 0.962 0.71
Am 1.194 0.980 0.848 1.106 0.950
Cm 1.164 0.970 0.841 1.094 0.942
Bk 1.145 0.955 0.833 1.077 0.932
Cf 1.125 0.945 0.827 1.066 0.925
Es 1.102 0.934 0.818 1.053 0914
Fm 1.083 0.922 0.811 1.040 0.906
Md 1.064 0.912 0.803 1.028 0.897
No 1.052 0.902 0.796 1.017 0.889
Lr 0.896 0.790 1.010 0.881

The solution chemistry of the actinide elements can
be affected by radiolysis. In principle, the chemistry of
an actinide element is independent of its radioactivity. In
practice, short-lived isotopes, decaying by o emission or
spontaneous fission, cause heating and solvent decompo-
sition with the formation of hydrogen, hydroxide radicals,
and hydrogen peroxide from water as well as decomposi-
tion products of acids. The decomposition products react
with each other and with the actinide element under con-
sideration so that the oxidation state gradually changes. To
suppress radiolytic effects, chemical studies with actinide
elements should be carried out preferably with long-lived
nuclides or on a few-atom basis using radiochemical
methods.

Reduction potentials for the actinide elements are given
in Table IX. The M**/M>* and the MO3"/MOJ cou-
ples are reversible, while the formation and rupture of

bonds and the subsequent reorganization of the solvent
shell results in nonreversibility of the couples MO%*'/ M3+,
MOZ /M**, and MO3"/M**. The redox reactions of UO;,
Pu*t, PuOJ, and AmOJ are especially complex. In the
special case of plutonium, all four ions Pu**, Pu**, PuO;,
and PuO%Jr can coexist in solution. Pu** or PuO; dispro-
portionate into mixtures of all four oxidation states. An
initially pure solution of Pu** in 0.5M hydrochloric acid
was reported to contain 26.3% Pu*t, 62.7% Pu**, 0.5%
PuOJ, and 10.5% PuO;" after 200 h.

In aqueous solution the actinide cations interact with
the solvent water. This hydration is a special case of com-
plex ion formation with water as a nucleophilic ligand.
The hydrated ions act as acids, splitting off protons from
the water molecules of the hydration shell. Their acidity
increases with the charge on the central atom. The divalent
ions are weak acids. On account of their large radii, the
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TABLE VIII Stability of Actinide lons in Aqueous Solution
Ion Preparation Stability

Md>+ Slowly oxidized to Md>+

No?t Stable

Ac3t Stable

U3t Electrolytic reduction (Zn or Na/Hg on UO) Slowly oxidized by water; rapidly by air to U*+

Np3+ Electrolytic reduction (Ha/Pt) Stable to water; rapidly oxidized by air to Np**

Pt SO,, NH,OH, Zn, U**, or Ha(Pt) reduction Stable to water and air; oxidized by its own «

radiation to Pu** (in case of 23Pu)

Am3t Todide, SO, reduction Stable; difficult to oxidize

Cm3* Stable

BK3T* Stable; can be oxidized to Bk**

cf3+ Stable

Es3t Stable

Fm3+ Stable

Md3t Stable; can be reduced to Md**

No3* Oxidation of No?* with Ce*+ Easily reduced to No?*

L3t Stable

Th*+ Stable

Pa*t Reduction of PaO%** in HCI (Zn/Hg, Cr**, or Stable to water; rapidly oxidized by air to Pa(V)
Ti3*); electrolytic reduction

Ut Air oxidation of U*; reduction of UO** (Zn or Stable to water; slowly oxidized by air to UO*+
H; with Ni); electrolytic reduction of Uo*t

Np4+ Air oxidation of Np3+; Fe?t, SO,, I~ or Hp (Pt) reduction  Stable to water; slowly oxidized by air to NpO;'

Pu*t BrO3, Cett, CrQO%i HIO3, or MnOj oxidation Stable in 6M acids, disproportionates to Pu3t
in acid; HNO,, NH;OH*, I~, 3M HI, 3M HNO;s, and PuO;' at lower acidities
Fe2+, C,02~, or HCOOH reduction in acid

Am*t Electrolytic oxidation of Am** in 12 H3POy4 Not stable in water; stable in 15M NH4F CmF2~

Cm** Dissolution of CmFy in 15M CsF stable 1 h at 25°C

Bk** Cr,03~ or BrOj3 oxidation of Bk** Reasonably stable in solution, easily reduced to Bk>*

cit Oxidation of Cf3* using potassium persulfate, Slowly reduced to Cf3+
stabilization with phosphotungstate

PaOQr Stable; reduction difficult

UO;r Electrolytic reduction of uozt; UO%Jr Greatest stability at pH 2.5; disproportionates to U**
reduction by Zn/Hg or H, at pH 2.5 and UO%"'

NpO;r NH,;NH,, NH,OH, HNO,, H,O,/HNO3, Sn2+, Stable; disproportionates only in strong acids
or SO, reduction of NpO%Jr

PuO;' Reduction of PuO%+ by I, Fe?t, V3, S0,, or Ut Most stable at low acidity; disproportionates to Pu** and PuO%"'

AmO;r Oxidation of Am3*+ with 03, 32027, OoCl—, Disproportionates in strong acids to Am3T and AmO%*, reduction to
or by electrolysis Am>7 at low acidities by its own « radiation in case of 2*! Am

UO%Jr Stable; difficult to reduce

NpO%Jr Oxidation of Np*t with Ce**, MnOy, Ag?t, Cly, Stable in acidic or complexed solutions
or BrO3’

PuO%Jr Oxidation of Pu** with BiO7, Ce**, Ag?t Stable, fairly easy to reduce; slow reduction by its
or a number of other reagents own « radiation

AmO%"' Oxidation of Am3*or AmO}' by SZO§_ or Ag*t Stable, rapid reduction by its own « radiation

NpOﬁ’ Oxidation of NpO%Jr in alkaline solution by O3, Stable only in alkaline solution
$,03™, CI0~, BrO~, or BiOj

PuO‘S_ Oxidation of PuO%’*’ in alkaline solution by O3z, Stable only in alkaline solution, oxidizes water
$,037, CIO~, or BrO~

AmOé’ Oxidation of ArnO%Jr in alkaline solution by O3 Stable only in alkaline solution
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TABLE IX Reduction Potentials of the Actinide Elements

Actinide Elements

Atomic number 89 90 91 92 93 94 96 97 98 99 100 101 102 103
Symbol Ac Th Pa U Np Pu Cm Bk Cf Es Fm Md No Lr

Reduction

M+ > M —2.53 -2.6

M > M —-1.66 —179 —200 -2.07 -206 -200 -191 —1.98 —207 —174 —126 -2.1

M** > M —1.83 —147 —138 -130 -125 -0.90

M3t — M2+ —0.15 +145

M*+ — M3+ —0.55 +0.218 +1.051 +2.62 +3.1  +1.67

MO; — M** +1.727

MO;T — M3+ +1.023

MO — M** +0.38  +0.606 +1.17 40.84

MOt — M** +0.267 +0.94 +1.04 +1.217

MO3* — MJ +0.088 +1.159 +0.936 +1.60

MOj —M3™  —2.13 +0.04

Note: Standard reduction potentials in acidic (pH 0) solutions are given in volts vs standard hydrogen electrode.

trivalent actinide ions are also weak acids. The tetravalent
ions are the most acidic. The actinyl ions MO3 and MO3*
are formed with great speed whenever oxidation to the +5
and 46 states occurs in water. The actinyl ions are con-
siderably less acidic than are the M** ions and, therefore,
have a smaller tendency to undergo hydrolysis. Hydrolysis
decreases in the order

M* > MO;* > M*" > MOJ .

Hydrolysis may result in the formation of polynuclear
species. The M** ions, and among them especially Pu*",
appear to be particularly prone to polymerization. Col-
loidal polymers of Pu** with molecular weights as high
as 10'° have been observed. Polymer formation and de-
polymerization are ill defined, and chemical studies may
be rendered extremely difficult by the formation of in-
tractable polymers. The formation of polymers can be
suppressed by complexation with other ligands such as
fluoride ions. Complex ion formation has proved to be ex-
tremely important for several fields of pure and applied
chemistry of the actinide elements such as their solution
chemistry, actinide and nuclear fuel processing and repro-
cessing using liquid-liquid extraction and ion-exchange
methods, or their environmental and biological behavior.

The actinide ions are able to form complexes with var-
ious ligands. Complex formation involves an exchange of
coordinated water, directly bonded to the central actinide
ion, for ligands on the condition that the ligand has an
affinity for the actinide ion strong enough to compete with
that of the coordinated water. Such exchange results in
the formation of inner-sphere complexes. Alternatively,
ligands may be attached to coordinated water to form
outer-sphere complexes. Strong complexes are mainly of
the inner-sphere type. The stability sequences for a given

actinide ion seem to be F~ > glycolate™ > acetate™ >
SCN™ > NOj3 > Cl™ > Br~ > 1" > CIO, for monovalent
ligands and CO%‘ > EDTA*" > HPOZ_ > citrate’™ >
tartrate’~ > oxalate>~ > SOZ_ for polyvalent ligands. For
a given ligand the stability of the complexes follows the
order of the effective charge on the central atom as typical
for hard acceptors: M** >MO3" ~M3** > MO The
reversal in the order of MO3" and M>* ions is a result of
the higher charge density of MO%Jr because of imperfect
shielding by the linear oxygen atoms. High stabilities of
complexes formed by hard acceptors are not reflected in
exothermic enthalpy changes, but rather in very positive
entropy terms due to a large decrease of order as a result
of complex formation.

The phosphate anion POi_ and organic phosphates
are powerful complexing agents for actinide ions, form-
ing complexes that are insoluble in water but soluble in
nonpolar aliphatic hydrocarbons. Complexes with such
reagents have been used in the separation of the ac-
tinide elements by liquid-liquid extraction on a large
scale. The actinides, in general, form more stable com-
plexes than do the homologous lanthanide ions. Extrac-
tion with tertiary amines and bis-2-ethylhexyl hydrogen
phosphate has been used to separate the trivalent transplu-
tonium element ions from the lanthanides. Differences
in complexation have also been used to separate lan-
thanides and actinides by ion-exchange techniques. The
sorption of actinide ions on cation exchangers varies in the
sequence MO; < M?* < MO3" < M3+ < M**. The sorp-
tion coefficients of ions of the same charge do not dif-
fer widely. Their separation coefficients can be much
enhanced, however, by the use of selective, complex-
forming eluting agents. Citrate, lactate, and especially «-
hydroxoisobutyrate as eluting agents have been proved as
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successful for the separation of trivalent lanthanide and ac-
tinide ions. A group separation of trivalent actinides and
lanthanides may be accomplished also by anion exchange.
The trivalent actinide ions form much more stable chlo-
ride complexes than do the trivalent lanthanide ions. They
are therefore sorbed on anion-exchange resins from con-
centrated hydrochloric acid, while the lanthanides are not.

C. Magnetic Properties

The actinides exhibit nearly all of the types of magnetism
found in transition and lanthanide metals. Thorium be-
haves like a 6d transition metal. The magnetic suscepti-
bility is large, and the temperature dependence is low. The
actinide metals protactinium to plutonium do not have or-
dered ground state moments. Hybridization of 5 f and 6d
levels broadens the f levels and suppresses the formation
of localized moments. The temperature-independent para-
magnetic susceptibilities indicate an itinerant character of
the 5 f electrons. From americium on the 5 f electrons be-
come localized and the heavy metals are localized mag-
nets, similar to the lanthanide metals. For americium, the
susceptibility is large with little temperature dependence.
Curium has an antiferromagnetic transition at 65 K, but the
face-centered cubic phase shows a ferrimagnetic transition
near 200 K. Berkelium metal exhibits high-temperature
magnetic behavior like its lanthanide homolog terbium.
Californium metal exhibits either ferro- or ferrimagnetic
behavior below 51 K and paramagnetic behavior above
160 K.

Actinide compounds and ions exhibit very different
magnetic behavior arising from the spin and orbital an-
gular moments of the unpaired electrons. Spin-orbit cou-
pling is about twice that for the lanthanides, and the crystal
field strengths for the actinides are an order of magnitude
greater. There is a wealth of information about the mag-
netic properties of various actinide materials which has
been reviewed elsewhere.

D. Spectroscopic Properties

Actinide spectra reflect the characteristic features of the
5 f orbitals which can be considered as both containing the
optically active electrons and belonging to the core of filled
shells. The electronic transition spectra of actinide ions in
solution are dominated by the structure of the f levels and
transitions within the f shell. Free-atom spectra provide
more information about the interactions between the 5 f
and the valence electrons. The emission spectra of the free
actinide atoms have an enormous number of lines. In the
uranium spectrum, about 100,000 lines have been mea-
sured, from which about 2500 lines have been assigned.
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In condensed phases, spectra are commonly measured
in absorption. Three main types of transitions are observed
in the absorption spectra of the actinide ions: (1) Laparte-
forbidden f to f transitions, (2) orbitally allowed 5 f to
6d transitions, and (3) metal to ligand charge transfer.
Of these, study of internal f to f transitions has found
wide use in the investigation of actinide chemistry. These
band usually in the visible and ultraviolet regions, can
be easily identified because of their sharpness, and are
sensitive to the metal environment. As discussed earlier,
the 5 f orbitals of the actinide elements are more exposed
than the lanthanide 4 f orbitals, and therefore, crystal field
effects are larger in the 5 f series. The f to f transitions
for actinide elements may be up to 10 times more intense
and twice as broad as those observed for the lanthanides,
due to the action of crystal fields. In addition, extra lines
resulting from vibronic states coupled to f — f states
have been observed.

The 5 f to 6d bands are orbitally allowed and therefore
more intense than those of the f to f transitions. They
are also usually broader and often observed in the ultra-
violet region. The metal to ligand charge-transfer bands
are also fully allowed transitions that are broad and oc-
cur commonly in the ultraviolet region. When these bands
trail into the visible region, they produce the intense colors
associated with many of the actinide compounds. Metal-
ligand frequencies are also observed in the infrared and
Raman spectra of actinide compounds.

Actinide spectra are used in different ways. First, be-
cause of their characteristic properties, actinide spectra
can be used for the direct speciation of (complexed) ac-
tinide ions, the observation and quantification of reac-
tions taking place in solution, or the identification of com-
pounds. On the other hand, actinide spectra can be used
to study electronic and physicochemical properties, in-
cluding information on symmetry, coordination number,
or stability constants.

Conventional optical absorption spectrometry has de-
tection limits of between 0.01 and 1 mM for the actinides.
Highly sensitive spectroscopic methods have been devel-
oped, based on powerful laser light sources. Time resolved
laser fluorescence spectroscopy (TRLFS), based on the
combined measurement of relaxation time and fluores-
cence wavelength, is capable of speciating Cm(III) down
to 10~'2 mol/L but is restricted to fluorescent species like
U(VI) and Cm(III). Spectroscopic methods based on the
detection of nonradiative relaxation are the laser-induced
photoacoustic spectroscopy (LPAS) and the laser-induced
thermal lensing spectroscopy (LTLS). Like conventional
absorption spectroscopic methods, these newly devel-
oped methods are capable of characterizing oxidation
and complexation states of actinide ions but with higher
sensitivity.
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Methods of growing importance for speciation and
complexation studies of actinides are the synchrotron-
based X-ray absorption near-edge structure spectroscopy
(XANES) and the extended X-ray absorption fine struc-
ture spectroscopy (EXAFS).

VI. ACTINIDE COMPOUNDS
AND COMPLEXES

A. Binary Compounds

1. Hydrides

Representative actinide hydride compounds are repre-
sented in Table X. Actinide metals react readily with hy-
drogen when heated. The temperature needed for reaction
depends on the state of the metal, the amount of surface
oxidation on the metal, and the purity and pressure of the
hydrogen used. The actinide hydrides are not very ther-
mally stable and are very air and moisture sensitive. The
thermal instability of these compounds has been used to
obtain finely divided metal via thermal decomposition of
the corresponding hydride.

TABLE X Actinide Hydrides

Actinide Elements

The physicochemical properties of the actinide hydrides
are as varied as any in the entire periodic table. Thorium
forms a “normal” dihydride like those of Zr and Hf, but
also forms ThyH;s, a unique superconductor. The hydrides
of protactinium and uranium have cubic structures which
have no counterparts in the periodic table. The transura-
nium element hydrides are more lanthanide like with wide
cubic solid solution ranges. Hexagonal phases appear with
regularity.

2. Oxides

The actinide oxides have received intensive scrutiny be-
cause their refractory nature makes them suitable for use
as ceramic fuel elements in nuclear reactors. UO, melts at
3150 K, and ThO; has the highest melting point of any ox-
ide, about 3465 K. The actinide oxides are complicated by
deviations from stoichiometry, polymorphism, and inter-
mediate phases. The sesquioxides are basic, the dioxides
are much less basic, and UOs is an acid in solid state
reactions. The reactivity of these oxides depends greatly
on their thermal history. If ignited, they are much more in-
ert. Table XI contains some representative data on actinide
oxides.

Lattice parameters

Space M-H Bond Density

Compound Color  Symmetry* group a(A) c(A) length @A) (gem™3)

AcHy Black fec Fm3m 5.670 2.46 8.35

ThH; 93 Black bet 5.73 4.99 2.39 9.50

ThH; Black bet 4.10 5.03 2.39 9.20

ThaH;s Black bee 143d 9.11 2.29,2.46 8.29

«o-PaH3 Black Cubic Pm3n 4.150

B-PaH3 Black Cubic Pm3n 6.648 2.32 10.57

a-UHj3 Black Cubic Pm3n 4.160 2.32 11.12

B-UH3 Black Cubic Pm3n 6.644

NpH; Black fec Fm3m 5.348 2.32 10.41

NpH2 36 Black fce Fm3m 5.346

NpH2 42 Black fce Fm3m 5.348

NpH3 Black Hexagonal P63/mmc 3.777 6.720 9.64

PuH; Black fce Fm3m 5.3594 2.32 10.40

PuH; 5 Black fce Fm3m 5.34

PuHj3 Black Hexagonal P63/mmc 3.779 6.771 2.18-2.41 9.61

AmH, Black fec Fm3m 5.348 2.316 10.6

AmH; ¢7 Black fce Fm3m 5.338

AmHj3 Black Hexagonal P63/mmc 3.764 6.763 9.76

CmH(4x) Black  fcc Fm3m 5.322 2314 10.7

CmH3 Black Hexagonal 3.77 6.73

BkHo (4 Black fec Fm3m 5.25

BkH3(_x) Black Trigonal 6.454 6.663

CfHp4x Black Cubic 5.285

¢ bet, body-centered tetragonal; fce, face-centered cubic.
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TABLE XI Binary Actinide Oxides?
Lattice parameters
Compound Color Symmetry” a (1&) b (1&) c (z&) a(deg) B(deg) -~ (deg)
Acy 03 White Hexagonal 4.07 6.29
ThO, White Cubic 5.5971
Pa; 05 ‘White fee 5.446
Pa 05 White Tetragonal 5.429 5.503
Pa, 05 White Hexagonal 3.817 13.220
Pa;05 White Rhombohedral 5.424 89.76
Pa, 05 White Orthorhombic 6.92 4.02 4.18
Pa0; 4p-Pa0y 44  White Rhombohedral 5.449 89.65
Pa0; 40-Pa0,4,  White Tetragonal 5.480 5.416
Pa0; 33 White Tetragonal 5.425 5.568
Pa0; 13-Pa0; 5 ‘White fce 5.473
PaO, Black fce (CaF,) 5.509
«-Uz Og Dark green Orthorhombic 6.716 11.960 4.147
B-U3z0g Dark green Orthorhombic 7.069 11.445 8.303
a-U,0s5 Black Monoclinic 12.40 5.074 6.75 99.2
B-Uy05 Black Hexagonal 3.813 13.18
y-Uy05 Black Monoclinic 5.410 5.481 5.410 90.49
«-UO3 Beige Orthorhombic 6.84 43.45 4.157
B-UO3 Orange Monoclinic 10.34 14.33 3.910 99.03
y-UO3 Yellow Orthorhombic 9.813 19.93 9.711
§-UO3 Deep red Cubic 4.16
e-UO3 Brick red Triclinic 4.002 3.841 4.165 98.10 90.20 120.17
n-UO3 Brown Orthorhombic 7.511 5.466 5.224
U0, Dark brown fee 5.704
Np2Os Dark brown Monoclinic 4.183 6.584 4.086 90.32
NpO; Brown-green  Cubic 5.425
a-Puy O3 Black bee 11.04
B-Puy 03 Black Hexagonal 3.841 5.958
PuO, Yellow fcc 5.3960
A-Am;03 Red-brown Hexagonal 3.817 5.96
B-Am;03 Red-brown Monoclinic 14.38 3.52 8.92 100.4
C-Amy03 Cubic 11.03
AmO, Dark brown fcc 5.374
A-Cmy O3 ‘White Hexagonal 3.792 5.985
B-Cm;y03 White Monoclinic 14.282 3.641 8.883 100.29
C-Cmy03 White Cubic 11.002
CmO, Black Cubic 5.3584
A-Bk;0O3 Yellow-green  Hexagonal 3.754 5.958
C-Bk,03 Yellow-green  bcc 10.887
BkO» Brown fee 5.3315
A-Cf,03 Pale green Hexagonal 3.72 5.69
B-Cf,03 Pale green Monoclinic 14.124 3.591 8.809 100.31
C-Cf,03 Pale green bee 10.839
CfO, Black fce 5.310
Es;O3 Black bce 10.766
Es;O3 Monoclinic 14.1 3.59 8.80 100
Es, O3 Hexagonal 3.7 6.0

4 The most stable oxide of each element is italicized. Where more than one modification exists, the first listed is

italicized.

b pee, body-centered cubic; fcc, face-centered cubic.
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The wide variety of oxidation states known for the ac-
tinides is reflected in the stoichiometry of their binary ox-
ides; however, the highest attainable oxidation state may
not be observed. The largest O/M ratio for an f-element
binary oxide is achieved in UO;.

All the solid actinide monoxides which have been
reported are now believed to have been oxynitrides,
oxycarbides, or hydrides. The highest potential for exis-
tence would have the monoxides for the divalent actinide
metals einsteinium through nobelium. Only the gaseous
monoxides are well-established species. All actinides are
known or expected to form gaseous monoxides.

The sesquioxide is known for actinium and all the ac-
tinides from plutonium through einsteinium and is proba-
bly the highest binary oxide that could be formed for the
heaviest actinides with nobelium as an exception, which
may only form a solid monoxide. Oxides of the heaviest
actinides beyond einsteinium have not been prepared or
studied experimentally. The sesquioxides of Pu, Am, and
Bk are readily oxidized to their dioxides, whereas those
of Cm, Cf, and Es are resistant to air oxidation.

The dioxide is known for all the actinides from thorium
through californium. Attempts to prepare einsteinium
dioxide have not been successful. All the dioxides crys-
tallize with the fluorite face-centered cubic structure. Ac-
tinides that form both a dioxide and a sesquioxide may
form complex intermediate oxides, which have O/M ra-
tios between 1.5 and 2.0.

Binary oxides with higher oxygen stoichiometries have
been confirmed only for the elements Pa, U, and Np. Nu-
merous phases in the composition range UO, to UO3 have
been observed. The reported formation of nonstoichiomet-
ric PuO,, has to be confirmed. Only UOj3 is known for
the anhydrous actinide trioxides and is prepared by de-
composing uranyl nitrate or a hydrated uranyl hydroxide
containing NH; at 350°C. There are seven crystal modi-
fications of UO3. Many of these contain oxygen-bridged
structures, with uranyl present. §-UO3 with its cubic ReO3
structure consists of linked UQOg octahedra.

Actinide sulfides, selenides, and tellurides are also
known. The sulfides and selenides are generally isostruc-
tural, but not with the analogous tellurides. The thermal
stability of these compounds decreases in the order sul-
fides > selenides > tellurides. These compounds are usu-
ally prepared via direct reaction of finely divided actinide
metal powder with the chalcogen at about 400—600°C.
Semimetallic behavior and nonstoichiometry are observed
for these compounds.

3. Halides

A wealth of information has been accumulated on actinide
halides. The known binary halides range from AnX, to
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AnXGg, and some representative data for these are given in
Table XII. The thermal stability of the halides toward re-
duction of higher oxidation state actinides decreases with
increasing atomic number of the halogen.

Truly divalent actinide halides are known only for
americium and californium. AnX, species for Es have
been identified by their absorption spectra. For Fm, Md,
and No, AnX; halides should be possible if sufficient
amounts of these metals could be obtained. Thl, is also
known, but crystallographic studies of this compound re-
veal the true formulation to be Th(IV), 21—, and 2e™. This
compound has some metallic character, including its luster
and electrical conductivity.

The actinide trihalides behave similarly to the lan-
thanide trihalides. The trifluorides through berkelium tri-
fluoride crystallize at room temperature with the LaF;
hexagonal structure. Nine fluorine atoms are arranged
around the actinide in a heptagonal bipyramid geometry.
CfF5 and a second form of BkF5 have the orthorhombic
YF; structure, where nine fluorines form an approximate
tricapped prism with one fluorine 0.3 A farther from the
metal. All of the trifluorides are high-melting solids, in-
soluble in water, and only slowly oxidized in air.

The actinide trichlorides are hygroscopic and water sol-
uble and melt between 1030 and 1110 K. They can be
obtained by reaction of the metal hydride with HCI at
elevated temperatures or by the reaction of CCly with
An(OH);. With the larger actinide(IIl) ions, the crystal
structures of the trichlorides show nine chlorine atoms
arranged in a tricapped trigonal prismatic geometry. As
the atomic number increases, the three actinide to face-
capping-chlorine distances increase relative to the other
six chlorines. At californium, a second form of CfCl; has
eight coordination.

AnBr; compounds can be prepared by reaction of HBr
with the proper actinide hydride, hydroxide, oxalate hex-
ahydrate, or oxide. Structures similar to the trichlorides
are observed with the structural change from nine coordi-
nation to eight coordination occurring with B-neptunium
tribromide. The triiodides to «-americium triiodide have
the same eight-coordinate structure found for the heavier
bromides and chlorides. From B-americium triiodide on,
the metals are six coordinate. Thl; is best formulated as
ThdV), 317, and le™.

The best known actinide halides are the tetrahalides,
the fluorides being known through californium. All of the
AnF, species are monoclinic, the metal being eight co-
ordinate with antiprismatic geometry. These compounds,
prepared by heating HF with the dioxides, are insol-
uble in water. The remaining tetrahalides can be pre-
pared by heating the actinide dioxides in CCly (ThCly to
NpCly), Cl,/SOCI, (BkCly), or from the elements (ThBry
to NpBry and Thly to Uly). The tetrachlorides are eight
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TABLE XIl Binary Actinide Halides
Lattice parameters

Compound Color Symmetry a (1&) b (A) c (1&) o (deg) 3 (deg) ~ (deg)

B-Thl, Gold Hexagonal 3.97 31.75

Aml, Black Monoclinic 7.677 8.311 7.925 98.5

a-Cflp Violet Hexagonal 4.557 6.992

B-Cfl, Violet Rhombohedral 7.434 35.8

AmBr; Black Trigonal 11.59 7.121

CfBr, Amber Trigonal 11.000 7.109

AmCl, Black Orthorhombic 8.963 7.573 4.532

Pal3 Black Orthorhombic 4.33 14.00 10.02

Ul Black Orthorhombic 4.328 13.996 9.984

Npl3 Purple Orthorhombic 4.3 14.03 9.95

Puls Green Orthorhombic 4.33 13.95 9.96

a-Amls Yellow Orthorhombic 4.31 14.03 9.92

B-Aml; Yellow Hexagonal 7.42 20.55

Cml3 White Hexagonal 7.44 20.4

Bkl Yellow Hexagonal 7.84 20.87

Cfl3 Yellow Hexagonal 7.587 20.814

Esl3 Red Hexagonal 7.53 20.84

AcBr3 Hexagonal 8.06 4.68

UBr3 Red Hexagonal 7.936 4.438

«-NpBr3 Green Hexagonal 7.919 4.392

B-NpBr3 Green Orthorhombic 12.618 4.109 9.153

PuBrj; Green Orthorhombic 12.65 4.10 9.15

AmBr3 White Orthorhombic 12.66 4.064 9.144

CmBr3; White Orthorhombic 12.70 4.041 9.135

BkBr3 Yellow-green Monoclinic 7.23 12.53 6.83 110.6

«-CfBr3 Pale green Monoclinic 7.215 12.423 6.825 110.7

B-CfBr3 Pale green Rhombohedral 7.58 56.2

EsBr3; Straw Monoclinic 7.27 12.59 6.81 110.8

AcCl3 White Hexagonal 7.62 4.55

UCl3 Green Hexagonal 7.442 4.320

NpCl3 Green Hexagonal 7.413 4.282

PuCl3 Green Hexagonal 7.395 4.246

AmCl3 Pink Hexagonal 7.382 4.214

CmCl3 White Hexagonal 7.374 4.185

BkCl3 Green Hexagonal 7.382 4.127

B-CfCl3 Green Hexagonal 7.379 4.090

«-CfCl3 Green Orthorhombic 3.859 11.748 8.561

EsCl3 Hexagonal 7.40 4.07

AcF;3 White Trigonal 741 7.53

UF3 Black Trigonal 7.181 7.348

NpF3 Purple Trigonal 7.129 7.288

PuF3 Violet Trigonal 7.092 7.254

AmF3; Pink Hexagonal 7.044 7.225

CmF; White Trigonal 7.019 7.198

B-BkF3 Yellow-green Trigonal 6.97 7.14

o-BkF3 Yellow-green Orthorhombic 6.70 7.09 4.41

«-CfF3 Light green Orthorhombic 6.653 7.039 4.393

B-CfF3 Light green Trigonal 6.945 7.101

Continues
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Actinide Elements

TABLE XIl (continued)

Lattice parameters
Compound Color Symmetry a (1&) b (1&) c (1&) o (deg) 3 (deg) 7 (deg)
Thly White Monoclinic 13.216 8.069 7.766 98.68
«-ThBry White Tetragonal 6.737 13.601
B-ThBr4 ‘White Tetragonal 8.932 7.963
PaBry Brown Tetragonal 8.824 7.957
UBry4 Brown Monoclinic 10.92 8.69 7.05 93.15
NpBry Dark red Monoclinic 10.89 8.74 7.05 94.19
a-ThCly White Orthorhombic 11.18 5.93 9.09
B-ThCly White Tetragonal 8.473 7.468
PaCly Green-yellow Tetragonal 8.377 7.482
UCly Green Tetragonal 8.296 7.481
NpCly Red-brown Tetragonal 8.266 7.475
ThF4 White Monoclinic 12.90 10.93 8.58 126.4
PaF, Brown Monoclinic 12.86 10.88 8.54 126.3
UF4 Green Monoclinic 12.803 10.792 8.372 126.3
NpF4 Green Monoclinic 12.68 10.66 8.34 126.3
PuF, Pale brown Monoclinic 12.599 10.573 8.84 126.25
AmFy Tan Monoclinic 12.538 10.516 8.204 126.8
CmF, Brown Monoclinic 12.51 10.61 8.20 125.8
BkF4 Monoclinic 12.40 10.47 8.12 126.3
CfF4 Green Monoclinic 12.42 10.468 8.126 126.0
PayFg Black Cubic 8.507
U, Fy Black Cubic 8.471
Pals Black Orthorhombic 7.22 21.20 6.85
«-PaBrs Monoclinic 12.69 12.82 9.92 108
B-PaBrs Dark red Monoclinic 8.385 11.205 8.950 91.1
UBrs Brown Triclinic 7.449 10.127 6.686 89.25 117.56 108.87
PaCls Yellow Monoclinic 8.00 11.42 8.43 106.38
a-UCls Brown Monoclinic 7.99 10.69 8.48 91.5
B-UCls Brown Triclinic 7.09 9.66 6.36 88.5 117.6 108.5
PaFs White Tetragonal 11.525 5.218
«-UFs Pale blue Tetragonal 6.512 4.463
B- UFs Pale blue Tetragonal 11.450 5.207
NpFs Bluish-white Tetragonal 6.53 445
UClg Dark green Hexagonal 10.90 6.03
UF¢ White Orthorhombic 9.900 8.962 5.207
NpFs Orange Orthorhombic 9.909 8.997 5.202
PuFg Brown Orthorhombic 9.95 9.020 5.260

coordinate with dodecahedral geometry. UBr4 and NpBry
are seven coordinate, and Ul is octahedral. UCl; and
ThCly are well-known starting materials for the synthe-
sis of organometallic compounds.

Pentahalides are known only to neptunium. All of these
compounds are very water sensitive. The pentafluorides
and PaCls are polymeric seven-coordinate compounds.
The geometry is that of a distorted pentagonal bipyramid
with double bridging occurring through four of the equa-

torial atoms. UCls and PaBrs consist of halogenbridged
dimeric An,X;( units.

AnXg species are known for fluorides of uranium, nep-
tunium, and plutonium and for UCls. The hexafluorides
are volatile compounds obtained by fluorinating AnF.
The highly volatile UFg is the compound used for the
large-scale isotope separation of 2>*U from *3¥U. UCly
can be made by the reaction of AlCl; and UF¢. The hexa-
halides have octahedral geometry.
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Oxyhalides of the actinides are known mainly for the
types AnO,X;, AnO,X, AnOX,, and AnOX. They can
be prepared by low-temperature hydrolysis or by oxy-
genating the corresponding halide with oxygen or Sb,0s.
The hydrolysis of the trihalides results in AnOX species.
The higher oxidation states found for AnO, X, compounds
confine these to uranium.

4. Compounds with Other Elements

Compounds of actinides with nitrogen, phosphorus, ar-
senic, antimony, and bismuth have been studied as a result
of their refractory nature and possible uses as nuclear fuel
materials. Many of these compounds can be prepared by
heating a finely divided actinide metal or a hydride of the
metal in a sealed tube with the Group 15 element. Borides,
carbides, and silicides are also known.

Monocarbides, mononitrides, and other actinide com-
pounds with the general formulation AnX (X = Group 15
and 16 elements) have the face-centered cubic NaCl struc-
ture. These compounds are mainly ionic with a partially
filled conduction band and, thus, are good conductors of
heat and electricity.

Tetragonal compounds of the UX; and UXY type, again
with X and Y being elements of Group 15 or 16, are also
good conductors. Metallic An3 X4 compounds have body-
centered cubic structures.

Table XIII presents some data on these compounds.

B. Oxo Acid Salts

Much of the information on actinide oxo acid salt com-
pounds is provided from studies of the analytical sepa-
ration chemistry of the actinides, solvent extraction, ion
exchange, and precipitation technologies. Little structural
information is available on these species. Isolated exam-
ples of borates, silicates, nitrites, phosphites, hypophos-
phites, arsenates, thiosulfates, selenates, selenides, tellu-
rates, and tellurites are known but not well characterized.
A much broader chemistry is known for complexes with
nitrates, carbonates, phosphates, sulfates, halides, and car-
boxylates, reflecting the importance of these ions in sep-
aration techniques.

The chloride, bromide, bromate, nitrate, and perchlo-
rate anions form water-soluble salts with the actinide M3+
ions, which can be isolated by evaporation. Precipitates are
formed with hydroxide, fluoride, carbonate, oxalate, and
phosphate anions. The actinide M** ions form insoluble
fluorides, iodates, arsenates, and oxalates; the nitrates, sul-
fates, perchlorates, and sulfides are all water soluble. The
MO; ions can be precipitated from concentrated carbon-
ate solutions as potassium salts. Na,U,O7 can be precip-
itated from alkaline solutions of the uranyl, UO“, ion.
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TABLE XIlI Other Early Actinide Compounds
Lattice parameters
Compound  Symmetry ¢ Space group a (1&) b (1&)
UAs fee Fm3m 5.7788
UBi fec Fm3m 6.364
uc fee Fm3m 4.961
UN fce Fm3m 4.889
UP fce Fm3m 5.589
UsS Cubic Pm3m 5.4903
USb fec Fm3m 6.203
USe fec Fm3m 5.7399
UTe fce Fm3m 6.150
NpAs fce Fm3m 5.835
NpC fce Fm3m 4.992
NpN fee Fm3m 4.898
NpP fec Fm3m 5.610
NpS fce Fm3m 5.527
NpSb fce Fm3m 6.249
PuAs fce Fm3m 5.855
PuC fee Fm3m 4.974
PuN fec Fm3m 4.9055
PuP fce Fm3m 5.664
PuS fce Fm3m 5.537
PuSb fee Fm3m 6.241
UP, Tetragonal P4/nmm 3.808 7.780
UAsy Tetragonal P4/nmm 3.954 8.116
USb, Tetragonal P4/nmm 4.272 8.759
UBiy Tetragonal P4/nmm 4.445 8.908
a-US, Tetragonal Ii/mem 10.27 6.32
a-USey Tetragonal I4/mcem 10.772 6.668
UOSe Tetragonal P4/nmm 3.9035 6.9823
UOTe Tetragonal P4/nmm 4.004 7.491
Uos Tetragonal P4/nmm 3.483 6.697
UAsS Tetragonal P4/nmm 3.884 8.176
UAsSe Tetragonal P4/nmm 3.962 8.422
UAsTe Body-centered I14/mem 4.1483  17.2538
tetragonal
UNSe Tetragonal P4/nmm
UNTe Tetragonal P4/nmm
UsPy bee 143d 8.207
UszAsy bee 143d 8.507
U3Sby bee 143d 9.113
U3Big bee 143d 9.350
UsSey bee 143d 8.760
Uz Tes bee 143d 9.398

“ bee, body-centered cubic; fee, face-centered cubic.

The hydroxides or hydrous oxides of any of the actinide

ions in all oxidation states are insoluble in water.

Complexes of the actinyl ions with sulfate, ni-
trate, and carboxylate ions have octahedral, pentagonal
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bipyramidal, and hexagonal bipyramidal geometries. The
actinyl group is linear with further coordination occur-
ring in the equatorial plane. The oxoanions are often
bidentate. The anionic complexes [An(NO3)s]>~ are also
known, having bidentate nitrate ions forming a distorted
icosahedron.

Several carboxylates have been prepared, either during
separations of An** ions or for thermal decomposition as a
route to the dioxides. Most of the actinide carboxylates can
be prepared as hydrates by dissolving the appropriate ox-
ide and hydroxide in carboxylic acid. Formates, acetates,
oxalates, xanthates, and carbamates are also known.

C. Organometallic Compounds

A rich and diversified organometallic chemistry of the ac-
tinide elements has come into existence in the last three
decades of the previous century. High reactivities, unusual
reaction paths, catalysis, high coordination numbers, and
unique structures continue to reward those working in this
area.

The first organoactinide compound was (7> —
CsHs);UCI, synthesized by L. T. Reynolds and G.
Wilkinson in 1956. The triscyclopentadienyl alkyl and
aryl actinide compounds, with a formal coordination
number of 10, contain the most stable actinide carbon
o bonds. Later on, compounds containing indenyl and
cyclooctatetraenyl groups as the m donor ligands were
synthesized. The chemical bonds in these organometallic
compounds range from covalent o bonds to ionic and,
thus, provide excellent samples for the study of chemical
bonding of the 5 f elements.

An(CsHs)s and An(CsHs)3X compounds can be pre-
pared via the reaction of AnCly with K(CsHjs). The tetracy-
clopentadienyl derivatives (thorium through neptunium)
contain four -bonded aromatic rings. This is in contrast
to the (two -, two o -) bonded cyclopentadienyl rings ob-
served in the structure of tetracyclopentadienyl hafnium
and the three w/one o arrangement found for the corre-
sponding zirconium analogue and is presumably the result
of the larger size of the actinide ions. The An(CsHs)3X
compounds have a similar structure to that observed for
(n° — CsHs),U. The centroids of the three -bonded aro-
matic rings occupy three vertices of a tetrahedron, with
the fourth occupied by the halogen.

Cyclopentadienyl derivatives of the actinides have re-
ceived a great deal of attention in the search for alkoxy,
alkyl, aryl, allyl, borohydride, amide, and other actinide
compounds. The cyclopentadienyl and pentamethylcy-
clopentadienyl ligands significantly increase the solubil-
ity of the actinide in organic solvents, thus allowing their
chemistries to be developed. In addition, the reactivity of
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TABLE XIV Organometallic Actinide Compounds

Type Compound” Color

(7° — CsHs)4An CpsTh Colorless
CpsPa Orange
CpsU Red
CpsNp Brown

(n° — CsHs)3An CpsU Bronze
CpsPu Moss green
Cp3zAm Rose
Cp3;Cm Colorless
Cp3Bk Amber
CpsCf Red

(7 —CsHs)3AnX  Cp3ThF Yellow
Cp3ThCl Colorless
Cp3;ThBr Yellow
Cp3Thl Yellow
CpsUF Green
Cp3UCI Brown
Cp3UBr Dark brown
Cp3Ul Brown
Cp3NpF Green
CpsNpCI Dark brown

(7’ —CsHs)3AnR  Cp3U(CH3)
Cp3U(i-C3Hy)
Cp3U(n-C4Ho) Dark red
Cp3U(1-C4Ho)
CpzU(neopentyl) Dark red
Cpz U(ferrocenyl) Brown
Cp3U(allyl) Dark brown
Cp3U(2-methylallyl)
Cp3U(vinyl)
Cp3U(CgHs) Greenish
Cp3U(CgFs) Dark brown
Cp3U(p-C¢H4UCp3) Red-orange
Cp3U(CH) Yellow-green
Cp3U(C2Cg6Hs) Yellow-green
Cp3U(p-methylbenzyl) Dark violet
CpzU(benzyl) Dark violet
Cp3U(2-cis-2-butenyl)
Cp3U(2-trans-2-butenyl)
(C5H4)2Fe[UCps3]» Green
Cp3Th(neopentyl) White
Cp3Th(allyl) White
Cp3Th(i-C3H7) White
Cp3Th(2-cis-2-butenyl) White
Cp3Th(2-trans-2-butenyl) White
Cp3Th(n-C4Hg) White

(n° — CoH7)3AnR (C9H7)3U(CH3) Red-brown
(CoH7)3Th(CH3) Yellow
(CyH7)3Th(n-C4Hy) Yellow

Continues
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TABLE XIV (continued)

Type Compound” Color

(n° — CsMes),AnR, Cp3U(CH3), Orange
Cp;Th(CH3), White
Cp;U(CH3)Cl Red-orange
Cp5Th(CH3)Cl1 White
ijU[CHZSi(CH3)3]2 Orange
Cp3Th[CH,Si(CH3)3]> White
Cp; U[CH,Si(CH3)3]Cl Red
Cp; Th[CH;Si(CH3)3]Cl White
Cp;U[CH,C(CH3)312 Brown
Cp;Th[CHzC(CH3 )32 White
szU(CH2C6H5)2 Black
Cp5U(CH,C6Hs)Cl1 Black
Cp3Th(CH,CsHs), White
Cp; Th(CH2C¢Hs)Cl White
Cp5U(CeHs)2 Orange-brown
Cp; Th(Cg¢Hs)» White
Cp5Th(CgHs)Cl White
Cp;U[C4(C6H5 )4] Brown
Cp5Th(CH,CH3), White

(n® — CgHg)2An COT,Th Yellow
COT,U Green
COT,Np Yellow-red
COT;,Pu Red

¢ Cp, cyclopentadienyl; Cp*, pentamethylcyclopentadienyl; COT,
cyclooctatetraenyl.

actinide compounds has been found to be a sensitive func-
tion of the metal’s coligands, and these compounds react
readily with alkyllithium and Grignard reagents to give
o-bonded carbon compounds. The resulting alkyl com-
pounds are highly reactive and extremely air and moisture
sensitive. Hydrogenolysis yields organoactinide hydrides.
The dihydrocarbyls react with carbon monoxide to form
metal-oxygen and carbon—carbon double bonds, reactions
which are of interest in catalysis.

