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1 . Introduction 

A large part of inorganic chemistry is essentially the chemistry of ions . 
It follows that any review article about ions of a reasonable length cannot 
treat every aspect of the topic in depth . In this article some of the hetero- 
cations containing two or more different elements. and which have been 
studied since 1950. are considered . Only the main lines of progress. biased 
to  some extent by the author’s particular interests. can be delineated . 
Solvated cations are dealt with under a number of headings. the main 
emphasis being directed away from the solvation of simple metal cations 
toward those solvated cations in which the element is stabilized in an 
otherwise inaccessible state . While the derivation of cation structures hy 
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direct physical methods is accentuated, their deduction from chemical 
reactivity, although never unequivocal, is also described. Attention is 
drawn to the effect of the physical method on the event being measured. 

A. DEFINITION OF IONS 

Every chemist (‘knows” what is meant by an ion but a comprehensive 
definition is impossible without discursive qualifications. It is inevitably 
linked to theoretical concepts and often to the mode of generation of the 
ion. Thus, in the gas phase, one can define an ion almost mechanistically 
as a molecule, radical, or atom from which one or more electrons have been 
completely separated. In practice, the ion must survive for a long enough 
period to be detected, which in a mass spectrometer is normally of the order 
of microseconds or orders of magnitude larger than vibration times of the 
hetero species. An even lower temporal restriction on the definition of an 
ion is encountered in solution when rapid exchange of charge is occurring. 
For example, in water the charge on the positive ion species is fluctuating 
rapidly and any particular hydronium cation can be regarded as having a 
lifetime of 10-l2 second (87). If there is a reasonable concentration of these 
cations, as in a solution of a strong acid, the short life does not prohibit 
recognition of the species, whereas if such a short-lived entity is a reaction 
intermediate with a low stationary concentration, then indirect methods 
may be required to identify the species. 

A spatial restriction on the definition is just as difficult to impose be- 
cause in certain structures there is no apparent limitation to the size of the 
cation. In titanyl sulfate, for example, discrete sulfate ions link together 
infinite chains of oxygen and titanium atoms (199). At the other extreme, 
difficulties arise in defining cations when they are approached by anions. At 
some stage the composite begins to differ in physical and chemical behavior 
from the separate ions. There may not be a point of inflection in the ob- 
servable properties, and consequently a somewhat arbitrary limit, albeit 
guided by theory, is set for the definition of such a complex ion. In  con- 
densed phases, even more difficult problems of definition arise when there 
is an incomplete separation of charge. Ideally the electron distribution 
should be accurately determined by experiment or, alternatively, a model 
of the structure calculated on wave mechanical principles using appropriate 
experimental parameters, so that charge distribution is measured quantita- 
tively and the definition of an ion suitably modified. Neither approach is 
feasible a t  present. The structure of the compound ISbCls as determined 
by X-ray analysis is a simple example. It consists of octahedral (SbCl8) 
groups and angular (IC12) units. The former are distorted with a pair of 
Sb-C1 distances longer than the rest. The chlorine atoms on these bonds 
are weakly linked to the iodine atoms, and complete a distorted square of 
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chlorine atoms around each iodine. In this arrangement the structure lies 
between ICL+SbCle- and ICl*-SbCI,+ (322). 

B. RECOGNITION OF IONS 

The main experimental methods applied to the detection of ions are 
discussed briefly in order to appreciate the particular aspect of ionicity 
being examined and, as important, any influence exerted by the method 
on the measurement. 

1. Ion Transport 

The most obvious property of' an ion is the possession of unbalanced 
charge, which when placed in unidirectional magnetic or electric fields will 
undergo transport in a direction governed by the sign of charge. Thus in a 
time-of-flight mass spectrometer the cations move linearly in an electric 
field, the kinetic energy of the ion being balanced by the field energy, or 
in a more conventional mass spectrometer on a circular arc in a magnetic 
field. In both instances the cations of constant mass-to-charge ratio are 
collected in time or spatial sequence (205). Provided the instrument resolu- 
tion is high enough, the mass of the cation and its identity are readily 
established, often aided by the presence of satellite peaks due to the less 
abundant isotopes. For many inorganic applications a low-resolution 
instrument suffices (56). Spurious background from extraneous material 
can usually be discounted by observing the effects of shielding the ion 
source, varying the pressure in the system, and altering the conditions of 
ion generation. However, only matter in the gas state can be examined; 
although solids and liquids can be vaporized and ionized in suitable sources, 
the observed ionic distribution will not correspond to that in the solid or 
liquid state even when the same ions are formed. The method does not 
provide quantitative information on the distribution of cations in liquids 
or solids, because of the processes required to separate ions. Nevertheless 
the simple ions present in liquids or solids can in general be detected qualita- 
tively in mass spectrometers. 

In liquids the presence of ions is recognized by electrical conductivity 
measurements, although a clear distinction is not always possible on these 
grounds alone. Under normal conditions even hydrocarbons are imperfect 
insulators, because of the natural ionizing background (195). Many ionizing 
solvents, such as dinitrogen tetroxide, also have very low conductivities of 
the same order. The full recognition of ionization in these pure liquids 
relies on their ability to interact with solutes to form acid or base analogs 
within certain limits of strength. Ionization in solids can be recognized by 
their dissolution and dissociation in these ionizing solvents and by the 
magnitude of the conductivity produced. However, the energies involved 
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in dissolution or solvation may be enough to provoke ionization in a solid 
or liquid which was un-ionized, or only partly ionic, in the crystal state. 
Ionization in solution or melt is not an unfailing criterion of ionization in 
the solid. 

Conversely, the melt from an ionic solid is not always conducting. Cer- 
tainly with many heterocations it is unsafe to extrapolate ionicity from one 
state of matter to another. The nature of the electrical conductivity has 
also to be considered because modes of charge transport other than by ions 
are possible. The temperature variation of conductivity provides this in- 
formation. Ionic conductivity in the liquid state usually possesses a positive 
and linear temperature coefficient. The conductivity decreases sharply and 
discontinuously at the melting point. Electronic conduction varies ex- 
ponentially with temperature without a sharp discontinuity on change of 
state. Ionic composition and charge have often been deduced from elec- 
trolytic transport measurements, but these results can be fully interpreted 
only if a complete mass balance and knowledge of the ionic equilibria are 
available. The meaning of transport in molten salts is less clear-cut, because 
there is no solvent to act as a frame of reference. 