Some representative organoactinide compounds are
given in Table XIV. (7’ — CsHs),AnCl, compounds are
unstable. These compounds disproportionate to (1> —
CsHs)3AnCl and (1° — CsHs)AnCls. Compounds of the
type (n° —CsHs);AnX, have been prepared either by
placing the cyclopentadienyl ligands on the metal last
or by using charged multidentate acetyl acetonate, di-
hydrobis(pyrazolyl) borate, or hydrotris(pyrazolyl) bo-
rate ligands to stabilize the (n° — CsHs),AnX, configu-
ration. Trivalent triscyclopentadienyl compounds of the
actinides can be prepared starting from AnCls. These
compounds readily form adducts, and a large number
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of (17° — CsHs);AnL complexes have been structurally
characterized. (° — CsHs)3UCI and other organometal-
lic compounds of the 5 f elements show a greater degree
of covalency than their lanthanide analogues.

The reaction of actinide tetrachlorides (thorium through
plutonium) with the potassium salt of cyclo-octatetraene
(COT) results in the formation of “actocene” complexes,
(n® — CgHg)>An, named by analogy with ferrocene. All
these compounds have a sandwich structure in which two
planar COT rings enclose a metal atom.

In the search for catalytically active species, heterobi-
and polynuclear molecules containing both U(III) and a
transition metal (palladium, platinum, rhodium, or ruthe-
nium) strongly bonded in close proximity but without a
direct metal-metal bond were synthesized. Difunctional
bridging ligands like cyclopentadienylphosphido ligands
were used to form such complexes.

Only recently were the actinide containing metallo-
fullerenes Am@Cg,, Np@Cg,, and U@Cg,, which consist
of actinide atoms being encapsulated into the carbon cage
of fullerene compounds, prepared and characterized.

SEE ALSO THE FOLLOWING ARTICLES

CRYSTALLOGRAPHY e NUCLEAR CHEMISTRY e RADIO-
ACTIVITY e URANIUM
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I. Inorganic lon Uptake and Regulation

Il. Inorganic Components of Enzymatic Systems
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GLOSSARY

Active site The location in an enzyme that is responsible
for the binding and catalysis of the substrate.

Cofactor A substance, as an inorganic ion, coenzyme, or
vitamin, that activates an enzyme.

Eukaryotic Of or pertaining to an organism that contains
one or more cells with a distinct nucleus.

Homeostasis A state of physiological equilibrium pro-
duced by a balance of functions and chemical compo-
sition within an organism.

Ligand A molecule or part of a molecule that bonds to a
metal to form a complex ion.

Oxidation A chemical reaction in which there is an in-
crease in formal charge on an atom. This increase can
be brought about by processes such as loss of electrons,
addition of an oxygen atom, etc.

Oxidation state A numerical value given to an atom that
signifies the number of electrons removed from the
proximity of its nucleus relative to the number of elec-
trons present in its elemental form [e.g., iron has eight
valence electrons in its elemental form; since in FeCl,
the iron has only six electrons, the oxidation state is +2
and the iron is denoted Fe(IT) or Fe?*].

Prokaryotic Of or pertaining to a cellular organism, the
nucleus of which has no limiting membrane.

Reduction A chemical reaction in which there is a de-
crease in formal charge on an atom. This decrease can
be brought about by processes such as gain of electrons,
loss of an oxygen atom, etc.

Reduction potential A quantitative value given to the
ease of electron addition to a system. The reduction
potential E is related to the standard free energy AG°
of a half-reaction (A — AT + e™) by the Nernst equa-
tion: AG°® = —nFE, where n is the number of electrons
removed and F is Faraday’s constant.

BIOINORGANIC CHEMISTRY is the field of chemistry
that is concerned with the role of inorganic elements in bi-
ological systems. In the 19th century, the term “organic”
was given to the chemistry of life. For several years, the ba-
sic elements of life seemed to be hydrogen, carbon, nitro-
gen, and oxygen, while the other elements seemed only to
be abundant in nonliving things: ores, the atmosphere, etc.
These other elements were termed “inorganic” or “without
life.” Within the past half century, it has become obvious
that some elements originally denoted “inorganic” play an
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essential role in biological systems, giving this area of sci-
ence the seemingly contradictory title. In fact, in most of
the major functions of life—respiration, photosynthesis,
reproduction, oxygen transport, and metabolism, to name
a few—inorganic ions play an active and essential role.

I. INORGANIC ION UPTAKE
AND REGULATION

A. Overview

Microbes, plants, and animals must be able to generate
an organized structure from a surrounding disorganized
milieu. Table I compares the concentrations of several es-
sential elements in sea water to levels found in human
plasma. In most cases, the elements are more concen-
trated in human plasma. This observation points to the
necessity of having an uptake mechanism for inorganic
elements in humans. The same requirement is true for all
organisms. Not only do organisms need to acquire ele-
ments from the environment, they need a mechanism to
ensure that toxic concentrations are not attained. This in-
terplay between uptake, storage, and excretion is termed
regulation. Homeostasis of these inorganic ions in cells
is accomplished by regulating the synthesis of the pro-
teins and small molecules that are involved in the uptake,
storage, and discharge of that particular inorganic ion.

A general scheme of inorganic ion regulation is shown
in Fig. 1. With the exception of retroviruses, all proteins
are encoded in DNA. DNA is transcribed to form RNA
by RNA polymerase. RNA is then used to make proteins
in the ribosome. Proteins can then be modified to acquire
the proper activity. Regulation of the production of en-
zymes can occur at any of these steps. Regulation of RNA
polymerase, ribosome function, and protein function are
called transcriptional, translational, and post-translational

TABLE | Concentrations of Selected Inorganic Ele-
ments in Sea Water and Human Plasma

Sea water Human plasma
Inorganic concentration concentration
element (Molar) (Molar)

Tron 5%x1071t02x 1078 22x 107
Zinc 8x 1078 1.7 x 1073
Copper 1x1078 1.6 x 1073
Molybdenum 1x1077 1.0x 1073
Cobalt 7x107° 2.5%x 10711
Chromium 4%x107° 55%x 1078
Vanadium 4x1078 1.8x 1077
Manganese 7 x107° 1.1 x 1077
Nickel 5% 1077 44x1078

Bioinorganic Chemistry

regulation, respectively. All three types of regulation are
employed to control the concentration and location of in-
organic ions in a cell. Furthermore, most inorganic ions
account for their own regulation. Metal-regulated gene
expression can be considered to fall into three categories:
(1) maintaining homeostasis of an essential element such
as iron or copper, (2) removing or detoxifying elements
with no useful biological activity (e.g., mercury or cad-
mium), and (3) controlling expression of genes that encode
proteins that may or may not use the specific element (e.g.,
zinc fingers).

B. Acquisition and Regulation of Iron
and Other Essential Elements

Iron is one of the most abundant inorganic elements in
biology. Iron is essential in processes as diverse as photo-
synthesis, respiration, and destruction of oxygen species
that lead to damage in biomolecules. Iron can also be very
toxic. The deleterious side reactions of iron result in detri-
mental processes in humans such as aging, cancer, and car-
diovascular disease. A large excess of iron(III) deposits as
rust in a protein called hemosiderin, which accumulates in
cell membranes. In thallesemia major, a genetic blood dis-
ease, hemosiderin deposits adversely effect cell membrane
function. Even more pernicious, iron can react with oxy-
gen or peroxide to form the same oxygen radicals that it is
used to prevent. Hydroxyl radical is produced from hydro-
gen peroxide through a process called the Fenton reaction:

Fe’t + H,0, + HF —> Fe’t + H,O 4+ OH. (1)

Hydroxyl radical reacts with molecules such as DNA or
lipids at diffusion-controlled rates every time it collides
with one, and is the cause of lesions to genetic material
or cell membranes. Superoxide and peroxynitrite are
two additional reactive species that can be formed in the
presence of excess Fe(I) as follows:

Fe(Il) + O, —> Fe(IIl) + 05 2)
0; + NO —> ~OONO. 3)

In particular, peroxynitrite has been implicated as an
important causative agent of inflammation, nerve damage,
and the severe secondary tissue damage following heart
attacks and strokes.

Because iron concentrations must be tightly regulated,
organisms from archaebacteria to humans have developed
complex processes to acquire iron from the environment,
transport it through the cell membrane, and insert it into
the appropriate enzyme without being released to diffuse
freely where it can cause extensive damage to the cell.
Given below are two examples of the regulation of iron,
one from a prokaryotic organism, the other from humans.
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FIGURE 1 General scheme of metal ion uptake and regulation.

1. Iron Regulation in E. coli

The Fur (ferric uptake regulation) protein negatively reg-
ulates the production of the siderophore enterobactin.
Siderophores are small molecules that chelate Fe(III)
in the environment and are then transported across the
cell membrane, introducing Fe(IIl) into the cell. Most
siderophores use catechol or hydroxamate groups to bind
Fe(II). Unicellular organisms must make siderophores in
order to extract the highly insoluble Fe(III) from ores or
rust. At low intracellular levels of iron, the Fur protein
does not bind DNA, and proteins that are responsible for
the synthesis and transport of enterobactin across the cell
membrane are produced. As the levels of iron are elevated,
it binds to DNA and blocks the expression of these pro-
teins, halting the intake of iron when the concentration
of iron becomes too high. In this way, iron is directly re-
sponsible for transcriptional regulation of the synthesis
of siderophores that are responsible for its own uptake.

Nonmetallo proteins
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Studies on eukaryotes show that there is a mechanism
for iron storage in these cells when the concentration of
iron in the cell increases. This process is regulated at the
translational level (Fig. 1).

2. Iron Regulation in Humans

In humans, iron is transported across the gut by a series of
poorly defined processes. Fe(Ill), ferric ion, is absorbed
via a B3 integrin and mobilferrin, whereas ferrous ion en-
ter the cells via Nramp. Once inside the body, Fe(III)
is transported through the serum by transferrin, a pro-
tein of molecular weight 63,000 Da. Fe(Ill)etransferrin
is recognized by a receptor protein on the cell surface.
Via a process known as cell-mediated endocytosis, the
Fe(Ill)etransferrin/receptor complex induces the external
cell membrane to pucker and eventually form a clatharin-
coated vesicle in the cytoplasm. After removal of the
clatharin, the vesicle (known as an endosome) becomes
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acidic and iron is released. Then, the iron is shuttled to
sites of utilization (e.g., myoglobin) or storage (ferritin).

In contrast to the analogous bacterial receptors that are
regulated transcriptionally, both the transferrin receptor
protein and the storage protein ferritin are regulated trans-
lationally. After the genes for the proteins are transcribed
to mRNA, a section of the mRNA is used to regulate
the synthesis of the protein. This region is termed the
IRE (iron-responsive element). The IREs associated with
transferrin receptor are rich in adenine and uracil bases.
These bases do not stabilize RNA structure as well as
guanine and cytosine. For ferritin, the IRE is found in
the region of mRNA preceding the protein-coding region,
whereas the IRE follows the protein-coding region for the
transferrin receptor protein. The placement of the IRE is
essential for the proper regulation of iron.

The control mechanism for this system is a cytoplas-
mic protein called the IRP (iron regulatory protein). At
low intracellular iron levels, the IRP does not bind iron.
Without the iron bound, the protein has a high affinity
for the IRE. Under these conditions, the ferritin mRNA
is blocked from binding the ribosome and protein is not
produced. At the same time, the unstable mRNA for the
transferrin receptor protein is stabilized by binding the
IRP, which allows protein synthesis to occur for longer
periods. As a consequence more iron is brought into the
cell and less storage protein is made at low levels of in-
tracellular iron. At high iron levels, the IRP binds four Fe
atoms in an “iron—sulfur” cluster. This causes the protein
to change its three-dimensional structure to a form that has
low affinity for the IRE. Now ferritin mRNA binding to the
ribosome is no longer blocked, allowing protein synthesis
and, ultimately, iron storage. Concurrently, the transferrin
receptor mRNA, now less stable, is rapidly degraded, lim-
iting the iron entering the cell. As a consequence less iron
is brought into the cell and more storage protein is made
at high levels of intracellular iron.

It is thought that the IRE/IRP system of regulation is
very ancient and may represent how the earliest genes
were regulated in an RNA world. Other metals such
as copper and nickel have separate sets of proteins and
genes that regulate the homeostasis of these necessary
metals.

C. Regulation of Toxic Inorganic lons

Some inorganic ions are not necessary to the survival of
an organism. In many of these cases, the presence of the
metal ion at any concentration is detrimental to that organ-
ism. These inorganic ions are purely toxic. For example,
mercury, cadmium, and arsenic are toxic to most organ-
isms. It should be noted, however, that these elements are
not necessarily toxic to all organisms (e.g., cadmium can
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enhance the growth of some marine diatoms in the absence
of a sufficient supply of zinc.) Below are examples of two
different types of biochemical resistance to the toxic ions.
The first example is from a prokaryote (Hg>* detoxifica-
tion), the second from a eukaryote (Cd** detoxification).

1. Prokaryotic Hg(ll) Detoxification

Bacterial mercury regulation and resistance is the classic
example of regulated metal resistance. It is accomplished
by the mer gene. Mercury is a metal that is not essential
for life, but is highly toxic. Interestingly, the mechanism
for detoxification is through uptake. The explanation for
this is that Hg(II) is extremely thiophilic and will bind to
available cysteines voraciously. In order to prohibit envi-
ronmental Hg(IT) from binding and disrupting the function
of membrane proteins, Hg(II) must be controlled by being
brought into the cell and reduced to Hg(0).

The expression of proteins involved in Hg(Il) detoxifi-
cation is regulated by the MerR protein. The MerR protein
is always bound as a dimer adjacent to the RNA poly-
merase binding site of the mer gene. In the absence of
Hg, MerR holds the DNA in a conformation so that the
RNA polymerase binding is blocked and transcription can-
not occur. When the mercury binds to MerR, it changes
the conformation of the MerR protein—-DNA complex and
allows RNA polymerase to bind and transcribe the mer
operon, creating mRNA for the series of enzymes that
carry out mercury resistance.

These proteins are MerA, MerT, and MerP. MerP is
responsible for scavenging Hg(II) from the environment
and bringing it to the cell surface. MerT then transports
the Hg(II) across the cell membrane. The Hg(Il) is then
reduced to Hg(0) by MerA, which uses NADPH as a re-
ductant. The Hg(0) is much less toxic than Hg(Il) and is
also volatile. Therefore, it is able to diffuse through the
membrane out of the cell where it will evaporate out of
the surrounding solution.

2. Eukaryotic Cd(Il) detoxification

Cadmium is released into the environment by power sta-
tions, heating systems, metal-working industries, waste
incinerators, and urban traffic and as a by-product of some
fertilizers. Its primary mode of toxicity is as an inhibitor
to enzymes. For example, by binding to nitrate reductase
it inhibits the transport of nitrate and blocks energy flow
in plants. In other plants, Cd(II) inhibits Fe(IIl) reductase
leading to Fe(II) deficiency, hence disrupting photosynthe-
sis (see below). In addition, Cd(II) can act as a carcinogen.
Unlike iron, however, the cadmium does not produce oxy-
gen radicals. Instead, it inhibits the enzymes responsible
for protection against oxygen radicals.
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Inresponse to cadmium, the plant cell can respond using
a number of defense systems. Some plants bind cadmium
via histidine interactions to the cell wall. Cadmium that
bypasses the cell wall then must pass the cell membrane.
This barrier at least slows the influx of cadmium into the
cytoplasm. The cell membrane is usually breached by hi-
jacking an ion channel meant for the influx of another ion.
When cadmium enters the cell, the initial cell response is
to produce chelating agents, phytochelatins, to bind to the
cadmium rendering it ineffective. Phytochelatins are short
peptides, typically 5-20 amino acids long, that are synthe-
sized from glutathione and contain repeating y Glu—Cys
units.

A very significant mechanism of Cd detoxification is
compartmentalization. By limiting the intracellular Cd to
vacuoles, the cytoplasmic Cd concentration is decreased
and cadmium is effectively removed from the areas where
it can be toxic. After the cadmium is complexed to phy-
tochelatins, these complexes can associate with acid-labile
sulfur (S27) to form a higher molecular weight aggregate
with higher affinity toward Cd. This complex can then be
transported into a vacuole. Here the cadmium is tranferred
from the phytochelatin to an organic salt (e.g., citrate, ox-
alate, or malate) allowing the phytochelatin to return to
the cytoplasm to retrieve more cadmium.

For humans, recent data indicate adverse health effects
from cadmium exposure may develop in ~1% of the adult
population, and in high-risk groups this percentage will be
even higher (up to 5%). Smokers have four to five times
higher blood cadmium concentrations and twice the kid-
ney cortex concentrations as nonsmokers. In the human
body, cadmium is bound to albumin in blood plasma af-
ter free cadmium ion has entered the blood stream. This
cadmium-albumin complex is recognized by the liver.
Once in the liver, it is bound by a proteins called met-
allothionines (MT). Metallothioneins are small proteins,
4500-8000 Da, that contain a high proportion of cysteine
residues (about 30%). These proteins chelate Cd much
like the phytochelatins. Free cadmium induces synthesis
of MT, protecting the liver from cadmium toxicity. The
Cd is returned to the blood stream complexed to MT and
is transported to the kidney. There MT is degraded and
free cadmium is released to react with sensitive sites or to
re-bind to albumin. Because of this loop, cadmium accu-
mulates in the kidney and remains in humans a very long
tong time (half-life is 10—15 years). Although plants have
metallothionines, their role in the detoxification of heavy
metals from plants has yet to be investigated.

D. Regulation of Other Inorganic lons

While many Americans learn of arsenic poisoning from
the classic play “Arsenic and Old Lace,” this element rep-
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resents a significant environmental toxin. Arsenic is found
at dangerous concentrations in drinking water in areas
throughout southern Asia. As many as 15 million peo-
ple in that area suffer from arsenic poisoning. Arsenic
is found in two forms, arsenate (AsVOZ_) and arsenite
(As™O(OH); ). One mechanism of bacterial resistance to
arsenic is mediated by genes on the ars operon. These
genes produce proteins that are responsible for the reduc-
tion of arsenate to arsenite, followed by removal of arsenite
through an ion pump.

Other metals such as magnesium, silver, chromium,
nickel, manganese, zinc, and copper are all regulated by
different enzymes, but the general mechanism exhibits
characteristics like those described above.

E. Regulation of Expression
of Non-Inorganic Proteins

Some regulatory proteins that contain inorganic ions reg-
ulate the expression of proteins and enzymes not involved
with inorganic ion homeostasis. Unlike the proteins that
have been mentioned before, zinc-containing transcription
factors do not regulate zinc homeostasis. Cells that are
zinc-starved are prone to growth problems because zinc
is an integral part of many transcription factors involved
in cell proliferation. In fact, humans deficient in zinc have
hindered growth. The two most common motifs in zinc
transcription factors are the zinc finger and the Zn,Cysg
motif, typified by TFIIIA and GALA4, respectively.

TFIIIA was the first zinc finger enzyme to be identified.
It contains nine zinc atoms, each stabilizing a region of the
peptide known as a zinc finger. Zinc fingers are small re-
gions of the protein (25-30 amino acids long) that fold
into a distinctive «-helix—fB-sheet conformation in pres-
ence of Zn(Il) (Fig. 2), allowing the «-helix portion of
the structure to recognize DNA through major groove in-
teractions. Most zinc fingers contain two histidines and
two cysteines responsible for binding the Zn(II) ion, al-
though some are found with a Cys;—His zinc ligation. In
fact, all nine zinc fingers in TFIIIA contain the consensus
sequence (with minor variation) YXCX; 4CX3FX5LX,
HX; 4HX,_¢. When these fingers are placehhd head-to-tail
in a protein, they are able to recognize specific sections
of DNA. Since the discovery of zinc fingers in TFIIIA, a
multitude of proteins have been discovered which contain
anywhere from 1 to 37 zinc finger motifs. Many of these
proteins are responsible for DNA recognition.

Another family of zinc transcription factors is exempli-
fied by GAL4. GALA4 is responsible for the transcription
of genes involved in galactose metabolism in yeast cells.
When zinc was initially discovered as a necessary con-
stituent in GAL4, the protein was thought to contain a
zinc finger with four ligating cysteines. Further studies
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FIGURE 2 Section of transcription factor Illa bound to DNA: an
example of zinc finger binding.

revealed the presence of the binuclear Zn,(Cys)g ligation
geometry. Similar to the zinc in zinc fingers, the dimeric
zinc site in GAL4 stabilizes the DNA-binding domain.

F. Cell Signaling

For a cell to function, it must be able to transmit signals
from one compartment of a cell to another. This usually
requires transmitting a signal through a cell membrane.
This mechanism is usually accomplished through a se-
ries of receptors and messengers. Receptors are enzymes
that receive the signal from one side of a membrane and
transmit it to the other side. Messengers transmit the sig-
nal between receptors and ultimately to the proteins that
are induced by the signal. Messengers range in size from
small molecules and ions to proteins, and are labeled ac-
cording to the order in which they occur in the signal (e.g.,
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if a hormone binds to a receptor that releases ATP on the
other side of a membrane, the hormone is considered the
first messenger, while the ATP is a second messenger).

Calcium is one of the most extensively used messengers
in biological systems. It is used in the signaling processes
of muscle contraction, secretion, protein degradation, and
cell division. For a long time, calcium was considered a
second messenger. Evidence, however, suggested that the
major source of calcium used in signaling comes from the
endoplasmic reticulum (ER), which resides entirely within
the cell. This observation requires a second messenger to
transmit a signal from the outside of a cell through the
cytoplasm to the ER, making calcium the third messen-
ger. It was discovered that an organic molecule, inositol
triphosphate, acts as the second messenger.

One requirement of a messenger in processes such as
muscle contraction that require quick response time is that
it must be found in low concentrations in the absence of a
signal. This requirement is satisfied for calcium. Although
the concentration of calcium in sea water, human plasma,
and the ER is about 10 mM, the concentration of calcium
within the cytoplasm is 0.0001 mM. This difference pro-
vides very dramatic changes in the calcium concentration
upon leakage of calcium into the cytoplasm from the ER.
This gradient, however, requires very efficient ion chan-
nels for calcium (discussed in the next section).

After calcium is released from the ER, one way it trans-
mits the signal to the target protein is through calmod-
ulin. Calmodulin is a protein that can bind four Ca*>* ions.
The binding of calcium induces a structural change that
exposes a methionine-rich region of the protein. Calmod-
ulin then binds to proteins containing a site, a calmodulin-
binding domain, that recognizes this methionine-rich re-
gion. This interaction can cause structural change in the
target protein that regulates its activity. An example of
a calmodulin-regulated protein is nitric oxide synthase
(NOS). NOS produces nitric oxide, NO, which is a mes-
senger involved in vasodilation and inflammatory re-
sponse. Calmodulin also activates the ATPase that pro-
vides the energy to pump calcium out of the cell against a
potential gradient.

G. lon Channels

To ingest and excrete ions (such as Na*, K*, Ca®*, and
CI7) from and to the surrounding environment, cells must
pass these ions through a membrane. In addition, eukary-
otic cells are compartmentalized by intracellular mem-
branes that must also be traversed by these ions. There are
two types of transport across the cell membranes: medi-
ated and unmediated. Unmediated transport is via simple
diffusion, whereas mediated transport occurs through the
action of specific carriers. Mediated transport can further
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FIGURE 3 Schematic of mediated transport: active and passive
ion transport.

be classified into two categories, passive-mediated trans-
port and active-mediated transport (Fig. 3). Passive medi-
ated transport simply increases the rate of concentration
equilibration between the two sides of a membrane. Ac-
tive transport moves ions from areas of low concentration
to areas of higher concentration, thus against a potential
gradient. To overcome this gradient, active transport must
be coupled to an energy-utilizing reaction, usually the hy-
drolysis of ATP.

Valinomycin is a cyclical molecule that passively me-
diates transport of K™ across membranes in the presence
of Na* and Lit*. Valinomycin binds K* octahedrally and
encompasses the ion in a shell that is very soluble in
the lipophilic membrane. After passing through the mem-
brane, potassium is released on the opposite side. Valino-
mycin forms a relatively large binding pocket that leads to
ion selectivity. Sodium and lithium ions are significantly
smaller than the pocket; they do not bind to valinomycin as
efficiently and do not result in the structural change that
increases valinomycin diffusion through the membrane.
Monensin is a similar molecule with a smaller binding
pocket, and transfers sodium ions across membranes in a
similar fashion.

Active-mediated transport of Ca’>* ions from the cy-
toplasm to the ER or excretion of Ca?>* ions from a cell
is essential to retain the low concentration of Ca** nec-
essary for cell signaling (described above). Removal of
calcium from the cytoplasm is achieved through the use
of a Ca’*—ATPase that is regulated by Ca—calmodulin.
The Ca’**—ATPase contains a short polypeptide sequence
that blocks Ca®* binding to the ion channel in the absence
of Ca—calmodulin. In the presence of Ca—calmodulin, this
peptide changes its conformation and allows the binding
of calcium, which facilitates binding of ATP. When ATP
is hydrolyzed by the enzyme, the structure of the enzyme
changes, introducing Ca** to the other side of the mem-
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brane. Calcium is then released and more calcium is bound
on the other side of the membrane. This calcium again fa-
cilitates binding and hydrolysis of ATP, resulting in trans-
port across the membrane. This cycle continues until the
calcium concentration is sufficiently low enough to cause
calmodulin to release it. The calmodulin then releases the
ATPase and efflux of calcium stops.

Il. INORGANIC COMPONENTS
OF ENZYMATIC SYSTEMS

A. Overview

Perhaps the classic area of bioinorganic chemistry is the
study of enzymatic systems that use inorganic atoms to
charry out catalysis. These studies have been undertaken
by looking at the enzymes themselves or by examining
small molecules that have structural elements found at
the active site of the enzyme. This small-molecule mod-
eling approach has provided an invaluable source of data
for understanding the electronic structure and chemical
mechanism of many complex enzymes. In some respects,
bioinorganic chemistry includes all enzymes because sol-
uble enzymes are dissolved in a sea of salt water con-
taining sodium, potassium, and calcium ions that perform
some level of perturbation on the structure and/or reac-
tivity of the enzyme. However, this subsection of bioinor-
ganic chemistry is usually limited to those enzymes that
bind a specific inorganic cofactor in a specific manner and
use it to perform a specific task.

The binding of the metal to the enzyme usually occurs
through a set of amino acid ligands. Some amino acid lig-
ands and the ways they bind to metals are shown in Fig. 4.
Although this is the most common method of positioning
the metal, some enzymes have evolved hydrogen bonding
schemes to freeze a solvated inorganic ion in a particu-
lar location. Other enzymes will use an exogenous (non
amino acid) ligand to help stabilize the metal in the posi-
tion desired. Still other enzymes use a combination of two
or more of these modes of binding.

Among the tasks assigned to inorganic elements in en-
zymatic systems are stabilization of the protein structure,
transfer of electrons, transfer of oxygen, protection from
oxidative stress, activation of diatomic molecules such as
nitrogen, oxygen, and hydrogen, and harvesting light. Be-
low, a number of these enzymes are organized according
to their task and described following a discussion on some
general inorganic structures used in these systems.

B. General Structures and Inorganic Cofactors

The metal centers found within enzymatic systems are
diverse. Among the “bioinorganic chips” are hemes,
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iron—sulfur, and iron—-alternate metal-sulfur clusters,
the nickel-containing factor Fu39, chlorophylls, and the
cobalt—corrin structure of vitamin Bj,. In addition, for
structures of significant importance, an independent pre-
sentation of the specifics of their structures is warranted.
Among these are the iron—molybdenum cofactor respon-
sible for nitrogen fixation and the cobalt—corrin structure
of vitamin B, and coenzyme B,. Several of the more
important bioinorganic cofactors (Fig. 5) will first be dis-
cussed independently of the specific proteins or enzymes
that contain them.

A heme cofactor contains iron bound to an aromatic
organic molecule called a porphyrin. This cofactor is the
most ubiquitous of the metal cofactors. Heme function in
proteins ranges from electron transfer, to oxygen binding
and transport, to oxygen activation and oxidation of or-
ganic molecules; functions also include sensing O, and
CO levels in certain microorganisms. Hemes have been
known to contain iron in the +2, +3, and +4 oxidation
states. The porphyrin moiety binds the iron in a four-
coordinate fashion, leaving available two open coordina-
tion sites. One of these sites is almost always bound by an
amino acid ligand (histidine, serine, cysteine, etc.), which
is designated the proximal ligand. The sixth site, known
as the distal ligand, is either bound to another amino acid
ligand or an exogenous ligand such as water, or left open
to bind substrate.
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Porphyrins have two properties that are essential for the
proper functioning of the cofactor. First, the four pyrrole-
type nitrogen donors are perfectly designed to bind iron
either in high-spin or low-spin electronic states. High-spin
Fe(IT) has unpaired electrons that can interact favorably
with paramagnetic molecules such as O, to form bonds.
Low-spin Fe(II) or either spin state for Fe(IIl) will not react
with O,. In contrast, electron transfer reactions occur most
easily when iron is in the low-spin electronic configura-
tion. Second, the electron donor capacity of the porphyrin,
in conjunction with the types of proximal and distal li-
gands, specifies whether the heme cofactor will be used for
oxygen transport or electron transfer, or to form a cation
radical. In iron(IIl) porphyrins, substrates such as hydro-
gen peroxide can simultaneously oxidize both the metal
and the porphyrin to form an Fe(IV)=O(porphyrin™®).
This highly oxidizing state can insert an oxygen atom into
a carbon-hydrogen bond to form epoxides and alcohols.

In modified porphyrins such as chlorophylls, this ox-
idation can be driven by the absorption of solar energy.
Chlorophylls harvest light energy and channel it for use
in photosynthesis. Chlorophylls are closely related to por-
phyrins. In the case of chlorophyll, however, the metal is
magnesium and the ligand includes a reduced and modi-
fied porphyrin. In photohsystems I and I1, chlorophylls form
weak dimers, which is one way plants control absorption
of the proper solar radiation. The chlorophyll shown in
Fig. 5 contains a long alkane chain that helps it associate
with the membrane within a chloroplast.

The cobalt center of vitamin B, and coenzyme B, is
also similar to a heme. In this case, cobalt is the metal and
acorrin is the aromatic ligand. A corrin differs from a por-
phyrin in two important respects. First, one “meso carbon”
that joins the A and D rings of the porphyrin is removed.
This alters both the aromaticity of the ring and the size
of the metal-binding cavity. Second, a benzimidazole nu-
cleotide linked to the corrin ring can act as the proximal
ligand (in another enzyme, methionine synthase, the prox-
imal ligand is replaced by a histidine). Cobalt-containing
corrins are designated cobalamins. One forms vitamin B,
cyanocobalamine, when cyanide binds as the distal ligand
(R group in Fig. 5). Other important forms of cobalamins
are methylcobalamin (R = —CHj3), which is used to trans-
fer methyl groups (e.g., in methionine biosynthesis), and
adenosylcobalamin, which uses a radical mechanism to
isomerize small organic substrates (e.g., in glutamate mu-
tase). The By, cofactors were the first biological molecules
recognized to form metal-carbon bonds.

Iron—sulfur centers are second in the list of most-diverse
inorganic cofactors. Iron—sulfur centers are used in elec-
tron transfer and to carry out chemical modifications. They
can also be employed as structural elements that help stabi-
lize protein structure. The four simplest structures of these
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iron—sulfur centers are FeSy4, Fe,S,, Fe5S4, and FeyS4. The
FeS, center is a single iron atom bound by four cysteine
sulfur atoms. The Fe,S, center contains two bridging sul-
fides and each iron atom is bound to two amino acid lig-
ands. The Fe;S, structure is similar to the Fe4S4 cubane
with one iron atom absent.

The iron—molybdenum cofactor of nitrogenase is one
of the more complex inorganic cofactors. It consists of
seven iron, one molybdenum, and nine sulfur atoms. The
cofactor is held in place through an iron—cysteine interac-
tion on one end and a molybdenum-histidine interaction

on the other. Another nitrogenase contains a similar center
with the molybdenum replaced by vanadium. The contri-
bution of molybdenum and vanadium, two elements not
typically associated with biological activity, to the activity
of the protein is hotly disputed.

C. Electron Transfer

Many inorganic atoms can undergo facile low-energy re-
dox reactions. With the exception of quinones and flavins,
this characteristic is in sharp contrast to classical organic
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molecules, where large structural changes, such as bond
breaking, usually are coupled to the transfer of electrons.
By placing an inorganic atom or cluster of atoms within
a protein and tuning the redox properties with the sur-
rounding protein environment, nature can transfer elec-
trons from one location to another within the cell. Further-
more, proteins can set up coupled pathways that enable the
facile exchange of electrons from one redox center to an-
other over relatively long distances. Three general types
of inorganic sites are used in biology to transfer electrons:
hemes, iron—sulfur clusters, and blue copper centers. Each
of these will be described below.

The heme proteins that are involved in electron transfer
are denoted cytochromes and the best studied of these are
the cytochrome c’s. Cytochromes are highly water solu-
ble, have relatively low molecular weight (~10 kDa), are
highly stable, and are easily purified. Cytochromes are in-
volved solely in the electron transfer cycle between the +2
and 4-3 oxidation states of iron. The range of reduction po-
tentials for cytochromes is between —100 and +400 mV
(vs. NHE). Studies with tuna cytochrome c indicate that
there is very little structural difference between the oxi-
dized and reduced forms of the enzyme. This structural
rigidity results in extremely fast electron exchange from
cytochrome c to its redox partners due to the minimal
energy it takes to change the structure during the redox
process.

Electron transfer proteins containing one iron atom are
called rubredoxins; the class encompassing the two, three,
and four iron centers are called ferridoxins. Rubredox-
ins have reduction potentials between 0 and —100 mV
for the transition between Fe’* and Fe?*. The differ-
ence in structure between the Fe(Ill) and Fe(I) proteins
is minimal, resulting in extremely fast electron transfer
kinetics. Ferridoxins have a much broader range of re-
duction potentials. The dimeric Fe,S, converts between
Fe3*/Fe’t and Fe**/Fe?* between —150 and —450 mV
(NHE) depending on the protein. Fe;S4 centers have po-
tentials falling in the range —70 to —460 mV (NHE) for
the reduction of Fe**/Fe**/Fe’* to Fe3*/Fe3*/Fe**. Four
iron centers can undergo two different types of reductions.
The first is a transition between Fe3*/Fe3*/Fe?*/Fe’* and
Fe3t/Fe?t/Fe?t/Fe?t (=300 to —700 mV, NHE), while
the second is a transition between Fe3*/Fe’*/Fe’t/Fe’+
and Fe3*/Fe’* /Fe?** /Fe*t (4100 to +400 mV, NHE). In-
terestingly, no known protein can do both of these re-
ductions without undergoing significant structural change
between the two redox processes.

Another general type of electron transfer protein is rep-
resented by the blue copper proteins (Fig. 6). The deeply
blue color of these proteins results from an extrememly
strong interaction between the copper and a cysteine sul-
fur atom. There are typically three other ligands, two his-
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tidines, and a methionine around the copper forming a
distorted trigonal pyramidal geometry. The fourth ligand,
methionine, forms an exceptionally weak bond to the cop-
per. The surrounding protein must be rigid and enclosed to
block other ligands that form stronger bonds with copper
from displacing the methionine. Blue copper proteins, the
best known of which are azurin and plastocyanin, cycle
between Cu(Il) and Cu(I) oxidation states during electron
transfer. The reduction potential for blue copper proteins
is relatively high (4350 to 4250 mV, NHE) stemming
from the weak Cu—thiolate interaction. Electron transfer
from blue copper centers is two to five orders of magnitude
slower than that for the rubredoxins and cytochromes.

D. Photosynthesis and Respiration

The directed transport of electrons over long distances
plays a crucial role in two of the most important processes
of life: photosynthesis and respiration. Photosynthesis is
responsible for harnessing the power of the sun and con-
verting it to chemical energy in the form of ATP. Respira-
tion exploits the highly oxidizing properties of oxygen to
burn glucose to synthesize ATP. In photosynthesis, light
is used to initiate an electron transfer process that gener-
ates a potential gradient across the membrane in chloro-
plasts. The energy from this gradient is used to produce
ATP from ADP and eventually to convert CO, to sugars.
A consequence of this process is the generation of oxy-
gen from water. The oxygen is then used in respiration to
drive the breakdown of glucose, a process which generates
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another potential gradient, this time across a mitochondrial
membrane. This potential gradient across a mitochondrial
membrane is also used to generate ATP from ADP.

1. Photosynthesis

Photosynthesis is the process of converting solar radiation
into chemical energy. This occurs in plants, algae, and
photosynthetic bacteria. Cyclic photosynthesis (nonoxy-
genic) only uses photosystem I to capture light, whereas
noncyclic (oxygenic) photosynthesis couples the oxida-
tion of water to oxygen with photon capture using both
photosystem I and photosystem II reaction centers. Cyclic
photosynthesis is a less efficient light-harvesting scheme
used by bacteria. The chlorophyll is excited by light, and
electrons flow through a series of iron—sulfur clusters. The
electrons are used to reduce NADP™. Electrons eventu-
ally flow back to reduce the reaction-center chlorophyll
through flavoproteins and the heme proteins cytochromes
bc; and c,.

In higher organisms, the light reactions of photosyn-
thesis take place in the membrane of chloroplasts. A
schematic view of the enzymatic machinery for oxygenic
photosynthesis from spinach is shown in Fig. 7a. The pho-
tosynthetic machinery lies in the membrane of chloro-
plasts. By coupling the oxidation of water to oxygen in
noncyclic photosynthesis, higher plants efficiently cap-
ture solar energy. As shown, many inorganic elements
are included in this process. The light vibrationally ex-
cites magnesium-containing modified porphyrins called
chlorophylls. The vibrational energy is then funneled from
these “antenna chlorophyll” to a special pair of chloro-
phylls, Pego. An electron within the special pair is excited
and transferred through a series of organic cofactors to
a dissociable quinone, Qg. This quinone passes the elec-
trons to PSI via cytochrome be f and plastocyanin (see
below). The electron removed from Pgg is replenished by
a cluster of four manganese ions that form the catalytic
center of the oxygen-evolving complex (OEC). The OEC
is responsible for water oxidation. The manganese cluster
accumulates four oxidizing equivalents before converting
water to oxygen as given by

2H,0 — 4H' + 4¢™ 4+ 0,. )

The structure of the manganese cluster has been one of
the most controversial areas of bioinorganic chemistry; it
is expected that this issue will soon be resolved through
X-ray crystallographic analysis.

Cytochrome by f is an electron transfer protein that con-
tains several iron sites including hemes and iron—sulfur
clusters. This complex migrates through the membrane
and transfers the electron to plastocyanin, a blue copper
protein. Plastocyanin then transfers the electron to photo-
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system I, specifically to reduce P4,,, where it rests until
P700 is excited by energy transferred from light by the
chlorophyll surrounding photosystem I.

The electron is then transferred through the membrane
via chlorophyll, a quinone, and iron—sulfur clusters to a
ferridoxin on the inside of the chloroplast. The electron
is then used to generate NADPH, an organic proton and
electron carrier, which carries out many chemical trans-
formations inside the chloroplast.

The energy to make ATP is generated by a proton
gradient across the membrane, a result of water oxida-
tion (which produces four protons per oxygen molecule
formed). The protein ATP synthase converts the energy
from this gradient to chemical energy through formation
of ATP. The electrons of photosynthesis are used to fix
carbon dioxide and produce sugars such as glucose.

2. Respiration

Oxidation of glucose by oxygen to carbon dioxide and
water is the overall reaction in respiration:

C¢H,06 + 60, —> 6CO, + 6H,0. 5

This process yields a substantial amount of energy and
is harnessed to synthesize 38 ATP molecules from ADP.
In eukaryotes, the mitochondria are the site of oxidative
metabolism. As with photosynthesis, inorganic elements
play essential roles in respiration. In the initial stages
of respiration, glucose is broken down into two pyru-
vate molecules, C3H305, in a process termed glycolysis.
This process requires enzymes that contain functional in-
organic elements (Table II). Each pyruvate is oxidized by
NADT™ to form acetyl CoA, CH3;CO-SCoA, and carbon
dioxide, producing two equivalents of NADH. The acetyl
group, CH3CO™, is then oxidized by three NAD™ and one
FAD to produce two carbon dioxide molecules and three
NADH and one FADH, in a series of reactions known as
the citric acid cycle. The citric acid cycle contains more
metalloenzymes. The NADH molecules produced by gly-
colysis and the citric acid cycle are oxidized by oxygen
with a mechanism that produces a total of 34 ATPs per
molecule of glucose.

The energy necessary to generate ATP is extracted from
the oxidation of NADH and FADH, by the electron trans-
port chain, a series of four protein complexes, denoted
Complexes I-IV (Fig. 7b). NADH is oxidized by Com-
plex I; FADH; is oxidized by Complex II. Each complex
contains multiple redox centers: several iron—sulfur pro-
teins and flavin mononucleotide in Complex I, and three
iron—sulfur centers and a heme in Complex II. The elec-
trons are then passed to coenzyme Q, which contains an
organic redox center. Coenzyme Q transfers the electrons
to Complex III. Complex III contains three hemes and
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mations and inorganic cofactors involved.

an Fe-S cluster and transfers the electrons to cytochrome
c. Cytochrome c transfers the electrons to cytochrome c
oxidase. Here, the electrons are transferred to oxygen, re-
ducing it to water (discussed below).

Complexes I-IV lie within the inner mitochondrial
membrane. The proteins of each complex have structures
that force the electron transfer pathway to oscillate from
the mitochondrial matrix to the intermembrane space.

Electron transfer from the matrix to the inner membrane
space is coupled to proton transfer across the membrane.
However, the return oscillation is not, resulting in a pro-
ton gradient. The energy stored in this gradient is used
in ATP synthesis to phosphorylate ADP to form ATP, the
transporter of energy in a cell.

Enzymes that catalyze the reduction of oxygen to water
are called oxidases:
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TABLE Il Enzymes with Inorganic Cofactors Involved in Glycolysis and the Citric Acid Cycle
Enzyme Reaction catalyzed Inorganic cofactor
Glycolysis
Hexokinase Glucose = glucose-6-phosphate Mg?+eATP
Phosphofructokinase Fructose-6-phosphate = fructose-1,6-bisphosphate Mg+ e ATP
Phosphoglycerate kinase 1,3-Bisphosphoglycerate = 3-phosphoglycerate Mg?+eADP
Enolase 2-Phosphoglycerate = phosphoenol pyruvate Mgt
Pyruvate kinase Phosphoenol pyruvate = pyruvate Mg?t, K>+

Citric acid cycle

Aconitase Citrate = isocitrate
Isocitrate dehydrogenase
Succinyl-CoA synthetase

Succinate dehydrogenase

Isocitrate = «-ketoglutarate
Succinyl-CoA = succinate

Succinate = fumarate

Fe4S4 cluster
Mn?+ or Mg?+
Mn?* or Mg?*
Fe;rS;, FeySy

0, + 4H" + 4¢~ —> 2H,0. (6)

Cytochrome c oxidase, an enzyme that catalyzes this re-
action, is located on the membrane of mitochondria. The
energy gained from breaking the O=0O bond is used in
creating a proton gradient across the mitochondrial mem-
brane. This gradient is then used to generate adenine
triphosphate (ATP), which is a universal energy trans-
porter in biological systems. Cytochrome c oxidase con-
tains four different metal centers: two hemes (heme a and
heme a3) and two copper sites (Cup and Cug). The Cuy
site and heme a help to transfer electrons from the electron
transport chain to the heme a;—Cug site, where O is re-
duced to water. Cup lies closest to the mitochondrial side
of the protein and is responsible for shuttling electrons,
one at a time, from cytochrome c¢ to heme a. Cuy is a
dinuclear copper site with the coppers separated by 2.7 A
and bridged by two cysteine sulfurs. Electrons transferred
through this site seem to be shared by both copper atoms,
which cycle between Cut!'/Cu*! and Cu*!*/Cu*! oxi-
dation states. Heme a, located near the heme a;—Cug site,
is ligated by two histidines and is responsible for transfer-
ring the electron from the Cuy site to heme az. The heme
a3—Cug site is located in the center of the membrane-bound
enzyme midway between the inner mitochondrial matrix
and cytosol. The heme is bound by a single histidine leav-
ing one site open for dioxygen binding. Interestingly, the
copper site, bound by only three histidines, is located only
4.5 A from the iron site. The iron and copper are in the
+2 and +1 oxidation states, respectively, before oxygen
is bound. When oxygen is bound, it is quickly reduced by
two electrons and protonated by a nearby base to produce
an Fe(Ill)—peroxide/Cu(Il) site. Two electrons are shuttled
through Cua and heme a, further reducing the peroxide
to two molecules of water. The resulting Fe(IIT)/Cu(Il)
center is reduced by two more electrons from the elec-

tron transport chain, regenerating the original Fe(II)/Cu(I)
site.

Cyanide poisoning occurs when cyanide, CN~, irre-
versibly binds heme a3 in cytochrome c oxidase and blocks
oxygen binding. This binding removes the driving force
for the electron transfer pathway from the citric acid cy-
cle to cytochrome oxidase and disrupts the generation of
a proton gradient from this transport. Without the pro-
ton gradient, ATP synthesis is stopped and energy can-
not be transported to the rest of the cell, resulting in
cell death and, if the poisoning is severe, death of the
organism.

E. Reversible Oxygen Binding

All animals and most microorganisms need oxygen to sur-
vive. As mentioned in the previous section, the tremen-
dous amount of energy obtained by breaking the O=0
bond is utilized to power the mechanics of the body.
However, oxygen is also the origin of one of the most
detrimental toxins, hydroxyl radical. As a result, oxygen
must be tightly controlled throughout its stay within a
multicellular organism. Thus, proteins that transport oxy-
gen from one place to another in an organism are essen-
tial. In vertebrates and many invertebrates, this protein is
hemoglobin. Three other proteins that reversibly bind oxy-
gen are known: myoglobin, hemocyanin, and hemerythrin,
found in muscle tissue, arthropods and mollusks, and ma-
rine invertebrates, respectively. Three of these enzymes—
hemoglobin, hemocyanin, and hemerythrin—are respon-
sible for oxygen transport; myoglobin is responsible for
the storage of oxygen in muscle tissue. The metal cen-
ters of these four proteins are shown in Fig. 8 and will be
discussed below.

Iron(Il) ion and protoporphyrin IX form the heme in
hemoglobin and myoglobin. Hemoglobin is four times
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FIGURE 8 Inorganic centers for reversible O, binding: (a) hemoglobin and myoglobin, (b) hemerythrin, and (c)

hemocyanin.

as large as myoglobin and contains four of these heme
groups, whereas myoglobin only contains one. This heme
group in both myoglobin and hemoglobin is attached to
the protein through a distal histidine—iron bond. The Fe(II)
atom protrudes out of the heme plane toward this histi-
dine. Dioxygen binds to the proximal face through one of
its atoms, forming a bent Fe—O—O bond (>115°). This
bent structure is stabilized by an unligated histidine on the
proximal heme face, which forms a hydrogen bond to the
oxygen atom that is not bound to the iron. When dioxygen
binds, there is evidence that it is reduced by the iron atom
forming an Fe(Ill)-superoxide complex. These changes
to the iron cause the metal to move within the heme plane

inducing a structural change in hemoglobin that results in
increased binding affinity for the other three heme groups.
This cooperative binding mechanism enables hemoglobin
to obtain oxygen in the lungs, where there is a high con-
centration of oxygen, and deliver it to areas of the body
with lower concentrations of oxygen. In carbon monox-
ide (CO) poisoning, CO binds to the heme of hemoglobin
more strongly than dioxygen. In doing so, CO blocks the
transport of oxygen to cells. This mechanism of CO toxic-
ity is less dangerous than the cyanide poisoning described
above for cytochrome oxidase.

Hemerythrin is an iron dimer containing eight subunits
and is about twice as large as hemoglobin. Each iron is
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coordinated to two carboxylate groups of the protein and
one hydroxide that are shared between the two irons. One
of the irons is six coordinate, filling out its coordination
sphere with three histidines. The other iron is five coordi-
nate, with two histidine ligands and one open coordination
site. When oxygen binds, it coordinates through this open
coordination site. As with hemoglobin and myoglobin,
the oxygen is reduced. However, in this case it is reduced
by two electrons to form peroxide. The Fe—O—O bond
is bent and the structure is stabilized by a hydrogen bond
from the unbound oxygen atom to the bridging hydroxyl
proton. As with the case of hemoglobin, the change in
iron oxidation state may result in a cooperative binding
mechanism enabling oxygen to be bound in areas of high
oxygen concentration and released in areas of low oxygen
concentration.

Hemocyanin is different than hemoglobin, myoglobin,
and hemerythrin in that it is a copper enzyme. In fact, it
contains two copper atoms both trigonally ligated to three
histidine ligands. In the deoxy form, the oxidation state of
both of these coppers is one. Oxygen binds hemocyanin
symmetrically, with each oxygen atom bound to both cop-
pers. Like hemerythrin, both metals are oxidized, in this
case to Cu(Il), and the dioxygen is reduced by two elec-
trons to form peroxide. Hemocyanin is the largest of the
four oxygen transport proteins; it contains many subunits
each outweighing hemoglobin. This complexity probably
plays a role in cooperative oxygen binding similar to that
of hemoglobin.

F. Protection from Oxidative Stress

Oxygen when it is used as an energy source in biological
systems is ultimately reduced to water and excreted. While
respiration is extremely efficient, it is not infallible, and
occasionally reduced forms of dioxygen are released in
cells. This usually occurs via release of superoxide from
hemoglobin or as a result of reductants that accumulate
after cells have been starved for oxygen for some time
(such as after a stroke or heart attack).

Either directly or indirectly, the intermediates of dioxy-
gen reduction—superoxide, hydrogen peroxide, and hy-
droxyl radical—can be toxic. Two classes of enzymes, the
superoxide dismutases (SODs) and the catalases, work in
tandem to eliminate superoxide and hydrogen peroxide.
SODs catalyze the dismutation of superoxide to oxygen
and hydrogen peroxide. Catalases then convert hydrogen
peroxide to oxygen and water:

e~ 2H*, e~ Ht e Ht e
02 — O; — H202 — H20+HO — 2H20

Oxygen Hydrogen Hydroxyl Water
superoxide peroxide redical
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There is no enzymatic system to eliminate hydroxyl rad-
ical because it reacts so quickly that no enzyme could
remove it fast enough to reduce its toxicity. Another very
short lived but highly damaging molecule is peroxynitrite
(ONOOQO™), which forms by direct reaction of superox-
ide with nitric oxide. Because enzymatic intervention is
essentially futile with OH® and ONOO™, cells depend on
SODs and catalases to prevent the formation of precursors
to these toxic molecules.

There are two major types of SODs, those containing a
copper—zinc (Cu/Zn) center in their active site and those
containing either iron or manganese. In the Cu/Zn SODs
(Fig. 9), the Cu and Zn atoms are connected through an
imidazole ring from a histidine. During catalysis, the Cu
binds superoxide and cycles between the 41 and +2 oxi-
dation states. Conversion of superoxide to oxygen occurs
when the Cu is reduced from +2 to +1, and conversion
of superoxide to hydrogen peroxide occurs when Cu is
oxidized from +1 to 4-2. Zinc is present to ensure that the
copper has the correct electronic properties to carry out
these transformations. A series of mutations in the Cu/Zn
SODs has been implicated as the cause of the familial form
of amylotropic lateral schelorosis (fALS) known as Lou
Gehrig’s disease. Manganese (human mitochondria) and
iron (bacteria) SODs do not contain a second metal. These
SODs carry out the same reaction by cycling between the
+2 and +3 oxidation states.

As with the SODs, there are two major types of cata-
lases: one contains a heme group in the active site and

His

FIGURE 9 Metal center of Cu/Zn superoxide dismutase.
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the other contains two manganese atoms. The heme-
containing catalases have a tyrosine bound to the iron in
the heme. In the reduced state, the iron is in the +3 ox-
idation state. During the reduction of peroxide to water,
the porphyrin and iron are each oxidized by one electron
forming a (porphyrin*)Fe(IV)=0. This species, known as
Compound I, can oxidize a second hydrogen peroxide to
oxygen, completing the catalytic cycle. The manganese
catalases, which are far less common than their heme
counterparts, contain a manganese dimer where both man-
ganese atoms cycle between +2 and 43 oxidation states
during catalysis.

G. Chemical Transformation

In the section on respiration above, it was shown how
oxygen reduction to water is used as the engine to produce
ATP. Oxygen is also used in the body as a substrate to carry
out chemical transformations. Oxygenases are enzymes
that activate oxygen for insertion into organic molecules.
One class of oxygenases are the cytochromes P450 (cyts
P450). Cyts P450 catalyze the NADH (or NADPH) as-
sisted oxidation of organic molecules:

0, + R—H + NAD(P)H —> R—OH + H,0 + NAD(P)*.
@)

A heme group, porFe!l, is attached to the protein through
a single iron—cysteine interaction leaving an open coordi-
nation site on the iron to bind oxygen. During catalysis,
the substrate, R—H, is bound in the active site close to
the iron heme. The iron then binds oxygen and reduces
it with help from NADH or NADPH. During this reduc-
tion, one molecule of water is released and an iron oxo
complex (porFeVO or porTFe!YO) is formed. This iron
oxo species is reduced upon reaction with the substrate to
produce ROH and porFe'". The iron can be reduced by a
1 NAD(P)H to return to its initial state, porFe''. Using a
heme group, cyts P450 are involved in drug, hormone, and
cell wall metabolism and other biosynthetic reactions.

The mode of action of azole antifungal agents is bind-
ing to cytP450 to block the conversion of ergosterol to
lanosterol. The depletion of lanosterol causes severe cell
membrane disruption in the fungi. The cyts P450 are also
essential for the metabolism of many common drugs such
as theophyllen, erythromycin, warfarin, and verapamil.
Many isozymes, for example, cyt P450 3A/4, are found
in the human liver; however, several of these are known
to metabolize, be inhibited by, or be induced by multiple
common pharmaceuticals. Hence, evaluation of drug in-
teractions with cytP450 is an important issue in modern
pharmaceutical therapies.
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Another medically important enzyme, nitric oxide syn-
thase (NOS), has many similarities to cyts P450 and cat-
alyzes the formation of nitric oxide. Nitric oxide is a
messenger involved in vasodilation and inflammatory re-
sponse. The production of nitric oxide is a result of the
degradation of the amino acid arginine. Like cytochrome
P450, the active center is a heme and the reaction is
NAD(P)H dependent. Unlike cytochrome P450s, the cur-
rent view on the mechanism of NO production does not
involve por*FeIV=O. Instead, the reactive species is
believed to be porFe"-00~. NOS is mediated by Ca?*—
calmodulin and does not produce nitric oxide in the ab-
sence of calcium.

H. Nitrogen Fixation

Nitrogen fixation is the most important reaction of the
biological nitrogen cycle. The presence of nitrogen in
molecules other than N, is frequently the limiting plant
growth requirement. The six-electron reduction of the
N=N bond to form ammonia is ultimately favorable and
gives off a significant amount of energy:

N, + 6H" + 6~ — 2NH;. (8)

However, in the Born—Haber process, the commercial pro-
duction of ammonia, the formation of the partially reduced
intermediates requires high temperature and pressure. Re-
markably, by acquiring energy from ATP hydrolysis and
coupling the reaction with hydrogen (H,) formation,

N; 4+ 16H,0 + 16ATP + 8¢~

— 2NH; + H, + 16ADP + 16P; + 8H',  (9)

microbes are able to convert N, to NH3 at room temper-
ature and pressure. In this way, nature has been able to
stabilize the necessary intermediates to carry out the req-
uisite chemistry. The enzyme nitrogenase reduces nitrogen
by employing two separate proteins. One of the proteins,
the FeMo protein, contains two large cofactors (FeMoCo
containing seven irons, nine sulfurs, one molybdenum,
and homocitrate, and P clusters with eight iron atoms
and seven sulfurs). The other, smaller protein contains an
iron—sulfur cluster and is termed the Fe protein. Although
both enzymes need to be present for catalysis, the loca-
tion of nitrogen reduction is the FeMoCo site in the FeMo
protein. Electrons are transferred to the FeMo protein by
the Fe protein. The process is driven by ATP hydrolysis.
The molecular mechanism by which this occurs is under
investigation.
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. Nucleotide Metabolism

The reduction of ribonucleic acids (RNAs) to form de-
oxyribonucleic acids (DNAs) is the first committed step
in the biosynthesis of DNA:
HO

o

OH H
DNA

The process involves the removal of a single oxygen atom
from the ribose ring. The mechanism by which this occurs
is initiated by the removal of a hydrogen atom from the 3’
position of the ring. This mechanism requires the forma-
tion of a radical (an unpaired electron) in the interior of
a protein. Radicals are very unstable and require care in
their formation. The enzymes that carry out this reaction
are the ribonucleotide reductases (RRs). There are three
classes of RRs. There are two components to the struc-
ture of RRs in all three classes. The first component is
a metal-containing unit responsible for the generation of
radicals. The second is responsible for substrate binding
and catalyzing the reaction.

Type I RRs are found in all eukaryotes and in some
prokaryotes and require oxygen. Their radical-generating
component consists of a di-iron center and a tyrosine. The
di-iron center is similar but not identical to that found
in hemerythrin. In the resting state, the two irons are both
Fe(II). One of the irons is coordinated to a histidine, an as-
partate, and a water molecule. A glutamate and oxo bridge
both iron atoms. The remaining ligands around the second
iron are a histidine and two glutamates. In the presence of
oxygen, the di-iron center is oxidized to an Fe(III)-Fe(III)
center and a tyrosine radical is generated. This tyrosine
can oxidize a cysteine near the substrate. The resulting
thiyl radical is directly responsible for the abstraction of a
hydrogen atom from the 3’ position of the ribose ring that
ultimately leads to the formation of DNA.

The remaining two types of RRs are less well under-
stood than the Type I reductases. Type II RRs require an
adenosylcobalamine cofactor (R is adenosyl in Fig. 5),
coenzyme B, for catalysis. They are found in both aer-
obic and anaerobic bacteria and archae. In an analogous
way to the Type I class, aradical is generated on the adeno-
syl moiety on the cofactor that is used to oxidize a cys-
teine residue close to the 3’ position on the ribose ring.
Type III RRs are found in strictly anaerobic microorgan-
isms. They contain an iron—sulfur cluster. This iron—sulfur
cluster along with adenosylmethionine aid in forming a
glycine radical that is presumably used to oxidize a cys-
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teine closer to the substrate in much the same way as Type I
and II enzymes.

Because RNA is a precursor in the formation of DNA,
RRs seemingly are a prerequisite of DNA evolution. On
early earth, oxygen was sparse. Therefore, aerobic reduc-
tases are not good candidates for this role. An understand-
ing of how Type III reductases work will lead to an under-
standing of how DNA evolved.

Ill. BIOMINERALIZATION

A. Overview

Biomineralization is the most glaring example of the mis-
nomer of “bioinorganic” chemistry. It encompasses the
formation of largely inorganic minerals by the processes
of life. Examples of biomineralization are the formation of
calcium phosphate to create bones for structure, calcium
carbonate as protective shells, iron oxide to store iron in
animal cells, and the formation of magnetite as orienta-
tional materials in magnetobacterial cells (Table III). All
of these examples demonstrate the precise control of min-
eral size, structure, shape, orientation, and organization
that chemists strive for in the development of novel meth-
ods for material syntheses.

B. Four Steps to Biominerals

Organisms generally produce biominerals following a ba-
sic four-step process. This process includes supramolec-
ular preorganization, interfacial molecular recognition,
vectorial regulation, and cellular processing.

1. Supramolecular preorganization requires the con-
struction of an organized reaction environment prior to
the actual mineralization event. In general this involves
the self-assembly of lipid vesicles that provide an enclosed
space for mineralization. Sometimes a protein construct is
made for encapsulating the mineral. The latter is the case
of ferritin, the iron storage protein in mammals. Several

TABLE Il Examples of Biominerals

Mineral Formula Function

Calcium carbonate ~ CaCOj3 Algae exoskeletons,
calcium storage in plants
Calcium phosphate  Cajo(PO4)s(OH),  Endoskeletons, teeth,

calcium storage

Calcium oxalate CaC,04 Calcium storage
Barite BaSOy4 Gravity device
Silica SiOrenH,O Algae exoskeletons
Magnetite Fe3 04 Magnetotaxis
Ferrihydrite 5Fe;03e9H,0 Iron storage
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ferritin subunits assemble to form a large, hollow, spheri-
cal ball where iron can be stored in the form of iron oxide.

2. Interfacial molecular recognition involves the con-
trolled nucleation of inorganic structures from aqueous so-
lution confined within the organic structure made in step 1.
The general view of this step is that it occurs at functional-
ized surfaces within the structure. These surfaces serve to
initiate and accelerate the growth of inorganic clusters by
lowering the activation barrier in much in the same way
that an enzyme accelerates a reaction.

3. Vectorial regulation is the assembly of the mineral
phase through control of direction and size of crystal
growth and termination. This regulation can be brought
about by rigid formation of the mineralization structure
mentioned in step 1. It also can be brought about by dy-
namic forces during the mineralization process.

3-fold channel
(hydrophilic)
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4. Cellular processing is the large-scale cellular activ-
ity following the initial mineralization. This process can
involve the proper positioning/placement of the mineral
or assembly of several minerals to give the final higher
ordered architecture with elaborate properties. As an ex-
ample, caccolith scales are a result of the transport of indi-
vidual calcite crystals across the cell membrane of marine
algae and their extracellular assembly.

C. Ferritin

Perhaps the best-understood process of biomineralization
is the storage of iron within ferritin. Mammalian ferritins
consist of a protein shell made up of 24 individual pep-
tide subunits (Fig. 10). The resulting structure is roughly
a hollow sphere where iron can be stored as ferric oxide.

4-fold channel
(hydrophobic)

FIGURE 10 The iron storage protein ferritin, a subunit, and the fourfold and threefold channels. Reproduced by
permission from Berg, J., and Lippard, S. J. (1994) “Principles of Bioinorganic Chemistry,” University Science Books,

Mill Valley, CA.
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The inside “diameter” is 75 A and can accommodate up to
4500 iron atoms. The mechanism by which this iron core
is formed is under investigation. One interesting problem
is the introduction of iron atoms into the interior of the
ferritin. There are two channels that might serve as pas-
sageways for the iron: a fourfold and a threefold chan-
nel. Hydrophobic residues line the interior of the fourfold
channel. This channel would serve as a poor entrance for
charged ions such as Fe(II) or Fe(IlI). However, these hy-
drophobic interactions may play a significant role in the
stabilization of the assembly, helping to satisfy step 1 in
the formation of biominerals—formation of a supramolec-
ular construct. The threefold channel is lined by several
hydrophilic residues and is the more likely candidate for
Fe passage. Recently, dimeric Fe(Il)-binding sites in the
protein shell have been investigated as possible sites of
initial introduction of iron into ferritin. At these sites,
Fe(Il) is oxidized to Fe(IIl) by oxygen, forming an oxo-
or hydroxo-bridged Fe(III) that migrates into the interior
of ferritin for storage.

Once the iron is inside the sphere, a site of mineral nu-
cleation is located—step 2 in the biomineralization pro-
cess. Although the site(s) of nucleation are not known,
the walls are lined with carboxylic acids from aspartate
and glutamate residues. These are the probable sites of
nucleation. After nucleation, the mineral begins to form.
The shape is controlled by the protein shell. Studies of
the resulting mineral are consistent with octahedrally co-
ordinated iron(IIl) ions joined by bridging oxide and/or
hydroxide ions. A mineral termed ferrihydrite has a sim-
ilar postulated structure. Because ferritin is used for iron
storage agents, the supramolecular structures described in
step 4 of Section III.B are not formed.

IV. MEDICAL USES FOR
INORGANIC COMPOUNDS

A. Overview

Inorganic compounds have been used for centuries for
their pharmacological properties. Recently, however, the
understanding of how inorganic compounds interact with
biological molecules has enabled chemists, biologists, and
physicians to synthesize and test the medicinal quali-
ties of these compounds in a more systematic way. The
unique properties of inorganic compounds enable new
mechanisms to be exploited in the treatment of many
diseases.

Some of the unique properties being explored include
the following: (1) physiologically relevant redox poten-
tials for cancer drugs that cleave DNA and drugs that
remove harmful oxygen radicals; (2) ligand exchange
for many anticancer drugs, including cisplatin, one of
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FIGURE 11 Examples of inorganic pharmaceuticals.

the leading drugs for cancer treatment; (3) photophysi-
cal properties, for maladies ranging from psoriasis to can-
cer; (4) properties of new drugs to treat diabetes with-
out using insulin; (5) radioactivity for use in imaging
agents; and (6) paramagnetism for magnetic resonance
imaging (MRI) agents. Examples of each of these proper-
ties is given below and in Fig. 11. Some of the complexes
are already in clinical use, while others are in clinical
trials.

In addition to the use of inorganic compounds to treat
illnesses, treatments for genetic defects in inorganic ion
metabolism and environmental exposure to toxic ions are
also discussed. The majority of these disfunctions are
treated with some sort of chelation therapy (for overex-
posure) or metal substitutes (for underexposure). These
therapies are briefly discussed below.

B. Redox Chemistry in Medicine

The free radical superoxide, O, reacts with nitric ox-
ide, NO, to produce damaging peroxinitrite, OONO™.
This process has been postulated to be a mediator of
ischemia-reperfusion injury as well as inflammatory and
vascular diseases. Superoxide dismutases (SODs), en-
zymes discussed previously, are responsible for converting
superoxide to hydrogen peroxide and oxygen. SODs are
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not used in therapy because these enzymes have a short
retention time in the body and do not cross cell mem-
branes efficiently. Therefore, bioinorganic chemists have
designed small molecules that can destroy superoxide and
are retained in the body and migrate into cells that are of
pharmacological significance. There are a few manganese
complexes that have been shown to scavenge superoxide,
and research continues to develop effective superoxide
dismutase mimics. In addition, a new class of manganese
porphyrins are being developed to destroy peroxynitrite.
One family of antitumorigenic compounds used in prac-
tice are the bleomycins, natural products that contain iron
isolated from Streptomyces cultures. Bleomycin sulfate is
used in combination chemotherapy for treatment of head
and neck cancer. The mechanism of action of bleomycin
is believed to include the binding of oxygen to form
O,-Fe(II)-BLM. This complex can accept an electron to
produce an active species, O%_—Fe(IH)—BLM, which can
cleave DNA and RNA, ultimately killing the cancer cell.

C. Metal Complexation in Medicine

One mechanism of action for inorganic pharmaceuticals
is the binding of the drug to a target biomolecule. A ligand
already present on the metal must be lost in order to com-
plex with the target. Inorganic compounds vary widely
in both thermodynamic driving force for their binding to
biomolecules and kinetic lability of the ligands present on
them. This variability is useful in searching for drugs suffi-
ciently stable to reach the targeted biomolecule, exchange
ligands, and remain bound to the target until treatment is
accomplished. The family of anticancer drugs is typified
by cisplatin, a well-studied example of this mode of action.

Cisplatin is a neutral, square planar complex of plat-
inum(II). The mode of action of cisplatin is dependent on
the lability of its chloride ligands. When cisplatin crosses
the cell membrane, the drug enters an environment that
is depleted of chloride ions. This causes the compound to
hydrolyze resulting in a charged complex that no longer
can diffuse out of the cell. The positively charged drug is
attracted to anionic DNA. At this point, bonds are made
directly to the nucleobase guanine at the N7 site, the most
electron-rich site in nucleic acids. The major cisplatin
DNA adduct forms an intrastrand crosslink between ad-
jacent guanines. The new complex is very stable and is
unlikely to undergo further ligand exchange. This DNA—
Pt(IT) adduct cannot be repaired by the cell. The resultant
change in DNA structure is thought to block replication
through the modified region of the DNA. Whether this is
the correct mechanism for drug activity is unknown. Re-
cent studies suggest that these regions may be responsible
for binding high-mobility-group (HMG) proteins and in-
activating them, resulting in loss of function of the proteins
and ultimately death of the platinated cell. Cisplatin and
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the second-generation drug carboplatin are used in combi-
nation chemotherapy for treatment of lung, colorectal, and
ovarian cancers. Cisplatin is the most successful drug on
the market for testicular cancer. It is not understood why
cisplatin is so effective against testicular cancer while hav-
ing little activity against tumors from many other organs.

Further study on platinum compounds focuses on us-
ing different ligands to direct the platinum to different
cells in efforts to attack different types of cancers. Other
metal complexes show favorable ligand exchange proper-
ties and are being evaluated for their anticancer proper-
ties. Titanocene dichloride, a titanium(II) compound, is in
clinical trials for action against gastrointestinal and breast
carcinomas. Compounds of ruthenium(III), known to bind
to DNA is much the same way as platinum, are also good
candidates for anticancer drugs.

D. Photophysical Properties

Many inorganic compounds show unique properties upon
illumination. For example, some have very long excited
states due to the flipping of spin of the excited electrons.
To return to its preferred state, the electron spin must be
flipped back to its original spin. Reaction with triplet oxy-
gen to produce singlet oxygen is one mechanism by which
this occurs. Singlet oxygen is cytotoxic, so if the metal
complex can be targeted to a diseased area of the body,
such as cancerous tissue, the complex can be illuminated
and singlet oxygen will result, damaging and, it is hoped,
destroying the disease. This mechanism is employed by
tin(IV) and lutetium compounds that are presently in clin-
ical trials. Porphyrins, when demetalated, can also be ex-
cellent photosensitizers. These molecules can be directly
photoactivated or be utilized in conjunction with radiation
therapy to increase the concentration of singlet oxygen in
tumor cells.

E. Radiopharmaceuticals

Some inorganic isotopes such as ™ Tc and '3¢Re decay ra-
dioactively, giving off radiation (Table IV). This radiation
can then be detected using positron emission tomography
(PET) or single-photon emission tomography (SPECT).
Because the distribution of these molecules in the body
can be sensitively monitored, radiologists can use these
metal complexes in applications ranging from blood flow
monitoring to tumor detection. The ligands coordinating
the isotope can be designed to direct the isotope for the
desired function.

For example, monoclonal antibodies (mAbs) attached
to isotopes can be directed toward cells that recognize
the specific antibodies. In one complex, indium-111 is
attached to murine mAb B72.3, which is directed to an
antigen expressed by many adenocarcinomas. In this way,
the indium-111 will be retained in the location of the
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TABLE IV Pharmacologically Relevant Ra-

dionuclides

Radionuclide Half-life Energy (keV)
5TCo 271 days 836
Ga 78 hr 1001
99me 6 hr 140
LA I 67 hr 172,247
13myy 104 min 392
1231 13 hr 1,230
169yh 32 days 207
197Hg 64 hr 159
201y 72 hr 135,167

carcinoma. When emission occurs, the presence, size,
shape, and location of the carcinoma can be determined.
This system is used clinically for diagnosis of colorectal
and ovarian cancer.

Among the many imaging agents used in practice are
9mTcV (dl-hmpao), used in the evaluation of stroke,
[#°™Tc! (sestamibi)] T, used for myocardia perfusionimag-
ing, and [**™Tc-MAG3]~, used for monitoring renal func-
tion. Many more, including more antibody-linked iso-
topes, are in clinical trials, making radiopharmaceuticals
one of the most active and successful areas using inorganic
ions in medicine.

F. MRI Contrast Agents

Magnetic resonance imaging (MRI) has become a stan-
dard tool for the diagnosis of disease and injury. The
strength of MRI is its ability to provide cross-sectional,
and in some cases dynamic cross-sectional, images of
anatomical regions in any arbitrary plane in the body. The
principal property observed in MRI is the magnetic mo-
ment of a nucleus, in particular, the hydrogen nuclei in
water molecules. The nuclear magnetic moment tends to
align in an external magnetic field provided by the MRI
apparatus. By perturbing the nuclei with electromagnetic
radiation, the return to the original state can then be mea-
sured. The speed at which the nuclei return to the original
state is dependent on their environment. For example, the
signal from nuclei in the blood stream will differ from that
in fatty tissue. A series of these measurements results in
an image.

Although the process described above yields usable im-
ages, the contrast in the image can be enhanced through
the use of contrast agents. Contrast agents cause enhanced
relaxation of the observed nucleus, leading to the enhance-
ment in signal at the location of the agent. One mechanism
employed by contrast agents is an oscillating magnetic
field caused by unpaired electron spins to speed the relax-
ation of the observed nucleus. The inorganic ions Fe(III),
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Mn(1II), and Gd(III) contain five, five, and seven unpaired
electrons, respectively, and have been investigated as po-
tential imaging agents. If the metal is bound by a ligand
that targets a pathogen, this pathogen is detected using
contrast-agent-enhanced MRI (Fig. 12). Several Gd(III)

a
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FIGURE 12 Magnetic resonance image (MRI) of the brain metas-
tasis (a) with and (b) without using a contrast agent (Gd-BOPTA).
Reproduced by permission from Stark, D. D., and Bradley, W. G.,
“Magnetic Resonance Imaging, 3rd Edition” Mosby, Inc., St. Louis,
Missouri (1999).
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agents have been approved for use as tumor imaging
agents. Other compounds are being developed for uses
as diverse as bowel markers, susceptibility agents for dy-
namic/functional MRI, blood flow agents, and lympho-
graphic agents. The unique ability of inorganic ions to
contain multiple unpaired spins means that MRI contrast
agents are exclusively inorganic compounds.

G. Chelation Therapy

When the concentration of an inorganic ion is above
the level where the body cannot return it to homeosta-
sis through genetically controlled regulatory pathways,
the ion is toxic. Therapy must be provided to a patient to
decrease the toxicity of and ultimately remove the inor-
ganic ion from the body. The most widely used method to
remove ions from the body is chelation therapy.

Chelation therapy is characterized by addition of a
molecule, a chelating agent, that binds to the metal of inter-
estand removes it from the body. Most chelating agents are
organic molecules containing multiple thiols, carboxylic
acids, alcohols, hydroxamate, or amine groups capable
of binding the metal. The effectiveness of a particular
chelating agent is dependent on several factors including
competing metals and ligands, dynamics of circulation,
compartmentalization, and metabolism of the chelating
agent. The ideal chelating agent would be one that has
an extremely high binding constant and specificity toward
the target ion. It would be nontoxic and orally adminis-
tered. It would be able to diffuse as freely through the
body as the target ion and be excreted from the body with
high efficiency once it has bound the target ion. In reality,
no chelating agents meet all these criteria and few come
close.

The siderophore desferriferrioxamine b, Desferal®, is
used to treat conditions of iron overload in patients suffer-
ing from the genetic blood disorder B-thalassemia major.
The drug has a high affinity and specificity for Fe(III) and
efficiently removes this ion from the body. The drug must
be administered as a subcutaneous infusion as it is not
orally active. Patients who do not comply with the rigor-
ous regimen of administration succumb to the fatal effect
of iron overload.

H. Inorganic lon Deficiency

Because certain metal ions are essential for the function
of many enzymes, it is imperative not only that they be
present in the body, but also that they be transported prop-
erly into the necessary cells and to the necessary protein.
A dysfunction in any of these mechanisms will be detri-
mental to an organism. Below are brief descriptions of
metal uptake.
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In considering ion presence in the body, inorganic
chemists are concerned with the amount of a metal com-
plex that is consumed, the types of complexes that are con-
sumed, and the enzymes and processes involved with their
transport into the blood stream. In cases of nutritional de-
ficiency of zinc documented in Iran in the 1940s, patients
displaying growth retardation, hypogonadism, severe ane-
mia, hepatosplenomegaly, rough and dry skin, and mental
lethargy were found to have diets of unleavened bread
with negligible intake of animal protein. Geophagia, the
practice of clay eating, was also prevalent in the areas of
incidence. As a result of this poor diet, zinc was effec-
tively lacking. The anemias were completely corrected by
the administration of oral zinc or a combination of animal
protein, which contains zinc, and iron sulfate.

Menkes disease is a fatal genetic disorder with a
widespread defect in copper transport. Most patients,
when untreated, die by 3 years of age. The basic biochem-
ical defect in Menkes patients is an inability to absorb
copper through the intestine; the inability to distribute cop-
per to and within cells is also included in the mechanism
of Menkes pathology. Treatment with copper histidine,
Cu(His),, is the only available treatment for Menkes dis-
ease. Interestingly, no other copper salts have been found
to work. The mechanism of efficacy of Cu(His); is un-
clear. One hypothesis is the interplay between histidine
and albumin in the transport of copper across membranes.

Another disease related to a dysfunction in copper
metabolism is Wilson’s disease. Unlike in Menkes’ pa-
tients, copper in Wilson’s patients is readily absorbed
through the intestine and into the cell. Within the cell,
however, abnormally low levels of the copper-storage pro-
tein ceruloplasmin are present. As a result, copper accu-
mulates in the cytosol and is eventually released into the
blood stream. The clinical manifestations of Wilson’s dis-
ease are liver disease and neurological damage.

I. Other Drugs

Several other inorganic compounds that either do not fall
into the above categories or whose mechanisms of action
are largely unknown are also employed as pharmaceuti-
cals. These include lithium drugs such as Li,COj3 for the
treatment of manic—depressive disorder. The mechanism
of lithium is not fully understood, although it must have
an effect on the transmission of neuronal signals. Also in-
cluded are gold drugs, such as aurofin, for the treatment
of arthritis, for which the mode of action also is largely
unknown. One theory suggests that the thiophilic nature
of gold prevents the formation of disulfide bonds, which
can lead to protein insolubility. Another example is bis-
muth subsalicylate, Pepto-Bismol®, for the treatment of
upset stomach and prevention of ulcers. Its mechanism of
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action has been linked to radical scavenging. Numerous
other inorganic pharmaceuticals are in development. For
instance, functionalized manganese porphyrins have been
proposed as anti-inflammatory agents. Other manganese
macrocycles have been proposed as possible treatments
for heart attacks.

Inorganic elements are essential to living systems. They
are present in bones and shells, and are a requirement in
processes such as nitrogen fixation, photosynthesis, and
respiration. In excess, however, most inorganic ions are
toxic to biological systems. This polarity requires that
most inorganic elements be tightly controlled by organ-
isms while they are present. The knowledge gained by
the study of these inorganic systems has led to the dis-
covery and understanding of many pharmaceuticals. Re-
search in the area of bioinorganic chemistry is directed to
furthering this knowledge. Novel drugs, new drug targets,
and unique methods of making minerals are among the
expected outcomes of exploring new and established en-
zymes, mechanisms of detoxification, and systems that bi-
ologically control the synthesis of minerals. Furthermore,
bioinorganic chemists are currently working on ways to
use inorganic molecules as diagnostic tools to probe bio-
logical macromolecules such as DNA. Some scientists are
exploring the fundamentals of metalloprotein structure to
develop synthetic tools to create medically and industri-
ally useful synthetic proteins. Still others are using the
knowledge gained from the study of photosynthesis to ex-
plore methods of artificial photosynthesis to help alleviate
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the global energy crisis. These are a few examples of the
current research in bioinorganic chemistry.
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GLOSSARY

Boron hydride (borane) A neutral compound containing
only the elements boron and hydrogen.

Boron hydride anion (borane anion) A negatively
charged ion containing only the elements boron and
hydrogen.

Bridge bond In boron hydrides, boron hydride anions,
and their derivatives a three-center, two-electron bond
in which a hydrogen atom links two boron or boron and
another element located on the edge of the structure.

Carborane A compound containing at least one carbon
atom in a framework position that would be occupied
by a boron atom in a boron hydride.

Boron Hydrides

Electron deficient compound A compound with insuf-
ficient valence electrons to bond all adjacent atoms by
ordinary two-center, two-electron bonds.

Three-center bond A bond formed by the overlap of the
atomic orbitals of three atoms. Two electrons placed
in the bonding orbital resulting from this overlap will
create a bonding situation.

THE TERMS BORON HYDRIDES and boranes are
used synonymously for a family of chemical compounds
containing only the elements boron and hydrogen. They
do not occur in nature and must be synthesized in the
laboratory. Only about 30 of these neutral boron hydride
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compounds are known, but they react to form a great vari-
ety of other compounds and ions. In addition, the prin-
ciples of bonding and structure of the boron hydrides,
which are somewhat unusual, apply to related compounds
in which one or more boron atoms have been replaced
by atoms of different elements. The boron hydrides in-
clude gases, liquids, and relatively low-melting solids,
all of which have symmetrical structures. They have un-
pleasant odors, are toxic and thermally unstable, and react
with moisture and air. Many of the boron hydrides are
pyrophoric (inflame spontaneously when exposed to air),
and any mixture of these compounds with oxidizing agents
has the potential of explosive conflagration.

We will begin this article by considering only the boron
hydrides, their formulas, structures, and a sufficient de-
scription of the theory of their bonding to understand why
these molecules adopt their unique geometries. We will
then expand our discussion to closely related compounds
that share the same bonding principles and have analogous
molecular shapes. The reactions of the boron hydrides and
their relatives will then be described in general terms. The
formation of interesting metal derivatives will be treated
in a separate section. We will also describe possible im-
portant applications of these boron compounds.

. THE BORON HYDRIDES: THEIR
DISCOVERY AND FORMULAS

Evidence for the existence of boron hydrides appeared
late in the nineteenth century. However, means of handling
compounds that are toxic and, especially, pyrophoric were
not available, and so serious experimention was precluded.
The first study giving actual chemical formulas was re-
ported in 1912 by the German chemist, Alfred Stock.
Stock had reacted magnesium metal with boron oxide to
form the refractory substance, magnesium boride,

He then treated the magnesium boride with hydrochloric
acid to produce a mixture of volatile boron hydrides, which
we will give the general formula B Hy.

Mg;B, + HCl — B.H, + 3MgCl,

Handling these compounds required that he invent an ap-
paratus called the vacuum line in which chemical opera-
tions are performed in a sealed glass system that is under
a high vacuum. Subsequently, the vacuum line that Stock
invented has been used for all manner of sensitive com-
pounds and is a common and important piece of research
laboratory apparatus.

Stock separated the above volatile boron hydride prod-
uct mixture into pure substances and then determined the
chemical formula and physical constants of each. These

Boron Hydrides

TABLE | Melting Points and Boiling Points of
Stock’s Boron Hydrides

Formula mp (°C) bp (°C)
B,Hg —165.5 —-92.5
B4Hjo —120 16
BsHy —46.8 58.4
BsHj; —123.3 65
BgHio —65.1 108
BioHi4 99.5 ca. 231

earliest known boron hyrides are listed in Table I. Note
that at room temperature the first two compounds in this
table are gases, the next three are liquids, and the last is
a solid. New boron hydrides prepared since Stock’s work
range from BgH/; to BogHoe.

The individual boron hydrides are named using a uni-
versally employed system. The number of boron atoms
in the compound is given by the prefixes di-, tri-, tetra-,
penta-, hexa-, etc., preceding the word “borane.” The num-
ber of hydrogen atoms in the compound follows as an Ara-
bic number in parentheses. Thus BsHj; is called pentab-
orane(11), pronounced pentaborane eleven.

Most of the boron hydrides are difficult to work with
because they are unstable, and their availability is limited.
The two exceptions to this are pentaborane(9), BsHg, and
decaborane(14), BjoH 4. Large quantities of BsHg remain
from a military jet fuel program in the 1950s (see Sec-
tion V). This liquid boron hydride can inflame if exposed
to air. However, provided air is excluded BsHy is stable
and a large number of its reactions have been explored and
documented. The solid boron hydride B;oH 4 does not in-
flame in the presence of air, and its chemistry has been
studied to great advantage both in the vacuum line and on
the benchtop. Existing supplies of BjgH,4 are also largely
the result of the 1950s jet fuel program.

Il. THE STRUCTURES OF
BORON HYDRIDES

The actual chemical structures of boron hydrides remained
amystery for decades. The obvious analogy of the formula
of diborane(6), B,Hg, to ethane and of tetraborane(10),
B4H;, to butane tempted speculation that the structures
were also analogous. In fact, electron diffraction studies
appeared to bear this out for B;Hg, which was incorrectly
reported to have the ethane structure,

H H
H—C—C—H

H H
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However, making the standard assumption that each bond
drawn between two atoms results from the sharing of a pair
of electrons, the number of valence electrons available for
bonding in B, Hg is insufficient. Thus, the seven B—H and
B—B bonds would require 7 electron pairs or 14 electrons,
but the total number of valence electrons available is only
12, 3 from each boron atom and 1 from each hydrogen
atom. Thus the ethane structure is unreasonable and is
not observed. Because of the apparent shortage of valence
electrons, boron hydrides are often referred to as “electron
deficient” compounds.

The correct structure of B,Hg was determined by in-
frared spectroscopy, and this was the only boron hydride
structure simple enough to be determined by this means.
The actual B,Hg structure is

H H

\B/H\B/

NS
H

H H

In this structure, the two boron atoms and the hydrogen
atoms linking them are coplanar and in the plane of the
paper. The other four hydrogen atoms are coplanar with
the boron atoms in a plane perpendicular to the plane of the
paper. The presence of hydrogen atoms linking or bridging
boron atoms is a unique characteristic of boron hydride
structures.

The structures of 7 of the boron hydrides are given in
Fig. 1. In each of these structures boron atoms are shown
as filled circles and the hydrogen atoms bonded to the
boron atoms are shown as smaller open circles. The hy-
drogen atoms may be bonded to a single boron atom in
which case they are called terminal hydrogen atoms, or
they may bridge between two boron atoms in which case
they are called bridging hydrogen atoms. Except for B,Hg,
the framework of the boron atoms in each structure can be
described as two or more triangles sharing common edges.
Thus the four boron atoms in B4H;( are situated in two
triangles sharing one common edge. In BsHy the boron
atoms are situated in four triangles each sharing common
edges with two other triangles,

Note that Fig. 1 shows the three-dimensional nature of
these structures, and that they are not planar.

In every structure shown in Fig. 1, each boron atom is
attached by a single bond to a ferminal hydrogen atom.
Some boron atoms are attached to additional hydrogen
atoms, either rerminal or bridging, but all of the boron
atoms bonded to the additional hydrogen atoms are around
the edge of the boron framework. Thus for Bs Hy, the boron

BioHis

BsHi» BsHi;
BsH, B4Hio
B,Hs

FIGURE 1 The structures of eight of the boron hydrides. Open
circles represent boron atoms and filled circles represent hydro-
gen atoms. [From Shore, S. G. (1975). In “Boron Hydride Chem-
istry” (E. L. Muetterties, ed.), p. 85, Academic Press, New York,
Figure 3.5.]

atom at the top of the pyramid bears only a single termi-
nal hydrogen atom whereas the four boron atoms around
the base of the pyramidal structure bear both terminal and
bridging hydrogen atoms. This observation combined with
an electron-counting procedure called “Wade’s rules” pro-
vides a connection between the shape of the boron frame-
work of a boron hydride and its chemical formula.