A direct influence of the method of measurement on the measurement 
itself has been pointed out by Wyatt (39) with respect to highly conducting 
liquids, such as sulfuric acid. Application of the field required to measure 
conductivity causes dissociation in the field direction. This effect is a result 
of the reduced energy difference between neutral molecules and complex of 
solvated ion pairs in the field direction. It has been calculated that about 
one third of the observed conductance in sulfuric acid is due to this assym- 
metrical dissociation. 

Electrical conductance is in general the most widely accepted property 
for the recognition of ionization and, provided precautions are taken in 
measurement and interpretation, is a reliable indicator. 

2. Interaction with Radiation 

In another group of methods for identifying ions, the possession of 
charge is not recognized aa such, but rather the geometrical groupings 
around a central element. The most generally applicable method is X-ray 
diffraction by solids. The electron distribution in the solid by cooperative 
scattering produces well-defined maxima, modified somewhat by physical 
and chemical imperfections, from the amplitude and direction of which the 
periodicity of the structure is deduced. The results of such analysis are 
presented in the form of projections contoured at equal electron intervals 
on particular planes through the structure. In these projections the hetero- 
cation is usually recognized as a finite group of simple shape separated from 
similar groups by distances greater than the distances within the group. 
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However, it is not possible to sum the electron density completely enough 
to assess the charge in a group, mainly because the observed intensities and 
the atomic structure factors cannot be extrapolated to zero angle of in- 
cidence (55). In the structure of solid phosphorus pentachloride (Fig. 1) 
distinct tetrahedral and octahedral groups of chlorine atoms around phos- 
phorus can be seen, but recourse to our knowledge of electron configuration 
of atoms and theory of bonding is needed to show that the octahedral 
grouping cannot be a positive entity. (Auxiliary experiments, in which 

FIG. 1. Fourier synthesis on (100). Tetrahedral PC4 and octahedral PCle groups 
shown by ruled lines. 

the direction of electrical transport in a solvent is determined, are a useful 
confirmation of the polarity, but as mentioned previously due regard must 
be given to the power of the solvent in inducing polarity or changing the 
direction of polarity in borderline systems.) 

X-ray diffraction has also been used to examine ions in solution. Again 
there is coherent scattering in preferred directions, the difference from a 
solid being the deduction of average distributions only, in the form of radial 
distribution curves because of the constant movement of atoms in the 
liquid. If the areas under the peaks of such curves can be resolved, it is 
possible to calculate the coordination around a particular atom and from a 
postulated structure to calculate the expected radial distribution (42). The 
location of hydrogen atoms is usually assumed in the X-ray diffraction 
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technique. The most refined measurements can reveal small inflections, or 
peaks, in the electron-density maps corresponding to the hydrogen positions. 

Electron and neutron diffraction methods provide a surer location of 
hydrogen atoms and for simple geometrical arrangements the best method 
utilizes proton magnetic resonance (p.m.r.) (253). The last technique has 
been described in detail in an earlier volume (220). Briefly, by applying 
an oscillatory magnetic field a t  right angles to a permanent field in which 
nuclei with nonintegral spins are oriented, it is possible to induce nuclear 
transitions with resonant absorption of energy. The position of the transi- 
tion is influenced by the surroundings of the particular nucleus, because 
the nucleus sees, as it were, a magnetic field which differs from the externally 
applied field. Electron motions near the nuclei screen the latter and produce 
characteristic chemical shifts. In addition, the presence of neighboring 
nuclei may modify the field a t  the central nucleus and produce charac- 
teristic fine structure in the absorption of energy. The geometrical arrange- 
ment of hetero-ions in solution is deduced by interpreting these spectra. In 
the solid state the interactions of like and unlike nuclei cause energy absorp- 
tion over a broader field. The general shape of the absorption curve can be 
calculated for different geometrical arrangements, and an exact fit obtained 
by appropriate choice of interatomic distances. Since these factors are not 
completely independent, it is usual to assume an exact shape for the ion 
and then calculate precise interatomic distances. The dimensions of the 
H30+, PH4+, and N2Ha+ ions have been found in this manner (248, 254). 

The interpretation of infrared spectra, and the complementary Raman 
spectra, is the most generally applicable method for determining the con- 
figuration of ionic compounds, and as such has been fully described in 
numerous texts (e.g., 2.24). Again, the methods do not reveal ions, insofar 
as the electron distribution is not measured directly. However, similarity 
in distribution is readily shown by similarity in force constants and geom- 
etry in isoelectronic series, such as the tetrahedral species PH4+, CH,, 
BH,-, or in isoelectronic pairs, such as PFC13+, SiFCh; CHaCOf, CH3CN; 
NOz+, COz. For simple ions the shapes can be deduced quite rigorously from 
group theory and normal coordinate analysis, but in many instances only a 
partial interpretation of spectra is possible. This may arise because a species 
is reactive and the spectra are poor and incomplete, or theoretically because 
of its complexity. This partial assignment has often led to the same spectra 
being interpreted in different ways, by making analogies with what are 
regarded as corresponding compounds (11.2, 2.41). From the point of view 
of identifying ionic structures, much needless controversy has arisen when 
a structure is incompletely ionized and an equilibrium exists between ionic 
and molecular forms. The nondetection of ionization by examination of 
infrared spectra, even when clearly indicated by conductivity measure- 
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ments, is expected when the ionization is small. The extent of ionization 
when large, however, can be measured quantitatively by infrared or Raman 
spectroscopy (70). 