The application of Wade’s rules requires that the ruling
geometry of a boron hydride be considered to be a poly-
hedron having all triangular faces with a boron atom at
each vertex. This polyhedron may have one or more of
these vertices removed. (A polyhedron with all triangular
faces is sometimes called a deltahedron.) In the case of
B;s Hy, the complete deltahedron would be an octahedron,
and in the actual structure, one of the vertices has been
removed to give a square pyramid (Fig. 2), a deltahedral
fragment. The number of electrons necessary to hold the
boron structure together can be calculated, and this num-
ber is always greater than the number of valence electrons
provided by the boron atoms in the structure. One addi-
tional electron is provided by each of the hydrogen atoms
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FIGURE 2 Removing a vertex from an octahedron produces a
square pyramid.

in the structure and by each negative charge if the species is
a negative ion. The number of electrons needed for boron
hydride deltahedra and deltahedral fragments of formula
BxHy is given in Table II.

If no vertices are missing, there are no open edges, and
each boron atom bears only a single terminal hydrogen
atom. Thus there will be only x electrons from terminal
hydrogen atoms for bonding the boron structure together
and a charge of —2 will be necessary to provide the nec-
essary electrons. This result means that the chemical for-
mula of any species with a complete deltahedron of boron
atoms will be BXHE’, and a neutral molecule containing
only boron and hydrogen atoms in a closed deltahedron
would violate Wade’s rules.

If one vertex is missing there will be sufficient elec-
trons for the boron framework if the chemical formula
is BxHx44, if two vertices are missing the formula will
be ByHy,¢, and if three are missing the formula will be
ByHys. This information is summarized in Table III along
with the designation used to describe each of the four
situations.

As an example, these rules can be applied to boron hy-
drides derived from the pentagonal bipyramid (Fig. 3).
With no boron atoms missing from the deltahedron there
would be seven boron atoms and the formula would be
B7H$* . If the boron atom depicted at the bottom of the pen-
tagonal bipyramid is removed, the boron atom structure
is a pentagonal pyramid, and the chemical formula would
be BgHj¢. If one boron atom is removed from the base

TABLE Il Calculated Numbers of Electrons Needed to be
Supplied by Hydrogen Atoms or Negative Charges for Dif-
ferent Geometries of the Boron Atom Structure Described
as Polyhedra with Vertices Removed

Number of missing vertices Electrons needed from H atom

in boron hydride B, H,, and negative charges
0 x+2
1 x+4
2 x+6
3 x+8

Boron Hydrides

TABLE Il Formulas and Nomenclature for
Boron Hydrides Described as Polyhedra with
Vertices Removed

Missing vertices Formula Designation
0 B,HZ~ closo
1 B, H 14 nido
2 B, H\+6 arachno
3 BiHyys hypho

pentagon of this pentagonal pyramid, the formula would
be BsH;;. All of these species, B7H%7, BeHjg, and BsH;,
exist. However, the hypho species, B4H,, has never been
observed.

lll. BONDING THEORIES

The bonding in the boron hydrides is most simply exem-
plified in B,Hg. As mentioned above, there are 12 valence
electrons, 3 from each boron atom and 1 from each hydro-
gen, and this is insufficient to bond every pair of adjacent
atoms with ordinary single bonds. Each boron atom is
connected to two terminal hydrogen atoms and these four
single bonds will each require two electrons leaving only
four valence electrons to bond the two boron atoms to each
other and to the two bridging hydrogen atoms. These four
remaining electrons participate in two boron-hydrogen-
boron bridge bonds.

Consider one of the boron-hydrogen-boron bridge
bonds. As shown in Fig. 4, the bond results from orbital
overlap of the spherical orbital on the hydrogen atom and
a directed orbital from each of the two boron atoms. Since
we are combining three atomic orbitals for the bridge, it
is necessary that we form three molecular orbitals from
them. The energy diagram for the atomic and molecular
orbitals is given in Fig. 5, which shows a bonding molec-
ular orbital at an energy lower than the atomic orbitals,
and antibonding molecular orbital at a higher energy than
the atomic orbitals, and a nonbonding molecular orbital at
about the same energy as the atomic orbitals. A bonding
situation occurs when two electrons occupy the lowest en-
ergy orbital, and the drop in potential energy can resultin a
stable molecule. Occupation of the nonbonding molecular

@

FIGURE 3 Removing vertices from the pentagonal bipyramid.
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FIGURE 4 Orbital overlap in a boron-hydrogen-boron bridge in
BoHe.

orbitals would not provide any significant stabilization,
and occupation of the antibonding orbitals would produce
an unstable situation with a higher potential energy than
the unreacted elements.

The boron-hydrogen-boron bridge bond is a two-
electron bond and is called a three-center, two-electron
bond since it bonds three atoms together. Each boron atom
is involved in two of these three-center bonds requiring a
total of four electrons. The two boron atoms have three va-
lence electrons each, but two of these are involved in bonds
to the two terminal hydrogen atoms. Thus each boron atom
has one electron remaining for the bridge region of the
molecule, and each of the two bridging hydrogen atoms
supplies one electron giving a total of four electrons in
the bridging region, two for each boron-hydrogen-boron
bridge.

The bonding and geometry of the B,H¢ molecule is the
result of the electrons and orbitals of the boron atoms. Each
boron atom has three valence electrons but four valence
orbitals. For each of these four orbitals to form an ordinary
two-center bond, the boron atom would have to supply four
valence electrons as is the case of carbon in ethane. Since
the boron atom has only three valence electrons there is
an “electron deficiency” of one. This will be true of ev-
ery boron atom in a boron hydride structure. However, a
three-center bond uses up three orbitals but only two elec-
trons, and so each three-center bond can offset an electron
deficiency of one. Thus in a neutral boron hydride, the use
of valence electrons and valence orbitals is balanced if the
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FIGURE 5 Energy levels for bonding, nonbonding, and antibond-
ing orbitals in a boron-hydrogen-boron bridge.
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number of three-center bonds equals the number of boron
atoms in the chemical formula, and this result is general
for the entire family of neutral compounds.

It is clear that B,Hg has two boron atoms and two three-
center bonds. The next boron hydride, B4H;¢, has four
boron-hydrogen-boron bridges to balance the four boron
atoms. The situation becomes more complex when we
look at the next hydride, BsHg. We have already observed
that extra hydrogen atoms bridging between two boron
atoms can only occur at the edge of the boron hydride
molecule. The hydride BsHg has only four borons around
its edge and these can only accommodate four bridging
hydrogens, one between each pair of adjacent borons. The
remaining three-center bond that is necessary is contained
within the boron atom framework.

Three boron atoms can form a three-center bond if they
are arranged in a triangle, and each has a valence orbital
pointing toward the center of the triangle (Fig. 6). These
three orbitals can overlap to form a bonding, a nonbond-
ing, and an antibonding orbital, and two electrons can oc-
cupy the bonding orbital resulting in a boron-boron-boron,
three-center, two-electron bond. Since BsHy requires five
three-center bonds and four are boron-hydrogen bridges,
we can expect one three-center bond to be in the boron
framework. All boron hydrides larger than B4H;¢ have
three center bonds within the boron atom framework, and it
is the prevalence of these triangular arrays of boron atoms
that give these molecules their characteristic shapes.

Boron hydrides thus contain four different kinds of
bonds: ordinary boron-hydrogen bonds, boron-hydrogen-
boron three-center bridge bonds, ordinary boron-boron
bonds, and boron-boron-boron three-center bonds. W. N.
Lipscomb developed a method for determining what com-
binations of these structural features are possible for a
specific boron hydride formula and what are the possible
structures. This system is equivalent to the simple bonding
rules in organic chemistry that make it possible to trans-
late an empirical formula into possible organic structures.

FIGURE 6 Overlap of atomic orbitals of three boron directed to-
ward the center of a triangle and forming a three-center, two-
electron, boron-boron-boron bond.
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In Lipscomb’s method a boron hydride is considered to
have one terminal hydrogen atom on every boron atom
plus a number of “extra” hydrogen atoms. These “extra”
hydrogen atoms may be bridging hydrogens or they may
be terminal hydrogen atoms on a boron atom in addition
to the one terminal atom already assumed. The general
formula for a boron hydride from this point of view is
B,H,,, where there are p boron atoms each with its ter-
minal hydrogen and ¢ “extra” hydrogen atoms. The vari-
ables for the four kinds of bonding features are given by
the symbols, s, ¢, y, and x, where

s = number of three-center, boron-hydrogen-boron,
bridge bonds
t = number of three-center boron-boron-boron bonds
y = number of two-center, boron-boron bonds
x = number of terminal hydrogen atoms in excess of
one per boron atom

These variables can be related to the values of p and ¢
for a specific boron hydride formula by three equations of
balance:

1. The total number of three-center bonds (s + #) equals
the number of boron atoms p.

s+t=p

2. The total number of extra hydrogen atoms g equals
the number of boron-hydrogen-boron, three-center
bonds s plus the number of “extra” terminal hydrogen
atoms x.

sS+x=gq

3. Considering each boron-terminal hydrogen group p
to supply a pair of electrons for the other bonds in the
structure, there are p pairs of electrons available. One
pair is necessary for each boron-boron-boron,
three-center bond ¢ and for each boron-boron,
two-center bond y. One electron (half a pair) is
necessary for each boron-hydrogen-boron, bridge
bond s and for each “extra” terminal hydrogen x
beyond the one already assumed on each boron.
(Only one electron is necessary for bonds involving
hydrogen since the hydrogen atom itself brings in one
electron.)

s X
p=t+y+ -+ =

22
Now, since g = s + x, this equation can be simplified to
p=t+y+ 1

2

Boron Hydrides

For a particular boron hydride formula B,H,, 4 there are
four structural unknowns, s, f, y, and x but only three
equations. Therefore, a unique solution is not generally
possible and there will be a family of solutions for each
formula.

For example, three styx solutions are possible for
BsHo,

sty x
4 1 2 0
32 1 1
2 3 0 2

Solutions with negative values for s, ¢, or y are undefinable.
A negative value of x would occur if there were fewer
terminal hydrogen atoms than boron atoms, a situation
observed in the unusual boron hydride BygH .

A key to the different kinds of bonds in boron hydrides
is given in Fig. 7. A structure for the 4, 1, 2, 0 styx solution
showing the disposition of all the kinds of bonds is

Normally, a number of different structures can be drawn
for a specific boron hydride formula, and some selection is
necessary. The most favored structures incorporate some
symmetry and do not involve bond angles with excessive
strain. Often, a number of equivalent but distinct struc-
tures that are satisfactory can be drawn for a particular
boron hydride. In these cases the positions of the atoms
are the same but the disposition of the electrons, that is,
the details of the bonding, are different. For example, the
structure of BsHg given above can be oriented in four dif-
ferent directions.

B——H

@ (b) © ()

FIGURE 7 Bond types as drawn for boron hydride structures.
(a) The bridging, boron-hydrogen-boron, three-center bond, (b)
the boron-boron-boron, three-center bond, (c) the boron-boron,
two-center bond, and (d) the terminal boron-hydrogen two-center
bond.
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A combination or resonance hybrid of these four structures
produces a more symmetrical molecule where all of the
four borons around the base of the square pyramid are
equivalent. This is in agreement with the known structure.
As boron hydrides get larger or more symmetrical, the
numbers of individual structures making up the hybrid get
to the point where it is essentially unmanageable. For these
molecules the molecular orbital theory, which constructs
orbitals for bonding from the atomic orbitals of multiple
atoms, is appropriate.

IV. ISOELECTRONIC COMPOUNDS:
BORON HYDRIDE ANIONS
AND CARBORANES

We will consider two important groups of compounds that
share the same kinds of geometries as boron hydrides, that
is, can be viewed as polyhedra or polyhedral fragments.
These are the boron hydride anions and carboranes. In
many cases the boron hydrides and compounds in these
groups are isoelectronic (same number of valence elec-
trons), and in these cases the structures are isostructural
with almost the same geometric arrangement of atoms.

A. Boron Hydride Anions

Anions containing only boron and hydrogen are well
known. The simplest of these is the borohydride or tetrahy-
droborate ion BH,, , which with its tetrahedral geometry is
isoelectronic and isostructural with the methane molecule.
The borohydride anion is a very well-known reducing
agent in organic chemistry.

The are a number of boron hydride anions with more
than one boron atom, and these follow the same bond-
ing principles as the neutral boron hydrides discussed in
previous sections. That is, their structures can again be
viewed as polyhedra that may have one or more vertices
removed. The numbers of the structural features, s, 7, y,
and x, will again depend on equations of balance, which
need to be modified to account for the negative charge.
For a boron hydride anion with the formula B,H, ¢, the
equations will be
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1. The total number of three-center bonds will equal the
number of boron atoms minus the charge because
each extra electron in the charge will lower the
electron deficiency by one.

s+tr=p-—c

2. The hydrogen atom balance will be the same as for
the neutral boron hydrides.

S+Xx=gq

3. The electron balance now must include the electrons
imparting the charge. Besides the p pairs of electrons
from the B—H groups, each negative charge results in
one-half a pair more of electrons that are available for
the s, ¢, y, and x structural features.

¢ q
p+ 5= t+y+ >
The solution of these equations for the BH, ion are

s =0,1=0, y =0, since none of these features is possible

with a single boron atom, and x = 3. This is a structure with

no three-center bonds or boron-boron two-center bonds
and with three extra terminal hydrogen atoms on the single
boron atom.

The known boron hydride anion with three boron atoms

is B3Hg , for which the styx solutions are 2013 and 1104.

Reasonable structures can be built using either of these

solutions. X-ray diffraction studies show that the correct

structure, at least in the solid phase, is 2013.

H H
N/ H H gy
B NIV
Y ;
B——B H-_ _H
7\ [\ B B
~,
H oy g B a— v
2013 1104

1. Boron Hydride Anions and Wade’s Rules

Larger boron hydride anions can be evaluated as poly-
hedral fragments just as can the neutral boron hydrides
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mentioned previously. See Table II for the number of
electrons needed for each level of structure, closo, nido,
arachno, and hypho. Thus, for example, B6H§* and
BgHéi are closo ions, BsHg', Bi1H},, and BjoH 5 are
nido ions, BsH;~, BsH,,, and BoH}, are arachno ions,
and B5H%1_, and BsH, are hypho ions.

2. Closo Boron Hydride Anions

According to Wade’s rules, closo boron hydride anions,
that is, anions having the structure of a full polyhedron
and thus the same number of boron atoms and hydrogen
atoms, will have a charge of —2. This family has a number
of members, but the most stable and the most studied are
BIOH%(; and BIZH%Z_ . The structures of these two anions
are given in Fig. 8. The Blong ion has the geometry of a
cube with one side twisted 45° with respect to the oppo-
site side and each of these opposite ends capped so that all
faces of the figure are triangles. This is called a bicapped
square antiprism. The BIZH%Z_ ion has the highly sym-
metrical geometry of an icosahedron, the Platonic solid
with 12 vertices, each indistinguishable from all the oth-
ers. Likewise it has 20 identical faces and 30 identical
edges. The high stability of these ions can be attributed
to extensive delocalization of electrons resulting from the
high symmetry and polyhedra that are sufficiently large so
that bond angle strains on the boron atoms are minimal.
These anions can be prepared by relatively simple, high-
yield reactions. The B ]QH%(; ion is prepared by closure of
the neutral boron hydride B;oH,4 in the presence of a base:

2(CyHs)3N + ByoH 14 — [(CoHs);NH],BgH;p + Ha

The proposed mode of closure of BjgHj4 to the Blona
ion is shown in Fig. 9.

The Blefz_ ion can be prepared by the reaction of
sodium borohydride with BjgH4:

1 1

7 k&y‘ 9 9 k\é%/j n
I|O 12

FIGURE 8 The structures and numbering conventions of the

boron hydride anions, B1gHZ; (left) and ByoHZ, . Each polyhedral

vertex represents a boron atom to which is attached a terminal

hydrogen atom directed radially outward. [From Middaugh, R. L.

(1975). In “Boron Hydride Chemistry” (E. L. Muetterties, ed.), p.
275, Academic Press, New York, Figure 8.1.]

Boron Hydrides

FIGURE 9 The proposed closure of BigH14 to the B10Hfg ion.
[From Middaugh, R. L. (1975). In “Boron Hydride Chemistry” (E.
L. Muetterties, ed.), p. 279, Academic Press, New York, Figure
8.2]

2NaBH4 + B;gH;4 — Na;B;;H;» + 5H,

The reactions of these two ions will be discussed in
Section V and have much in common with the reactions
of aromatic organic compounds.

B. Carboranes

Since carbon has one more electron than boron, substitu-
tion of a boron and a single negative charge in a boron
hydride anion with a carbon atom will formally lead to a
compound with the same number of electrons and, pre-
sumably, a very similar structure to the original boron hy-
dride anion. The new compound is referred to as a carbo-
rane, a compound containing only the elements boron,
hydrogen, and carbon in which the carbon atom is in a
vertex location in the polyhedral framework along with
boron atoms. Wade’s rules also apply to carboranes which
can exist in closo, nido, and arachno forms. Each car-
bon atom provides and additional electron to help bond
the framework. These carbon atoms are framework atoms
and so the number of electrons needed to bond the cage
for a closo structure is ng + nc + 2, where ng is the num-
ber of boron atoms in the cage, and nc is the number
of carbon atoms in the cage. Likewise, ng + nc + four
electrons are necessary for the nido structure, etc. Ac-
cording to this counting procedure, C,B3;H7 has five cage
atoms and nine electrons for bonding the cage, five from
the five cage atoms, two resulting from the inclusion of
two carbon atoms, and the two resulting from the two
hydrogen atoms in excess of the five cage atoms. This
gives us the ng + nc + 4 electrons necessary for the nido
structure indicating that this carborane can be viewed as
a deltahedron with one cage atom removed. By this same
counting procedure, C,B7H;3 has an arachno structure.
The structures of several nido and arachno carboranes
are given in Fig. 10. Preparative reactions for nido and
arachno carboranes tend to produce mixtures of prod-
ucts and relatively low yields. For example, B4H;( in the
gas phase will react with acetylene to produce at least
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FIGURE 10 The structures of two nido (left) and one arachno carboranes. The small filled circles represent hydrogen
atoms. [From Onak, T. (1975). In “Boron Hydride Chemistry” (E. L. Muetterties, ed.), p. 353, Academic Press, New

York, Figures 10.3 and 10.4.]

nine nido and arachno carboranes and methyl substituted
carboranes.

Closo carboranes can be formally constructed from
closo boron hydride anions by exchanging two boron
atoms and two negative charges for two carbon atoms.
Thus, the two most important closo anions, BloH%(j and
B 12H%2_ , are isoelectronic and isostructural with C;BgHj
and C;BgH}», the former having the geometry of a very
slightly distorted bicapped square antiprism and the latter
having the geometry of a very slightly distorted icosahe-
dron. The slight distortions in these compounds from the
perfect symmetry of the boron hydride anions are the re-
sult of the differences in the lengths of bonds formed by
boron compared to those formed by carbon.

Of all of the carboranes, by far the most studied are the
icosahedral species, C;BigH|,. As seen in Fig. 11, three
isomers exist. Their systematic names are 1,2-dicarba-
closo-dodecaborane(12), 1,7-dicarba-closo-dodecabo-
rane(12), and 1-12-dicarba-closo-dodecaborane(12), but
they are generally known as ortho-carborane, meta-
carborane, and para-carborane, respectively. They are
very stable compounds with many known chemical
reactions and derivatives. Their derivatives have been

o-Carhorane

m-Carhorane p-Carhorane

FIGURE 11 The structures and numbering conventions of the
three isomers of the icosahedral carboranes. Radially directed,
terminal hydrogen atoms at each boron and carbon atom have
been omitted. [From Beall, H. (1975). In “Boron Hydride Chem-
istry” (E. L. Muetterties, ed.), p. 302, Academic Press, New York,
Figure 9.1.]

explored for the production of high-temperature resins
and elastomers and have found utility for the stationary
phases of gas-phase-chromatography columns.

Preparing ortho-carborane is the first step in the prepa-
ration of the icosahedral carboranes. This compound is
made in high yield by a two-step process in which acety-
lene is inserted into the nido cage of BigH4. In the first
step B1oH 4 is reacted with a Lewis base (L), most usually
diethyl sulfide [(CH3CH,),S].

BioHis + 2L — BoH2Ly + Hp

Gaseous acetylene is then passed through a solution of the
BoHi4-Lewis base derivative giving the desired ortho-
carborane product.

B]0H]2L2 + HCCH — O-CzBIOHIZ

It is worth noting that although B;oH;4 has an n + 4 elec-
tron count and thus should be the result of 1 vertex being
removed from an 11-vertex deltahedron, in this reaction it
adds two vertices and forms the much more stable icosa-
hedron.

Ortho-carborane is converted to meta-carborane in 98 %
conversion by passage of the vapor through a tube held at
600°C with aresidence time of less than a minute. Thermal
conversion of meta- to para-carborane occurs at 700°C,
but the product is a mixture of 75% meta-carborane and
25% para-carborane.

V. REACTIONS OF BORON HYDRIDES

A. Combustion

The great stability of the boron-oxygen bond and the rela-
tive instability of the boron hydrides suggests that the com-
bustion of a boron hydride should be a highly exothermic
process. In fact, the boron-oxygen bond has a dissociation
enthalpy of about 800 kJ/mol, and pentaborane(9), one of
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the most stable boron hydrides, is unstable with respect to
its elements by 42.7 kJ/mol. The enthalpy of combustion
of pentaborane(9) calculated from standard enthalpies of
formation is —4512.55 kJ/mol or —71.63 kJ/g assuming
the reaction,

BsHy + 60, — 2.5B,03 + 4.5H,0

In contrast, pentane has an enthalpy of combustion of only
—48.63 kl/g.

Possible military applications of this high enthalpy of
combustion were considered seriously in the 1950s, and
several large plants for the manufacture of boron hydrides
were established. A “chemical bomber” was envisioned
with jet engines that would be propelled by ordinary hy-
drocarbon fuel except when making attacks at which time
the fuel supply would shift over to the higher energy boron
hydride. Of possible boron hydrides, the two that were ac-
tively considered involved the two most stable of these
compounds, BsHg and BjoH 4. Pentaborane(9) is a liquid
within a reasonable temperature range but decaborane(14)
is a solid. However, substitution of one of the terminal hy-
drogen atoms on decaborane(14) by a methyl group pro-
duced a compound that did not pack in the crystal as well
as the much more symmetric decaborane(14) and thus was
a liquid at a lower temperature range.

Various problems were to bedevil this project including
the pyrophoric nature of the boron hydrides, the fact that
the B,O3 combustion product was a solid, and that boron
nitride, an extreme abrasive, was also produced. Both of
these products would be destructive to the internal work-
ings of the jet engine. Furthermore, combustion of the
boron hydrides appeared to be incomplete reducing the en-
ergy of the reaction. Eventually the project was scrapped,
but not before large amounts of BsHg and BgH;4 had
been produced and two lives had been lost in pilot plant
accidents.

B. Polymerization and Electric
Discharge Reactions

Since they are relatively unstable compounds, boron hy-
drides are subject to a variety of reactions involving input
of energy, either thermal or electric discharge. Pyrolysis
of lower boron hydrides such as B;Hg or B4H/( results in
polymerization producing a mixture of higher boron hy-
drides up through at least BjgH 4 in sizable quantities plus
hydrogen gas as a side product. The preparations of BsHy
and BoH;4 are both based on pyrolysis. In addition to a
mixture of volatile boron hydrides, pyrolysis produces a
quantity of a yellow, solid material of unknown composi-
tion that is capable of inflaming.

Boron Hydrides

FIGURE 12 The BgHg molecule. [From Shore, S. G., (1975).
In “Boron Hydride Chemistry” (E. L. Muetterties, ed.), p. 85, Aca-
demic Press, New York, Figure 3.5.]

It is thought that the first step in the pyrolysis of B,Hg
is its dissociation to the unstable species BH3,

B2H6 — 2BH3 s

The BH3 then combines with the B,Hg to produce an un-
stable B3 hydride, which then undergoes a complex se-
ries of reactions with B,Hg and other hydrides, stable and
unstable, leading to the final mixture of boron hydride
products.

Two interesting and unusual boron hydrides are pre-
pared when BsHg and B gH 4 are passed through a low
pressure electric discharge. The product resulting from
passing BsHg through the discharge is BjgH;¢ with two
Bs cages joined together by the borons at the apex of each
square pyramid (B1) (Fig. 12). The electric discharge of
BioHi4 produces BygHjg, the only boron hydride having
fewer hydrogen atoms than boron atoms (Fig. 13). Appar-
ently, there is insufficient space for the hydrogen atoms to
bond to the four boron atoms in the concave belt around
the molecule.

C. Reactions with Bases

The electrons provided by a base in its reaction with a
boron hydride allow ordinary single bonds to be produced
at the expense of three-center bonds, and the energy of
this bond formation drives the reaction. The simplest ex-
amples of this are the cleavage reactions of bases with
B,Hg. Most bases except NHj cleave B;Hg in what is
called a symmetrical manner,

L represents a base such as CH3;NH,. Note that the start-
ing diborane has a total of six bonds—four ordinary

H
H H H |
N % 4 —— 2 m—B—L
H H H
H
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FIGURE 13 The BygH1g molecule. All boron atoms except those
shaded in gray bear terminal hydrogen atoms. [From Muetterties,
E. L., ed. (1975). In “Boron Hydride Chemistry,” p. 9, Academic
Press, New York, Figure 1.5.]

two-center bonds and two three-center bonds—whereas
the two molecules of product have a total of eight bonds,
all two-centered.

Ammonia cleaves B,Hg in an unsymmetrical manner
giving an ionic product with both NH3 groups bonded to
the same boron atom,

H\ /H\B/H

HB\ L . + 2NH; ——
NH; * H -
H—B—NH; | + H—1|3 —H
it b

Analogous cleavage reactions have been observed with
B4Hjy and BsH;;. Such basic cleavage reactions are only
observed to occur in boron hydrides in which a boron
atom is bonded to the rest of the molecule by two boron-
hydrogen-boron, three-center bonds.

Boron hydrides form a considerable number of Lewis
base adducts, i.e., compounds in which the Lewis base
has become bonded to the boron hydride with the boron
framework intact. Such compounds have been observed
for B5H9, BéH]O, Bngz, and B10H14. The reaction of
BioH;4 with a Lewis base to produce an intermediate nec-
essary for the preparation of ortho-carborane has been
discussed above. The structure of this adduct is given in
Fig. 14.

The bridge hydrogens of a boron hydride are the most
acidic, and, in fact, BjgHy4 is a strong acid. Titration of
BioHi4 can be performed with a strong base.

BioHi4 + OH™ — BoH; + H,O

Terminal hydrogen atoms in boron hydrides are hy-
dridic, thatis, behave as though they have a partial negative
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charge. Reactions of certain boron hydrides with water can
lead to the abstaction of boron atoms and the production
of a smaller boron hydride and hydrogen gas,

B¢H;> + 6H,O — 2B(OH)3; + B4H;y + H»

D. Reactions with Reducing Agents

Because of their deficiency in the electrons necessary for
the formation of all two-center bonds, reactions of boron
hydrides with reducing agents would be expected to pro-
ceed easily. Reactive metals will contribute electrons to
boron hydrides to produce boron hydride anions, for ex-
ample,

B,Hg + 2Na(amalgam) —> 2Na™ + B,H;~
BsHy + 2Na(amalgam) —> 2Na™ + BsHj~
B10H14 + 2Na — 2NEIJr + BlOH%Z

E. Reactions with Electrophylic Reagents

Electrophylic substitution is very familiar in substitution
reactions of aromatic organic compounds such as the
bromination of benzene using aluminum bromide as a
catalyst. Such reactions can also be performed on some
of the boron hydrides. However, the conditions of elec-
trophylic substitution are rigorous enough that the less
stable of the boron hydrides would decompose under the
reaction conditions and fail to produce significant isolable
products. These reactions have, in fact, been explored in
detail for the two more stable hydrides, BsHg and BoH 4.
Since the attacking species in an electrophilic substitution
is positively charged or is at the positive end of a dipole,
knowledge of the charge distribution on the boron hydride
should predict accurately the location of substitution, and
this is, in fact, the case.

A very simple method of calculating the charge distri-
butions on boron hydrides can be performed by making the

FIGURE 14 The general structure of B1gH12L> compounds, the
Lewis base adducts of B1gH14. L represents a Lewis base such as
CH3CN or (CH3)»S. [From Shore, S. G. (1975). In “Boron Hydride
Chemistry” (E. L. Muetterties, ed.), p.137, Academic Press, New
York, Figure 3.40.]
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following assumptions of how the two electrons in each
bond—two-center or three-center—are shared among the
atoms in the bond:

1. The very similar electronegativity of boron and
hydrogen result in even sharing of the two electrons
in the boron-hydrogen terminal bond.

2. The two electrons in a boron-boron single bond
should be shared evenly between the two atoms in the
bond.

3. The two electrons in a boron-boron-boron
three-center bond should be shared evenly among the
three boron atoms, that is, 2/3 of an electron per atom.

4. Of the two electrons in a boron-hydrogen-boron three
center bond, one is assigned to the hydrogen in the
bridge and 1/2 of an electron is assigned to each
boron atom.

These assumptions can be applied to the 4120 styx solu-
tion of BsHy to give the total number of bonding electrons
assigned to each boron atom. Then subtracting this num-
ber from the number of valence electrons in the free boron
atom gives an approximation of the charge on each atom as
shown in Fig. 15a. Averaging the charges of the four boron
atoms at the base of the square pyramid to account for hy-
bridizing the possible bonding arrangements to maximize
symmetry gives the charges given in Fig. 15b.

According to this reasoning, all electrophilic substitu-
tion such as alkylation, electrophilic halogenation, and
electrophilic deuteration of BsHg should occur on the
boron at the apex of the square pyramid (B1), and this
is what is observed.

B5H9 + CH3BI‘ — 1—CH3B5H3 + HBr
BsHy + DCI —s 1-DBsH;g + HCI
B5H9 + BI’Z — l—BI‘Bng + HBr

H H H
H\Bﬁ/la-l\B +173 \B{\U?>B€/6
/YN .
H omgaH M H 2sp«H
\ / \ / +1/6 \B/+1/6
N S~
H/ T H H H
(a) ®)

FIGURE 15 (a) The charges calculated for one form of the bond-
ing of BsHg using the simple model. (b) The same charges av-
eraged so as to increase the molecular symmetry by making the
bonding to each of the boron atoms around the base of the square
pyramid equivalent.
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Calculation of the charge distribution on the boron cage
of BigH,4 is hampered by the large number of possible
bonding situations that have to be considered. Molecular
orbital calculations, however, show that the boron atoms
farthest from the open end of the boron hydride bear the
highest negative charges. The most negative boron atoms
are B, and B4 (Fig. 16) and the next most are B; and B;.
Electrophilic alkylation, halogenation, and deuteration
all occur most readily at B, and B4 and next at borons B
and Bs;.

VI. REACTIONS OF BORON
HYDRIDE ANIONS

The closo boron hydride anions have been studied con-
siderably more than the open ions, nido and arachno. The
reactions of the open ions are quite varied, and we will
consider only a few of these before proceeding to the re-
actions of the closo anions.

A. Open Anions

Some boron hydride anions will add protons to produce
neutral boron hydrides and thus provide a method of prepa-
ration for the neutral compounds, for example,

4HC1 4 4B3H; — 3B4H;¢ + 4C1™ + 3H,
HCL + B5H1_2 —> B5H11 +CI” + H2

Some of these ions can complex transition metals, such
as the copper(I) complex of B;Hg and triphenylphosphine,

L, L

L = triphenylphosphine

B. Closo Anions

The properties of the closo ions, B6H§*, B7H%*, BgHéi,
BgHS’, BIOH%E, B“H%l’, and Bleﬁ, are roughly simi-
lar. We will concentrate on B long and Ble%Z, the most
familiar and best studied.

Small unipositive cations such as Nat and Kt form
soluble salts with the BjgH?, and Bj,H?, anions that are
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FIGURE 16 The structure and numbering system for the boron
atomsin B1gH14. [From Lipscomb, W. N. (1975). In “Boron Hydride
Chemistry” (E. L. Muetterties, ed.), p. 57, Academic Press, New
York.]

strong electrolytes. The anions are generally isolated from
solution as hydrates. Most dipositive cations such as Sr>*
and Fe>* do the same. Large unipositive cations such TI*
and (CH3)4N* form salts that are only slightly soluble in
water.

A large number of reactions in which H atoms are re-
placed by other substitutents are known, and the stability
of the BloH%a and BlgH%g cages allows reactions under
quite rigorous conditions to proceed with little or no cage
degradation. Substitution reactions can be performed with
Blong and Blefz_ salts or with H;O™ counterions, i.e.,
the acid form of the anion. Such acid catalysis often leads
to facile reactions.

The acid forms of each of these closo anions can be fully
deuterated in D,0O. Multiple replacement of hydrogen
atoms by Cl, Br, and I occurs by reaction of the elemental
halogen in the dark and can be forced to full replacement of
all hydrogens. Elemental fluorine leads to extensive cage
degradation. Substitutions in which nitrogen, oxygen, or
sulfur atoms are attached to the boron cage are known
as are reactions in which one substitutent is replaced by
another. Examples are

[H;0],B12H;; + CO — B,H;;CO™
+ dicarbonylated species
[H;0],B;H;» + CH3;CN — B1,H;{NCCH3;
[H;01,B12Hiz + HoS —> BioHii SH?™
(see Section IX)

Note that although the Bj;H?; has all equivalent boron
atoms, the BIOH%(] ion does not. The two boron atoms in
apical positions that cap the square antiprism are each ad-
jacent to only four other boron atoms whereas the other
eight boron atoms in equatorial positions are each adjacent
to five other boron atoms. In general, the equatorial boron
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atoms in BlOHfa have substitutional reactivity similar to
all of the boron atoms in Blefz_ , but the apical boron
atoms in BlOH%a are more susceptible to some substitu-
tions than the equatorial and less susceptible to others.

[H30]2B10H10 + CH3CN —> BI()HQNCCH3 (apical)
[H30],B1oH;o + NH,C(O)H — B oHoOC(NH,)H

(equatorial)

Vil. REACTIONS OF CARBORANES

A. Nido Carboranes

Electrophilic substitutions can be performed at the boron
atoms of nido carboranes as they can on the boron hy-
drides. Charge distributions have been calculated for these
compounds and electrophilic substitution occurs, as ex-
pected, on boron atoms holding the greatest negative
charge. The hydrogen atoms attached to carbon atoms in
the carborane cage are weakly acidic and can be abstracted
by a very strong base such as butyllithium. Metathesis re-
actions with halogen compounds can then produce deriva-
tives in which the carborane framework is unchanged, and
the new substituents are attached to the carbon atom from
which the proton was removed, for example,

1,6-C,B4H¢ + 2BuLi — 1,6-Li,C,B4Hy
+2BuH (Bu = C4Hy)
1,6-Li,C,B4Hs + 2CH31 — 1,6—(CHj3),C,B4Hy
or
1,6-Li,C,B4H4 4+ 2Br, — 1,6-Br,B4Hy

As in boron hydrides, bridge hydrogen atoms are the
most acidic and can be removed with metal hydrides. Ad-
dition of acid to the carborane anion that is produced usu-
ally reforms the original carborane, for example,

2,3—C2B4H8 + NaH — Na [2,3—C2B4H7] + Hz
Na[2,3-C,B4H;] + HCl —> NaCl + 2,3-C,B,H;

B. Icosahedral Carboranes

The much explored chemistry of the icosahedral carbo-
ranes has concentrated on metallation followed by
metathesis reactions at the carbon atoms and electro-
phylic substitution at the boron atoms. As with the nido
carboranes (above) the hydrogen atoms bonded to car-
bon are slightly acidic. Metallation reactions have been
mainly performed using butyllithium and a large number
of monofunctional substituents have been substituted onto
the carbon atoms of ortho-, meta-, and para-carborane.
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With difunctional reagents and the dilithium salts, ortho-
carborane behaves quite differently than the other two iso-
mers. The proximity of the two carbon atoms on ortho-
carborane leads to the formation of rings, but for the meta
and para isomers the carbon atoms are remote enough
from each other that rings are precluded and polymers
can be formed. The meta isomer has generally been em-
ployed in these reactions since it is easily prepared es-
sentially pure from the ortho isomer, whereas prepara-
tion of the para isomer requires separating it from the
meta form. Short inorganic and organic links between the
carborane residues have been used to prepare carborane
resins. Longer and more flexible methyl-siloxane links
between meta carborane residues have resulted in flexible
elastomers with excellent resistance to high temperatures.
This resistance may be the result of the bulky carborane
cages blocking the formation of siloxane rings, a principle
mode of siloxane polymer decomposition.

Electrophylic substitutions have been studied exten-
sively for the icosahedral carboranes. Because of the
greater electronegativity of carbon than boron, boron
atoms close to the carbon atoms bear slightly positive
charges and the most negatively charged boron atoms
are as far from the carbons as possible. This means that
for ortho-carborane, B9 and B12 are most easily substi-
tuted under electrophylic conditions such as Friedel-Crafts
alkylations and halogenations, and B8 and B10 are next
most easily substituted. For meta-carborane B9 and B10
are most easily substituted and B5 and B12 are next. Note
that in para-carborane all boron atoms are equivalent, and
each is directly adjacent to a carbon atom. The icosa-
hedral carboranes can undergo photochemical chlorina-
tion and products with all boron atoms substituted can be
obtained.

Vill. METALLOCARBORANES

The possibility of substituting one boron atom in a boron
cage by an atom of another element is realized in a particu-
larly interesting manner in the metallocarboranes in which
the boron atom is replaced by an atom of a metal. We will
consider icosahedral metallocarboranes, by far the most
studied group of compounds and ions in this family. The
first step in producing icosahedral metallocarboranes is to
remove one boron atom of an icosahedral carborane using
a strong base such as ethoxide ion in ethanol. The boron
atom removed by the negatively charged base is the boron
atom in closest contact to the carbon atoms. This is shown
in Fig. 17 for ortho- and meta- carborane. Note that the
boron atom removed is B3 (equivalent to B6) in ortho-
carborane and B2 (equivalent to B3) in meta-carborane.

Boron Hydrides

1,7-B1oC2H 2 1,2-BjpC2Hi2
KOH KOH
E1OH E1OH

1,7-BgCaH3 1,2-BgCpH

FIGURE 17 The removal of one boron atom from meta-
carborane (left) and ortho-carborane using the strong base ethox-
ide ion in ethanol. [From Dunks, G. B., and Hawthorne, M. F.
(1975). In “Boron Hydride Chemistry” (E. L. Muetterties, ed.),
p. 388, Academic Press, New York, Figure 11.5.]

The reaction equation for either ortho- or meta-carborane
is

B(CH|, + EtO™ + 2EtOH —
H, + B(OEt); + B9C2H1_2

In each case this results in an 11-atom cage having a single
negative charge in which the open face is a 5-membered
ring containing 2 carbon atoms and 3 boron atoms and
having 1 bridging hydrogen atom in this open face. De-
protonation of this ion results in removal of the bridg-
ing hydrogen atom giving an ion with a double negative
charge. For either the ortho- or meta-carborane isomer the
reaction is

ByC,H, —> H 4+ ByCoHI,

It was immediately recognized by M.F. Hawthorne and
coworkers that the open face of either BngHfl_ ion was
essentially identical to the cyclopentadienide ion CsHy in
terms of electrons and orbitals. The theoretical description
of the open face of the ByC,H?| ion has 6 electrons occu-
pying 5 atomic orbitals directed toward the missing vertex
of the icosahedron. The cyclopentadienide ion has six elec-
trons occupying five atomic orbitals oriented perpendicu-
lar to the plane of the ion and is well known for its ability
to sandwich a metal ion between two cyclopentadienide
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rings. When the Fe* ion is included between two cy-
clopentadienide rings the result is known as ferrocene,
the first and most familiar of the “metal sandwich com-
pounds.”

The similarity between the open face of the BngH%I_
ion and the cyclopentadienide ion was first demonstrated
by the reaction of BoC,H?, with FeCl,. The product has
the metal atom M sandwiched between the open faces
of two icosahedra (Fig. 18), and these species have been
named olide complexes from the Spanish word for “jar.”
The one metal atom actually completes each of the icosa-
hedra, and so this structure can be viewed as two icosahe-
dra each containing nine boron atoms, two carbon atoms,
and one common vertex that is occupied by the metal atom.
The sandwich compounds formed with Fe(Il), Fe(IlI),
Cr(1I), Co(II), Co(IIl), and Pd(IV) are highly symmet-
rical as in Fig. 18, but for other metals such as Cu(Il),
Ni(Il), Au(Il), Pd(IT), and Au(III) the two icosahedral frag-

Os
®c
O H

- —

FIGURE 18 The structure of an olide sandwich compound in
which a transition metal such as Fe?* is complexed to the open
faces of two carborane fragments with one boron atom removed.
[From Dunks, G. B., and Hawthorne, M. F. (1975). In “Boron Hy-
dride Chemistry” (E. L. Muetterties, ed.), p. 390, Academic Press,
New York, Figure 11.7.]
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ments are slipped with respect to each other giving a less
symmetrical structure. A wide variety of derivatives of
these sandwich compounds have been prepared.

The reaction of an olide complex with a strong base
can form a new kind of complex containing two metal
atoms and three carborane residues in which the carborane
residue at the center has two boron atoms removed
(Fig. 19). The central ion is called a canistide ion from
the Spanish word for “basket.”

IX. THE FUTURE? NEUTRON CAPTURE
TUMOR THERAPY

We have discussed certain boron hydride species such as
the icosahedral carboranes and the closo boron hydride
anions that are quite stable. A feature of these species com-
pared to other stable boron compounds is that the fraction
of their mass that is boron is very high. For example, 75%
of the mass of the icosahedral carboranes (C,BgHj,) is
boron as is 69% of the disodium salt of the closo boron
hydride anion B1,H}, . In contrast, only 17% of the mass
of boric acid is boron. Thus boron hydride species can
deliver large concentrations of boron to situations where
this is desired.

Large concentrations of boron are, in fact, necessary for
the therapeutic technique for cancer known as boron neu-
tron capture therapy (BNCT). This unique technique has
the promise of destroying tumorous tissue with minimum
damage to surrounding tissue that is normal. The basis of
BNCT is that the '°B isotope of boron will absorb slow-
moving neutrons and give off «-particles in the nuclear
reaction,

"B+ on — ['iB] — Jo +Li+y

In this reaction, absorption of a neutron converts the
10B to an unstable isomer of ' B, which then decays to the
a-particle and a lithium nucleus.

The a-particles liberated by this reaction are at the high
energy of about 2.8 million eV. They have a pathlength of
about 10 u, approximately the diameter of one cell. Within
this pathlength the «-particle will cause closely spaced,
tissue-destroying events, and only a few «-particles re-
leased within a cell are sufficient to destroy it. On the other
hand, the slow-moving neutrons that initiate the nuclear re-
action cause a minimum of tissue damage. Thus, if the 1o
can be concentrated in the tumorous tissue, neutron irradi-
ation can result in effective, localized tumor destruction.

The !B isotope is particularly attractive for this kind
of therapy because of its very great capacity to absorb
neutrons. This capacity is referred to as neutron cross sec-
tion and is measured in the units of “barns.” A comparison
of the neutron cross sections of boron and other elements
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FIGURE 19 A metal complex containing two olide ions and two metal atoms enclosing a canistide ion. [From Dunks,
G. B., and Hawthorne, M. F. (1975). In “Boron Hydride Chemistry” (E. L. Muetterties, ed.), p. 405, Academic Press,

New York, Figure 11.25.]

that are prevalent in living tissue is given in Table IV. The
other elements in this table will also emit ionizing radia-
tion when neutrons are absorbed, but the much higher neu-
tron cross section of boron means that the radiation will
be dominant in the boron-containing regions provided that
the concentration of boron is sufficiently high compared
to that of the other elements.

Research in the area of BNCT has been directed to-
ward developing methods for delivering boron-containing
compounds to tumorous tissue and avoiding the surround-
ing healthy tissue. A number of different strategies have
been employed including boron-containing derivatives of
proteins, nucleosides, porphyrins, and antibodies. Par-

TABLE IV Thermal Neutron Cross Sections of
108 (barns) Compared with Isotopes of Other

Elements
Isotope Thermal neutron Cross section
108 3838
150 0.0002
2c 0.0037
'H 0.332
14N 1.75

[From Barth, R. R., Soloway, A. H., and Fairchild,
R. G. (1990). Scie. Ame. 100-107.]

ticularly relevant to this article are derivatives of the
closo boron hydride anions, BIZH%Z_ and B IOH%E con-
taining the sulfhydryl group (—SH), which can bind to
proteins.

Problems of binding boron-containing compounds to
tumorous tissue as well as delivering the slow-moving
neutrons to the desired region have yet to be perfected.
However, vigorous research continues in this area, and
commercial ventures have been initiated.

SEE ALSO THE FOLLOWING ARTICLES

HYDROGEN BONDS e METAL HYDRIDES
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GLOSSARY

Bronsted base Proton acceptor.

Chelation Binding of a single ligand to a single metal ion
through two (or more) Bronsted donor atoms, making
ring structures.

Chrysotherapy Treatment of disease with gold com-
pounds.

Complex Species formed by combination between a
metal ion and a ligand.

Coordination Formation of a link between a metal ion
and aligand by the donation of electrons from the ligand
to the metal ion.

Coordination number Number of ligand atoms directly
attached to a central metal ion in a complex. These
directly attached ligands make up the first coordination
sphere.

Enantiomers Isomers that are related as an object and its
mirror image.

Isoelectronic Pertaining to species (whether molecules,
ions, or radicals) that have the same total number of
electrons occupying the same orbitals around the same
number of nuclei. For example, A1F3_, SiFé‘, PF, , and

SFg are isoelectronic with each other, as are [AuCl, ],
HgCly, and [TICL,]™.

Isomerism Existence of more than one distinct substance
with the same composition, for example, ammonium
cyanate, NH4NCO, and urea, (H,N),CO, both of which
are CH4N,O in stoichiometry, or potassium fulminate,
K(CNO), and potassium cyanate, K(NCO). The dis-
tinct substances are called isomers.

Labile Attaining equilibrium rapidly.

Ligand Any moiety bonded to a metal ion in a complex;
often denoted by L in formulas and equations.

Resolution Separation of enantiomers from one another.

Stability constant Thermodynamic equilibrium constant
measuring the ease of formation of a complex ion from
its constituents [the metal ion and the ligand(s)].

CHEMISTRY DEALS WITH changes (reactions) of sub-
stances such as the conversion of organic matter (e.g.,
sugar) with dioxygen to carbon dioxide and water:

C6H1206 + 602 g 6C02 + 6H20

Metal complexes are formed from Bronsted bases (sub-
stances with many electrons) and Lewis acids (usually
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metal cations, which are positively charged and therefore
interact favorably with electron donors). A typical metal
complex compound is [Cu(NH3),](SO4) - HO, which is
made by allowing to crystallize the dark blue solution ob-
tained from adding an excess of strong ammonia to aque-
ous copper sulfate.

The interaction of ligand with metal ion is often
called coordination, and the solid compounds that contain
metal ions complexed by ligands are called coordination
compounds. Typical examples are K,[PtCly], K;[PtCl¢],
[Pt(NH3)4]Cly, and [Pt(NH3)6]Cly.

I. INTRODUCTION

Whenever any metal salt and any Bronsted base (an anion
or other molecule with electronegative atoms, such as ni-
trogen or oxygen, that has the capacity to donate electrons)
come into contact, coordination is likely to occur to give a
complex compound. For example, when solid nickel chlo-
ride (yellow) reacts with a stream of ammonia gas, it is
converted to purple hexamminenickel(IT) chloride:

NiCl, (solid) + 6NH; (2) — [Ni(NH;)]Cls (solid)

Similarly, on the addition of strong ammonia, a base (in
water, NH; + OH, = NHZr + OH™; all four species are
present), little by little to a blue aqueous solution of cop-
per(Il) sulfate, the final soluble species is the complex
tetraammine—copper(Il) ion; its stability is clear from the
fact that it is formed by the dissolution [Eq. (2)] of the
intermediate solid [Eq. (1)]. This solid is basic copper(Il)
sulfate, known also as several minerals (brocchantite, lan-
gite, wroewulfite) in oxidized sulfide ore zones. The word
basic in the name simply reflects the presence of the hy-
droxide ion. OH™, the basic constituent of water.

4Cu* (aq) + SO~ 4+ 60H™ — {Cuy(SO4)(OH)s}
(D
{Cu4(SO4)(OHe)} 4+ 16NH3 — 4[Cu(NH;)4]**
+ S0~ + 60H~ )

The dark blue solution of the tetraammine—copper(II)
species in strong aqueous ammonia (Schweitzer’s solu-
tion) will dissolve cellulose. On acidification, the ammo-
nia is neutralized (protonated forming ammonium ion,
NH;) and the cellulose is reforemed (at one time, through
spinnerets, to make a commercial fiber).

When silver halide emulsions are used as photographic
films, development of the parts exposed to light to give
black silver is followed by “fixing,” which is simply metal
complexing. The unchanged (nonimaged) silver halide
(usually chloride and bromide) must be removed before
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the negative can be handled in daylight. The ligand used
is thiosulfate in the form of an aqueous (and therefore ion-
ized) solution of its sodium salt Na, S, O3 - 5H, O, so-called
photographer’s hypo. The silver halide dissolves:

AgX +2(5,03)* — [AZ(S:0:): + X~ (3)

The sodium salt of the anion, bisthiosulfatoargentate(),
can be crystallized and was said by its discover. Her-
schel, to have a sweet taste. Oddly, the corresponding
compound of the heaviest of the “coinage metals” (copper,
silver, gold). Naz[Au(S,03),] - 2H,0 (1), also has biolog-
ical properties, being used under the name Sanochrysine
in treating rheumatoid arthritis by chrysotherapy.

™ 0 o0 7|3
g
/
S—Au—S
/
0—S
/\
0 O

The gold ion is linearly bonded by two sulfur atoms.
Leather is a complicated material but contains much
protein; it is always a good ligand, because it contains
peptide linkages, from which either oxygen or nitrogen
can donate electrons to a metal ion, forming a coordinate
bond, and in which the many functional groups of the side
chains of the amino acids may also interact with metal
ions (as shown by the atoms underlined in structure 2).

(o, Ao
|\ﬁ /\C_Hzg

N—C
CH™ | |
| 0 CH,
SH |
C
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This extra element of cross-linking of the polymer
(polypeptide) chains by metal ions—in practice, chiefly
chromium(IIl) giving “chrome-leather”—underlies the
utility of leather tanning. It is the formatin of coordinated
chromium(III) that gives the tan.

Metal ions coordinated by ligands are common, giving
rise to effects of striking beauty and great importance. The
changes in the color of blood on oxygenation arise because
of achange in one ligand on the iron ion in the coordination
compound hemoglobin. Many examples of chemotherapy
depend on the formation of coordinated metal ions, as in
the removal of the excess of copper from patients with
Wilson’s disease (hepatolenticular degeneration) using
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penicillamine (3) or triethylenetetramine (4). The latter
is systematically named 1,4,7,11-tetraazaundecane.

HsC CHs H  COoH
\/

\/
C
| |
HS NH,
3
CHy—CH,
/
HaN NH
%
/CH2
HoN NH
\ /
CHQ_ CH2
4

Il. FORMATION

A. Equilibria between Cations
and Donors in Water

When a donor molecule (a Bronsted base, i.e., a proton
acceptor) forms a bond by donating electron density to a
positive center (a Lewis acid, i.e., an electron acceptor),
coordination is said to occur, as shown in Eq. (4).

AlCl; + ClI” — [AICL]™ “4)

More commonly, coordination occurs in solution (often
aqueous), to give overall processes of metal complexing
such as

Ni** (aq) + 6NH; — Ni(NH3)Zt (aq) (3)

In fact, the six water ligands (W) are being replaced, one
by one, stepwise, by six ammonia ligands:

100 %
5

The replacement of one water in 5 by ammonia (A) gives
the monosubstituted complex 6:
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The position marked with an asterisk across from A in 6
(trans to A) is unique. The replacement of a second water
in 6 by ammonia gives the disubstituted complex; there
are in 6 four positions next (cis) to A, which gives 7, and
only one across from A (trans), which gives 8:

(cis), 80 %
7 8

(trans), 20 %

If a third W is replaced in 7 or 8 by A, the trans (8, 20%
of the whole) can give only 9, but the 80% that was cis
(7), gives 40% mer (9) and 40% fac (10) for a final result
of 60% mer-9 and 40% fac-10.

A A
A\ /w w\ /A
~ 7 ~ P
W A W A
W* W
(mer), 60 % (fac), 40%
9 10

A fourth replacement gives, from the 40% fac (10),
only cis-A4W, (since all three Ws are equivalent), but
from mer, the position marked with an asterisk is unique,
giving trans-W,A4 for one-third of the replacements into
mer (A3W3) (i.e., 20% of the total, since mer was 60%
of the whole). Thus, we have 20% trans-[MA4W,] and
80% cis-[MA4W,]. The fifth substitution, of course, gives
MAsW.

There is an obvious symmetry to this series of replace-
ments: We may start from MWg and replace W by A, or
vice versa [Eq. (6)]:

MAg + W == MAsW, = MA,W, = MA;W;
= MA,W, = MA,Ws = MWs+ A (6)

Notice that six-coordinate complex ions [MA,B¢_,],
where 2 < n < 4, may exist in two forms. In the ex-
ample above, A is NH;3 and B is H,O, but the occurrence
of two forms (7 as against 8, or 9 as against 10) differing
in the arrangement of ligands A and B about the center is
quite general.

B. Stability Constants and Relationships
among Them

The general form (7) of the overall stability constant for
the coordination
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pM"* + gL+ rH* = [M,L,H,] @)
is written
Bpqr = ML H, 1/IMIP[L)[H] ®)
For example,

Ag™ (aq) + 4CsHsN (aq) = [Ag(CsHsN), I (aq) (9)
Biao = [Ag(CsHsN),1/[Ag*T][CsHsN]* - (10)

log Biao = 25 an

These overall stability constants describe only the equi-
librium of a given stochiometric composition of formation
of a complex and do not, for example, distinguish between
the forms of [MW4A,] above [the trans (7) and the cis (8)].
These are macroconstants and are a weighted sum of the
individual microconstants. For example, the macrocon-
stant B, for Eq. (12) is made up of the two microconstants
Br2oeisy) [EQ. (13)] and Bi2orans) [Eq. (14)]:

Ni** (aq) + 2NH; = [Ni(NH3)2(H,0)41*" (12)
Ni** (aq) + 2NH3 = cis-[Ni(NH3),(H,0),1**  (13)

Ni** (aq) + 2NH; = trans-[Ni(NH3),(H,0)41*"  (14)

The constant describing the equilibrium [Eq. (15)] be-
tween the forms with the same stoichiometry is simply
Eq. (16).

cis-[M(NH3)2(Ho)s]** = trans-[M(NH;3)2(H,0)4]*~
s5)

[(isom = [trans]/[CiS] = ﬂlZO(zrans)ﬂ]Z()(ciS) (16)

Reverting to the ammine system above, if everything
else were unchanged (if A and W had an equal chance
of being attached to M), then the statistical proportions
shown would apply. Furthermore, if the probability were
the same of attaching an ammonia to the metal and remov-
ing it from the metal, then we would expect the probability
of complexing to be 36 times greater for the first substitu-
tion of water by ammonia [Eq. (17)]:

MW, + NH; = M(NH3)Ws + W (17)

(six equivalent ways forward, only one back) than for
replacing the final water ligand by a sixth ammonia
[Eq. (18)] (only one possible place where the water can
be replaced by ammonia and six ways back where any of
the six ammonia ligands can be replaced by water). On
these grounds, the stepwise equilibrium constants for the

Coordination Compounds

formation of M(NH3)s decrease (electrical charge on ions
is omitted):

MW(NH3)s + NH3 = M(NH3)s + W (18)

M+L<=ML 19)
Ko = [ML]/[M][L] (20)
ML + L = ML, 2y

K120 = [ML,]/[ML][L] (22)
ML, + L = ML; (23)
K30 = [ML3]/[ML,][L] (24)

So K10 > K120 > K30 on these statistical grounds.
Furthermore, if we consider a similar series [Eqs. (25)—
(28)] in which the ligand is an anion, carrying a negative
charge, we can see a similar trend due to the effect of
charge neutralization (here the ionic charges are printed):

M+ L7 = (ML)"DF (25)

Kio = {IMLI"" D"} /{IMI""}[L7]  (26)

(ML) D% 4+ L™ = (ML)~ 2* 27)
Kio = {[MLo]® 2%} /{[ML]"~ D+ )L

(28)

The first stepwise complexation, in Eq. (25), involves the
neutralization, by mutual Coulombic attraction, of the full
n* charge of the metal ion by the single negative charge
of L™. However, for the second step, in Eq. (27), the
Coulombic interaction is smaller, now being between the
same single negative charge on L~ and the less intensely
charged (ML) species, with only (n — 1) charge. Typi-
cally, if M"~were AIP~, and L~ were F~, the attraction
in Eq. (25) would be between a 3+ and a 1— pair, but that
in Eq. (27) would be between the 2— of [AIF]*~ and the
1— of the fluoride ligand.

In the final stages of stepwise coordination, the nega-
tively charged anionic ligand is being added to an already
negatively charged metal species. The Pauling electroneu-
trality principle reminds us that ligands will add readily
only until the affinity for electrons of the central metal ion
is essentially satisfied.

Thus, on the grounds both of statistics and of charge
interaction, the order K{; > K15 > K13 > --- Ky, is ex-
pected (and almost always observed). Table I lists some
examples.

If there is a departure from this order or a sharp, distinct
irregularity, something in the system has changed, often
the coordination number of the metal ion. For example,
with C1- + Fet, Ky, K12, and K3 decrease steadily but
K4 shows a sudden drop. This suggests that the octahedral
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TABLE | Aqueous
(log B1no)?

M™t  Ligand 819 B2 B1zo B1ao

Stability Constants

Cu?>t NH; 42 7.7 10.6 12.7
Ni2*  NHj 2.8 5.04 6.77 7.97
APt F- 6.1 11.1 14.9 17.7

¢ Note that the overall constants 1,0 are the product
of stepwise constants Kjjo X Ki20 X - -+ K10, €.8.,
Brao = K110 X K120 X K130 X K140.

six-coordinated Fe(OHg)g+ combines (stepwise) with one,
then a second, thean a third C1~ without change in coor-
dination number but that, at the next addition of chloride,
a major change occurs, probably

[Fe(OHy);(Cl);]° + CI~ < [FeCly]™

Note that no such discontinuity occurs with fluoride form-
ing complexes with iron(III).

The coordination number of a given metal ion, such
as Co?* or AI’* (which indicates the number of ligands
attached to it), often varies from ligand to ligand. For ex-
ample, whereas for aluminum, aqueous chloride forms
[AICL4]~ and the addition of another chloride ligand (a
fifth and a sixth) is not easy, up to six fluoride ligands
coordinate rather readily, forming Ang*.

C. Irving—Williams Series

The past discussion has dealt with variation of stability for
the coordination compounds of a given metal ion. What
about variation for a particular ligand with a range of metal
ions? Again, the simple ideas of Coulombic interaction
take us a long way. The greater the charge and the smaller,
the size of a cation (Lewis acid), the better it will interact
with an electron donor (Bronsted base). Thus, for a given
ligand, say glycinate (gly-O),

K]]() for Na+ < K]]() for Mg2+ < K][Q for A13+

Similarly, for the change in cationic size with constant
charge, as in the lanthanides (where the “lanthanide con-
traction” means that the elements with higher atomic num-
bers give the smallest 34 ions) where only the metal ion
changes, we generally find the stability of a series of coor-
dination compounds to increase from lanthanum (atomic
number 57) to lutetium (atomic number 71).

The similar decrease in size through the transition series
(where the ionic radii of the doubly charged ions M>*
decrease from V>* to Zn>*) leads to an increase in stability
for coordinated compounds The order shown for
Bi1o for the second half of the first transition series (Mn <
Fe < Co <Ni <Cu> Zn) is the Irving—Williams series.
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The “double-humped” plot is famous; it summarizes many
properties of analogous sets of coordination compounds.
Notice that it is the number of d electrons that dictates
this shape. The upper dashed plot is for the triply charged
metal ions. Naturally, the interaction between M3t and the
electrons of a given ligand is better than that of M>*, so
the dashed curve of Fig. 1, representing stability constants
for triply charged metal ions, like Fe**, lies above the full
curve for doubly charged ions like Fe*.

D. Inverse Complexing

In the crystal lattice of many solid binary compounds of the
type Agl, the metal ion (here Ag™") will have several anions
(here four I7) surrounding it. This is akin to coordination
of metal ion by iodide, giving the complex anions Agl;,
AgIZ*, AgI3*, and so on. Conversely, each iodide in solid
silver iodide will be surrounded by silver ions. In some
cases, chiefly for large central anions, complex cations
like IAgZr , IAg§+, and TeAggJr exist in aqueous solutions.
The formation of a cationic complex by the addition of
several positive ions to a central negative ion is called
inverse complexing (or sometimes metallocomplexing).
Inverse complexes are a chief factor in the dissolution of
silver halides in excess of soluble silver salts such as nitrate

[Eq. (29)].
Agl + AgNO; — [1Ag,]" + NO3 (29)

and central inverse complexed units such as (OM3)’t,
(NM3)** are fairly common. These include [OIr3]3*, in
Lecoq de Boisbaudran’s compound, Ir3;0O(SO4)4, named
for the discoverer of the element gallium; (OM3)’* in the
basic chromium(III), iron(I1I), and ruthenium(III) acetates
[M30(CH3;COO)s]%; and (HgaN)* in Millon’s base.

* Property (e.g. logK, 1, with given L)

1 1 1 1 1 1 Il 1 1 L

Ca (Sc) Ti V. C Mn Fe Co Ni Cu 2Zn
d d® (d') d2 d® d* d® d® d7 d® 4 d'°
m3* = d° d' d2 d3 d4 d5 df d7 d8 —

M2

FIGURE 1 Irving—Williams “double-humped” plot (representing
the change in properties of the doubly charged ions M2*) for ther-
modynamic properties of ions of the first transition series. The
dashed plot show the related changes for the triply charged M3+,
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The phenomena are closely akin to the remarkable dis-
solution by aqueous solutions of beryllium and zinc salts
of their own water, insoluble oxides [Eq. (30)]:

2H,0 + MO + 2M?* = M;3(OH);* + H*
(M = Be, Zn) (30)

Indeed, whenever the coordination number of a simple
anion in a complex is greater than 1, there is an element
of “inverse complexing,” and interesting properties result.
The following are examples:

1. The “oxo-bridged” species, where either O>~ or
OH™ links two metal ions, as in [ClsRuORuCls]*~; Dur-
rant’s anion [(04C,),Co(OH, OH)Co(C,04),]*~; or the
famous Werner’s hexol [Co{(OH),Co(NH3)4}3]°*. Such
bridging ligands carry the symbol .

2. Halide bridges. These are common, so that there are
many species with two-coordinated halide ligands, as in
Pt(ID—CI-Pt(I1), often in the same complex species as one-
coordinated “terminal halides.” The properties of the ter-
minal and bridging halide ions are quite different.

E. Chelation

Both in nature and in synthetic chemistry, there are many
cases of polydonor molecules, each containing several
atoms that can coordinate to a metal ion. Often, these
several atoms may be so distributed in space that they
coordinate to the same metal ion. This is shown in
Eq. 31):

+

HaNCH,COO0™ + Ni%* (aq) — /
0

€1V

The underlined nitrogen and oxygen atoms of the glycinate
ion bind to the same metal ion (here Ni’T), giving a new
cyclic structure (11) with the five-membered “chelate”
ring (NiNCCO). Such di- or polydonor ligands are called
chelating. Cyclic molecules (carbocyclic, aliphatic as in
cyclohexane; aromatic as in benzene; heterocyclic, aro-
matic as in pyridine; or alicyclic as in piperidine) are most
common when five- or six-membered. The same is true
for chelate cycles in coordination compounds. These are
formed most readily when five- or six-membered (12-14;
M indicates a metal ion).
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—— M«——NH, —— M0
| N\
CH, (l:_
HoN—CH, -0 /CH
\C/
12 l
S
_S/ \S 13
\
| N
__._.T_.___.S"
14

The presence of chelate rings stabilizes a molecule, for
example, in Eq. (32), where en = 1,2-diaminoethane:

[(H,0)4Ni(NH3),]*" +en — [(H,0)4Ni(en)]*" +2NH;
(32)

Omitting ionic charges and the four water molecules that
remain attached to the nickel ion throughout, we obtain

K = [Ni(en)][NH;]%/[Ni(NH;),][en] = 10°  (33)

Note that this is a macroconstant. Clearly, the rele-
vant equilibrium constant is actually for joining cis-
nitrogen ligands in pairs [Eq. (34); W indicates a water
ligand].

W W
W /W w\\ //w
S T + 2NH3
I ~ \NH
W NH3 W \2
HaN
NHz 2 /CH2
CHy
(34)

This stability of chelated coordination is very important
in chemical analysis. Two examples of chelated coordina-
tion are as follows:

1. The Tchugaev reaction [Eq. (35)] of 2,3-
butanedionedioxime (dimethylglyoxime, abbreviated
here as H,DMG) with nickel ions, where the chelated
product is a bright red precipitate.
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Hsc\c C/CH3
I

NS

T /Nl\ T (35)
Vo

HC/ \CH

Ni(HDMG),

The remarkable stability of this red solid stems from
the chelation and the further factors of the short, strong
intramolecular hydrogen bonds (O-H---O) and an out-
of-plane intermolecular interaction.

2. Complexing, as in Eq. (36), of metal ions by
1,2-diaminoethane-N,N,N',N'-tetraacetate (15) from so-
called ethylenediaminetetraacetic acid, H4(EDTA), giving
a highly chelated product (16).

i
00C €00~ C<
] HoC” (l)
s
HzC\N/CHz '\ll’/CHZ . C<O
H2C/ H C/ . L
v s I — ~
HaC HaCo_ /‘\
NG S0
H2(|: CH, Hcl CHZI-C%
60C  COO 20
1
0
15 16
(36)

When the divalent ions, here M2*, are of calcium or
magnesium, as in “hard” water, they are sufficiently com-
plexed (“sequestered”) by the EDTA*~ ligands to render
the water “softer.”

F. Oxidation States and Their Stability

Coordinating a metal ion (say, Fe’*) to a ligand alters
its stability. Coordinating the same ligand to a differently
charged ion (e.g., Fe>*) of the same metal (i.e., in a differ-
ent oxidation state) alters the stability of that ion as well,
but usually to a different degree. Such a situation can be
analyzed by means of the Nernst equation [Eq. (37)],

[M"F]

[M(n+1)+] 37

_ g0 _2303KT
E=E"—-2303 log
nF
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or at equilibrium,

E°=2 303ﬂ log @ (38)
T nF T [FePT)

The concentrations [Fe?t] and [Fe?*] here are those of
the free, uncomplexed metal ions (i.e., those in a solvent
environment). Now, what happens if a coordinating lig-
and X is added? Both M"* and M*+D+ (e.g., Fe’* and
Fe?*) are bound, but to differing degrees. This depresses
the concentration of the two free (aquated) ions differen-
tially. Such binding by the ligand is described by stability

constants for the two oidation states, B}, and B}, so that

RT  [Fe()X] I
E= £~ 230350 oq FUDX]_Filg
nF T [Fe()X]

(39)

If we add a ligand that will bind more tightly with the
oxidized ion, M”+D+ than with M"*, then the potential
E will shift strongly.

An extreme example is that, on the addition of cyanide
salts (e.g., KCN) to a solution of a cobalt(Il) salt in
water, cobalt(Il) becomes so greatly destabilized rela-
tive to its oxidized ion, cobalt(IIl) (whose cyano com-
plexes are remarkably favored), that the potential for
Co’t + e~ — Co** (where E® = +1.84 V in water in the
absence of coordinating agents) becomes —0.82 V. That is,
the cobalt couple (extremely strongly oxidizing in water)
in now so reducing that it will drive electrons onto protons
in the water to give (H" +e~ — %Hz) dihydrogen gas.

In a similar way, though silver ion in commonly a good
oxidant (i.e., the half-cell Ag* 4+ e~ — Ag is favored rel-
ative to HY + e~ — H.,), in the presence of iodide ions—
which diminish the value of [Ag*] by virtue of the gross
insolubility of silver iodide, Agl—silver metal dissolves
in hydriodic acid, HI, to give dihydrogen gas.

G. Stability Constants and pH

Most ligands are bases (having lone pairs of electrons),
and many examples of coordination may be viewed as
competition [e.g., Eq. (40)] for these lone pairs between
solvated protons (acid—base equilibria) and other solvated
cations:

(n-1)+
AN
+M™ T H' o+
~
" \
0 00—
~H i M(aq)
17 18
(40)

Clearly, the addition of metal ion (in the form of
its salts) to an aqueous solution of the ligand, here
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TABLE Il Equilibrium Constants K for Coordi-
nation of Hydroxide?

Metal Ligand n x log K

Pt 2,2-Bipyridyl 2 2 43

Pt 5,5-DMB?” 2 2 4.8

Pd 5,5-DMB? 2 2 5.5

Pd HDMG*¢ 2 0 5.5
“ Equivalent to r = —1in fpg,:

(ML,)** + OH™ — [(ML,)OH]*~ D+

b DMB, Dimethyl-2,2'-bipyridyl.

¢HDMG, “Dimethylglyoxime,” 2,3-butanedionedi-
oxime. Equation (35) shows the structure of the analo-
gous [Ni(DMG);].

8-hydroxyquinoline (17) or H-oxinate, displaces some
protons, causing a fall in pH. Conversely, the addition of
protonic acids to metal complexes such as 18 will reverse
this formation and cause the dissociation of the coordinate
bond. One common way of measuring stability constants is
to set up such competitive equilibria as shown in Eq. (41):

2HL + M*" = ML, + 2H* (41)
For example,

2H;NCH,COO + Cu*t = M(H,NCH,COO), + 2H™
(42)

This is done in the presence of concentrations of metal ion
from zero to levels comparable with those of ligands.

For aqueous equilibria, where the species M"~, L™, and
OH™ are present, the utility of K, is clear. Coordination
compounds may contain protons (particularly on poly-
dentate ligands). Values of r (0 in examples so far) rep-
resent the involvement of protons in complex formation.
Of course, when r is negative, this may arise from loss of
a proton from somewhere in the coordination species or,
because [HT][OH"] =Ky, that is, [OH™ ] =K, [H*]!, it
may signify the gain of a hydroxide, as in the examples in
Table II.

lll. ELECTRONIC CONFIGURATIONS

There are some 70 metallic elements. All metal ions
(Lewis acids) form coordination compounds. At present,
the coordination compounds of the 27 transition metals
are the most widely studied and applied, and this sec-
tion refers to them. In the periodic table, at the onset of
each of the transition series, the energies of the n s, n
p, and (n — 1) d [or (n — 2) f if appropriate] orbitals are
so close that they are made to interchange fairly readily.
For example, the ground state of the barium atom (atomic
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number 56, at the start of the third transition series) is 6s2,
and the atom before it, cesium, has the 6s' ground state.
Howeyver, for cesium, the next electronic state lies not far
from the ground state, and indeed on compression, the
conductance of cesium changes sharply, as the d orbital
is squeezed below the s orbital. Barium shows a simi-
lar transition with pressure, corresponding to a change in
configuration from 6s? to 6s'5d!. In view of the angled
hybrids (s d) given by this configuration, the angular
(bent) structures as monomers in the vapor phase of MX,
for M=Ca, X=F; M=Sr, X=Cl, F; M=Ba, X=F,
Cl, Br, I are examples of transition metal chemistry. In
the same way, although the ground states of the atoms of
vanadium and nickel are 4s?3d> and 4s>3d®, the shrinkage
on ionization (which can be regarded as equivalent to the
effect of huge pressure) squeezes the 3d orbitals to lower
energies than the 4s, so that the ground states of the ions
are 3d® and 3d3, respectively.

The concept that isoelectronic d* configurations have
related properties is most valuable. In particular, such
properties as color, magnetism, and rates of chemical
reaction, which depend rather directly on numbers of
d-electrons, can be rationalized and predicted. For exam-
ple, the metal ions whose chiral coordination ions have
enough kinetic inertness to be separated (resolved) into
long-lasting enantiomers most commonly have six d elec-
trons (n d® configurations).

A. Splitting Diagrams for
Octahedral Coordination

When six ligands surround a metal ion to give octahedral
coordination, the situation for two of the five d orbitals
of the metal is shown in Fig. 2. These two orbitals are
representative of others like themselves.

1. The d,, orbital is typical of those that “point be-
tween” the axes (defined by the six ligands): These three

z y
Q__QV N
A

dy2 dy2_y2

(a) (b)

FIGURE 2 Differing spatial distribution of the orbitals (a) dy.
(between axes) and (b) d,2_,2 (along axis).
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[d,; (Fig. 2a, 19), d,; (20), and d,, (21)] have electron
density as far from

z z y

w ., odp, ap,
ad Iy P

19 20 21

the ligand electron density as possible, and hence are
nonbonding.

2. The d,>_,» orbital (Fig. 2b) typifies those that point
directly at the ligands: These two (d,>_,2, d.2) can overlap
with ligand orbitals and form good bonds along the axes.
From these two metal-centered d orbitals and the compos-
ite ligand—donor orbitals are formed two bonding and two
antibonding combinations, as shown in Fig. 3, represent-
ing the overlap of the s, p (three of these), and d (five)
orbitals of the central metal ion with the six equivalent
donor orbitals (lone pairs) of the six equivalent ligands of
the octahedral complex. Now there are six donor orbitals
(two electrons each) on the six ligands, so those 12 elec-
trons will be accommodated in the levels lying up to and
including d(s). That diagram is then appropriate to any oc-
tahedral system, whether or not central atom d electrons
are involved. For example, the isoelectronic series A1F3_,
SiFé_, PF,, SFs (where the central atom makes bonds us-
ing the orbitals 3s, 3p, and 3d) have the electronic structure
shown, and in the same way InClg*, SnCléf, and SbClg
(using the Ss, 5p, and 5d atomic orbitals of the metals)
have the same diagram filled, up to and including d,).

Energy

FIGURE 3 Bonding in an octahedral complex, MLQ*, viewed as a
combination (overlap in space) of the s, the p (x, y and 2), and the
d (xy, yz, zxand x2 — y2, z2) orbitals of metal (M) with one, three,
and two, respectively, of the six donor orbitals on the six ligands
(L). Shown here are the combinations of only those d orbitals that
point at ligand lone pairs, that is, the d,>_ » and d . with selected
ligand orbitals. The remaining three of the five d orbitals of the
metal (dyxy, dyz, dz) are shown as being unaffected in energy
when the complex forms, that is, nonbonding (t2g).

. —
} | | | } }
t2g
d’ 2 3
(e.g., Ti(OH,)3") (e.g., VIOH,)Z")

124
d d° d®
(e.g., Fe(OH,)2")

N
g

T2
d’ d® d°
(e.g., Co(OH2)3") (e.g., Ni(OH,)Z") (e.g., Cu(OH,)Z")
FIGURE 4 Distributions of electrons among the nonbonding (tzg)

set and the antibonding (ef) set for ions with various d” configu-
rations, assuming small values for 5E(=e‘§ —tag).

B. Spin States

For the transition elements, the metal ion has n d electrons,
so that those over and above the bonding framework of the
12 originating from the ligands require that the t;, and e,
sets be occupied. This is shown for the d'-d° configura-
tions in Fig. 4 (note that only the nonbonding t,, orbitals,
originally dy, d,., and d.,, and the antibonding e, pair are
shown, that s, the five molecular orbitals in Fig. 3 enclosed
in a solid-line box). This, set of distributions (high spin)
assumes Hund’s rule. What if Hund’s rule is not obeyed?
Then, instead of the maximum spin multiplicity (greatest
number of unpaired, i.e., parallel, spins, “spin free”) as
drawn in Fig. 4, the fact that the energy of the ¢} set is
higher than that of t;, will lead to full population of the
lower-energy ty, set, with consequent spin pairing (“spin-
paired,” “low spin”). This will happen where the energy
separation (€, — ) is greatest, which is where the bonds
(L - M along axes x, y, and z) are strongest, since e: —€g
will then be greatest (the nonbonding t,, serves as an un-
moving marker between the bonding and antibonding e,
orbitals).

Thus, for d*~d’, there are the possible “low-spin” elec-
tronic configurations of Fig. 5, quite different from those
in Fig. 4, the “high-spin” ones. Table III summarizes the
different numbers of unpaired electrons for high- and low-
spin complex compounds.

C. Simple Magnetic Properties

One view of the interaction of matter with magnetic fields
stems from the electrons acting as revolving charges, set-
ting up a magnetic dipole. Electrons paired in orbitals
cancel one another (the small residual effects are lumped
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AR o

e s
(e.g., Fe(CN)g)®~
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AR AR oot

d® d’
(e.g., Fe(CN)g)*~ (e.g., Co(CN)g)*~
(Co(NH3)g)®"

FIGURE 5 Distributions of electrons for ions with d*—d” configurations, where A E (e}, — tzg) is large.

together under the name diamagnetism). Lone (unpaired)
electrons give large magnetic moments p >0 (param-
agnetism) interacting strongly with an applied magnetic
field,

w = [n(n+2)]"? (43)

where 7 is the number of unpaired electrons: w is in units of
Bohr magnetons (BM). Taking iron(III) as an example, the
high-spin (weak-field; see Fig. 4) configuration (,4)* (e, )
with five unpaired electrons as in ferric alum, where the
coordination sphere of the iron is [Fe(OH,)6]*t, gives
w=(x7N"?=352=59 BM per iron. For the low-
spin (strong-field; see Fig. 5) ferricyanide ion, where the
iron(III) has the configuration (ty,)’(e,)°, with only one
unpaired electron, . =3'2=1.73 BM. A more system-
atic name for this spin-paired ion is hexacyanoferrate(III).

D. Colors

As with any other class of matter, if an energy gap in acom-
plex compound matches the energy of an incident photon,
absorption occurs. In many coordination compounds, the
quantum required for excitation from the ground state is
of visible light, so that these compounds are of many col-
ors, often of great beauty. Two chief selection rules decide
which of all the possible transitions occur:

TABLE Il Occupancy of Orbitals in High- and Low-Spin
Octahedral Coordination Compounds?

dl @ @& a* @& @ 4 & &

High spin
€ _ — — — — 1 2 3 4
tog 1 2 3 4 5 5 5 5 5
Unpaired electrons (HS) 1 2 3 4 5 4 3 2 1
S 2 3 4 5 6 5 4 3 2
Low spin
€g _ — = - — — 1 2 3
tag 1 2 3 4 5 6 6 6 6
Unpaired electrons (LS) 1 2 3 2 1 0 1 2 1
S 2 3 4 3 2 1 2 3 2
Difference (HS — LS) o o0 o0 2 4 4 2 0 O

¢ HS, High spin; LS, low spin, S denotes spin multiplicity.

1. s<>p, p<>d (etc.) atomic transitions are allowed,
but p <> p, d <> d are not; in more general terms, g <> u is
allowed, but g <> g, u <> u are forbidden.

2. The spin multiplicity does not change in an allowed
transition. It is for this reason that all high-spin d° systems
are at best weakly colored: There is only the one possi-
ble spin-parallel arrangement of five electrons in five d
orbitals, so any transition must be to a state with differ-
ent spin multiplicity. Coordination compounds of Mn>*
(3d%) are usually in consequence very pale. Notice that
this doubly forbidden character is true for any octahedral
six-coodinated high-spin ion with five d-electrons. Exam-
ples include [Fe(OH,)61** in alums, which is a weak field
environment, but not, of course, [Fe(CN)¢]>~, which has
its five d-electrons paired.

From the first rule (sometimes called the Laporte rule),
any d—d transition in a centrosymmetric molecule is weak.
Compared with dyestuffs (often with molar extinction co-
efficient ¢ ~ 50,000), complex compounds are poor ab-
sorbers of photons.

So far, only the electronic configurations for regular
octahedral coordination have been given, and color has
been described in terms of excitation of an electron by
a quantum of visible light from the ground sate to an
upper state. The size of the gap E in energy separating
the ground and upper states controls the color (E = hv).
The larger the gap, the greater the energy of the photon
required to promote an electron across it. The gap de-
pends on the strength of the M <— L bonds along the axes
(see Fig. 3).

In general, descending a triad of transition elements,
like cobalt, rhodium, iridium [where the M>* ions have
the configurations (3d)®, (4d)®, (5d)°, respectively], the
energy gap AFE in analogous species, say M(NH3)2+,
increases, as in Table IV. This means, of course, that
the compounds become less obviously colored; even
the lowest-energy spin-allowed d—d transitions (5d — 5d)
for molecules containing third-row elements go into the
ultraviolet.

Taking one metal ion, variation of color arises from
the same cause, the variation of the energy gap. For the
electronic configuration d? in the coordination complexes
of chromium(III), for the lowest-energy transition arising
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TABLE IV Energy Gaps in Analogous Species Containing Cobalt, Rhodium, and Iridium

Compound Configuration Transition Energy (kK)* Color
Co(NH3); ™ (3d)® (t2g)® — (t2g)3(ey)! 21.3 Orange-yellow
Rh(NH3); " (4d)® (t2g)® — (t2g)3(eg)! 33.3 White
Ir(NH3); ™ (5d)% (t2g)® — (t2g) (eg)! 40.0 White
trans-[Co(py)4Cla]H? (3d)° (t20)® — (t2g) (eg)! 16.0 Green
trans-[Rh(py)4Cly]H? (4d)° (t2g)® — (t2g) (ey)! 24.5 Yellow
trans-[Ir(py)4Cly]T° (5d)° — — White

@ 1 kK (kilokayser) = 1000 cm™!.

b All are the trans-dichloro isomers; py = pyridine, CsHsN.

from (tp,)* — (t2,)*(e,)', the result of increasing bond
strength (i.e., stability) is to increase the ligand field split-
ting AE (Table V).

The order of increasing splitting of the d levels by
the ligands is the spectrochemical series: F~ < OH, <
NH3; < NO; <CN~. The last entry in Table V shows an
example of the baricenter (center of gravity) rule. If the fre-
quency of a particular transition in an environment (MAg)
is v; and that for MBg is v,, then for [MA, Bg_,] it is the
weighted average [Eq. (44)]. Such mixed coordination

(nvy + (6 — n)vy)/6 (44)

spheres, where there is more than one type of molecule
acting as ligand, are very common. The effects of sub-
stituting ammonia by chloride for cobalt(IIT) [3d°] and
chromium(III) [(3d)*] are shown in Table VL.

E. Photochemistry

The photochemistry (chemical reactions of molecules in
excited electronic states, made by irradiating with light of
the appropriate energy to promote them from their ground
states) of complex compounds is not as useful as might
be expected. In general, the most effective reactions are

TABLE V Colors of d® Coordination Complexes

Complex A4 n(=E /h)” Color
[CrFg)>~ 671 14.9 Green
[Cr(OH, )6]3+ 575 17.4 Violet
[Cr(NH3)¢]t 464 21.55 Orange-yellow
[Cr(CN)g]*~ 376 26.6 Pale yellow
[Cr(NC5Hs)3ClJ§ 629 159 Green
[Cr(OH,)4 C12]+d 635 15.75 Green

¢ Wavelength of absorption maximum in nanometers.

b Frequency of absorption maximum in kilokaysers (1 kK =
1000 cm™1).

¢ Mer isomer; NCsHs is pyridine.

4 Trans isomer.

brought about not by d—d excitation but by other light ab-
sorptions, such as charge transfer. For example, on the
irradiation of trisoxalatoferrate(IIl) ion with UV light, the
process shown in Eq. (45) takes place through the photo-
chemical excitation shown in Eq. (46).

[Fe(C,04)313~ — [Fe(C,04),]* +CO +CO;  (45)

[Fe(Ill) < (C204)7] + hv — [Fe(l) — (C204)~]"
(46)

F. Solvent Effects

Nearly all the basic notions of the chemistry of complex
ions are derived from aqueous systems, and striking depar-
tures often occur when other solvents are used. For exam-
ple, the coordination of iron(Il) by diimine ligands changes
its complexion as follows. In water B119 > Bi20 < B130-
The tris species, for example, [Fe(phen);]**, in water or
isolated from water as salts with chloride and so on is dia-
magnetic (d® spin-paired). In water, where anions such
as chloride are well solvated, paramagnetic solids such as
[Fe(phen),Cl,] dismute, as in Eq. (47).

6H,0 + 3[Fe(phen),Cl,] — 2[Fe(phen);]**
+ Fe(OH,);" + 6CI~ (47)

In acetone and similar nonprotic solvents, the bis species is
perfectly stable, and it is now the tris species that is unsta-
ble [i.e., Bi20 > Bi3o, the opposite of water; see Eq. (48)].
To speak of the spin pairing of the tris species as ligand
field stabilization is incorrect, since that stabilization is
effective only in water. The remarkable, and often quoted,
reversal of the stability constants for adding the second
and third chelating ligands to iron(Il) ions must actually
stem rather from changes in solvation energies of the an-
ions present.

[Fe(phen)3]** 4+ 2C1~ — [Fe(phen),Cl,] + phen (48)
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TABLE VI Mixed Coordination Spheres on Cobalt(lll) and
Chromium(lil)

viloge
Compound Cobalt Chromium Color
[M(NH3)613* 207 18 210 1.6 Orange
[M(NH3)5Cl1]>+ 194 175 195 1.6 Pink
trans-[M(NH3)4,C,]* 161 14 165 14 Green
cis-[M(NH3)4Cl ]+ 191 19 192 19  Green

“ In kilokaysers (1 kK = 1000 cm™1).

G. Kinetic Properties of Coordination
Compounds

Reactions of coordination compounds can be divided into
several classes, depending on whether the oxidation state
of any atom changes during the transformation of start-
ing materials (factors) into products. No change gives a
reaction such as Eq. (49).

[Co(NH3)sCl]*" + OH, — [Co(NH;3)s5(OH)I*t + CI~
(49)

Many formations and decompositions or other equili-
brations of coordination compounds are extremely rapid.
The half-life of a reaction such as the replacement (“sub-
stitution”) by ammonia of water coordinated to nickel(Il)
ions is typically microseconds to milliseconds, and there
is indeed a convenient distinction (due to Taube) for re-
actions in solution between kinetically labile and kineti-
cally inert systems. On mixing 0.1 M aqueous solutions of
the reagents, labile equilibria are fully established within
1 min, whereas inert systems take longer. Many of the
ions of the heavier (second and third row) transition el-
ements in several oxidation states (e.g., both P+ and
Pt**) are inert, as are many spin-paired d® ions (Fe’,
Co**, Ni**) and chromium(III) in the first row. Kinetic
lability in solution is the rule for coordination compounds
containing main group metals. Reactions of solid coordi-
nation compounds (like most other solid-state changes)
are usually slow. It is this kinetic inertness that has
led to the isolation of so many metastable coordination
compounds.