3. Colligative Behavior 

Ionization, besides leading to an increase in charge or a change in 
shape which can be detected by one of the methods described, increases 
the number of particles in a system and thus affects colligative properties. 
The depression of freezing point of dilute solutions is one of the most 
accurately measurable of such properties and for an ideal solution is pro- 
portional to the mole fraction of solute. Ionization is inferred by an in- 
creased depression over that calculated. In the most extensive study in 
recent years by this technique, the solvent employed was sulfuric acid (119). 
This has a considerable self-ionization, as well as internal dehydration and 
subsequent ionization, so not surprisingly the interpretation of ionization 
in this solvent has been a disputed subject. Originally the deviations from 
ideality were collected in a single van% Hoff factor, or ratio of the observed 
depression to that of an equimolecular solution of the ideal nonelectrolyte, 
which was identified with the number of kinetically separated particles. 
The factor is actually a combination of this and the interparticulate 
forces. Gillespie introduced another factor to represent the number of 
particles, quite separately from these deviations from ideality (1 16). The 
solvent ionization was repressed in earlier work, but later the ionization 
was allowed for by means of equilibrium constants obtained from con- 
ductivity measurements. When a solute is largely dissociated, the small 
value of interionic forces in this medium of high dielectric constant is neg- 
lected, and the Gillespie factor is sufficiently close to integral values to 
formulate stoichiometric equations with the equilibrium almost entirely 
on the ionic side. Certain compounds, which are nonelectrolytes according 
to spectrophotometric evidence, have been found to give greater depres- 
sions than expected for nonelectrolytes in sulfuric acid. This effect has been 
described as a salt effect since small amounts of electrolytes were also 
present. Other equilibrium methods, employed to investigate the successive 
formation of complex cations in solution, are considered later (Section VI). 

4. Kinetic Behavior 

Kinetic measurements rank equal in importance with equilibrium 
methods for identifying actual or potential ionic species in reactions, often 
without the need to isolate them. This holds particularly for electrophilic 
entities in organic substitution reactions. Thus the following kinetic results 
are sufficient to identify the nitronium ion as a nitrating entity: the increase 
in order of reaction in organic solvents to unity with increasing reactivity 
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of aromatic substances, the acceleration of rate by sulfuric acid and retarda- 
tion by nitrate ions, and the increasing rate of nitration by specific medium 
effects which favor ioniration (155). Closely related are some of the reactive 
entities in Friedel-Crafts types of reaction, such as acylations, for which 
most evidence suggests an acylium cation as intermediate. Some workers 
prefer to regard the carbonium ion as a limiting state which is not achieved 
before attack on the substrate commences, but nevertheless it has proved 
possible to isolate some of these limiting states in the form of ionic salts 
(230). 

The kinetics of metal dissolution have also been used in a semiquantita- 
tive fashion to detect the generation of cations in a variety of solvents. The 
increased rate of metal solution in liquid ammonia by addition of am- 
monium chloride, of uranium in bromine trifluoride by addition of antimony 
pentafluoride, or of the same metal in nitrogen tetroxide by addition of 
amines, is associated with increasing “acidity” of these solvents by genera- 
tion of cations. 

Exchange kinetics of certain nuclei within an entity, or between entities, 
can be followed by observations of nuclear magnetic resonance (n.m.r.) 
spectra. The fine structure of a multiplet will often be resolvable only a t  low 
temperatures, because the rate of exchange at higher temperatures is 
sufficient to coalesce the separate peaks. Thus the FXg n.m.r. spectrum of 
sulfur tetrafluoride at -98’ consists of a pair of triplets resulting from the 
interaction of pairs of nonequivalent fluorine atoms. As the temperature 
increases the spectrum is reduced to a doublet and finally a broad single 
peak (219). In this instance a clear decision between an intermolecular 
exchange via an ionization, or by association, was not possible, although 
the ready ionization of sulfur or selenium tetrachloride would be compatible 
with the former. 

Kinetic methods can be applied in a negative way to disprove the exist- 
ence of ions and with less certainty in the reverse way. Thus if isotopic 
tracers are incorporated into a solute, then a slow rate or absence of ex- 
change with a solvent implies the absence of ionic intermediaries in the 
equilibria between solute and solvent. A rapid exchange allows the presence 
of ions, especially when supported by rate laws appropriate to a feasible 
exchange mechanism (312). The possibility of exchange by nonionic mecha- 
nisms, especially in heterogeneous systems, can never be neglected. 

C. GENERATION OF CATIONS 

1. Ions in the Gas Phase 
The generation of cations necessarily produces species of opposite 

charge, which in the solid or liquid associate in stable arrays held by 
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coulonibic forces. In the gas phase this stabilization is very limited, and it 
is usual to make cations by direct ejection and rapid withdrawal of elec- 
trons. The free cations are reactive entities and their reactions with mole- 
cules can be studied most conveniently by mass spectrometry, although 
in normal low-pressure operation such reactions are avoided. Appreciable 
amounts of cations are formed at high temperatures in flames or plasmas or 
more conveniently at ordinary temperatures in low-pressure discharges. 
These sources can be sampled by suitable probes and the cations examined 
inside the mass spectrometer. For example, the ions formed from a glow 
discharge in water vapor have been measured at  various points in the dis- 
charge. A series of ions H(H20),+ (n = 1-6) were observed, with the He04+ 
ion as a particularly stable species (170). Ion production in mass spectrom- 
eters is mainly for the purpose of identifying their precursors; stability is 
not particularly important, provided the ions last long enough to record 
their presence. The stability, and thermodynamic quantities associated with 
the ion, can be studied in situ as they are produced. 

Chemical synthesis has recently been attempted with ion beams of 
reactive cations directed immediately after generation onto a target (305). 
Nitrogen dioxide at to torr was ionized by electron impact in a 
magnetron ion source. The kinetic energy and the ionizing potential of the 
nitronium ions were controllable. It was possible to generate milliampere 
ion currents of 99% nitronium ion content with which to nitrate benzene 
in good yield. Although the quantities involved were only of the order of 
microliters, it marks a significant development in controlled ion synthesis. 
Other types of plasma device such as constricted arcs, high-frequency 
induced plasmas, and electrically assisted flames generally operate a t  too 
high a temperature to generate heterocations directly; larger ions can form 
only in cooler regions. 