The decomposition (via substitution) of hexaam-
minecobalt(II) salts in acidic water [Eq. (50)] is thermo-
dynamically very favorable; that is, K in Eq. (51) is very
large, but the rate is extremely small. Solutions of such
hexaamminecobalt(III) salts in dilute acid are unchanging
for weeks.

[Co(NH3)6]*" + 6H;0" = [Co(OH,)6 > + 6NH,
(50)

K = [Co(OH,)s](NH;)° /[Co(NH3)6](H;0%)°  (51)

Coordination Compounds

Isolating the less thermodynamically stable of two in-
terconvertible forms of the same composition (whether it
be coordination compounds, allotropes of elements, or any
other chemical composition) can be done only if the rate of
reaching equilibrium is so slow as to render the conversion
of the metastable isomer to the stable one very protracted.
This is a form of Ostwald’s law of metastable intermedi-
ates. Such rates are slow (minutes < t;/, < years) for the
equilibrations of coordinated cobalt(Ill), chromium(III),
a few (spin-paired) d° ferrous compounds, such as salts
of the ferroin 22a, tris-1,10-phenanthrolineiron(II) cation,
and a few octahedral nickel(Il) species with strong field
ligands (3d8, e.g., the tris-1,10-phenanthrolinenickel(Il)
ion 22b).

N
N/|

a:M=Fe? and b: M=Ni?*

Each NN represents the ligand:

22

Oxidations and reductions are common and important,
chiefly because coordination compounds of the transition
metals may readily pass (often rapidly) from one oxida-
tion state to another and because one-electron changes
are common (whereas elsewhere in the periodic table, this
would involve free-radical formation). For example, sev-
eral named organic reagents utilize half-cells based on
coordination compounds.

Typically, Decker’s reagent is alkaline ferricyanide
[hexacyanoferrate(II)], which may be used to oxidize the
pseudobase 23 to the pyridone 24, as in Eq. (52).

N AN
Al — L

N N 0

| OH |

CHs CHs

23 24

(52)

Many other such reactions occur with changes by a com-
bination of oxidation-reduction and substitution. When
Tollens’s reagent, [Ag(NH3),]", oxidizes aldehydes, the
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product is silver metal. In Fehling’s solution (which he
originally called Barreswils’s solution) the oxidant (for re-
ducing sugars) is a complex compound of copper(Il) with
tartrate ions, and in Benedict’s solution it is a complex
with citrate ions. Sarett’s reagent for oxidizing alcohols to
aldehydes is a coordination compound of chromium(VI),
Cr(CsH;5N),03, where the chromium(VI) becomes re-
duced. There are many minor variations of this reaction.
Often, the compound to be oxidized is made a ligand,
and the oxidation can then be intramolecular, as in the Dow
phenol process [Eq. (53)], where the benzoate of basic
copper(Il) benzoate is oxidized to salicylate by hydroxide
and then carbon dioxide is eliminated to yield phenol.

CsHsCOOCuOH — CgHsOH + CO, +Cu’  (53)

A degradation of coordinated salicylate [25, Eq. (54)] is
also typical. This chelating contraction [25 (six-membered
ring) — 26 (five-membered ring)] occurs readily in acid

+ +
0
=
pY MnO, LO~c#
(en), Co ——> | (en)Cq |
\ H N ¢
0—C 07"
A
0 J
25 26
(54)

permanganate. Here is another side to the coin: The metal
ion, in this case cobalt(III), somehow prevents the oxalate
ion bound to it in 26 from undergoing its normal (“high
school”) oxidation by permanganate. Such “shielding” ef-
fects (loss of normal reactions) on coordination are well
known.

Such modifications of the chemistry of ligands attached
to metal ions are becoming increasingly important. Not all
are oxidation or reduction.

The high-field, spin-paired nitrosopentacyanoferrate
ion [Fe(CN)s(NO)]?~, often used as an aqueous So-
lution of its salt—so-called sodium nitroprusside,
Na,[Fe(CN)sNO] - 2H,O—undergoes many reactions of
analytical importance, chiefly as qualitative tests, in which
the nitroso ligand becomes modified, usually without de-
taching from the iron. Examples are the Gmelin test for
sulfur in organic matter (Lassaigne sodium fusion to give
sulfide, which gives a strong purple color with the FeNO
unit) and the Bodlander reaction with sulfite to give a
bright red color.

Evens so simple a reaction as acid—base equilibrium in
the ligands is strongly modified by metal ions. In Eq. (55),

[LsM(OH,)"" = [LsM(OH)]"~D* 4+ Ht (55)

the acid dissociation to form proton and the conjugate
base may be strong (e.g., for L=H,O, M=Fe, n=3,
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pK, = 2.7, comparable to that of monochloracetic acid!).
Even the acid dissociation of ammonia to give its conjugate
base is said to become perceptible when it is attached to a
highly charged metal ion, as in Eq. (56).

[Pt(NH3)6]** (aq) = [Pt(NH3)s(NH)I** + H* (aq)
(56)
Certainly such proton transfers have extremely large rate
constants.
In water, nearly all substitutions into a coordination
sphere (i.e., of one ligand for another) have a very simple
rate equation:

Rate = k[complex] 67

That is true whether the rate constant k is large (labile)
or small (inert), but tells us nothing about the detailed
mechanism.

There are a few situations in which the rate equation is
a little more interesting than Eq. (57); for example:

1. Substitution at platinum(I) [(5d)®]; four-coordi-
nated square species. Here, often,
Rate = k[complex][incoming nucleophile] (58)

2. “Base hydrolysis” (substitution by hydroxide ion) of
coordination compounds of cobalt(Ill) with ligands con-
taining an N—-H group. The unusual rate equation is

Rate = k[complex][OH™] 59)

This is commonly thought to imply the presence of a re-
active conjugate base, typically via Eqgs. (60)—(63):

[Co(NH;3)sClJ** + OH~
— [Co(NH;3)4(NH,)CI]* + H,0 (60)
[CO(NH3)4(NH2)CI]+ — [CO(NH3)4(NH2)]2+ +CI

(61)
[Co(NH3)4(NH2)]** — [Co(NH3)4(NH,)(OHz)J**
(62)
[Co(NH3)4(NH,)(OH2)** + H,0
— [Co(NH3)s5(OH,)]** + OH~ (63)

This gives Eq. (64) [with the loss of chloride from the con-
jugate base, Eq. (61), as the slow-rate-determining step]:

Rate = k[Co(NH3)4(NH,)CIJ** (64)
= kK [Co(NH;)sCI][OH] (65)

The base hydrolyses of the much studied cobalt(III) com-
pounds are dominated by this type of equation, whereas
the coordination compounds of the equally polarizing
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ions chromium(IIl) and rhodium(IIl) with ligands capa-
ble of forming conjugate bases do not seem to exhibit this
behavior.

3. Base hydrolysis (and in a very few cases attack
by cyanide or other nucleophiles) on a number of co-
ordination compounds with the ligand C=N. Often, the
ligand is part of an aromatic ring. For instance, for all
the base hydrolyses such as Eq. (66) (substitution of an
N-heterocyclic ligand LL, usually 2,2’-bipyridyl or 1,10-
phenanthroline, by hydroxide), although there can obvi-
ously be no conjugate base formed by protonic dissoci-
ation (there are no acidic protons) the rate equations are
nevertheless as in Eq. (67):

M(LL)3" + OH™ — [M(LL);(OH)(OHp)]*~* + LL
(66)
Rate = [M(LL);](ko + ki[OH"] + k2[OH" )  (67)

In a similar way, the rate equations for substitution by
cyanide ion are as in Eq. (68):

Rate = [M(LL)3](ko + ki[CN"]+ k2[CN"J?)  (68)

In the latter case, a typical example is the ready reaction of
ferroin with cyanide in water to give the Schilt—Barbieri
compound:
[Fe(phen)3]2Jr + 2CN™ — [Fe(phen),(CN),] + phen
(69)
The most reasonable interpretation (there have been
many) is to consider the hydroxide or cyanide as form-
ing first an sp>-hybridized carbon atom (a pseudobase or
Reissert-type adduct, respectively) and then being trans-
mitted from carbon to metal ion. In other words, the change
inreactivity of an N-heterocycle on coordination to a metal
ion is akin to that of the same N-heterocycle on classical
quaternization by an organic agent such as methyl iodide.
The unusual rate equation [Eq. (67) or (68)] involving
the nucleophile’s concentration in first- and second-order
terms arises because the rates of these reactions (appar-
ently hydrolysis or substitution by cyanide at the metal ion)

are actually controlled by rates of reaction at the ligand
(27 — 28).
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=
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Certainly, the presence of an imine-like carbon atom
adjacent to the coordinated nitrogen seems necessary for
values of k; in rate equations (67) or (68) to be large.

4. The unusually rapid coordination to initially inert
aquo metal ions of a few oxo anions (XOZ;), for exam-
ple, X=N,n=2,y=1 for ONO™, may involve a rate-
controlling reaction at the oxygen of water (path 29) rather
than the metal (path 30).

H H
R G
o Lo
N—0" 02
O// \/N:
O/
29 30
H. Catalysis

If one defines a catalyst as “a species whose activity ap-

pears to a higher power in the rate equation than in the

stoichiometric equation,” many kinds of transformation

of coordination compounds may be subject to catalysis.

For example, the replacement of fluoride in Eq. (70) has

the stoichiometric and rate equations given in Eqgs. (71)

and (72), respectively. The proton is said to be a catalyst,

probably through the intermediate compound (31) with
hydrogen fluoride as ligands:

[Co(NH;)sFI** + H20 — [Co(NH3)s(OHo)I* +F~
(70)
Co(NHj3)s(OHy)][F
K — [Co(NH3)s(OH,)][F] 71
[Co(NH3)sF]

Rate = k[Co(NH;3)sF][H"] (72)

Other ligands that are the conjugate bases of weak
Bronsted acids (e.g., NO, ) show similar catalysis by a
proton. In the case of coordinated nitrite, the proposed
protonated intermediates (32) may actually be isolated in
solid salts [here the nitrate [Co(NH3)s(HONO)](NO3)s].
In both 31 and 32. A represents the ligand NHs.

31 32

Genesis of the famous Zeise’s salt. K[Pt(C,H4)Cls],
made by the slow reaction of potassium tetrachloroplati-
nate(II) with ethene in water (for ~ 5 days) is dramatically
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trans-[Cr(OH,)4Cl,] " + (EDTA)*~

7n Green

[Cr'(OH)4CL]° + (EDTA)*~

catalyzed by a small amount of tin(Il) chloride; in its pres-
ence, the Zeise’s salt forms quickly.

By far the most important catalytic reactions of coordi-
nation compounds are those based on oxidation and reduc-
tion. Typically, a kinetically labile oxidation state, usually
for the first transition series, 3d"*!, is added to or gener-
ated (in situ) from an inert one, 3d”. An example is shown
in Figs. (73) and (74).

Reaction (73) has a very large value of K=
[Cr(EDTA)~1/[[Cr(OH,)4CL]*][(EDTA)*~], so the for-
mation of the purple complex chelated product should
be strongly favored, but the half-life is in fact several
hours at 15°C. Zinc metal (merely a reducing agent, a
source of electrons) rapidly reduces chromium(III) to
chromium(II), which is (with its (3d)* electronic config-
uration) kinetically labile, and so comes to equilibrium
with the (EDTA)*" ligand rapidly (7, = 107" s), forming
a quite stable chromium(II)-EDTA compound [Eq. (74);
Bi10~ 10'*]. The product is now oxidized rapidly [Eq.
(75)] by electron transfer:

[Cr(EDTA)?~ + trans-[Cr(OH,)4CL ]+
— [Cr(EDTA)]™ + [Cr(OH,)4CL,1° (75)

The same result can be achieved by adding a salt of
chromium(II) rather than by forming it in situ. Table VII
gives some similar redox-catalyzed substitutions. Note
that, as in Table VII, whereas the first-row metal ions

TABLE VII Syntheses via Catalysis
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[CH(EDTA)]~ + 2C1~ (73)
Purple
[Cr(OH,)4Clo]*
[CH(EDTA)]?~ (74)

(here, chromium and cobalt) often have stable oxidation
states separated by a single electron [cf. Fe(III) and Fe(II);
Cu(ID) and Cu(D)], their heavier congeners (here, thodium
and platinum) often have states differing by two charges
[cf. PAIV) and Pd(Il); Au(Ill) and Au(l)]. The princi-
ple of complementarity indicates that, for these heavier
metals, such two-electron reductants as primary or sec-
ondary alcohols will readily give the catalytic-reduced
states.

Many of the most important catalytic activities of co-
ordination compounds and metal ions (particularly iron
and copper) are in the electron transport chains of cellular
metabolism, where they act as catalysts for the oxidation of
organic intermediates. Several other transition metal ions
(including vanadium and molybdenum) have important
metabolic roles in a variety of organisms. Indeed, recent
discoveries suggest that even such metals as chromium
and nickel have biological functions.

IV. SHAPE

A. Coordination Number

The formula of a complex compound is established once
we know the oxidation state of the metal in the ion and
the (coordination) number of ligands attached to it. What
can we say about the latter quantity?

The coordination number (i.e., the number of ligand
atoms in direct contact with the metal atom) of metal ions

Inert Labile
oxidation Electronic oxidation Electronic
Metal state configuration Catalyst state configuration Example
Chromium Il 3d? Zinc i 3d* [CrH(EDTA)],
[Cr(en); P+
Cobalt 111 3d® Charcoal® I 3d’ Co(NH3); ™
Rhodium 111 44° R,CCHROH® I 448 [Rh(NH3)5CI]Cl,
Platinum v 5d® — i 5d8 Halo substitution,
[Pt(Ss5)3 1%~

“ Acts, rather like a graphite electrode, as a source of electrons, i.e., a reducing agent.
b The hydrogen underlined here is thought to act as the two-electron source (i.e., H- — HT 4 2e7).
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TABLE VIII Coordination Numbers and Associated
Shapes

Coordination Point
number Shape group Examples
24 Linear Cooh [CuCl,]~
[Ag(NH3), 1t
4 Tetrahedral T, [BeF4]1%~
[CoCly]>~
[Zn(NH3)4]**
Plannar Dyy, PtCli’b
AuCI;®
ICl,
5 Pyramidal Cao [OV(OH;)4)*+
Bipyramidal D3y, [InCls]>~
6 Octahedral On [AlFg]3~
[RhClg]3~

@ On the whole, two coordination is found for the lower oxidation
state (I) of the coinage metals (copper, gold, silver) and among their
isoelectronic neighbors [e.g., Hg(OH2)2)2+, T1(0H2)3+].

’Note that these are isoelectronic (so the same structure is
expected).

in simple coordination compounds varies (as it does in bi-
nary and ternary crystalline structures) from 2 up to ~ 12.
The most common (all others up to 12 are known) are 2, 4,
5, 6, and (for some of the larger ions—barium and radium;
thorium; zirconium, hafnium, and some lanthanides and
actinides) 8. Table VIII gives examples of coordination
numbers and the associated shapes.

There are many rules of thumb for rationalizing changes
in coordination number for a particular metal and among
metals in general. For a given metal ion with a partic-
ular ligand in a particular solvent—usually water—such
changes are manifested by sudden discontinuities in prop-
erties. With Hg?* in water, the successive stepwise stabil-
ity constants with chloride are K9 > Kjp9 > K30 - - -
Whereas the first two chloride ligands attach to mercury
very well, giving successively (HgCl)* and (HgCl,)°,
the third one has little affinity. Presumably, the stable
linear two-coordinated structure is being altered to a
three-coordinated HgCI; (triangular) or four-coordinated
Hg(OH,)CI; (tetrahedral).

In general, if a particular metal ion in a particular oxi-
dation state manifests, under different circumstances (i.e.,
with a variety of ligands), more than one coordination
number, the changes (based on the Pauling electroneutral-
ity principle) are as follows:

1. Anions have lower coordination numbers than
cations:
2+
versus  [Co(OH;)s]

[Mn(OH,)s]**

[CoCly]*~

[MnCL,]>~  versus

Coordination Compounds

2. The more polarizable the ligand, the lower is the
coordination number: [AICL]~, [AlFs]°~.

For any one metal, the ions in increasingly positive
oxidation states become smaller [i.e., rFe’* (spin free)
(3d%) < rFe*" (spin free) (d°); rCu?*(d’) < rCu*(d'?)].
The coordination number with a given ligand tends to
increase with this shrinkage, perhaps because the more
highly charged cation has much increased electron at-
tachment enthaply, requiring more of the same ligands
to become electroneutral. Examples (which abound) are
TICIE)’, TICL;~; ICl,, ICl;; CuF:~, CuF; ; PtCI},
PtCl;"; SnClg™, SnCly; Ag(CsHsN);*, Ag(CsHsN)S;
(AuCly)~, (AuCl,)~ . In the cases of the electronic config-
urations d® and d®, for the same metal the interconversion
of one state to the other is often called oxidative addition
(or reductive elimination in the opposite direction):

MCI2~ +Cl, > MCI2~  (e.g., M=Pd,Pt) (76)

For the same ligand with varying metal ions there is
(in crystalline binary compounds) a general tendency for
the coordination numbers of the cations to increase on
going down a eutropic family (as in SiO;, GeO,, SnO;,
PbO,). This is not as true of isolated complexes in coor-
dination compounds. The sizes of corresponding ions do
increase down the three transition series, but this increase
is often swamped by the sharing of the effect among sev-
eral ligands. For example, the bond lengths M «<— N for
Co(NH3); ", Rh(NH3);" and Ir(NH3);* are sufficiently
alike that many triads of their analogous salts, for example,
[M(NH3)6](NO3)3-HONO; or [M(NH3)s](OH,)[(NO3)s3 -
HONO,, are isostructural for M = Co, Rh, Ir.

The growth in size of the s-block ions is well known, as
in ‘Mgt < rCa?t (1.06 A) < rSr2+ (1.33 A) < rBa?t <
rRa”*, and the coordination numbers with like ligands do
tend to increase down these series. However, the metal
ions [other than the very small ones of the higher oxida-
tion states, Mn(VII) and the like] of atomic number greater
than 19 are all large enough to accommodate the higher
coordination numbers (8). For the electropositive ele-
ments at the start of the transition series, the lanthanide
contraction ensures that (5d)" ions are about the same
size as their 4d" congeners but both are larger than 3d”
(e.g., Ti*t < Zr*t ~ Hf*"; V3+ < Nb*+ ~ T2+, Cr¥t <
Mo ~ W3*). Typical complex compounds contain
TiF; , ZrFg , and HfFy .

B. Structures and Their Symmetries

The coordination number 4 is fairly common, and there are
two limiting shapes, as listed in Table VIII: the planar and
the tetrahedral. For main group metals, tetrahedral ions
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such as [BeF4]>~, [AICL,]~, and [Zn(NH3)4]*t are com-
mon. For the first transition series, they are quite common
among anions and with very polarizable ligands, as in
the blue ion [CoBr4]*~ and in the blue B form (so-called
for historical reasons: names used to distinguish poly-
morphic varieties are unsystematic) of [Co(CsHsN),Cl,].
There is another form of this dimorphic compound, the
pink «, which is polymeric in the crystal (through chlo-
rine bridging two cobalt ions) and contains octahedral
cobalt(Il) ions. The very highly polarizing ions of the
highest oxidation states of the central transition elements
often have essentially tetrahedral shapes. Some exam-
ples are VO3, CrOi_, MnO, these being an isoelec-
tronic set; MnOi_; FeOi_ (so-called ferrate); [CrO5;CI],
[TcO4]~, [ReO4]™, [OsO4N]~ (osmiamate); and many
others.

The planar four-coordinated molecules are of great
rarity in main group chemistry (ICl;, XeF,) but dom-
inate the simple coordination chemistry of spin-paired
d® species. These crop up among the second and third
row platinum and coinage metals, and there are a few
examples for (3d)®, chiefly for nickel(I) with strong-
field (polarizable) ligands: [Ni(CN);]>~, [Pd(NH3)4]*,
[Pt(NH3)2C12], [AllC14]_.

C. Isomerism

Kinetically labile copper(Il) ions, in water, combine with
an excess of L-alaninate ligands (LAla-O)~ to give a solu-
tion (at pH 8.3) that contains only the uncharged species
[Cu(LAla-O),]. This species, planar about the copper ion,
may exist as cis (33) or trans (34) isomers. The equilibrium

N\CU/N N\CU/O
7\, N\,

33 34
N-0 represents HzC—CH(NH,)CO0 ™ :LAla-0"

ratio in solutions has been said to be
K = [trans]/[cis] = 1.5

Trans and cis isomers must be in labile equilibrium,
the copper(Il) ion being so rapid in its reactions. Nev-
ertheless, both frans and cis forms can be obtained as
crystals from the solution. A concentrated solution ini-
tially deposits Cambridge blue crystals of the trans iso-
mer 34, but if left for a few days these are gradually re-
placed by the more stable Oxford blue crystals of the cis
isomer 33.
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TABLE IX Properties of Cis and Trans Isomers of Square
[PtA;B;]

Geometry
A B Isomer p Other properties
NH;3 Cl Cis — H,SO4 — adduct
Drug
NH;3 Cl Trans — H,>SO4 — no adduct
Not drug
P(CyHs)3 Cl Cis 10.6 White
P(CyHs)3 Cl Trans 0 Yellow

“ Dipole moment (in debye units).

The subtlety of metal complex chemistry is manifest in
the apparently similar bisglycinatocopper(Il) system, the
behavior of which is actually opposite to that of alaninate:
The initial aqueous solution gives first the metastable
crystals of the cis isomer, which is slowly replaced by the
trans.

For the kinetically inert spin-paired d® species, such
as palladium(II) and platinum(Il), this cis—trans (geo-
metric) isomerism occurs frequently. Table IX shows
some examples. For such compositions as those in Ta-
ble IX, there is often another kind of isomerism (ion-
ization isomerism) in which the same stoichiometry Pt—
2NH;3-2Cl is given by such salts as [Pt(NH3)4][PtCl4] and
[Pt(NH3);Cl][Pt(NH3)Cl3]. The former, Magnus’s green
salt, has columns or chains of platinum ions running
through the structure (35, A = NHj3).

Cl Cl
HaN. NHz ’ HsN NH3 l
N, Cle. N Cle.
.......... Pt‘“Pt Pt
N x\m /N | —a
HsN NH HzN NH
3 3 Cl 3 3 C1
35

Related structures may give rise to desirable electronic
properties, such as one-dimensional conductance (along
the Pt—Pt axis).

Far and away the most common coordination number
is 6, with the ligands arranged at the corners of an oc-
tahedron. For metals from atomic number 11 (sodium)
upward, more complex ions and compounds contain six-
coordinate metal ions than not. Examples of ions are
[Cr(NCS)s]*~, where the underlining of the N indi-
cates that it is this constituent of the ligand, rather than
the sulfur atom, that is directly attached to the metal,
[SnCls]*~, [Ni(H,NCH,CH,NH»)31*", [Ru(bipy)s;]**,
and [Pt(Ss5)3]>~.

Isomers are particularly common among six-coordi-
nated compounds, although there are many cases for
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other coordination numbers. The extraordinarily selective
synthesis form the dianion of the natural amino acid L-
cysteine as a bidentate ligand at cobalt(III), to give dark
green tris-L-cysteinato-(N,S)-cobaltate(IIl), illustrates the
chief causes of isomerism among coordination com-
pounds.

L-Cysteinate (the doubly charged anion) is represented
by structure 36.

C
0 N
36

The three atoms underlined are all possible donor sites,
but since only two are used to form each of the three
chelate rings, this ligand could be attched through (1) ni-
trogen and oxygen (chelated a-amino acidate, with a pen-
dant unattached thiolate, -CH,S™), (2) sulfur and oxy-
gen (a chelated B-thiocarboxylate, with unattached NH5),
or (3) sulfur and nitrogen (chelated 1-amino-2-thiolate,
with pendant carboxylate). This variability of mode of at-
tachment of a ligand is called linkage isomerism. Other
ligands with such multiplicity of possible binding sites
may be unidentate and include (among several) nitrite at-
tached via nitrogen, for example, [Co(NH3)5(NO;)], so-
called nitropentamminecobalt(IIl) ion, a yellow ion; ni-
trite attached via oxygen, [Co(NH3)s(ONO)]**, so-called
nitritopentamminecobalt(Ill) ion, a red ion; thiocyanate
attached via sulfur, for example, [Rh(NH3)5(SCN)]**; or
“isothiocyanate,” nitrogen-bonded [Rh(NH;)s(NCS)]>*.

Representing the bidentate L-cysteinate as N-S, three
of these may be coordinated as in 37 or 38.

e AN

S { P ST ‘ N
“Co. ) “Co. )

N/‘\N N/ \S

N !
(fac) (mer)
37 38

In the discussion of stepwise stability constants [see
Eq. (5)], the more symmetric facial and less symmet-
ric meridional isomers of [MA3B3] were distinguished
from their probabilities of formation (mer-9, 60%; fac-10,
40%). In the present case, only the fac isomer is formed.
Such geometric isomers have the same composition but
different molecular symmetries.

Coordination Compounds

D. Optical Activity

Finally, there are for the fac isomer 37 (point group C3)
(and indeed the mer isomer 38, C;, or for any other ge-
ometry that has only axial symmetry, D3, C,, and so
on) two forms of the molecule that differ, as do right-
and left-handed propellers (39 and 40). Such an object
(molecule) cannot be superimposed on its image in a mir-
ror. The labels attached (by arbitrary convention) to pro-
peller molecules, such as

[A,L,R(C3),P(C3)] [A,0,S(C3),M(C5)]
39 40

are shown [from minus (M), plus (P), sinistral (S), rectal
(R); A refers to left-helicity about the threefold axis, A to
right; D and L are for dextro (right) and levo (left)].

E. Stereoselectivity

To distinguish right from left requires an all-one-handed
agent (either all right or all left). For an all-right-disting-
uishing agent, the differing interaction combinations are
right-right and right—left. This is the same difference
as between shaking hands and holding hands. Isomers
formed from differing combinations of right- and left-
handed (chiral) parts of molecules are known as di-
astereoisomers. Natural (optically active) L-cysteine se-
lects the S(C3) propeller of cobalt(Ill). Such selection
among the posible diastereoisomers is known as stere-
oselectivity.

The sole product, from among all the possible iso-
mers, is S (C3)—fac-[Co(L-cysteinate-N,S)3]3_, which can
be readily crystallized as its potassium salt. Such selective
syntheses (where one among several possible reactions oc-
curs preferentially rather than at random) are now more
readily achieved than hitherto.

Tartaric acid (or its conjugate bases) can select be-
tween the right and left hands (41 and 42) of DL-
[Co(en),(CO3)]T, giving the very stable diastereoisomer
43. This effectively takes all the L-cobalt centers out of
commission, so that on adding symmertric reagents (e.g.,
NO; ), the only place for reactions is the D-cobalt of 44,
giving the D-[Co(en)>(NO»),]" ion 45a. The overall ionic
charges on the complex ions 41-46 are omitted, but all the
complexed cobalt centers are cobalt(III).
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This is a neat dissymmetric synthesis of the product,
cis-dinitrobis(1,2-diaminoethane)cobalt(IIl) (46), which,
in principle, can be done in one reaction vessel.

A similar convenient “one-pot” synthesis of an opti-
cally active coordination compound from “off-the-shelf”
reagents involves reducing aqueous hexachlororuthen-
ate(IV) ion with dissymmetric (+)-tartaric acid (a natural
product) and presumably forming preferentially one of the
several possible diastereoisomeric (4)-tartratoruthenium
species. On the addition of excess of 2,2'-bipyridyl,
it substitutes stereoselectively, giving an excess of
(+)-[Rubipy3]** over its (—) enantiomer. This product,
when racemic, has been used as a photocatalyst in many
attempts to catalyze reaction (77), the photolysis of water
(as a solar energy utilizer),

2H,0 + hv — 2H, + O, (77)

A great deal of effort is being made to modify the ligands
in this N-heterocyclic complex, to improve or alter sol-
ubility and oxidation-reduction properties. The final ox-
idative degradation by acid permanganate of the tartrate
ligand in the stable diastereoisomer 43 (this bridging two
cobaltions) gives breakage of the carbon—carbon bond but
no rupture of any bond to chiral cobalt(Ill). Clearly, the
handedness of the propeller about cobalt in the product
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(45) is the same as that in the reactant (43). This chem-
ical transformation proved that the two chiralities (hand-
edness of propeller) are related and is called a chemi-
cal correlation of configuration. Other examples include
Egs. (78)-(80):

(++)-cis-[Co(en),(NCS), ]

— (4)-cis-[Co(en),(NH3), I** (78)

(+)-[Ru(phen)s]** —— (+)-[Ru(bipy)s]**

12[0]* %6(;02

r -2+
N
R CO,H
u
N CO.H
L 3 (79)
2H,0 NH
NHz\TH ? 2~CH
Co Co
H
__-CH, S 2Hy0s ) _\/C 2 5
7\
0 0 (80)

Equation (80) represents the transformation of coordi-
nated thiolate in the dark green triscysteinate complex of
cobalt(Ill) by oxidation using hydrogen peroxide to the
yellow sulfinate. In full, it can be written

fac-[Co(LCys);]*~ + 6H,0,
— L-fac-[Co(LCysu—N,S)3]3’ + 6H,O (81)

The cysteine sulfinate is abbreviated Cysu, and this
dissymmetric yellow anion is a splendid resolving
agent for triply charged racemic cations such as
[M(en);]** (M=Cr, Co, Rh) or [M(bipy)s]** (M=Co, Cr).
All such chemical correlations of configuration are reac-
tions of coordinated ligands.

F. Resolutions

Selection among diastereoisomers is not, of course, re-
stricted to such intramolecular cases as the tris-(N,S)-
cysteinatocobaltate(III), where all the chiral centers (at the
metal ion and in the organic molecules) are in the same
molecule. Wherever a single-handed molecule or chiral in-
fluence (say, right) interacts with a racemic (50 : 50 right—
left) mixture, there are the diastereoisomeric pair of un-
equal possibilities right-right for the right-handed half of
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TABLE X Diastereoisomer Salt Formation

Coordination Compounds

Racemate (X) Resolving agent (A) Solvent LSD*
(NHa)2[Pt(S5)3] (=)-[Ru(bipy)31(Cl04)> Acetone (5A)X
[Co(EDTA)]~ L-Histidinium Water—ethanol (-HAH)X

H
/| _
Na[Rh(\ ?02)2(H2O)2J (+)-H3CCH(CgHs)NH, Water (HAH)X
N
H
[Ru(bipy)s]** (H)-[Co(LCysu)3 >~ Water (H)as0X(-HA
[Co(en)2(NO2),]* (+)-[Co(EDTA)]™ Water (5)X(+H)A

% This column describes the less soluble diastereoisomeric (LSD) slat formed from the
resolving agent (A) and one hand of the racemate. It gives (sign of rotation of the cation) (sign
of rotation of the anion). This measurement was done at the yellow lines of sodium, except for
the [Rh(biby)3]3+ ion, where the rotation is at 350 nm, as indicated by the subscript (+)350.

the racemic mixture and right—left for the left-handed half.
Table X shows some examples of resolutions.

Pasteur found for organic racemates involving asym-
metric tetrahedral carbon atoms that microorganisms
(themselves made up of chiral molecules all of one hand;
i.e., bacteria are very stereospecific reagents) metabolize
one hand much more rapidly than the other. In much
the same way, microorganisms show at least stereos-
electivity and occasionally, apparently, stereospecificity
(100% selection) for those few octahedral chelated com-
pounds that have been studied. For example, racemic
mer-trisglycinatocobalt(IIl) serves as a nitrogen source
for Pseudomonas stutzeri, but only the D hand is con-
sumed; the L is unaffected. This is the best way to ob-
tain this uncharged complex compound in optically active
form.

G. Jahn-Teller Effect

For the common four- and six-coordinated shapes, lower-
ing of symmetry by di- or trisubstitution of one ligand by
another leads to geometric isomerism (where the shape of
the field around the metal ion differs between the two iso-
mers, e.g., fac and mer). Similarly, for the six-coordinated
octahedron (O;,), lowering of symmetry by removing re-
flection elements (center, plane, or improper axis), as in

47, gives the
a a
a._| .c co | .a
b c c b
b b
D L

47

possibility of enantiomerism. This is usually done by
chelating. Examples of racemates D-47 + L-47 are known.

Of the several claimed separations of D-47 from L-47 (op-
tical resolution) at least that of [Co(NHj3),(NO;),(CN),]
seems authentic.

Quite apart from such modification of essentially sym-
metric shapes, there is another general effect, causing dis-
tortion of symmetric shapes, that is particularly common
among coordination compounds of some transition metals
(but also known for other species, such as the first elec-
tronic excited state of benzene). This is the Jahn-Teller
effect. For nonlinear assemblies of nuclei and electrons,
unequal occupancy of degenerate orbitals is unstable, and
there will be a lower energy state of different geometry in
which the nuclear framework has been distorted. Taking
the electronic configurations of spin-free d* [e.g., Cr(II),
Mn(III)] and any d° [e.g., Cu(I), Ag(II)] as examples, in
octahedral ligand fields the electron occupancy is shown
in 48 and 49,

48 49

respectively. The Jahn—Teller theorem says that the nu-
clei will move to lift the degeneracy (i.e., x =y # z), as in
Fig. 6. There are many cases of such distortion. Indeed,
either (or both) the ground state or the first excited state of
all configurations d” (1 <n <9) is subject to Jahn—Teller
distortion. Particularly noticeable are departures from reg-
ular shape in which the unequally occupied degenerate
orbitals are antibonding; some examples are given in
Table XI. The energy level diagram for T, for a partic-
ular d” is the inverse of that for Oy, for the same d” shown
in Figs. 4 and 5.
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Energy ——>

Distance M - L (xy) —>

FIGURE 6 Two possible distortions (along normal coordinates)
of an octahedral compound MXg with all six MX distances equal
(center point) to “four short, two long” MXjX% or “two short, four
long” MX3X].

V. BIOLOGICAL METAL COMPLEXING

The number of metals known to be essential to a range of
living species has increased markedly during the twenti-
eth century, so that the “biological periodic table” is now a
large fraction of the periodic table itself. Most of the metal
requirements are as trace elements, such as vanadium in
mushrooms. The vanadium (in the famous Amanita mus-
caria, the red-capped mushroom with white spots) occurs
in the same coordination compound throughout the mush-
room. This compound, amavanadin, originally isolated
from a Black Forest species, is said to have structure 50.

HOOC  CHs
/

CH
i r!l/OH CHg

OOl
\Hyz
v
T L
HsC o~ 0
CH

/\
HsC COOH
50

Many natural coordination compounds exist—for ex-
ample, vitamin Bj,, in which the central metal is

TABLE XI Jahn-Teller Distorted Structures

General shape Configuration Ion Example
Oy, antibonding 3Ba* Mn(I1I) MnF3
(d,2 —y2 d.2)
3d)* Cr(ID) KCrF;
(3dy° Cr(ID) K, CuFy
T, antibonding (3d)® — NiCr,Oy4
(dxya d)‘:» dzx)
(3d)® — Cs,[CuCly]
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cobalt(IIT), with six ligands, five of which are imine-like
or heterocyclic nitrogen, and the sixth an alkyl group (or
in the well-known artifact, now called cyanocobalamin,
formed during the original isolations, cyanide).

The striking fact about biological metal complex chem-
istry is its novelty. When first isolated, metal-containing
molecules and metal-in-volving systems from living cells
almost always turn out to have features that have no real
counterpart in known synthetic (in vitro) coordination
compounds. Much effort has been expended on devel-
oping “model systems” to reproduce these natural bio-
chemical ingenuities. For example, the stable carbon-
cobalt(IIl) bond in vitamin B, has been mimicked in
the bis-1,2-dionedioximatocobalt(IIl) moiety (51) (the so-
called cobaloximes), in which the nitrogen donors of the
oxime ligands (whose imine function is very similar to that
in N-heterocycles) are held planar by strong intramolecu-
lar hydrogen bonds.

H,C—R

One reminder of the power of natural syntheses is the
range of iron-binding molecules that have been found
in bacteria. Several functional groups have emerged by
human design as useful ligands to form stable complex
compounds in aqueous media specifically with iron(I) or
iron(IIT). These are shown in Table XII. How wonderful
that the same groups are used by all living things. For
example, the diimine molecules 52, caerulomycin A, and
53 (ferropyrimine) of Table VII are very closely akin to
the 2,2’-bipyridyl compounds so common in analytical
chemistry.

VI. THERAPEUTIC METAL COMPLEXES

Whether a solution of a coordination compound is ingested
or injected, it enters an aqueous medium and, depending
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TABLE XIll Some “Specific” Complexing Agents for
Aqueous Iron and Natural Analogs

Compound
(oxidation state) Ligand Natural example
Fe(OH)S™ Salicylate —
(110 (2-hydroxybenzoate) —
Hydroxamic acids Ferrioxamine
Fe(OH,)2" 2,2'-Bipyridyl HsCO
(H) W
N//CH
\

Rt

b
53

@ Structure 52 and derivatives known as caerulomycins B, C, and
D (all based on the 2,2"-bipyridyl-6-aldoxime moiety) are isolated
from Streptomyces caeruleus.

b Ferropyrimine (53) is isolated from the organism Erwinia
rhapontici, the cause of crown rot in rhubarb, which is also a rich
source of the chelating agent (C204)*~, oxalate, or ethane 1,2-dioate.

on concentration, temperature, ionic strength, pH, and so
forth, will come to equilibrium with the environment.
Establishing the actual nature (speciation) of the metal-
containing ions and molecules (species) that are present
in such a given environment is obviously important. It
is best done, at present, by a combination of potentiom-
etry [described in Section II.G, Egs. (41) and (42)] and
spectroscopic analysis. The potentiometry defines ranges
of possible speciation, and spectroscopy decides among
them. Characteristic therapeutic effects [other than those
of the separated constituent parts, metal ion and ligand(s)
added separately] are therefore to be expected for kinet-
ically inert compounds. Synergic effects are, of course,
conceivable for kinetically labile metal ions with particu-
lar ligands.

The two best-known therapies involving kinetically in-
ert coordination compounds are chrysotherapy (treatment
of rheumatoid arthritis with gold compounds) and the rel-
atively new treatment of certain cancers with platinum
compounds.

In chrysotherapy, following earlier uses of “potable
gold” and of “colloidal gold,” the intact complex com-
pounds (with trade names) used in the form of aque-

Coordination Compounds

ous solutions are Naz[Au(S,03),] (sanochrysine), sodium
gold thiomalate (myocrisin), and a phosphine complex
(Solganol). These may have grave side effects but are com-
monly effective in restoring expression to locked joints.
The detailed mechanism of action is unknown, but an in-
triguing fact is that when two enantiomeric joints are ex-
amined, one affected, the other not (such as two elbows),
gold is found only in the rheumatic or arthritic joint.

Platinum therapy, discovered by Rosenberg, used cis-
dichlorodiammineplatinum(II) (see Table IX). This is sold
under the names Platinol, cis-platin, or Neo-platin. It is
thought to act by interfering with nucleic acid replication.
Platinosis (a sensitivity, revealed as an allergy, to certain
complex compounds of platinum) has become a notifiable
industrial disease in France. It has been known since the
early years of this century among workers in factories
producing platinum chemicals. The novel utility of this
simplest of coordination compounds, cis-[Pt(NH3),Cl,],
is certainly a major breakthrough in cancer chemotherapy.

Ligands by themselves are often effective drugs or
detoxificants. For example, D-penicil-lamine (3, a substi-
tuted cysteine) is used to mobilize copper deposited in
reducing tissues in patients with Wilson’s disease (hep-
atolenticular degeneration), a hereditary defect in cop-
per metabolism. The copper transport protein (cerulo-
plasmin) of blood plasma is faulty and bonds copper
ions less effectively than it should. The enantiomeric
L-penicillamine is ineffective as a treatment. If (as may
happen) D-penicillamine is either inactive or gives rise
to intense nausea, triethylenetetraamine (trien; 4) is often
used.
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GLOSSARY

Breakdown voltage Critical voltage under which a gas
makes the transition from an insulator to a conductor.

Dielectric gas Relatively poor conductor or nonconduc-
tor of electricity to high applied electrical stress; gas
with high breakdown voltage.

Electrical breakdown (or electrical discharge or spark)
of agas Dramatic event whereby the electrical conduc-
tivity of an electrically stressed gas increases by many
orders of magnitude in times ranging from nanosec-
onds to milliseconds.

Electronegative gas Electron-attaching gas in which
stable negative ions (parent and/or fragment) are
produced.

Synergism of gas mixtures Property of gas mix-
tures whereby they have dielectric strengths exceed-
ing the partial-pressure-weighted dielectric strengths
of the individual components making up the gas
mixture.

Tailoring gas dielectrics Combination, on the basis
of fundamental physicochemical knowledge, of two
or more gases to optimize their overall dielectric
properties.

Dielectric Gases

A DIELECTRIC GAS IS a gaseous medium consisting
of one or more components with a high breakdown voltage
(i.e., a gaseous medium that is a relatively poor conductor
or a nonconductor of electricity to high applied electrical
strength). This article outlines the basic physical processes
that determine the dielectric properties of gases and dis-
cusses the breakdown strengths of dielectric gases and the
main uses of gaseous dielectrics.

I. INTRODUCTION

A gas in its normal state is a perfect insulator. If, however,
the gas is electrically stressed, the free electrons present in
it gain energy from the applied electric field; when the level
of the applied field is such that an appreciable number of
these free electrons possess kinetic energies high enough
to ionize the gas atoms or molecules, the gas “breaks
down” (i.e., it makes the transition from an insulator to
a conductor). The minimum critical voltage under which
the electrical conductivity of the gas increases by many or-
ders of magnitude is known as the breakdown voltage and
the phenomenon itself as electrical breakdown, electrical
discharge, or spark.

357
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As mentioned earlier, a dielectric gas is a relatively poor
conductor or a nonconductor of electricity to high applied
electrical strength (i.e., a gas with a high breakdown volt-
age). As such, it is used to insulate electrically various
types of high-voltage equipment (see Section IV). As we
shall see in Section III, the magnitude of the breakdown
voltage depends not only on the nature, number density,
and temperature of the gas, but also on many other fac-
tors such as the type of applied voltage and the geome-
try, material, and surface condition of the electrodes. The
breakdown voltage varies considerably from one gaseous
medium to another, and it can be—for certain electroneg-
ative gases, for example—over six times larger than the
breakdown voltage of atmospheric air, which is the “tra-
ditional” gas dielectric (see Section III).

Depending on the form of the applied voltage and the
nature and density of the gas, the transition of a gaseous
medium from an insulator to a conductor occurs in times
ranging from nanoseconds to milliseconds. The transition
is critically determined by the behavior of electrons, ions,
and photons in the gas, especially by those processes that

TABLE |
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produce or deplete free electrons. While a multiplicity of
physical processes and species, both neutral and charged,
play arole in determining the dielectric properties of a gas,
it seems that the electron is the key particle, and its inter-
actions with the gas molecules are the critical processes.
Knowledge of these processes often allows a prediction
of the dielectric properties of the gas and a choice of the
appropriate gaseous medium for specific uses.