2. Ions in Solution 

In the liquid state, the principal method of generating ions is by means 
of ionizing solvents which can directly heterolyze part of the dissolved 
molecule, or transfer ions from the solvent itself to generate heterocations 
and the associated complex anions. (The solution or melting of an ionic 
compound is not regarded as generation of ions in this sense because of 
preformation elsewhere.) The driving force is obviously the enhanced 
stability of a regular arrangement of oppositely charged ions aided by the 
relative ease of charge separation in media of high dielectric constant. The 
inevitable presence of large dipoles in such solvents limits their applicability 
because the solvent molecule terids to participate in the ion which is gen- 
erated. The participation may be limited, as in solvation which helps to 
spread the ionic charge, or more complete in solvolysis when the ion is 
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replaced by a solvent species. The solvating propensity can be unequal for 
similar ions of opposite charge if one end of the solvent dipole is sterically 
hindered, as for example with dimethyl sulfoxide which tends to solvate 
cations preferentially (2$6). The heterocation can also be sterically hindered 
with respect to solvent participation, as in the phenyl-substituted ions 
(c&,)&+, (CaH&As+, etc. There are enough solvents available to strike 
a reasonable compromise between solvation and solvolysis and indeed for 
some ions the choice is very wide. The nitronium ion has been prepared in 
solvents as diverse as HNOa, H&3O*, CH3N02, CHaCOOH, SO,, NOCl, 
HF, and BrFa. 

Heterocations containing halogen or oxygen atoms can usually be 
generated from the corresponding halide or oxyhalide by abstraction of a 
halide ion. The abstracting entity may be the solvent or a similar molecule, 
such as a Lewis acid (an electron pair acceptor), which can form a stable 
anion. Only wide generalizations concerning the extent of ionization and 
the nature of the Lewis acid are possible. It is greatest for fluorides, least 
for iodides; Lewis acids which can be converted to four- and six-coordinated 
anions are favored compared with odd coordinations. Apart from this, each 
ionization has to be considered individually and there is no unique order of 
ionizing ability for Lewis acids. (A closely related problem is that of ar- 
ranging Lewis acids in order of activity for Friedel-Crafts reactions.) 

In solvents of lower dielectric constant the nature of the ions generated 
is not always easy to assess since the processes of solvation, ionization, and 
dissociation are intimately linked. One approach is to consider that all 
ionizing solvents are parent acid-base systems analogous to water or liquid 
ammonia, and to regard ionization in these solvents as hydrogen ion, halide 
ion, or oxide ion transfers. Species which become cationic are defined as 
acids in the particular system. Lewis acids are fitted into this scheme as 
ansolvo acids which generate the system acid indirectly by combining with 
the solvent anion and shifting the solvent equilibrium to compensate for 
this, i.e., 

s-x*s++x- 
S-X + MXn S+ + MX.+i- 

Solvation is not specifically introduced, except when it is obviously in- 
correct to omit the solvent molecule, as for example the solvation of a 
proton in acidic solvents. In organic chemistry much more attention has 
had to be paid to the effect of solvation because of the smaller tendency to 
ionization in organic systems, and recently Drago and his co-workers have 
re-emphasized the importance of solvation in inorganic systems. They have 
proposed a coordination model which focuses attention on the solvating 
ability of the solvent (79). Groenveld proposed much the same ideas more 
qualitatively (131, 133). There is in effect competition between the solvat- 
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ing ability of a solvent and its donor or acceptor strength. When a Lewis 
acid is dissolved in a solvent the primary step, according to Drago, is the 
formation of a solvate, 

pSX + MX, % M(SX),X, 

formulated with solvent around the less electronegative atom. The next 
stage is a stepwise displacement of the more negative group X, as an anion, 
by more solvent molecules: 

M(SX),X, + SX - M(SX),+lX+,-l + X-, etc. 

The extent of displacement depends on the overall energetics of the system. 
Although this can be subdivided into simple steps, not all the energy terms 
can be found experimentally so that only trends can be predicted. 

Consider the two approaches when applied to the ionization of ferric 
chloride in phosphorus oxychloride. On the solvent system concept, the 
ferric chloride becomes anionic and acts as an acid by increasing.the cation 
content of the solvent: 

POC13 e POCl2+ -+ c1- 

Pock, + FeC13 G POC12+ + FeC14- 

On the coordination model, assuming octahedral coordination of iron, the 
following stages are postulated: 

3C13P0 + FeC13 % (C&PO)aFeCl3 

(Cl3PO)sFeCla + POCla + (C13PO)4FeC12+ + C1- 

Similarly, for (CI3P0)~FeCl2+ and (C13PO)~Fe3+ cations 

C1- + (C13PO)aFeC13 FeC14- + 3POCla 

The theories predict different cations; in particular, on the solvent system 
theory all the ionized iron is expected to be anionic, whereas on the co- 
ordination theory part is cationic. 

If the solvent phosphorus oxychloride is replaced by triethylphosphate, 
a solvent with approximately the same dielectric constant and solvating 
ability, the ionization of ferric chloride to the tetrachloroferrate anion still 
occurs, although it is no longer possible to express the ionization as a 
chloride ion transfer from the solvent. An equilibrium of the type 

FeC13 + PO(OCzH5)s = PO(OC2H&+ + (FeC180CzH.d- 

would be required. However, according to the coordination theory, sub- 
stituting an ethoxy group for chlorine in the above equations leads to essen- 
tially similar products and there is no difficulty in understanding the 
formation of the FeCl, anion. In fact solvents for ferric chloride can be 
arranged in order of donating and solvating ability, and related to the 
ionization induced in ferric chloride. At one extreme, weakly donating and 
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solvating solvents produce mainly FeClz(solvent)4+ and FeC14-; a t  the 
other extreme, for strongly donating and solvating solvents, only chloride 
ion and the solvated ferric ion are formed. There are many other examples 
in which solvation is essential to stabilize cations and in this respect the 
above theory is satisfactory. 

The generation of a tetrachlorostibonium ion by dissolving antimony 
pentachloride in methyl cyanide can also be formulated according to the 
coordination theory (24, 181) : 

CHVCN + SbCl, S CHaCN + SbCls 

CHaCN + CHaCN + SbCls 

C1- + SbCls SbCls- 

(CHaCN)pSbC14+ + C1- 

However, with antimony pentahalides in halide-containing solvents, the 
antimony is found in the anion only. Thus a solution of antimony penta- 
fluoride in anhydrous hydrogen fluoride behaves similarly to a solution of an 
alkali hexafluoroantimonate. Similarly, the antimony is anionic in fluoro- 
sulfuric acid and in halogen fluorides. The coordination theory has then to 
be formulated as 

TZXF + SbFsk (n - 1)XF.XF.SbFS 

XF + (TI - 1)XF.XFSbFs (XF)&+ + SbFs- 

where XF is HF, BrF3, IFs, AsF3, which, except for the intermediate ad- 
duct, is no different in essence from the solvent system formulation. This 
would be given more simply, as for example in hydrogen fluoride, by 

2HF + SbFs HF+ + SbFs- 

and this is to be preferred since there are strong objections against formulat- 
ing an un-ionized intermediate, which is anything other than a short-lived 
transition state in these highly polar media. 

The solvation of cations when an ionic solid is dissolved in a solvent will 
not be considered, but the further reactions with solvents which solvolyze 
these ions will be described later. Ferric ions in water, for example, are 
hydrolyzed to a binuclear cation (212) : 

HzO 
I I H 
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The formation of complex cations, when part, of the primary solvation 
shell is replaced by simple anions, is similar to the above, and is studied 
by analogous methods. Generally a series of substituted ions coexist and it 
is impossible to isolate a simple species. The methods of investigation 
provide no information on the extent of solvent participation. Thus in the 
hydrolyzed ion above, the octahedral water coordination is assumed to 
persist from the simple solvated cation. 

3. Ions in the Solid Phase 

Solid ionic compounds can be generated without solvent participation 
by merely bringing together volatile nonionic halides and oxyhalides. 
Admittedly liquids such as halogenated hydrocarbons are sometimes used, 
but these are inert heat-transfer and collecting media which facilitate the 
removal of reaction heat and enable solids to be collected conveniently. 
Thus gaseous sulfur tetrafluoride reacts with boron trifluoride or arsenic 
pentafluoride to form solid trifluorosulfonium salts (286). If one of the 
halides or oxyhalides is reactive it can act as a halogenating agent and 
generate a second halide in situ to combine with an excess of the first com- 
ponent. Nitrosyl chloride behaves in this way with metals, forming the 
metal chlorides which then combine with excess nitrosyl chloride to produce 
nitrosonium salts (237). Similar reactions occur with nitryl fluoride and 
metals (11). However, heterogeneous reactions involving solids are less 
efficient than solution reactions because of limited diffusion rates in solids. 
Higher temperatures are generally needed and heat transfer is more difficult 
to control. Alternative solution reactions are therefore preferable, provided 
solvent participation in the product can be overcome. 

The majority of reactions leading to ionic solids involve ion transfers 
or pairwise electron transfers. It is also possible to form ionic solids by 
simple electron transfer or mutual oxidation-reduction. A good example is 
Bartlett and Lohmann’s preparation of the oxygenyl ion by electron 
transfer between oxygen and platinum hexafluoride (20) : 

02 + PtFa = 02+(PtFs)- 

Other free radicals, such as NF;, NO;, SO-&?, ClOz*, can also interact 
between themselves and with halides although not necessarily to produce 
ionic compounds (ZOO, 279). Nitronium perchlorate was prepared from 
nitrogen dioxide, chlorine dioxide, and ozone, presumably by a radical 
reaction (124). Reactions with metals must involve electron transfer in the 
initial stages, the transferred electron usually being carried off as a volatile 
species. Thus nitric oxide is liberated in the formation of a nitrosonium 
complex nitrate from nitrogen tetroxide and zinc or copper, and the Auorina- 
tion of dinitrogen tetroxide and gold in bromine trifluoride to nitronium 
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tetrafluoroaurate liberates bromine. In the first example the dinitrogen 
tetroxide is cleaved unsymmetrically to form the heterocation. Other exam- 
ples of unsymmetrical molecular cleavage are known; in particular the 
boron hydrides, such as diborane, can be ionized as BHt+BH4- when the 
cation is stabilized by solvation. 

D. CLASSIFICATION OF HETEROCATIONS 

A short survey of the heterocations is now given to show their inter- 
relation, before describing some in more detail. A purely geometrical 
classification is less informative than one based on the Periodic Table and 
a formal method of generating ions. The small stable cations are concen- 
trated in earlier periods and toward the center of the periodic classification. 
There is a tendency for poIymeric cations in later periods and for ion pairs 
with elements of metallic character. In the earlier groups the heterocations 
also tend to form ion pairs and simple solvated cations. In Fig. 2 these 
tendencies are represented diagramatically . 

Group 

____f 
= Small stable 

hetero-ions 

Ion pairs 
Ion pairs 

and solvated 
cations 

Polymeric 
cations 

FIG. 2. Cations in relation to the Periodic Table. 

The heterocation contains a core eIement and in order to attain a posi- 
tive charge the surrounding elements or groups must be of greater electro- 
negativity even if not potentially anionic. Consequently the halogens and 
oxygen are the main negative functions. This immediately precludes binary 
oxycations in Group 2; they need to be at  least binuclear with respect to the 
core element. The other main negative species is hydrogen or an analogous 
group, such as the phenyl group. 

Generation of cations can be started formally from carbon tetrachloride. 
Withdrawal of the chloride ion would leave the trichlorocarbonium cation. 
In practice this tendency is small in solution, because the inductive effect 
of three halogens on the heterolysis of the remaining bond will leave the 
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species with a negative charge. Thus the trifluoromethyl group tends to 
act as a negative substituent or pseudofluoride in many compounds. In  the 
gas phase, however, the generation of CF3+ by a homolytic route is feasible 
and this ion is identified mass spectrometrically as a common product from 
the breakdown of fluorocarbons. More stable carbonium ions result when 
alkyl or aryl groups replace halogens. The triphenylcarbonium (trityl) ion 
is stabilized in numerous salts, but even here the ease of formation of free 
triphenylmethyl radicals shows how finely balanced are the factors leading 
to the carbonium ion. 