Il. BASIC PHYSICAL PROCESSES
AND PROPERTIES

A. Basic Physical Processes

The basic physical processes that determine the properties
of dielectric gases involve excited and unexcited atoms and
molecules, electrons, positive and negative ions, and pho-
ton interactions with the gas and the electrodes. We shall
focus on those physical processes that are associated with
the gas itself (not with the electrodes), and in Table I we
list the principal ones. Basically, all these processes affect

Principal Physical Processes in Electrically Stressed Gas Dielectrics

Process number Process representation

Process description

Group A. Electron—-molecule interactions
1 e+AB— AB+e
2 e+AB— AB* +e
3a e+AB=A+B+e
3b =A+B"+e
4a e+AB— ABT +2e
4b e+AB=A+BT +2¢
Sa e+AB— AB™* — AB~
5b =A+B~
5¢ — AB (AB*) +e
6 e+AB—>AT+B” +e
Group B. Photon—molecule interactions
7 hv + AB — AB*
8a hv+AB— ABt +e
8b =A+Bt +e
9 hv+AB— A+B
10 hv+AB~ (B7)—> AB(B)+e
11a AB* +C— AB+Ct +e
11b B*+C—>B+C+e
Group C. “Secondary” interactions
12 e+ AB* — AB (AB*)
13 Bt +A~ — AB (AB%)
14 AB™4+C—AB+C+e
15 ABT™+C— ABC+e
16 AB™+C— AB+C™

17 AB™ +nC— AB~C, n>1

Elastic electron scattering (direct)

Inelastic electron scattering (dirct)
Dissociation by electron impact

Dissociative excitation by electron impact
Tonization by electron impact

Dissociative ionization by electron impact
Parent negative-ion formation

Dissociative attachment

Elastic (inelastic) electron scattering (indirect)

Ton-pair formation

Photonabsorption
Photoionization
Dissociative photoionization
Photodissociation
Photodetachment

Penning ionization

Penning ionization involving highly excited
atoms (e.g., Rydberg states)

Electron—positive ion recombination
Positive ion—negative ion recombination
Collisional detachment

Associative detachment

Electron transfer

Cluster formation
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the dielectric behavior of the gas by their effect(s) on the
number density and energies of the free electrons present
in the electrically stressed gas. Both the numbers and the
energies of the free electrons depend on the gas itself and
the density-reduced electric field E/N (E is the applied
electric field and N the gas number density). Let us briefly
look at the processes in Table I and their expected effect(s)
on the dielectric properties of the gas. For convenience,
we distinguish three groups of interactions: (1) electron—
molecule, (2) photon—-molecule, and (3) “secondary.” In
Table I, AB represents an unexcited and AB* an excited
diatomic or polyatomic molecule, and the double arrows
indicate that the reaction can produce a multiplicity of
products.

1. Electron—Molecule Interactions

Processes 1 and 2 in Table I are direct elastic and in-
elastic electron scattering, respectively. Along with pro-
cess 5c (indirect elastic and inelastic electron scattering,
whereby the colliding electron is temporarily captured by
the molecule and then released), they crucially determine
the energies of the free electrons present in the stressed
gas. Their cross sections depend on the electron energy
itself and the details of the molecular (atomic) electronic
structure. The inelastic electron scattering processes in-
volve excitation of rotational, vibrational, and electronic
states, while the elastic scattering does not change the
internal energy of the molecule (atom). Although direct
electron scattering is nonresonant (i.e., it occurs over a
wide range of electron energies), indirect electron scatter-
ing is resonant; it usually is very efficient at low (<20 eV)
energies and rather significant in establishing the “elec-
tron slowing-down” properties of the dielectric gas. Obvi-
ously, polyatomic molecules are, as a rule, more efficient
in slowing down the electrons than are small molecules or
atoms.

Processes 3a and 3b represent the dissociation of
molecules by electrons. They can proceed via a multi-
plicity of channels and thus produce a variety of neutral
fragments, some of which, such as B* in 3b, may be ex-
cited and posses sufficient internal energy to ionize an
impurity species C present in the dielectric (process 11b)
and in this way to increase electron production (B* can
also eject electrons when it collides with a surface). Pro-
cesses 3a and 3b slow down the electrons present in the
gas, as do processes 1, 2, and 5c, but in addition they pro-
duce free radicals which can change the number density
and the composition of the dielectric gas.

Processes 4a and 4b are the principal ways by which new
electrons are generated by electron—molecule collisions
(and by which existing ones are slowed down); through
process 4b a multiplicity of positive ions can be produced.
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Processes 5a and 5b are the main reactions which de-
plete the electrons present in the dielectric, producing par-
ent 5a and fragment 5b negative ions. In this way the elec-
trons are prevented from causing ionization of the gas.
To this end, besides the electron-attachment cross sec-
tion or the electron-attachment rate constant as a func-
tion of electron energy, the binding energy of the attached
electron (otherwise known as the electron affinity) must
be large to prevent electron detachment (i.e., release of
the attached electron). Process 5 has been studied under
“isolated conditions” (i.e., very low pressures) and un-
der “multiple collision conditions” (i.e., high pressures) in
which the effect of the medium can often be significant. It
is a resonant process occurring in the energy range from 0
to ~20 eV, depending on AB. It crucially affects the break-
down voltage and other properties of the gas dielectric be-
cause of its dominant role on the number density of the
electrons. Gases with large electron-attachment cross sec-
tions are called electronegative or electron-attaching; the
cross sections for the electron-attachment resonances de-
crease with increasing energy, and hence low-energy free
electrons can be more efficiently removed from the dielec-
tric (via this process) than can higher energy electrons. Not
all gases are electronegative, however, but the good gas di-
electrics are, or else contain electronegative additives.

The last process in group A in Table I, process 6, occurs
athigherenergies than 5, and although it produces negative
ions, it does not deplete electrons, it slows them down.
In the energy range of interest, its cross section is not
appreciable, and its effect on the gas dielectric properties
is thought not to be significant.

2. Photon—Molecule Interactions

In the second group of reactions are those between di-
electric gas molecules and photons, produced by deexci-
tation of excited species at high E/N (such as AB* and
B* in Table I and more likely, excited species produced
by recombination processes). Here, three types of pro-
cesses can increase the number of free electrons in the gas
dielectric: photoionization of AB (processes 8a and 8b),
photoionization of the negative ions (photodetachment,
process 10), and Penning ionization (process 11a or 11b,
due to excited species produced via 7 or 3b, respectively).
Of course, photons can collide with the electrodes and
inject new electrons into the gas dielectric in this way.

3. “Secondary” Interactions

The number density of electrons and ions, and thus the
associated space charge effects in nonuniform fields, can
be further affected by what can be termed secondary re-
actions. These can deplete electrons and positive ions
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(reaction 12) or positive and negative ions (reaction 13);
can collisionally detach electrons from negative ions (re-
actions 14 and 15) or convert one ionic species to another
(reaction 16) (and thus change its stability); or can change
the ion’s size (and thus its mobility) by clustering (reac-
tion 17). While the role of these processes may be less ob-
vious than the roles of groups A and B, it can, depending on
the prevailing conditions, be most significant. For exam-
ple, the gas dielectric behavior under steep-fronted voltage
pulses is affected by the availability of “initiating” elec-
trons produced by reactions 14 and 15. Similarly, corona
stabilization (Section III.B) is influenced by the electron—
ion (12) and ion—ion (13) recombination processes.

Understanding of the phenomena preceding the tran-
sition of the gas from an insulator to a conductor (pre-
breakdown phenomena) and the mechanisms involved in
discharge initiation and development invariably requires
basic knowledge on at least a fraction of the processes in
Table I. This knowledge comes from two sources: low-
pressure beam experiments and high-pressure swarm ex-
periments. In high-pressure swarm experiments, as in elec-
trically stressed gas dielectrics, the free electrons attain an
equilibrium energy distribution f(e, E/N), and the mea-
sured electron trasport coefficients (the electron drift ve-
locity w and the ratio Dt/u of the transverse diffusion
coefficient Dr to the electron mobility ) are related to
the cross sections for the microscopic electron—-molecule
interactions through f(e, E/N). In principle, from a mea-
surement of w(E/N) and Dr/u(E/N) and a knowledge
of the electron scattering cross section, f(e, E/N) can be
calculated through the Boltzmann transport equation or by
Monte Carlo methods. If, then, for a given gas dielectric
the various cross sections are known, they can be inte-
grated over f(e, E/N) and used along with the appropri-
ate charge conservation equations to determine the current
growth in the gas and predict its breakdown voltage. In
practice this is difficult because neither the cross sections
nor f(e, E/N)is known for the majority of the dielectric
gases or gas mixtures, so one resorts to the more easily
accessible swarm coefficients to predict the discharge de-
velopment and behavior.

From high-pressure swarm studies, the coefficients for
excitation, detachment, and ion—-molecule reactions are
obtained as functions of E /N, as well as the primary ion-
ization coefficient o and the effective electron attachment
coefficient 1. Most of the data are on the latter two coeffi-
cients. The coefficients & and n are most significant and are
related to the respective ionization, oj(¢), and attachment,
0,(¢), cross sections and f (g, E/N) by

1(5) _ (3)1/21”1 [oof<g 5) £ 20,(e) de
N\N) \m ; "N ' ’
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where [ is the ionization onset energy, N the total gas
number density, and N, the attaching gas number density;
for a unary electronegative gas dielectric N = N,, but for
mixtures containing electronegative and nonelectronega-
tive components N, < N.

B. Dielectric Properties

Having elaborated briefly on the basic physical processes
occurring in electrically stressed dielectric gases, we can
appropriately ask the question: How can the dielectric
properties of a gaseous medium be optimized based on
knowledge of such processes? To illustrate the type of
answer one can get to this question let us see how knowl-
edge of the electron-attaching, electron slowing-down,
and electron impact-ionization properties of gases allows
one to choose and to tailor gaseous dielectrics. This can be
seen by referring to Fig. 1. When the value of E/N is low
(e.g.,1.24 x 1071V cm? inFig. 1 forN,), f(e, E/N) lies
at low energies, and the number of electrons capable of
ionizing the gas is negligible (i.e., the gas is an insulator).
As the voltage is increased, however, f (e, E/N) shifts to
higher energies, and for sufficiently high £/N values the
number of electrons capable of ionizing the gas is such that
the gas makes the transition from an insulator to a conduc-
tor. In Fig. 1, f(e, E/N) is shown for N, at the limiting
value of E/N, (E/N)im (=1.3 x 1075 V cm?) (i.e., the
value of E/N at which breakdown occurs). Even at this
high E /N value only a small fraction of electrons possess
sufficient energy to induce ionization, which, nonetheless,
for a non-electron-attaching gas such as Ny, is sufficient
to promote gas breakdown. This is designated in Fig. 1 by
the shaded area «, which is a measure of the ionization
coefficient o/ N [Eq. (1)].

For a non-electron-attaching gas and a uniform field,
knowledge of o provides a measure of (E/N ), through
the so-called Townsend breakdown criterion,

y(ed —1)=1. 3)

In Eq. (3), ad is the number of electrons generated by an
electron leaving the cathode and arriving as an electron
avalanche at the anode (at a distance d from the cath-
ode), and y is the so-called secondary ionization coeffi-
cient, defined as the number of secondary electrons pro-
duced perprimary ionization. These secondary-electron
processes include (1) electron emission from the cathode
as it is struck and photons, positive ions, and metastable
molecules and (2) gas processes such as photoionization
of the gas. Physically, Eq. (3) states that when each initial
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electron produces a successor, the current maintains itself
and becomes independent of y.

For an electronegative gas the situation is different be-
cause in this case the free electrons can be effectively pre-
vented from initiating breakdown if they attach themselves
to gas molecules and form stable negative ions. The total
attachment cross section o,(¢) for SFg is shown in Fig. 1.
In general, o,(¢) is large at very low energies, and thus
only electrons with energies at the extreme low-energy
range can be removed efficiently by electron attachment.
The shaded area in Fig. 1 that is designated by 7 is a mea-
sure of the effective electron attachment coefficient /N,
[Eq. (2)]. Knowledge of «/N and 1/ N, allows one to pre-
dict (E /N )jim, which for static uniform fields and a unary
gas is defined as the value of £ /N at which o = 5, namely,

ylexp{(a —md} — 1] =1—-n/a. “4)

Both «/N and /N, are functions of E/N (see Figs. 2
and 3). Most often, one measures the so-called effective
ionization coefficient (@ — n)/N (see Fig. 2), and the static
uniform field breakdown strength (E /N )i, is defined as
the value of E /N for which

(@ —1n)/N=a/N = 0. (5)

Thus (see Fig. 2) for pure SFs, (E/N)jm=3.61 %
10715 V cm?, and it decreases as N, is added in the binary
mixture.

For nonuniform fields, & is a function of the position
between the electrodes, and the breakdown voltage V; can
be calculated from the so-called streamer criterion,

X0

/ a(x)dx =k, (6)
0

where xq is the length at which the electron avalanche
reaches the critical number of electrons (~10%) in the
avalanche tip for causing streamer formation. The & is a
constant characteristic of the gas. It is generally accepted
that photoionization processes play a role in the propaga-
tion of the streamer.

For the gas dielectric strength to be optimized, not only
must oj(¢) be small and o,(¢) be large [and extend to high
energies to maximize the overlap of o,(¢) and f(e, E/N),
as in Eq. (2)], but the electron energies must be as low as
possible because a low-lying f(¢, E/N) minimizes « and
maximizes n. Many studies, however, clearly show that
high breakdown strengths require large o,(¢). This can be
seen from the examples in Fig. 3. As the attachment-rate
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constant, as a function of the mean electron energy
(€), ka({(€)), increases, so does the breakdown voltage VR
relative to SFg. Knowledge of k,(({€)) or o,(¢) led to the
identification of many excellent unary gas dielectrics such
as the perfluorocarbons (see Table II, which is discussed
in Section III).

It is thus apparent that the dielectric properties of
gases can be optimized by a combination of two or more
gases (i.e., by tailoring multicomponent gas mixtures) de-
signed, for example, to provide the best effective com-
bination of electron-attaching and electron slowing-down
components. Basic knowledge on the processes in Table
I offers several ways to the systematic development of
dielectric gas mixtures. Thus knowledge on the electron-
attachment cross section guided the choice of unary gas di-
electrics or electronegative components for dielectric gas
mixtures, and knowledge on electron scattering at low en-
ergies guided the choice of buffer gases for mixtures con-
taining electronegative additives. Of practical significance
are mixtures of the strongly electron-attaching gases in
Table IT with abundant, inert, and inexpensive buffer gases
(e.g., N»), with which they act synergistically: the buffer
gas(es) scatter electrons into the energy range in which the
electronegative gas(es) capture electrons most efficiently.

Examples of the various types of observed uniform field
behavior of the breakdown voltage (Vi)mix of binary gas
mixtures with respect to those (Vi)s g of the individual
components A, B as a function of gas composition are
shown in Fig. 4. Figure 4a shows the behavior of (V;)mix
for binary mixtures of electronegative gases whose k,(({¢))
is independent of gas number density N. The (V)i is
nearly equal to the sum of the partial-pressure-weighted
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Vi of the constituent component gases. In Fig. 4b, exam-
ples are given of binary mixtures of a buffer gas that slows
down electrons efficiently (CO, N, or CO,) and the elec-
tronegative gas SFg. Atall gas compositions, the measured
(V5)mix exceeds the partial-pressure-weighted values of the
individual components. This has been referred to as syn-
ergism. Similar results are shown in Fig. 4c for mixtures
of the strongly electronegative gas c-C4Fg and the nonpo-
lar weakly electron-attaching buffer gas CF, or the polar
buffer gases CHF; or 1,1,1-CH3;CF3, which slow down
electrons efficiently via dipole scattering. The (Vs)mix for
the polar gas-containing mixtures far exceeds the partial-
pressure-weighted Vi, especially for small percentages of
the electronegative gases.

In Fig. 4c the behavior of curve 1 is interesting in
that for certain gas compositions the (V;)mix exceeds
the V; of either component. This has been observed for
other binary mixtures (e.g., 1-C3Fg/c-C4Fg; 1-C3F¢/SO»;
SO,/SF¢; C3Fg/SF¢; and OCS/SFg) for which the electron-
attachment properties of one or both of the constituent
gases depend on the total gas pressure and the mixture
composition. This is clearly seen by the data in Fig. 4d,
which show the variation of (V;)nix for SFe/1-C3F¢ with
relative composition and total gas number density.

Many studies on gas mixtures identified binary gas mix-
tures [e.g., SF¢/N,, perfluorocarbon/SFg, and perfluoro-
carbon/N, (or CHF3)] that can be useful for applications.
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The SFg¢/N, mixtures are particularly attractive. Their
relatively high dielectric strength (for SF¢ concentra-
tions >40%) have made the SF¢/N; mixtures candi-
dates for high-voltage gas-insulated equipment, especially
in low-temperature environments (<—40°C) where pure
SF¢ would condense at the normal operating pressures
(~4.5 atm); a 50/50 mixture of N,/SF¢ has a dielectric
strength ~85% that of pure SFg in uniform fields.

Ternary gaseous mixtures have also been developed
to optimize as many of the desirable dielectric properties
and characteristics as possible. Such gaseous dielectrics,
composed of N, SFg, and small amounts of strongly
electronegative perfluorocarbons, show promise for
applications.

Ill. BREAKDOWN STRENGTH
A. Uniform Fields

The range of breakdown potentials for gases is consid-
erable. This can be seen from the selected data on the
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dc uniform field breakdown strengths VR in Table II,
which were measured at approximately atmospheric pres-
sures: The Vg of air is ~50 times higher than that of
Ne, and the Vi of SF¢ is ~3.3 times higher than that
of air. The highest known V, (~2.5 times higher than
SFe) are exhibited by strongly electron-attaching poly-
atomic gases such as the perfluorocarbons in Table II
and other polyhalogenated molecules. Weakly electron-
attaching or non-electron-attaching gases (Table II) have
low Vg values. Nonelectronegative molecular gases with
large electron-scattering cross sections have reasonably
high V; values compared, for instance, with the rare
gases, in which low-energy electron scattering is totally
elastic.

The Vj of a gaseous medium is expected, in accordance
with Paschen’s law, to be a function only of Nd; (the
product of the gas number density N and the electrode
separation dy); thus, for sufficiently high values of N to
the right of the Paschen minimum, Vi/Nds; = (E/N )iim
should be independent of N. This relationship holds for

TABLE Il Relative dc Uniform Field Breakdown Strengths
VR of Some Dielectric Gases?

Gas VR Comments
SFe 1 Most common dielectric gas besides air
CsFg 0.90 Strongly and very strongly electron-attaching
gases, especially at low energies
n-C4Fjo 1.31

c-C4Fg ~1.35
1,3-C4F¢ ~1.50
C—C4F6 ~1.70
2-C4Fg ~1.75
2-C4Fg ~23
c-CeF12 ~2.4

CFsH 0.27 Weakly electron-attaching; some (CO, N,O)
are effective in electron slowing-down

CO, 0.30

CF4 0.39

Cco 0.40

N,O 0.44

H, 0.18 Virtually non-electron-attaching

Air ~0.30

N» 0.36 Non-electron-attaching but efficient in
electron slowing-down

Ne 0.006  Non-electron-attaching and not efficient
in electron slowing-down

Ar 0.07

¢ Based on data in Christophorou (1984), Meek and Craggs (1978),
and Christophorou et al. (1984).

b Some of the values given are for quasi-uniform fields and may thus
be lower than their uniform field values.

¢ The relative values can be put on an absolute scale by multiplying
by 3.61 x 10715 V cm?, the (E/N)jim of SF.
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most gases at low field strengths and moderate pressures
(see Fig. 5). At high field strengths, the Vj varies less than
linearly with increasing N for a fixed d,. This is illus-
trated by the uniform field data for N, and SF¢ shown
in Fig. 5 for a number of N and d, values. It is clear
from these data that the deviations are larger for the elec-
tronegative gas SF¢ than for the nonelectronegative gas
Nj. This pertains to the cause of these deviations, which
are generally attributed to the effects of electrode geom-
etry and surface. Changes in field uniformity by surface
roughness affects (increases) the value of & /N (more so
than «/N) principally by decreasing the value of n/N
due to the shift of f(e, E/N) to higher energies as the
field increases at imperfections, scratches, and surface
projections.

It has recently been found that Paschen’s law can be
violated, in a way opposite to that just described [i.e.,
(E/N)im increasing rather than decreasing with increas-
ing N], in cases in which it would normally be expected
to hold. An example of this type of behavior is shown in
Fig. 6, where the (E/N)jm of 1-C3F¢ (perfluoropropy-
lene) is plotted versus N (or compressibility-corrected
pressure). It is seen that (E /N )y, increases with N over
a given range, contrary to that of SFg, which is indepen-
dent of N. The increase of (E /N )i, with N relates to the
decrease with N of @/N due to the increase with N of
n/N for 1-C3Fg (no such increase occurs for SFg). The

saturation in the dependence of (E/N);m on P is related
to the saturation of the increase in k,(({€)) with increasing
P. A similar violation of Paschen’s law has been observed
for other gases (e.g., OCS, N,0O, SO,, and C;Fy), all of
which have electron-attaching properties that are functions
of N.
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B. Nonuniform Fields

A nonuniform field is often characterized by the so-called
field utilization factor n, defined as the ratio of the aver-
age field E, to the maximum field E,,, and is a function
of the electrode geometry. When the maximum electri-
cal stress in a gas gap is large enough, localized ioniza-
tion occurs near the high-field electrode without break-
down. This phenomenon is generally known as corona.
The charges generated by corona are separated by the elec-
tric field and cause field distortion. The space charge pro-
duced by corona profoundly affects the breakdown char-
acteristics of the gas. This is illustrated by the breakdown
voltage/pressure characteristics of electronegative gases
exemplified in Fig. 7 for SFs. Up to a pressure P, the
breakdown voltage Vi increases almost linearly with P
and considerably exceeds the corona inception voltage V;.
Subsequently, Vs goes through a maximum and then falls,
up to pressure P, that may coincide with the critical pres-
sure P., defined as the pressure for which V=V, (i.e., the
pressure at which breakdown occurs directly at the incep-
tion voltage without any preceding corona). The pressure
range over which V; > V; is called the corona stabilization
region. In this region, homopolar space charge generated
by corona reduces the field near the high-stress electrode.
The size and shape of this region and the value of P, are
functions of the field utilization factor n, the applied volt-
age, and the nature of the gas. Studies have shown that the
smaller the field utilization factor (i.e., the more nonuni-
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FIGURE 7 Positive dc corona in a point-plane SFg gap (radius
of point tip, ro =2 mm; electrode gap d=20 mm). [From Farish,
0. (1983). In “Proceedings XVI International Conference on Phe-
nomena in lonized Gases” (W. Bétticher et al., (eds.). p. 187,
Disseldorf, Germany.)
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form the field), the higher the value of P (i.e., corona
stabilization occurs over a wider range of pressures).

Under impulse conditions, the behavior of Vs at P > P,
depends on the impulse risetime and on the availability of
initiating electrons (i.e., the behavior is strongly dependent
on the statistics of discharge initiation). For wavefronts
>100 usec, there is time for corona shielding to develop,
and the V versus P curve is similar to that for dc. For short
risetimes (a few microseconds or less), the characteristic
is relatively flat between P; and P, (see Fig. 7).

In view of the possible significance of the corona sta-
bilization region in the reliability of gas-insulated equip-
ment, systematic studies have been undertaken to tailor di-
electric gas mixtures to have improved stabilization. Most
such efforts have focused on increasing corona-controlled
breakdown of compressed electronegative mixtures con-
taining SF¢ or SFs + N for both polarities by increasing
the negative and positive space charge, respectively, with
small amounts of additives that are more electronegative
than SFg (such as certain perfluorocarbons) for negative
polarity and with additives whose ionization threshold en-
ergy is much lower than that of SF¢ for positive polarity.
Often as little as 1-5% of a suitable electronegative per-
fluorocarbon additive can effect a substantial increase in
the corona stabilization. However, for such mixtures the
positive polarity is usually lowered compared with SF¢ or
SFs/N,. An improvement in the corona stabilization for
both positive and negative polarity can be achieved by an
additive that is electronegative and has a low ionization
potential.

C. Effect of Particles

Another form of nonuniform field breakdown in a gaseous
dielectric is that from free conducting particles. Free con-
ducting particles subjected to an electric field in a gaseous
medium between the electrodes become levitated when
the force exerted on them by the electric field exceeds
the gravitational force. With an ac voltage, the particles
will bounce on the lower electrode, and the bounce height
will increase with the applied voltage. With a dc voltage,
the particles can cross the gap between the electrodes as
soon as they are levitated. Tests with free conducting par-
ticles have shown that the worst type of particles are long,
metallic needles or wires. Figure 8 shows the effect of
free wire particles in a coaxial electrode system in SFg
on the ac breakdown voltage as a function of gas pressure
and wire length. It is seen that the breakdown voltage is
virtually independent of gas pressure for the longer parti-
cles and that particle-initiated breakdown occurs at fields
considerably lower than those for the uncontaminated
system. The effect is usually larger for positive polarity
voltages.
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FIGURE 8 The ac breakdown voltage versus pressure in a
150 mm/250 mm coaxial geometry containing free copper wires
with 0.4 mm diameter and lengths ranging from 0.8 to 12.7 mm.
[From Cookson, A. H., et al. (1971). IEEE Trans. Power App. Syst.
PAS-90, 871.]

Although the free conducting particles cause reductions
in the Vy of quasi-uniform field electrode geometries, the
Vi is higher when the particles are fixed to an electrode.
The fixed-particle breakdown voltage/pressure character-
istic exhibits the familiar corona stabilization region dis-
cussed in the previous section, where V; > V; (see Fig. 7).
It also has been found that the V; for free particles with
ac voltage corresponds closely to the impulse breakdown
voltage with fixed particles. This indicates that the free-
particle breakdown mechanism is similar to that of im-
pulse breakdown. For impulse voltages, the corona stabi-
lization process for the fixed particle fails and the impulse
breakdown voltage is considerably lower than for ac over
the pressure range where the corona stabilization mech-
anism is dominant. Observations of particle breakdown
have shown that as the particle approaches an electrode,
discharges occur between the particle and the electrode as
a result of their different potentials. The result is a sudden
change in the electric field at the particle tip that faces
the main gap, which is equivalent to an impulse voltage
applied to the particle.

Particle-initiated breakdown is one of the most severe
imperfections in gas-insulated apparatus, seriously reduc-
ing the dielectric strength of gases and the reliability of
gas-insulated apparatus. Obviously, the best way to alle-
viate the effect of conducting particles is to remove them
from the equipment. Various techniques to remove them
and to promote particle motion or scavenging into low-
field particle traps have been studied and are in use in
gas-insulated equipment.

Dielectric Gases

D. Voltage Waveform Effects
and Time to Breakdown

When a voltage of sufficient magnitude (>V; for dc) is
suddenly applied to a gas-insulated electrode gap, or a
gas-insulated conductor, breakdown does not occur in-
stantaneously, but after a finite time ¢t =t; 4 #;. The f is
called the statistical time lag and is the time that elapses
between the application of the voltage V (>V;) and the
occurrence of a free electron in the stressed gas volume
which initiates the breakdown process. The #; is called
the formative time lag and is the time interval between
the occurrence of the free electron and the collapse of the
voltage (i.e., breakdown).

The statistical time lag #; can vary from nanoseconds
to milliseconds (or longer) depending on the time the ini-
tiatory electron becomes available when V > V. Initia-
tory electrons can be produced by cosmic radiation, nat-
ural radioactivity from materials, field emission from the
cathode surface, or collisional detachment from negative
ions in the case of electronegative gases. In experimental
apparatus they can be produced intentionally by, for in-
stance, an ultraviolet source, in which case f; is reduced
considerably.

The formative time lag usually varies from nanosec-
onds to microseconds and is influenced by the overvolt-
age [A(V — V)], the field distribution, and, for unsym-
metrical fields, the polarity. This is apparent from the data
in Fig. 9 on N, and SFg, which were obtained with a
square impulse generator having ~2 nsec rise time and
~150 kV amplitude. It is evident that the higher the over-
voltage (voltage in excess of Vj), the shorter the # at which
breakdown occurs. It is also seen that # is significantly
higher for negative polarity and that it varies consider-
ably with field uniformity, especially for electronegative
gases (Fig. 9). The voltage—time characteristics of dielec-
tric gases are of practical importance for the insulation
coordination and overvoltage protection of gas-insulated
equipment.

E. Gases with Insulator/Conductor Properties

In a number of technologies a gas is needed which is
both a good conductor and a good insulator. For exam-
ple, in pulsed power technologies the key element is a
fast repetitive switch. Among a number of switching de-
vices, the diffuse gas discharge switch is promising for
a system such as inductive energy storage. The opera-
tion of a diffuse discharge switch for inductive storage is
characterized by two distinct stages: (1) the conducting
(storing) stage, when E /N is small (~3 x 10717 V cm?),
and (2) the transferring stage (when the stored energy in
the inductor is transferred to the load), when E /N is large
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FIGURE 9 Formative time lag versus percentage of overvoltage in (a) N> and (b) SFg for different field distributions
n= Ey/ Emax (n values of 0.84, 0.54, and 0.32 correspond, respectively, to approximately homogenous, weakly in-
homogenous, and inhomogenous fields), d=4 mm, and P=1 bar. In (a), for N2, curves 1-5 are (respectively) for
n=0.84, polarity +; n=0.54, polarity +; n=0.54, polarity —; n=0.32, polarity +; and n=0.32, polarity —. In (b), for
SFe, curves 1-5 are (respectively) for n=0.84, polarity +; n=0.54, polarity +; n=0.54, polarity —; n=0.32, polarity +;
and n=0.32, polarity —. [Data from Peiffer, W. (1984). In “Gaseous Dielectrics IV” (L. G. Christophorou and M. O.

Pace, eds.), pp. 329, 331, Pergamon Press, New York.]

(2150 x 10717 V cm?). The successful operation of such
switching devices depends on the availability of a gas that
is a good conductor in the conducting stage and a good in-
sulator in the transferring stage. To optimize conduction
under the low-E /N conditions of the conducting stage,
the electrons produced by the external source (e-beam or
laser) must remain free and must have as large a drift
velocity w as possible. To optimize the insulating prop-
erties under the high-E /N conditions of the transferring
stage, the gas must effectively remove electrons by at-
tachment (have a large attachment rate constant at high
E/N). These requirements are schematically illustrated in
Fig. 10.

Gas mixtures with such desirable characteristics have
been reported by various authors. In particular, it has
been shown that binary gas mixtures of buffer gases
such as Ar and CHy4, whose electron-scattering cross sec-
tions have a Ramsauer—Townsend minimum at low en-
ergies (~0.5 eV), and electron-attaching gases such as
C,Fg, and C;Fg, which attach electrons efficiently at high
E/N and have much-reduced electron-attachment rate
constants at low E/N, are most appropriate for diffuse
discharge switching applications. Such mixtures have dis-
tinct maxima in the w(E/N) at E/N values appropriate
for the conducting stage of the switch, w values in excess
of 107 cm sec™!, and breakdown strength >150 x 10717
V cm? for mixtures containing >10% of the attaching
gas.

IV. USES OF DIELECTRIC GASES

The most abundant “traditional” dielectric gas is atmo-
spheric air. It naturally insulates overhead transmission
lines that crisscross the countryside. Overhead transmis-
sion lines up to 800 kV are presently in service, and

CONDUCTING

OPENING
STAGE

DRIFT VELOCITY (w)
(°>) LINVLISNOD 31vHd INIWHOVLLY

E/N (10-17 V cm2)

FIGURE 10 Schematicillustration of the desirable characteristics
of the w(E/N) and ky (E/N) functions of the gaseous medium in
an externally (e-beam) sustained diffuse discharge switch. Indi-
cated are rough estimates of the E/N values for the conducting
and the opening stages of the switch. [From Christophorou, L. G.,
etal. (1983). In“Proceedings 4th IEEE International Pulsed Power
1983, Albuquerque, New Mexico” (T. H. Martin and M. F. Rose,
eds.), p. 702, Texas Tech University Press, Lubbock, TX.]
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FIGURE 11 A view of Oak Ridge National Laboratory’s electrostatic tandemtype heavy ion accelerator, which is
insulated with SFg. (Courtesy of Oak Ridge National Laboratory.)

lines for 1200 kV and higher voltages are under con-
sideration for the future. Early uses of gas dielectrics
included the use of N, and CO, (at pressures up to
~20 atm) in high-voltage standard capacitors. The distinct
advantages of gaseous dielectrics (e.g., low weight, excel-
lent recovery characteristics, low dielectric losses, com-
pactness of equipment, and environmental advantages)
resulted in their deployment for electrical insulation and
arc interruption purposes in a variety of electrical equip-
ment. In this section we briefly mention some of their main
uses.

A. Research Equipment

High-voltage power supplies and Van de Graaft-type ac-
celerators are examples of laboratory equipment that em-
ploy gas dielectrics for electrical insulation. Most such
equipment uses SF¢. Other gases or gas mixtures (e.g.,
N,/CO; and N,/SF¢) have occasionally been used.

One of the largest Van de Graaff-type accelerators is the
Holifield Heavy Ion Accelerator at Oak Ridge National
Laboratory in Tennessee. It uses 0.7 MPa of SF¢ as an
insulating gas. With this machine a dc voltage of 34 MV
was achieved. A view of this electrostatic tandem-type
heavy ion accelerator is shown in Fig. 11.

B. Circuit Breakers

Prior to the 1950s, high-voltage power circuit breakers
mainly relied on oil and compressed air for insulation
and current interruption. In 1956 the first high-voltage
power circuit breaker was put into service at 115 kV, us-
ing SFe as the insulating and interrupting medium. Since
then, circuit breakers with SF¢ gas have been put into ser-
vice in all distribution and transmission voltage classes
from 34.5 through 800 kV with interrupting capabilities
in excess of 80 kA. Virtually all new circuit breakers to-
day use a single-pressure chamber (usually at ~6 atm) in
which the gas is further compressed with a piston attached
to the moving contact and provides an axial gas blast for
the are interruption (see Fig. 12). Earlier versions of SFg
interrupters were of the two-pressure design, where the
gas blast for the arc interruption was provided to the arc
interruption chamber from a high-pressure (~14.5 atm)
reservoir.

A basic requirement for an arc-interrupting medium,
besides a high dielectric strength, is a high rate of recovery
of its dielectric strength. The ability of SFg to recover its
dielectric strength quickly after arc interruption along with
its rapid thermal recovery and high degree of molecular
reconstitution after arcing make it the most attractive arc-
interruption gaseous medium.
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FIGURE 12 Circuit breakers using SFg gas. (Courtesy of Westinghouse Electric Corporation.)

A search for other gases/mixtures for use in circuit
breakers showed that while no other gaseous medium out-
performs SFg in circuit breakers, some gases/mixtures can
be considered. The performance ratings (based on the crit-
ical interruption current /. for a given surge impedance Z)
relative to SFg of some such media are listed in Table III.

C. Compressed-Gas Insulated Substations

The excellent dielectric strength and arc extinguishing
properties of SFg facilitated the development of circuit

breakers with metal casings, generally called metal clad
or dead-tank circuit breakers because the casing or tank is
at ground potential. This naturally led to the development
of other substation components such as disconnect
switches, arresters, interconnecting links (buses), and ca-
bles for getaways using the metalclad technology.

The totally enclosed metalclad substations using SFe
gas (Fig. 13) are significantly more compact than the open-
air substations and switchyards. Often, the land required
is reduced by as much as 40 times, and the resultant sav-
ings in the cost of land are thus significant. Furthermore,
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TABLE lll Arc Interruption Capabilities of Gases and Gas
Mixtures®P

Zy=450 Q Zy=2259
Gas/mixture I.(kA) SFg=100 I.(kA) SFg=100
SFg 21.0 100 26.3 100
SFe/N; (75/25) 17.8 85 20.4 78
CH4/CCIF,CF; (50/50)  17.8 85 20.2 77
CF,CFCF3/SF (75/25)  17.0 81 20.0 76
CF3S0,F/SF (50/50) 16.5 79 183 70
SF/He (75/25) 154 73 20.4 78
SFe/N, (50/50) 14.9 71 17.2 65
CF,CFCF; 14.8 70 17.8 68
SFe/He (50/50) 14.7 70 19.7 75
CCIF,CF3/SFg (75/30)  14.0 67 17.6 67
CHCIF,/SFg (75/25) 13.8 66 14.7 56
CBrF3/SFg (75/25) 11.6 55 14.5 55
CF3S0,F/SFq (75/25) 114 54 13.8 52
CFy4 1.1 53 14.6 56
CB1F; 11.1 53 16.8 64
CCIF,CFs 10.8 51 15.4 59

¢ Total pressure = 0.62 Mpa.

> Data from Electric Power Research Institute. (1982). “Gases su-
perior to SFg for insulation and interruption,” EPRI - EL-2620, Electric
Power Research Institute, Palo Alto, CA [prepared for Westinghouse
Electric Corporation.]

metalclad substations are free from industrial and coastal
pollution problems and are esthetically more pleasing. The
compactness of gas-insulated substations also offers the
option of locating them in the basements of buildings,
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thus allowing the transmission of power at high voltages
straight into urban centers for distribution.

D. Compressed-Gas Insulated Cables

Transmission voltage cables using a compressed gas as the
electrical insulation medium have been in commercial use
since 1971. The voltage rating ranges from 138 to 800 k'V.
Such cables are used as getaways from substations to over-
head transmission lines, in crossings of two or more trans-
mission lines, in tunnels from hydroelectric and pumped
storage generator plants, in river crossings, and so on.
They are especially attractive when high-voltage and high-
power ratings are required in limited space, when metal-
clad substations are connected directly to gas-insulated
cables, or when a reduction in fire hazard is required, as
in tunnels.

The most common design of compressed-gas insulated
cables consists of an aluminum center conductor and
a concentrically located outer aluminum enclosure. The
conductor is supported by epoxy insulators in the enclo-
sure. SFg is the only dielectric gas used for gas-insulated
substations and cables. Besides being an excellent dielec-
tric, SF¢ also has good heat transfer characteristics for
removing the heat generated by the resistive losses of
the conductor to the enclosure. Usually the SF¢ pressure
ranges from 3 to 5 bar. A schematic of a typical design of a
gas-insulated cable is shown in Fig. 14, and a typical instal-
lation is shown in Fig. 13. Some designs include built-in
particle traps to improve the reliability of the system.

FIGURE 13 Totally enclosed metalclad substation using SFg gas as the insulating medium. (Courtesy of Westing-

house Electric Corporation.)
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FIGURE 14 Schematic of a compressed-gas insulated (CGl) cable. (Courtesy of Westinghouse Electric Corporation.)

By far the largest use of gas-insulated cables has been in
installations that are 100-200 m in length. The longest ca-
ble is 700 m (420 kV/1386 MVA). Research and develop-
ment have been conducted to develop gas-insulated cables
using SFg for 1200-kV transmission. Three-conductor ca-
bles (three-in-one), where the three-phase conductors are
arranged in a single enclosure, are also used up to 362 kV
transmission voltage. Gas-insulated technology is being
further developed by considering flexible enclosure de-
signs for easier installation.

Compressed-gas insulated cables have about two to
three times the load-carrying capability of comparable oil-
filled cables. Typically, a gas-insulated transmission cable
at a 242 kV system voltage can carry 3000 A, equivalent
to 1250 MVA, while at 1200 kV, 10,000 A, equivalent to
16 GVA, has been demonstrated.

V. CONCLUDING REMARKS

Recent advances in basic research, especially in electron-
and ion-collision physics, have resulted in improved un-
derstanding of the dielectric properties of gases. This un-
derstanding, in turn, has aided efforts to identify, improve,
and tailor new dielectric gases for a variety of electrical
insulation needs.

Basic research is still needed to provide better under-
standing and a sounder scientific basis for the expected
expansion in the uses of dielectric gases as insulants in
high-voltage transmission and distribution and other high-
voltage electrical equipment. The full potential of and ben-
efit from the use of gas dielectrics is yet to be realized. To

optimize this benefit, a well-balanced growth in basic and
applied research and industrial development in this area is
necessary.
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|. Electron Transfer and Oxidation—Reduction
Il. Electron Transfer from Metals to Aqueous H*
I1l. Atom Transfer versus Electron Transfer

IV. Electron Transfers between Pairs of Atoms:
Numbers of Electrons

V. Inner Sphere and Outer Sphere Transfers
VI. Classification of Electron Transfer Steps
VIl. Pathways among Oxidation States

VIII. Electron Transfer in Biological Systems

GLOSSARY

Bridging ligand Atom, molecule, or ion capable of co-
ordinating to both oxidizing and reducing agents and
mediating electron transfer between them; such a reac-
tion is called an inner sphere electron transfer.

Cooxidation Three-electron transfer process involving
two electron donors; it may occur when both oxalate
and alcohol are ligated to Cr(VI) in an activated state
and are cooxidized as they transfer three electrons
to Cr.

Electron transfer reaction Chemical reaction in which
there is a net loss of electrons from one or more atoms
or molecules accompanied by a corresponding gain of
electrons by other atoms or molecules in a system,
as when nonmetal atoms receive electrons from metal
atoms to form salts.

Heme iron centers Redox centers in biological systems
that contain iron(II) or iron(Ill) in a porphyrin ring,

often with an open site for ligation to small molecules
capable of penetrating a hydrophobic pocket.

Hole An active site in an intramolecular electron transfer
system with the potential to accept an electron from a
donor site.

Iron-sulfur “cubes” Clusters involved in biological
electron transfer in a number of enzyme systems.

Multielectron, multipath systems Activated states in
which more than one electron may be transferred by
more than one orbital pathway in a fairly simple redox
reaction such as cooxidation.

Outer sphere electron transfer Electron transfer that
occurs when electrons pass between two centers that
retain their coordination spheres throughout the trans-
fer process and are not joined by bridging atoms or
molecules.

Oxidizing agent Atom or molecule (e.g., a nonmetal
atom) that undergoes reduction when it gains electrons
from a reducing agent.
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Phlogiston An eighteenth-century principle applied to
all chemical processes; it can be sensibly identified with
the modern concept of the electron.

7 and 7* orbitals Orbitals formed by the overlap of p
atomic orbitals on nonmetals and #,,d orbitals on tran-
sition metals to provide pathways for electron transfer.

Reducing agent Atom or molecule (e.g., a metal atom)
that undergoes oxidation when it transfers electrons to
an oxidizing agent.

Solvated electron Free electron solvated by a polar sol-
vent such as NH3 or H,O in which it has a long enough
lifetime to be studied as a chemical entity—electron
donor or reducing agent.

Tunneling Quantum-mechanical electron transfer that
occurs with little or no activation energy and where no
obvious physical pathway for the electron is apparent.

ELECTRON TRANSFER REACTIONS are chemical
reactions in which electrons leave a donor atom or a reduc-
ing agent and join a receptor atom or an oxidizing agent.
This article describes the concepts applied to such reac-
tions from ancient times to present discussions concerning
the states of electrons in atomic and molecular orbitals,
potentials for initiating transfer, and studies designed to
allow postulation of orbital pathways. A tentative effort
is made to develop a scheme for classifying such reac-
tions in terms of the nature of the pathways employed and
of the numbers of electrons transferred and numbers of
pathways used in any given activated state. An early re-
sult of supercomputer calculations describing the multiple
pathways for an electron to follow from the surface of the
protein molecule myoglobin to a heme iron center deep in
the interior of the molecule is discussed.