The hydrogen or halogen can also be replaced by oxygen. There is 
evidence for the formylium cation in some reactions; other acylium or 
arylium cations are well authenticated. There is no convincing evidence for 
COC1+ or CO++, although postulated for react,ions in solution. These formal 
relationships are summarized in Fig. 3. 

cc l4 
I 

/0= 

C,H,CO+; CH,COf; HCO' 

0= 

co++ 
FIG. 3. Formal generation of ions from CC4. 

The nonclassical carbonium ions, of importance as intermediates in 
organic chemistry, are not discussed. 

Silicon is unable to form this array of small hetero-ions, and the tendency 
with oxygen is toward polymeric structures as in various forms of silica or 
in silicones. Simple ions, SiOf, SizOz+, are encountered only in the gas 
phase. In  the subgroup polymerized oxycations are the rule; the halocations 
are generally monomeric (e.g., ZrF22+, ZrF3+, ZrCI3+). 

In  Group 3, boron can form simple heterocations containing hydrogen 
or halogen, provided the tetrahedral boron coordination is achieved with 
extra solvent molecules [e.g., BHz(solvent)+, B(CsH&(solvent)+, BCh- 
(solvent)+]. With oxygen the tendency to three-coordination predominates 
and results in polymer formation. Boron oxyhalides are cyclic trimers, not 
salts containing BOf cations. With aluminum there is a greater tendency 
to polymeric cations, especially with oxygen, but thallium again forms 
dihalo and dialkyl cations. 

On the other side of carbon there is a profusion of heterocations in 
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Group 5, which can be related to phosphorus pentachloride PCl,+PC16- by 
substituting elements or groups of elements for chlorine in the PC14+ cation. 
This is shown in Fig. 4. Many other more complex phosphonium salts are 
known. 

4. P (C,H,)&l,, t--- PCl,+(PClJ-- PBr, 

FIQ. 4. Formal generation of ions from PCh. 

The nitrogen heterocations are less extensive in substituents if not in 
number of salts isolated (e.g., NH4+, NO+, NOz+, NFz+, NzF+). Monomeric 
tetrahalo cations exist with As, Sb, V, Nb, Ta, as well as polyhalo cations, 
such as NbaCl~~+, in later periods of the group. This polymeric tendency 
is also shown in oxygen derivatives. 

In the next group, while there is only contentious evidence for sulfur 
and selenium oxycations, there is no doubt concerning the halo derivatives 
which include SeCls+, TeC13+, SeF3+, scla+, SC1+, S(alkyl)s+. The transition 
elements in this group again follow the trend from the previous group in 
forming polynuclear oxyions and some polyhalo cations (e.g., MoaCls4+). 

Group 7 heterocations consist mainly of the interhalogen cations and 
those derived from oxyfluorides (e.g., C1F2+, BrF2+, IC12+, I+(solvent), IF4+, 
C102+, I02+). Fluorine is too electronegative to be the core element and no 
fluoronium salts have yet been prepared. 

The hydrogen content of heterocations so far mentioned has been 
electronegative. The positive side of its behavior is even more important, 
not in the form of the bare proton but associated with water and other 
protonic solvents or aromatic molecules, as H(H20),+, H(HX),+, and 
H(ArH)+ ions. The extensive work on this aspect of heterocations merits 
separate discussion (p. 279). 

The principal developments in cation chemistry in the period under 
consideration can be summarized : 

(1) Identification of cations in the gas phase relying mainly on measure- 
ment of their mass-to-charge ratio and appearance potential. Little direct 
information on structure can be obtained for inorganic species. 

(2) Production of cations in nonaqueous systems and their isolation 
as salts. The mechanism of cation production in these systems is the subject 
of controversy concerning the role of solvation. 
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(3) Recognition and quantitative measurement of polynuclear complex 
cations in aqueous solution. The full composition of these species is un- 
known; they appear as a result of fitting experimental curves with a mini- 
mum number of species of different stabilities. More direct experimental 
methods have provided confirmation for some of these species and shown 
the reality of the concepts involved. 

These developments are not fundamentally different in kind, in that 
most of the methods and theoretical background already existed. However, 
the correlation of structural units in the different states of matter can be 
regarded as novel. Thus large cation units which exist in the solid have now 
been recognized in the liquid and gaseous states. Presumably the same 
forces maintain structural integrity. 

II. Cations of Nontransition Elements 

A. GROUP I11 

1. Boron Cations 

The known cations are solvated dihydro or dihalo boronium ions with 
tetrahedral coordination. Of particular interest are the ions derived from 
boron hydrides which contain hydroboro anions as well as cations. Parry 
and his co-workers made a thorough re-examination of the diammoniate 
of diborane which is admittedly saltlike, but which can be formulated in 
more than one way by movement of single hydrogen: 

NH4+(H3B NHZ BH3)-, NH4+(HzB NHz)BH4-, (NHa HzB NHa)+BHd- 

The second formula was originally adopted because ammonium boro- 
hydride is unstable; the separation of the ions was supposed to stabilize 
them. It was shown to be a borohydride, and not an ammonium salt, by its 
reaction with a slurry of solid ammonium chloride in ether. Hydrogen was 
evolved, a chloride, later indentified as BHt(NHs)t+Cl-, was isolated, and 
also a borine amine of only half the molecular weight of the original 
B2H62NH3. The reaction can be regarded as a double decomposition reac- 
tion (ago), 

NH&l+ X+BH4- = HaNBHa + Hz + X+Cl (X = BHz.2NHa) 

followed by breakdown of the unstable NH4+BH4-. Other reactions which 
confirmed the borohydride formulation were 

(1) 

a cation displacement carried out at -78" in liquid ammonia, and the 
anion displacement, 

[H2B(NH&]BH4 + Na = NaBH4 + fH2 + HzBNHz + NH3 

(2) XBHI + HC1 = XC1+ HZ + fBzH6 (X = BHr2NHs) 
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Further evidence came from tracer experiments with deuterated compounds 
which showed that in the sodium reduction (1) the B-H bonds in BH,- 
remained intact whereas the N-H was broken. The presence of the boro- 
hydride ion was also established by Raman spectroscopy on a solution 
of B2Hs2NH3 in liquid ammonia at low temperatures. 

The dianunoniate of tetraborane, made by adding ammonia to a cold 
ethereal solution of excess tetraborane, was shown to be H2B(NH3)2+B3H8- 
by analogous methods. Thus in reaction (1) the salt NaB3H8 was isolated 
in 6&7GO/, yield, and from reaction (2) the same XC1 salt as from the 
diammoniate of diborance could be recovered. The B3H7 fragment was 
isolated as the etherate (CzH&O.BaH, (171). 

The crystal structure of the salt BH2(NH3)&l consists of puckered 
layers of chloride ions interleaved with the cations. Although the hydrogen 
atoms were not located the B-H distances, equal within experimental 
error and inclined at  106", were consistent with a tetrahedral cation. The 
ammonia groups were surrounded by a distorted square of chlorine atoms 
with N-Cl distances from 3.39 to 3.45 A, similar to those in ammonium 
chloride (226). A series of salts with the ammonia in the BHZ(NH~)~+ 
cation replaced by amines has been prepared. 

Unsymmetrical cleavage of diborane can also be brought about by 
reaction with dimethyl sulfoxide in the diluent methylene chloride at  
-78". The structure of the product was shown to be BHZ[OS(CH~)~]~+BH,- 
by BH2+ peaks in the Raman spectrum and the quintet due to BH4- in the 
B1I n.m.r. spectrum. The compound, however, is not stable above -33" 
(201). A systematic synthesis of a whole range of stable borane cations 
has now been achieved. Their stability is highlighted by one of the general 
synthetic methods carried out at temperatures up to 180". The solvates 
include tertiary amines, phosphines, arsines, dialkylsulfides, as well as 
bidendate ligands. The salt anions include halide, polyhalide, fluorophos- 
phate, chloroaurate, and dodecaborane anion BEHE-. Three synthetic 
methods were used (215) : 

(1) Base boranes 4- onium salt of large anions at 100"-180°: 

D.BHs + DH+X = (HzB)Dz+X- + H2 

If the onium salt was unstable the equivalent D + HX mixture was 
substituted. 

(2) Displacement of the solvate or base in the cation by a stronger base. 
This could occur simultaneously in the previous method. The displacement 
series found was diamines > amines > phosphines > arsines > sulfides. 

(3) Base borane and diborane. 
The cations were thoroughly characterized by the infrared spectra, by 

the B1l n.m.r. spectra, which consisted of 1 :2: 1 triplets expected from 
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equivalent B-H bands in BHz, and by the retention of the base in the cation 
on ion exchange. Substitution reactions in the cation enable the hydrogen 
to be replaced. Thus SF6Cl, NC13, and aqua regia all monochlorinate, ICI 
dichlorinates, Fz with nitrogen difluorinates, and Fz with the chloride ion 
can chlorofluorinate. It is even possible to “fluorosulfate” with peroxydi- 
fluorosulfate SzOsFz. The series of solvated cations of BHz+, BHCl+, BC12+, 
BClF+, BF2+, and B(S03F)*+ is now available. 

The mechanism of formation of these ions from boranes has been 
studied and indicates that the initial cleavage of the borane is symmetrical 
(236). Thus tetraborane and sodium tetradeuteroborate in ethylene glycol- 
dimethyl ether exchange deuterium in the amounts required by the first 
and not the second equation: 

Symmetrical cleavage 

‘BIH + NaBD, = NaB,H J l +  B,H p3 

(12.5% D) (50% D) 

H\“J 

H/\,B) \H 

I 
H 

Unsymmetrical cleavage 

H 

The reaction of diborane with a base is therefore formulated as a sym- 
metrical bridge opening followed by nucleophilic attack by a second mole- 
cule of base: 

The nature of the nucleophile, and of the base already attached, decides 
whether the product is symmetrical or not. For ammonia the slow second 
step is: 
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An n.m.r. examination of tetraborane in tetrahydrofuran, on the other 
hand, suggests an initial nonsymmetrical cleavage. At -68' the Bll reso- 
nances of tetraborane are observed. They disappear at -50" and at -20' 
are replaced by a clearly resolved septuplet with the chemical shift and 
coupling constants of the B ~ H c  ion (269). 

Lipscomb has discussed the possible borane ions from a topological 
viewpoint and indicated the possibility of purely ionic hydrides, which 
has now been realized. The BBH11+ ion has been predicted as one of the 
triad analogous to the aromatic sequence (198). The cations BaHa+ and 
B4Hl02+ were also predicted. 

n 

B4H 7- B5H 0 B l J  1: 

The cations described previously and the chelated cations of boron, 
with for example acetylacetone, are tetrahedral. Davidson and French (74) 
made a planar cation by dissolving diphenylboron chloride in methyl ethyl 
ketone and adding aluminum chloride. The production of ions was indicated 
by a 1000-fold increase in conductivity, equivalent to about 1% ionization. 
The ultraviolet absorption spectrum had a maximum very close to that of 
diphenylmethyl bromide in the presence of aluminum chloride. The cor- 
respondence of the isoelectronic ?r systems was taken as evidence for a 
planar boronium ion. @!-a 

solvent 

2. Other Cations in the Subgroup 

There is some evidence of cations produced by unsymmetrical cleavage 
of dimeric halides, or substituted halides, with other elements in the sub- 
group. The dimethyl- and tetramethylaluminum chlorides have been 
formulated with methyl bridged structures: 

C1 .Me.+ /C1 
\A{ 'A1 

cl/ ''.M$.' \cl 

C1 .Me+. ,C1 

Ale :Al 
Me Me" \Me 

\ .. 
/ *. 
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Glick and Zwickel maintain that the Raman spectra are consistent with 
ionic structures (122) : 

Me C1 

Me’ C1/ \Me 

Me c 1  c 1  

Me/ C1’ ‘Cl 

‘L \il/ 

Although the methyl groups are not equivalent in the former ionic struc- 
ture, they are not distinguished in p.m.r. spectra, presumably because of 
halogen exchange. 