. ELECTRON TRANSFER AND
OXIDATION-REDUCTION

In the reaction of zinc metal with dilute mineral acid, zinc
“dissolves” with the evolution of hydrogen gas:

Zn 4 2HT — Zn’>* + H,. (D)

Znreduces H* to H, and is oxidized to Zn?* by transfer of
two electrons to two hydrogen ions, which forms hydro-
gen molecules. The term reduction goes back to ancient
metallurgy, when ores were said to be reduced to metals.
In 1700 the fact that metallurgical reducing agents (char-
coal, metals, wood, etc.) also burned in air led to inclusion
of such reagents in the phlogiston theory then being ap-
plied to nearly all chemical phenomena. Reducing agents
were thought to give up phlogiston to the air when they
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burned and to ores when they were reduced to metals. The
reaction above could be described as a phlogiston transfer
reaction in which zinc becomes dephlogisticated. Hydro-
gen gas was described by Cavendish about 1770 as pure,
gaseous phlogiston, since it was combustible and capa-
ble of reducing ores to metal. Lavoisier’s discovery that
combustible materials (reducing agents) gained weight by
adding oxygen when they burned in air led to the concept
of oxidation as addition of oxygen and reduction as re-
moval of oxygen or to oxidation—reduction reactions as
oxygen transfer reactions:

27n + O, — 27Zn0
and
Zn + CuO — ZnO + Cu.

Early in the twentieth century the structure of metal
oxides was deduced to be ionic (Zn**0%"). In electrol-
ysis cells and batteries, addition of electrons at cath-
odes (Cu”>* + 2e~ — Cu) effected reduction of metal com-
pounds to metal, while at anodes metals were corroded,
forming ionic compounds (Zn— Zn>* +2e~) by los-
ing electrons. This led to the general concept that the
metal was oxidized when it lost electrons to form posi-
tive ions and that positive metal ions were reduced when
they gained electrons to form the metal. Table I shows a
history of concepts used to describe oxidation—reduction
reactions.

A. ldentifying Phlogiston as Electrons

There is irony in the fact that the phlogiston theory, which
was generally applicable to nearly all chemical systems
and processes, was replaced by the oxygen theory, appli-
cable specifically only to classical metallurgy and combus-
tion. If one substitutes the word electrons for phlogiston
in appropriate writings, the early theory makes complete
sense. Attempts to identify phlogiston as a weighable sub-
stance had to fail because electrons do not exit separately
from the atoms and molecules of substances and they are
a very small fraction of the weight. All chemical phenom-
ena are explicable in terms of electrons as constituents of
atoms and molecules, consistent with the general applica-
bility of the older phlogiston theory.

B. Observation of Electrons and
Electron Transfer Processes

Electrons may be observed in electron beams and are un-
doubtedly released as free charged particles at the high
temperatures found in the sun and stars. However, on
the surface of the earth they are bound to atomic nuclei
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TABLE | Concepts of Oxidation—Reduction Reactions

Process Oxidizing agents Reducing agents Mechanism Period

Ancient metallurgy Metal ores Charcoal, wood ~5000 B.C.

Combustion metallurgy Air Metals, charcoal Phlogiston transfer A.D. 1700s
Metal calces Phlogiston (Hz)
Oxygen Metals, charcoal Oxygen transfer A.D. 1800s
Metal oxides Hydrogen, carbon monoxide

Oxidation-reduction Nonmentals Metals, charcoal Electron transfer (atom transfer) A.D. 1900s

Metal cations Nonmental anions

High oxidation states ~ Low oxidation states

Anodes Cathodes

in atoms and molecules, are indistinguishable from one
another, and cannot be observed directly in such states
because of the restrictions of the Heisenberg uncertainty
principle. We are now able to describe orbitals, or regions
in space, in which the probability of finding an electron can
be calculated or estimated for points within the region, and
we are able to measure or deduce energies for electrons
in orbitals. Thus when a reaction is judged to proceed by
electron transfer, it can be said that one reagent achieves a
state containing more electron(s) than it started with and
another less, but nothing can be said from direct observa-
tion concerning the fate or role of any individual electrons
present during the process.

Il. ELECTRON TRANSFER FROM
METALS TO AQUEOUS H*

Figure 1 illustrates several conditions concerning the re-
action [Eq. (1)] resulting from the immersion of metallic
zinc in dilute sulfuric acid. Parts ¢ and d illustrate the re-
quirements for conduction of electric current in the circuit
of this primary cell.

In the wire, electrons move from zinc to copper under
the influence of the potential for electron transfer from zinc
to hydrogen ions. In the solution, current is carried by pos-
itive ions moving toward the copper cathode and negative
ions moving toward the zinc anode. Conduction between
electrodes and solution is effected by half-reactions, the
equations for which add up to Eq. (1). Zn<=Zn*" 4 2e~
(oxidation) “pumps” electrons into the wire and forms
zinc cations in solution. 2H" 4 2e~ = H, (gas) (reduc-
tion) takes electrons from the wire at the copper, remov-
ing hydrogen ions from solution. The potential for elec-
tron transfer can be measured with no current flowing,
that is, when there is electron transfer equilibrium among
reducing agent, oxidizing agent, and electrons in each of

the couples employed in reaction (1). Potentials for half-
reactions are measured versus the H* /H, potential, taken
to be zero.

For the general half-reaction Red <= Ox+ne™, \
Nernst equation for the potential E is

nFE = nFE° — RT In([Ox]/[Red]),

where F is the Faraday, n the number of electrons in
the half-reaction, and [ ] represents the molarity or ac-
tivity of the oxidizing or reducing form of the couple.
Some potentials for common half-reactions are given in
Table II.

A. Potential Barriers to Electron Transfer
1. Anode hlision of Cations

The behavior of electrons in Fig. 1 can be postulated from
the overall result, namely that although zinc has the po-
tential to transfer electrons to hydrogen ions, there is a
barrier to direct contact that requires the hydrogen ions
to pick up electrons at copper, which itself does not have

TABLE Il Some Half-Reaction Potentials

Half-reaction Potential E°(V)

Mg 2 Mg?* 4 2e~ 2.37
Zn 2 Zn*t + 2e 0.76
H, 2 2H' + 2e~ 0.00
Cu 2 Cu®t + 2~ —0.34
2A- 2 I + 2e —0.54
Ag 2 Agm + e —0.80
0, + 4H' 2 2H,0 + de™ -1.23
2C1~ 2 Cly + 2e —1.36
Mn?* +4H,0 2 MnO; +8H' +5¢~  —1.51
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Pure Zn

Pure H,S04 dissolved
in pure HZO

(a) No reaction

Zn

H, S0, (aq)

()

Electron Transfer Reactions

(d)

FIGURE 1 Oxidation—reduction: electron transfer. (a) Very pure zinc in very pure sulfuric acid gives no reaction
although the potential for hydrogen (H>) gas evolution is very favorable. (b) When the zinc is impure or has strains
in the surface, brisk evolution of hydrogen occurs, or (c) if the zinc is connected by a wire to pure copper that is also
immersed in the sulfuric acid solution, brisk evolution of hydrogen occurs at the copper surface (2H* +2e~ — Hy)
and the zinc “dissolves” (Zn — Zn®" + 2e~). This arrangement constitutes a primary cell, or battery, which generates
electric current as electrons pass from the zinc anode, where oxidation of zinc occurs, to the copper cathode, where
reduction of hydrogen ions occurs. (d) Meters inserted in the circuit will measure current flow (amperes) or voltage
(0.76 V). The connecting wire and copper cathode provide a favorable path for electron transfer from zinc atoms to

hydrogen ions.

the potential to donate electrons to hydrogen ions. In the
circuit in Fig. 1, positive cations are repelled by the zinc
anode, which suggests that the surface of the zinc in con-
tact with the acid becomes positively charged, which cre-
ates a barrier to orbital contact with positive hydrogen
ions in solution. No such barrier exists at copper, and the
conduction band in the metallic wire provides an avenue
for electrons to travel from the zinc surface to the copper
surface. Ultrapure aluminum exhibits similar inertia when
immersed in very pure sulfuric acid, which suggests a very
high potential barrier for direct transfer of electrons from
an electropositive metal to hydrogen ions.

2. Removal of the Barrier

Both aluminum and zinc react directly with strongly basic
solutions to give hydrogen gas:

2Al+20H™ + 6H,0 — 2AI(OH), + 3H,
and
Zn +20H™ 4 2H,0 — Zn(OH);” + H,.

Evidently the negative hydroxide ion (OH™) can approach
the positive metal surface and provide a path for electrons
to reach protons bound to water. A choice among possible

sequences of steps involving electron transfer and forma-
tion of hydrogen molecules (H;) cannot be made on the
evidence provided here for the nature of a charge barrier
to electron transfer at a metal surface.

3. Reductions of Magnesium Anodes

The normal electrochemical process observed at magne-
sium anodes is the oxidation of magnesium metal (Mg —
Mg*" 4+ 2e~). However, organic oxidizing agents have
been observed to be reduced during the electrolytic oxida-
tion of magnesium in a manner analogous to reduction by
Grignard reagents (e.g., RMgBr). Such reductions have
been detected some distance from the electrode in flow
systems and are attributed to the production of monova-
lent Mg™" at the electrode. This ion has an extraordinarily
high potential for electron transfer to form the very sta-
ble Mg?*, yet it is repelled by the anode before it can
donate its remaining valence electron to the electrical cir-
cuit and must find a chemical electron acceptor in the
solution:

Mg—> Mg* + e~ (to external wire)
Mg* + Ox — Red + Mg®*

-
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Understanding of individual electron transfer processes
involves obtaining (to various degrees) knowledge of the
following:

1. Potentials of half-reactions—*Is the reaction ther-
modynamically feasible?”

2. Structures of reactants and products. These can give
clues to what must happen in the system to provide sensi-
ble pathways for the overall electron transfer to occur.

3. Identification of intermediates—evidence for steps
along the way.

4. Kinetics. Reaction rates can be analyzed to postulate
steps leading to an activated state, the formula, and the
structure of the activated state for electron transfer. Most
redox reactions involve very complex rearrangements of
atoms and ions as well as electron transfer, as witness the
reduction of MnO, to Mn*". Not only are five electrons
accepted by Mn(VII), but eight protons are needed to con-
vert four coordinated oxide ions to water (see Table II).

lll. ATOM TRANSFER VERSUS
ELECTRON TRANSFER

Chemists have characterized two classes of redox reac-
tions: atom transfer and electron transfer. The classic ex-
ample of atom transfer involves the aqueous oxidation of
sulfite ion by chlorate ion in which 80 atoms initially
bound to chlorine are found bound to the product sulfate,
which thus precludes exchange of oxygen with water dur-
ing the process:

380%™ + C1'%0; — 380S0 4 CI™.

The rate of the reaction is given by rate=
k[SO%‘][ClO; J[H*1?, consistent with the formation
of an activated complex:

/28 \/
o—g—c1

O O

The S and CI atoms have identical electronic structures
as SO,, produced by two protons acting on SO?, coordi-
nates to an oxygen of ClO3. A positive potential allows
sulfur to transfer two electrons to chlorine. This causes
scission of the O—Cl bond as water attacks the sulfur, form-
ing SOZ‘ containing an oxygen atom originally bound to
the chlorine in CIOj .

In a similar way chlorine atoms are transferred in the
reaction:

NH3)sCoCl®* + Cr?* — Co?* + CrCI2* + 5NHs

Inert }labile — Inert
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The result is the same whether one chooses to call either
of these processes electron transfer followed by transfer
of labilized ligand (0>~ or C17) or atom transfer result-
ing in a net electron transfer in the opposite direction. In
each case, electron transfer would produce states in which
the bond that breaks would have become labilized and the
bond formed would have become inert. Electron transfer
as the primary action is consistent with the Franck-Condon
principle that electron transitions in atomic systems are
very rapid compared with nuclear motions, but one can-
not experimentally determine that itis primary unless there
is detection of intermediate complexes—in this case pre-
ceding and following formation of the oxygen or chlorine
bridge.

0 0

N vy o/
S—_

AN

0 0

— S0z + ClOy

This complex, in which electrons have been trans-
ferred from S to Cl, could also hydrolyze to give 2H™,
SO;™, and ClO;. In most cases the order of events
following formation of the active state—electron transfer,
hydrolysis, O—Cl bond scission, and so forth—cannot
be determined. (This powerful isofopic tracer method
of observing atoms being transferred in redox reactions
from an inert reactant to form an inert product was
pioneered by Henry Taube, who received the Nobel Prize
in 1984.) For electron transfer to occur, there must be
contact between electron donor and acceptor, adequate
potential to effect transfer and overcome any barriers, and
a mechanism for conduction of electron(s) from donor to
acceptor. Conduction may take place through delocalized
molecular orbitals as in the conduction bands of metals or
m-bonding systems as in graphite. Reactions have been
observed to occur with a breakdown in Arrhenius plots
of the temperature coefficient of reaction rate. Electron
transfers involving no energy of activation are thought
to occur by quantum-mechanical tunneling. Electron
transfer reactions over long distances are of great current
interest in the study of redox phenomena in biological sys-
tems, where currents are found to be carried by electrons
through connected orbital systems, by tunneling, and by
series of coupled redox reactions as in the respiratory
chain below. In this overall process oxygen molecules
accept electrons from NADH. The electrons are trans-
mitted by a series of electron transfer reactions between
metal centers embedded in enzymes and labile organic
redox couples in FAD and coenzyme Q. Cytochrome

0N
[cotn—¢i—crm “]1
Active state
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FIGURE 2 Heme iron pocket in cytochrome c¢. The heme iron
redox center in cytochrome cexists in a hydrophobic pocket with a
small opening to the surface of the protein, which provides means
for alternative pathways for electrons to travel between heme iron
and external redox centers. (Left) Pocket open to the surface of
cytochrome c¢ can be penetrated by a conducting ligand bound to
a redox center (M). (Right) NN is ethylenediamine, which cannot
conduct or penetrate the pocket.

NADH FAD Fell CoQ Fel'N fFex » Cut  Fe'« »H,0
* J[ E‘ ][ E2 J[ J[Cy_b][cy_cj[cy_alj[cy_as][
NAD € > FADH,” “Fe ¢ CoqH,” “Fellt

Fell 7S cult €3 pet/ o,

¢ has been isolated, its structure determined, and electron
pathways to the heme iron center investigated by attaching
metal ions to its surface or by attaching ligands to reducing
metal ions that can probe the hydrophobic pocket in which
the heme iron atom is found (see Fig. 2).

IV. ELECTRON TRANSFERS BETWEEN
PAIRS OF ATOMS: NUMBERS
OF ELECTRONS

There have been arguments for many years over the possi-
bility of simultaneous multiple-electron transfer. The for-
mation of electron pair bonds by donation from Lewis
bases to Lewis acids suggests that a two-electron trans-
fer might occur by such a route. Several reagents have
been found to discriminate between one- and two-electron
donors or acceptors in terms of products formed.

Nitrate ion (NO3) is reduced to N>O, NH;O0H™', or
NHI by two-electron donors, Zn, Sn(Il), and so forth,
and to NO, or NO by one-electron donors such as Cu,
Fe(II), Ti(1ll), and VO»+. Similarly, chlorate ion (CI1O3)
is reduced to C10;(gas) by one-electron donors and to C1~
by two-electron donors. In each case it appears that two-
electron donors can bypass stable odd-electron molecules
by donating electrons in pairs to the acceptor, even when
several successive donations are required to reach the final
product. Hydrazine is oxidized by one-electron acceptors
by the following mechanism:

2H,NNH; — 2(¢~ + H" + H,NNH:) —
[H,NNHNHNH, ]t — N, + 2NH; + 2H™,

but two-electron acceptors produce only N,. Sulfite ion
(SO?) is oxidized to SO?[ by two-electron acceptors and

Electron Transfer Reactions

to dithionate (5202_) by one-electron acceptors. The lat-
ter oxidize SO%‘ to - SO5, which dimerizes. (The abil-
ity of hydrazine and sulfite ions to discriminate between
“mono-" and “di-delectronators” was observed in the
1920s by A. W. Browne. The concept of one-step two-
electron transfer then fell into disfavor and is still treated
with a fair amount of skepticism.)

V. INNER SPHERE AND OUTER
SPHERE TRANSFERS

Many atom transfer reactions are also called inner sphere
when donor and acceptor atoms are joined by a bridg-
ing atom bound to each redox center. The bridging atom
may or may not be transferred in the opposite direction to
the electron(s) as in the oxygen and chlorine atom trans-
fers described above. IrClé_ is reduced to IrClg_ by Cr**
without transferring a C1~ to the Cr** product. By incor-
porating radioactive iridium into IrClé_, one can follow
the electron exchange reaction:

“ICI2™ + IrCL}~ — IrCI2™ + *IrCL;

Such a reaction, in which no change takes place in the co-
ordination spheres of reactants and products, is called an
outer sphere reaction, assuming no direct bridging atom
or atoms bind donor and acceptor together in the activated
state. Exchange reactions have been intensively studied,
but only for one-electron processes. (Detailed theory con-
cerning such processes is based on the work of Rudolf
Marcus and Noel Hush.)

Probing the surface of cytochrome c for electron path-
ways to the heme redox center has been pioneered by
Harry Gray. Conducting ligands like CN™ that can be
inserted into the pocket cause deviations from the pre-
dictions of the Marcus relation for outer sphere electron
transfer reactions, whereas nonconductors or ligands that
cannot penetrate the pocket, like ethylenediamine com-
plexes, are “well behaved.” This indicates that various
pathways with different energy barriers to electron trans-
fer may be found for electrons entering and leaving redox
centers in large biomolecules by outer sphere mechanisms.

VI. CLASSIFICATION OF ELECTRON
TRANSFER STEPS

Several postulated combinations of numbers of electrons
and numbers of pathways have been proposed for acti-
vated states in which redox centers exchange electrons.
Structures of such states are deduced from experimen-
tal evidence such as rate laws, product analyses, isotopic
tracer experiments, and deuterium isotope effects. Let
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Rapid Following Reactions

.e 2-
R—N: + 3H™—RNH3'

an13’ + H,0—Sn0OCl3~

- + + + +
:SnCly™ + H—N—R + 2H" —> snClz" + HzNR

SCHEME 1

us assume that an individual orbital pathway may con-
duct one or two electrons and that more than one orbital
pathway may lead to or from a given redox center. It is
then possible for us to classify proposed electron trans-
fer process in terms of combinations of numbers of path-
ways and numbers of electrons. Equations for overall re-
actions and formulas for postulated activated states that
provide models for the structures in which electron trans-
fers are thought to occur will be used to illustrate each
classification.

A. One-Path Systems

1. Direct Transfer—Atom to Atom

a. One-electron transfers.

2Na + Cl, — 2Na%t +2CI~
[Na---Cl—Cl]{
([Na--Cl]f + Cl-)

Reaction:

Activated state(s):

Direct transfer of electrons from sodium atoms to chlorine
molecules or atoms in the reacting systems results in the
formation of [Na™Cl1~] ion pairs.

Reaction: 2Fe”* + HNO, + HT —

[FeNO]** 4+ H,0 + Fe**

Activated state: [Fe(I) - - - (NODt

Electron transfer occurs by attack of Fe>* on NO*. The
product NO forms a detectable complex with a second
Fe’* ion. The electron transfer step in most processes—
especially in solution and even at electrodes—must be
sorted out by intuition from a complexity of reactions lead-
ing to formation of the active state for electron transfer and
also those leading from the activated state to formation of
eventual products. Often it is clear that the activated state
for the slow step in a reaction is not the state in which
electron transfer occurs.

Polymerization:
H H H H H H
N/ % \.
Re + C=cC H — R—C—C H R—C—C: H
H/ \C_‘C/ H/ \\C—C-/ - H/C C\C—C
/TN /7N /TN
H H H H H H

The attack of a radical (R-) on carbon C-1 of butadiene
appears to transfer the odd electron on the radical to either
C-4 or C-2, which creates a new radical. This radical can
add to another monomer. The delocalized 7 -orbital in bu-
tadiene can “conduct” the intruding electron from C-1 to
any other C, since it has a significant probability of being
in valence orbitals associated with any participating car-
bon. It will end up most often on carbon atoms in which
it can reside in the most stable half-filled nonbonding or-
bital, characterizing a new radical. One can also imagine
that one of the two pairs of 7 electrons is “transferred”
to the R—C bond and the delocalization of the second pair
lowered from an orbital covering all four carbon atoms
to one “localized” on C-2 and C-3. Seemingly, one might
just as well talk of electron “scrambling” as of electron
transfer; certainly one must be aware that an “electron
transfer” process involves a change in the condition of
all the valence electrons in the system connecting oxidant
with reductant and reactants with products. One net result
of all this electronic activity is the loss of electron(s) by the
reductant and gain by the oxidant which we label electron
transfer.

b. Two-electron transfers. Direct two-electron tra-
nsfers presumably occur in the extreme case of a Lewis
base’s donating an electron pair to an acid, which forms
a bond so polar that the electrons become a lone pair
on the once acidic atom. Two-electron donors are often
nonmetal atoms in complexes in which they exhibit ox-
idation numbers of n — 2, where n is the number of the
group in the periodic table in which they are found. Ex-
amples are :SnCl;, :SO3~, and TI*. :SnCl; is the ac-
tive species when Sn(Il) in aqueous hydrochloric acid
is used as a reductant. It reduces the diazo group in
methyl orange (2:SnCl; + RN=NR + 6H* + 6Cl~ —
ZSnClé_ + 2RNH§“). HT and :SnCl; attack the double-
bonded nitrogen atoms to produce the activated state in
Scheme 1.

2. Outer Sphere One-Electron Transfer

Fe*(CN)}~ + Fe(CN);~ — Fe*(CN);~ + Fe(CN){~

The activated state is a collision complex with struc-
tures close enough in energy to enhance the probability of
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electron transfer occurring without any eventual change
in the two coordination spheres as radioactive iron equili-
brates between the two oxidation states.

3. Inner Sphere One-Electron Transfer

These processes were described above in connection with
chlorine atom transfer from a cobalt(II) complex to crrt
and with the electron transfer from Cr** to IrClé_ with-
out accompanying chlorine atom transfer. Activated states
probably contain CI~ bridges in each case.

/-e'\ /e-\
[er?--c1-2"comgs¥] T [er#-e-cr---Trc1g |t

! !

Cr-Cl1%* + Co?* + 5NH;3 cr3* + IrClg>

4. Inner Sphere Two-Electron Transfer

The oxygen atom transfer reaction described above has
been shown as a two-electron inner sphere transfer. Oxi-
dation of primary and secondary alcohols by MnO, and by
HCrO; have been rationalized as two-electron transfers
that require removal of a proton from the carbon attached
to oxygen. Manganese(V) has been detected as an interme-
diate product, and chromate ester precursors to reactions
suggest the following activated states:

B: 0 T
H,0 [o]
H/):B F \H 2 \”//
207, 'ge-—)Cr\
5o R—c—0” | “om,
2 9 nO, l OH,
R

!

R,C==0 + Mn(V) R,C=0 + Cr(1V)

Tertiary alcohols without protons on the carbon are not
oxidized. It is tempting to consider that removal of the
proton in the activated states “frees” a pair of electrons to
be transferred through the oxygen bridge to the metal ion.
In the case of chromium(VI) oxidation of secondary alco-
hols there is general acid catalysis and a large deuterium
isotope effect.

a. Hydride (H:~) transfer. The reaction of alcohols
with MnO, in basic solution is found to involve the reac-
tion of alcoholate ion (R,CHO™) with MnO, and is prob-
ably an example of direct transfer of hydride ion from C
to form HMnOi_.

o
[R,C/—H - .- OMnO; ]t — R,C=0 + HOMnO%"

Electron Transfer Reactions

The neutral alcohol does not appear to react. Hydride
transfer from neutral R,CH(OH) would involve charge
separation of H™ from R,C*(OH). Oxidation of C-H
bonds in hydrocarbons by MnO, has been found to gen-
erally involve hydrogen atom (H-) transfer.

b. Solvated electron. Hydrated electrons have sta-
bility enough to enable studies of the reduction of hun-
dreds of other aqueous species. The e~ (aq) has a hy-
dration energy of —40 kcal/mol, an oxidation potential
of ~2.5V, and a k of only 16 M~! sec™! for reaction with
H,O. Diffusion-controlled reactions are observed with
most paramagnetic species except alkyl radicals. Corre-
lation between reactivity and redox potentials of electron
acceptors is not likely. The availability of empty orbitals
on transition metal ions and the energy gain on adding
the electron are primary factors. Mn>* is unreactive while
Cu”* reacts at about one-tenth the rate of diffusion control.

«C0; + HCr0;— C0,(g) + HCro?”

0 e oF i The odd electron of bent -CO;
f\/ can be transferred through an -O-
HO—Cr—Q- C: bridge to Cr(VI) probably through
| \: a I system.

0 0]
or
\ + Each NI* orbital on linear CO;
HO——!CrQO:ézoa is isolobal with one tpg orbital on
0/ \. L) Cr (V1) providing a pathway for direct
one electron transfer from -CO; to Cr.

Chromium(VI) is an extraordinarily efficient radical
trap even though its potential for forming chromium(V)
does not appear to be particularly high. Empty #,, orbitals
as opposed to high potential make it a diffusion-controlled
acceptor of hydrated electrons as well. It is notable that
alkyl radicals are inert to hydrated electrons, which would
form carbanions, and reactive to Cr(VI), which oxidizes
them to carbonium ions.

B. Two-Path Systems
1. Two-Electron, Two-Path Transfers

a. Single donor—Two acceptors.

Reaction: 4V0p" + NpH, + 4H'—4V0%* + N, + 4H,0

N
Activated state: [OZV_NHz—NHz—Voz]*

e e

N,Hy is normally a discriminator between one- and two-
electron acceptors. In this case its two-electron product
(N») is observed and two one-electron acceptors appear in
the activated state and are reduced. One can imagine the
immediate result of two one-electron transfers from N to
V(V) to be [VAV)—NH=NH—VV)] +2H".
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N,H, is isoelectronic with O,, with two half-filled
m* orbitals that are isolobal with half-filled #, or-
bitals on the V(IV) atoms resulting from the elec-
tron transfer step. This complex, if it is formed, is
too unstable to detect due to the reaction 2N,H, —
[HN—NH—NH—NH] — N, + N,H,. Similar electron
donors to hydrazine (N,H4) are oxalate (TO,C—COy;)
and thio-oxalate [OSC—CSO]?~, which, when oxidized,
break the C—C bond, which forms the gases CO, and CSO.

Cu(0SCCS0),2™ + Cu?*— Cu(0SCCSO)™ + Cu* + 2CSOq)

e e T
S=C=0
e~ S\[/S\c%)‘\» NN
| /Cu(\II) ¥ | — | /Cu(I) + cut
C C . C
0@ s s Y 0? s s=c=o0

NS> Ot~ N ~ .
A RN N \ / SN
N I /Cuzo I /Cu27 I /cu2+ I /cu2¢
< _C N ¢ N ¢ N c AN
(A N N \ \
0”7 o 07 o 07 o 0% Mo
4Cu + 8CO,

Copper ions have two f,, orbitals with proper symmetry
to interact with the m-orbitals in the planar oxalate ions,
which provides a conduction path from each oxalate to
two adjacent copper atoms. Mild heating causes smooth
evolution of CO, and deposit of extremely fine copper
crystals—a process used in the production of microelec-
tronic devices.

b. Single acceptor—Two donors.

2Cr(OH)?* + 310, —2Cr0,% + 3105

Cro 0 +*

el NI/
P ZIN
0 [0}

2Cr(1V) + 105

Two Cr*" become coordinated to octahedral 10} to
form an activated state for two one-electron transfers from
Cr(IID) to I(VID). Cr(IV) is unstable and disproportionates
to Cr(VI) and Cr(III).

2. Four-Electron and Six-Electron Transfers

A multielectron process of great interest is the conversion
of water to oxygen in the natural process of photosynthesis
in green plants. Study of the photosystem has revealed that
O, evolution maximizes on every fourth pulse of light,
which suggests that the half-reaction

2H,O — O, + 4H' 4 4e”
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may be effected in one step. The following reaction could
be an example:

Mn(IV), glucolate — 2Mn(II) gluconate + O,.  (2)

It occurs when Mn(IV) gluconate in 1.0M NaOH is
brought to pH 12. A 1, u-dioxo bridged dimer is proposed
as the activated state:

P ¥
N
glu—Mn(IV) Mn(IV)—glu
N/

Q

0-
glu—Mn(1D) ||| Mn(I1)—glu

-0

Two electrons from each bridging O?~ may be transferred
to Mn(IV), which forms O, and two Mn(Il) gluconate
complexes.

A multiple-electron acceptor of interest is dinitrogen
(N»), which must accept six electrons to be converted to
ammonia. A dinuclear complex of Zr(II) containing three
ligated N, molecules reduces one N, to NyH, when added
to acid solution. The two-step mechanism with postulated
electron transfers is illustrated below:

I - 14
f29\
/ I V% Lo
—ZAI) —N=N—2Zr (1) — — Zr(IV)—N=N—H
( 4 4 wo Sl g
N — m:/ze‘ + Zr(1V)
\\»”I w T: + Ny
L H:) i oH* H
Zr(IV) + NoH,
NN

A highly conducting 7 -bonding system including #,, or-
bitals on the zirconium atoms provides easy pathways for
electrons impelled by the potential provided by proton
attack on a terminal nitrogen atom.

A Mo(0) complex containing two N, and four substi-
tuted phosphine ligands, when added to acid, will reduce
one N to either NoH4 or 2NH3, which suggests that at
least three orbital pathways exist for pairs of electrons on
Mo to find their way to nitrogen under favorable potentials.
Of course, one could also readily imagine that three suc-
cessive two-electron transfers take place when the bound
nitrogen forms ammonia.

Seemingly complicated activated states for electron
transfer clearly arise when possibilities of direct produc-
tion of stable products with most favorable geometries
occur. A spectacular instance occurs in the oxidation of
dimeric (MoOH);H illustrated below. All oxidants give the
same stoichiometry and product distribution. Mo(VI) as
oxidant gives the same products by
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6MoO;~ + 3(MoOH);" + 14H" —
3M0,0;" +2Mo;0;" + 10H,0

with Mo(VI) atoms equally distributed in the prod-
ucts. Evidently, (MoOH)‘zH on giving up electrons forms
oligomers. The first that is able to break up into only sta-
ble products has 12 molybdenum atoms with an average
oxidation state of 4.5.

OXIDATION OF Ho,(0H),4*

Hogs
/0\
6 MD\U/MO - 18e”
H
My l , R
Mo Mo [
! 0\/ lo\ /Mlo ’\0 /"01\0 /"0\0\/\"0\
0_JLo 1 0 |/ll’ | 0.l 0] |+12H"
Mol “Mo” o el SHe¥ T o
6 H0| H
4
0 o 2+ Ao, *
N 2 010 ot
3 Mol Mo + | ol
0 Hu\o,no

Vil. PATHWAYS AMONG
OXIDATION STATES

Oxidation state—potential diagrams for nonmetallic and
transition metal elements provide an interesting frame-
work for analyzing the highly varied results obtained for
redox reactions involving as many as nine oxidation states.
So many different products and stoichiometries are ob-
tained from the reduction of nitric acid that early work
seeking patterns of reaction was abandoned after many
years of frustrating effort.

Figures 3 and 4 show diagrams for the transition metals
vanadium and chromium and for the nonmetal nitrogen,
all in 1.0M aqueous acid solution. The slopes of lines
joining redox couples represent the potentials for the half-
reactions in question, a positive slope representing a reduc-
tion potential and a negative slope an oxidation potential.
An intermediate state above tie lines joining higher and
lower states will be unstable to disproportionation [e.g.,
Cr(V) and NO;] while species below such tie lines are sta-
ble [e.g., Cr(Ill) and N;]. The diagrams are a convenient
way to postulate the feasibility of various possible one-
and two-electron pathways in multistep redox processes
involving a particular element.

A. Reduction of Nitric Acid

It is interesting to note that N, is seldom observed dur-
ing reductions of nitric acid, which shows the impor-
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Volts

Oxidation  Number

FIGURE 3 Oxidation state—potential diagrams for vanadium and
chromium [1.0M H*(aq)].

tance of kinetic control over the course of multistep pro-
cesses. One-electron reducing agents produce NO, which
escapes as a gas from an open system, before nitrogen is
reduced to oxidation number zero. Two-electron reduc-
ing agents (in excess) produce N,O, NH;OH™, and NHZ{,
bypassing all states that require an odd number of elec-
trons to be transferred to NO5 . HNO, which is isoelec-
tronic with O, is apparently an active intermediate in all
two-electron reductions of nitric acid. Most product pat-
terns can be rationalized by postulating traps for HNO as
follows:

HNO + HNO — HONNOH — N,O + H,0
(dimerization, no electron transfer).
Reducing agents:
HNO+ :SnCl; — Sn(IV) + H—N—0:*
H—N—0:"" 4 3H* — H3;NOH*
(direct 2e™ transfer)

HNO + Mo(IV) — [Mo=N—Q—H]{ —

Mo(VI) + N—O— %{ (direct 2e™ transfer)

The last case makes possible transfer of two unpaired 7,
electrons from Mo(IV) by forming a triple bond in the
activated state using the 7 * orbitals on NO™, which are
isolobal with two f,, orbitals on Mo(IV). [Under sim-
ilar circumstances Mo(IV) reduces two ClO; to -ClO,
by separate one-electron transfers from the orthogonal
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Volts
N

N2O

— — —HONNOH

Oxidation number

FIGURE 4 Oxidation state—potential diagram for nitrogen (1.0 MH™T).

I, orbitals to two different acceptors, probably by inner
sphere one-electron transfer through oxygen bridges.]

Oxidizing agents:

NO~ + NO*— [:0=N—N=0:]t* — 2-NO or
HNO + HNOy—> [HON «-NO,H]t —2 -NO + H,0
Coordination and bond scission or direct
1e” transfer

/28_\
HNO + HNO3—> [H—0—N«—0--NO,HI* — 2HNO,

(Inner sphere 2e” transfer and O-atom transfer)

I
HNO + HCro; — [H—N=0—cr(vI)]t —NO* + Cr(1v)
e/

2e”, 2 path transfer

From such an activated state one could reasonably expect
a one-electron inner sphere transfer giving stable -NO and
CrO; ™. This does not occur. Figure 2 indicates that the
potential for two-electron reduction of Cr(VI) is more fa-
vorable than for one-electron reduction. The octahedral
activated state illustrated below can be constructed by in-
corporating two water molecules to rationalize the prefer-
ence for two-electron transfer.

0 . |F The octahedral activated state
H20 “/0.- is favorable for formation of Cr(IV)
ANI74 * . -
Cr and allows II* orbitals on NO~ to be
O,/[\OH isolobal with two tg orbitals on the
-N/// OH Cr. Arguments are not changed if NO~

is N-bonded to Cr.

B. Reduction of Acid Chromate (HCrO,)

Figure 5 indicates all the conceivable combinations of
one- and two-electron processes that one could use to
reach chromium(IIl) from chromium(VI). All pathways
have been invoked to explain some process. The system
lends itself to study, because it is possible to ascertain the
formula of initial Cr(VI) species by equilibrium studies

Cr (VI)

I
A \\‘ Cr (V)

c
III _
a lT le
Cr (III)
Cr (11) —y

FIGURE 5 Electron transfer pathways from Cr(VI) to Cr(lll).
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and the inertia of Cr(III) complexes makes it possible to
ascertain what is bound to Cr(IIT) when its precursor is re-
duced by electron transfer. The structures and properties
of known (and postulated) species of chromium in each
oxidation state are as follows.

1. Cr(Vl)

In CrO?f, esters (ROCrO;), and metal complexes
[Fe—OCrO;], tetrahedral coordination dominates. Octa-
hedral activated states for reduction of Cr(VI) to Cr(IV)
or Cr(IIl) and containing cis-dioxo ligands are postulated
by analogy to stable complexes of cis—MoO%Jr (see Sec-
tion VI.A.1.b). Mechanisms for substitution reactions on
chromium(VI) postulate five-coordinate activated states.
The potential for Cr(VI) to accept electrons increases
as the number of electrons increases from one to three
(Fig. 2).

2. Cr(V)

Tetrahedral CrOf[ and square pyramidal complexes of
Cr=0** have been characterized. Octahedral complexes
of cis-CrOj have been postulated as activated complexes
for reduction to Cr(IV) and Cr(IlIl). Cr(V) has a much
higher potential for accepting two electrons than one and
can disproportionate.

3. Cr(IV)

Chromium(IV) species are not detected during reductions
of Cr(VI) to Cr(IIl). It can be inferred from kinetics and
product distributions that Cr(IV) has a very high potential
for accepting one electron and is very labile to substitution
in octahedral complexes. It will disproportionate in the
absence of oxidizable material in aqueous acid.

4. Cr(llN)
Chromium(III) forms inert octahedral complexes. It is a
one-electron donor of low potential.
C. Pathways from Cr(VI) to Cr(lll)

and Activated States (*)

1. Cr(VI)=Cr(V)—-Cr(IV)-Cr(lIl)

a. Electrophilic donors—Fe*", VO** | Ti**, etc.
3Fe’t + HCrO, + 7H' — 3Fe’™ + Cr’* + 4H,0
[Fe—O—CrOs]*, [(Fe0),CrO,(H,0)3" T, and [Cr(IV)—

O—Fe(ID]* are all one-electron, inner sphere.
b. Nucleophilic donors—Fe(CN)¢~, Mo (CN) ™, etc.
4Mo(CN);~ + HCrO; + 7H™ — 3Mo(CN);~
+ [Cr—N=C—Mo(CN); | 4+ 4H,0

Electron Transfer Reactions

[H3CrOI, (Mo(CN); ™ 1* (outer sphere) [Cr(V) or (IV)—
N=C—Mo(IV)]*. One or two Mo(CN)g_ are bound to the
Cr(III) product.

2. Cr(VI)—Cr(IV)-Cr(Ill) (Induced Reactions)

In acid solutions [HCrO, reacts slowly or not at all with
I~ unless induced to do so by another reducing agent. If
a two-electron agent is used, 0.5 mol I, is produced per
mole of Cr(VI). The powerful oxidant Cr(IV) is capable
of one-electron oxidation of I~ to I, which dimerizes to I,.

(CH3),CHOH + HCroz —Cr(IV) + (CHz),C=0 {(CHx)zc—o—Cr(vxT
|
H—> B

cr(1v) + I'—Cr(1Il) + (1/2)1, [(cr—D*1t Direct 1e” transfer

3. Cr(VI)=Cr(V)=Cr(lll)

If I™ is present when some one-electron reducers are add-
ed to HCrO,, 1 mol I, is produced per mole of Cr(VI)
reduced. Chromium(V) has high potential as a 2e™ accep-
tor. (Its reaction as a one-electron acceptor with Fe?* is
the slow step in the sequence in Section VII.C.1 above.)

e +Cr(VD) —» Cr(V) + 2" — CrdIl) + I,
[Cr(V)—O—I]t — CrdII) + OI”
2H* +1" +0I" - I, + H,O

4. Cr(VI)—Cr(lll) (Three-Electron
Transfer Reactions)

The seemingly unlikely one-step three-electron reduction
of Cr(VI) to Cr(IIl) has been found to take place when
two ligands, one a two-electron donor and the other a
one-electron donor, can both bind to cis—CrO%+ to give
an octahedral activated state. Activated states for three-
electron reductions of Cr(VI) by two sulfite ions (SO%‘),
by two oxalate ions (CZOE_), and by an oxalate and an
alcohol are shown below:

0 2-1% [0 -* [o -:F
0.9 o N\_0 9o \ 0
s4e—\}lclr// Cﬁ-\\lcl// \C//e%\gl//o
o _ r r
NN AL NG
TR | | o | | ST
| e _ — e't,
/Sil H o\\C/C © /Hizlz—R
o o Il [EE R
L 0] J
l l l

3C0, + +CO3 Cr(Il)  2C0, + RyC— 0t
+ H* + Cr(III) + HB

Crl(Ill) + SO3 + -SO3
H,0

2H" + S07” + 1/2S,0%"
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Chelated oxalate and sulfite ions have conducting II-
orbital systems that can include two t,, orbitals on Cr,
which creates the possibility of transferring one electron
to each of those orbitals while the other ligand transfers
an electron to the third. Such activated complexes make
full use of the maximum potential available for reduction
of chromium (VI) and give Cr(IIT) products directly with
their most stable electron configuration. When the three-
electron process involves two different electron donors
(as in the case of oxalate and 2-propanol at right above),
the process has been called cooxidation by its discoverer,
Jan Rocek. How favorable the three-electron process can
be is shown by the fact that H,PO3 has a rate constant
about eight orders of magnitude smaller than that for iso-
electronic HSO3 . Apparently the phosphite has an inert
proton on the phosphorus(IIl) atom that inhibits the two-
electron transfer from the P(III) center, and it is incapable
of being a facile one-electron donor like the sulfite. It
is also interesting that sulfite, which has been used to
discriminate between one- and two-electron acceptors, is
oxidized equally by one and two electrons by the three-
electron acceptor Cr(VI).

Viill. ELECTRON TRANSFER IN
BIOLOGICAL SYSTEMS

Space does not permit adequate description of the enor-
mous effort and progress being made in the study of elec-
tron transfers in biological systems. The respiratory chain
whose bare outline is given above has been under inten-
sive study since the 1970s. The breakthrough that now
provides detailed structural information on proteins and
nucleic acids has made possible serious study of macro-
molecular mechanisms including electron transfer. Very
elaborate enzyme systems with interesting new chemical
structures are used by organisms to effect oxidation and
reduction of small molecules that are the raw materials of
life—H,0, O,, CO,, N, NH3, CHy, and so forth. In the
enzyme nitrogenase, for instance, several iron—sulfur clus-
ters (Fig. 6) in one protein may serve as an electron sink
poised to add four or six electrons to ahhhn inestiNolecule
as it encounters a molybdenum center in a second protein
in nitrogen fixing bacteria:

(N2 +6e~ + 6H" — 2NH;).

Oxidases may effect reduction of O, to H,O, and/or
2H, O in successive two-electron steps or one four-electron
step. Photosystem II uses chlorophyll to effect the photo-
chemical oxidation of H,O to O, after every fourth light
pulse, which suggests the possibility that the manganese
centers present might be oxidized to an activated state
capable of extracting four electrons from two proximate
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FIGURE 6 Iron—sulfur clusters for biological electron transfer.
Distorted Fe4S, “cubes” (left) are found in biological systems in-
volved in electron transfer. Feo S, clusters (right) are active in elec-
tron transport systems in oxidases.

oxide ions to give O, directly [see Mn(IV) gluconate, Eq.
(2)]. Any notions concerning actual electron transfer path-
ways in such multielectron systems remain conjectural as
of this writing.

The advent of supercomputers will permit the massive
calculations necessary to develop theoretical probes of
pathways for electron transfer in large complex systems.
An early result of just such a study by Atsuo Kuki and
Peter Wolynes is shown in Fig. 7, about which Wolynes
had this to say in 1988:

Perhaps the ultimate level of description of an electron transfer
process would be a movie showing how the electron leaves the
reductant and flies to the reactant. There are two difficulties with
this. First is the short time scale; the electron’s leap, when it oc-
curs requires only about 10~! second. Second is the fact that the
electron is a quantum-mechanical particle. Because of the un-
certainty principle of quantum mechanics the electron does not
follow a unique path, but follow simultaneously a whole fam-
ily of paths. With modern computers it is possible, however, to
simulate typical paths that an electron can follow. Such a calcu-
lation has been carried out (1985) at the University of Illinois. In
Figure 7 is shown an electron path during the electron transfer be-
tween a ruthenium center bound to the surface of myoglobin and
a heme-iron center (cf. cytochrome-c) in the interior of the pro-
tein. The quantum fluctuations cause it to deviate from a straight
line. When families of such paths are generated they give an
idea of which parts of the protein are most involved in electron
transfer. Site directed mutagenesis of the protein changing its
structure will allow experimental tests of these calc<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>