Me C1 Me Me  

Me/ C1’ ‘Me M e /  ‘C1 ‘Me 

A 
\ +  \ - /  

A1 A1 7 

In order to obtain CZ. symmetry with bridging methyl groups in the 
tetramethyl compound the cis structure is required. The correct symmetry 
follows more naturally from the ionic formulation. The dipole moment 
of 1.9 D is also inconsistent with methyl bridging. This is an interesting 
illustration of an ion of limited life detected by Raman spectroscopy in 
the form of an ion pair, but not by n.m.r. because of the time scale of 
chlorine exchange. The dissolution of aluminum chloride in donor molecules 
can also induce unsymmetrical ionization. The ion pair (AlC12.nCH3CN)+- 
AlC1,- seems more likely than the ionization (Al2Cls~nCH8CN)+AlCl4- 
originally proposed (276). 

The pyridine adducts of gallium trihalides ionize to a small extent when 
molten. The amount of ionization with GaC13.2C5HSN has been estimated 
a t  about To/,. The 1 : 1 adduct is the more stable and ionization of an initial 
trigonal bidyramidal adduct has been suggested (130). 

Bidendate ligands on thallic halides can induce similar ionization 
17TlX2+TlX4-~(31 L 5 ) .  

B. GROUP IV 

An extensive account of recent progress in the field of carboniuin ions 
has appeared (%), and only a few topics of more general interest are covered 
here. 
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1. Trityl and Related Cations 

Salts of the triphenylmethyl (trityl) and substituted cations are well 
established. They can be easily prepared by neutralization of the carbinol, 
or by removal of a chloride ion from trityl chloride by means of a silver salt 
(73).  Thus for the tetraffuoroborate: 

(CIHrC0)rO 
(CsHdsCOH + HBFdaq) - ---t (CaHs)sC+BFd- + HzO 

The salts of the complex fluoro anions PFe, SbFs-, NbFs,  and SOsF- 
are particularly stable in the solid state. Delocalization and stabilization 
of charge in the trityl ion would be optimized if the ion were symmetrical 
and planar, but the orlho-hydrogen atoms on adjacent rings prevent this. A 
compromise propeller-like structure, with the rings tilted in sequence at  
30" to each other, is indicated by both infrared and n.m.r. spectra ($3). A 
full interpretation of the former spectra has not been carried out, but 
qualitatively the main features are accounted for on Ds rather than DBh 
symmetry. The absence of covalent bonding between cation and the anions 
is shown by the characteristic anion absorption bands as in alkali salts. 
Any distortion of these highly symmetrical ions would lead to splitting 
of the peaks (297). 

Less stable tetrahalogenoborates have been prepared by mixing the 
trityl halide with the boron trihalide in nonionizing solvents, such as 
methylene chloride or cyclohexane. Thus 

(C6Ha)sCBr + BBra = (C6Hs)aC+BBr4- 

This salt is able to extract a hydride ion from cycloheptatriene to form the 
tropenium salt C7H,+BBr4- (138, 139). 

There has been a continuous interest in the ionization of triaryl methyl 
compounds in solvents. In particular, the distinction between ionization 
and dissociation, and their variation with substituents in the aromatic 
portion, or of the group X, has been argued: 

A&X ArsC+X- Ar&+(solvent)X- Ar&+ + X- 
(un-ionized and (ionized and (ionized and separated (free ions 
undissociated) undissociated) by one or more separated by 

solvent molecules) man solvent 
l l lOLCUlaS) 

The method of measurement employed determines which of these stages 
is detected. Thus conductometry detects the discrete ions in the last stage, 
and possibly the solvent-separated ions when the ion pairing is weak, 
whereas spectrophotometry, on a triaryl carbonium absorption peak, is 
less dependent on the cation-anion separation and both ion pair and free 
ion are measured. 
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Fairbrother and Wright measured the extent of ionization spectro- 
photometrically when dilute solutions of arsenic tribromide in various 
solvents were added to trityl bromide solutions (95). The equilibrium 
constants for ion pair formation varied from about 0.1 to 10 as the solvent 
was changed from benzene to ethyl bromide. The equilibrium constants, 
for the stage ion pairs to separated ions, were of the order lo-’ to in 
these solvents. Even in dilute solutions very few ions were free (e.g., a 
0.005 M solution in benzene had 0.09% of free ions). With mercuric chloride 
in benzene there was no evidence for free ions but only for ion pairs. In 
nitromethane considerable ion pair formation and some dissociation have 
been claimed (%?), but this has been disputed by Pocker (.2@), who detected 
an interaction with the solvent to form hydrogen chloride which contributed 
to the conductivity and color of solutions. He believes that trityl chloride 
is ionized in this solvent. 

The displacement of chloride in trityl chloride solutions in benzene 
has been interpreted solely in terms of ion pair formation without dissocia- 
tion (154), but generally the solvent takes a more intimate role in the 
ionization of trityl compounds, apart from providing a polar medium. This 
can be appreciated by comparing the minute dissociation of trityl chloride 
in nitrobenzene (dielectric constant 24.5) with its extensive ionization and 
dissociation in liquid sulfur dioxide or hydrogen chloride (dielectric con- 
stants 15.3 and 9.3, respectively). In  the latter solvent, specific interaction 
by hydrogen bonding to the (Cl-H-C1)- anion is likely; in the 
former, while direct formation of the SO&1- anion is improbable, the 
existence of a charge transfer complex between the chloride ion and sulfur 
dioxide is shown by intensification of the electronic spectrum of the latter 
(196, I N ’ ) ,  i.e., 

r\ 
(C,H,),CCl + SO, = (C,H,),C--C_lI SO, (C,H,),C+ + C1- (solvated) 

This interaction would considerably reduce the energy required for 
ionization. 

Ionic salts of the methyl cation are not known in the solid state, but it 
has proved possible to make simple carbonium derivatives chelated with 
diarsines : 

2+ 

H3C, ,CH, 

A s  
= [ O A > C H , ]  /A$ + 2 Br- 

H,C’ ‘CH, H,C CH, 
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Similarly from carbon tetraiodide the chelated ion results. 

Conductivity measurements confirm the cation charges (64). There is 
evidence mainly from n.m.r. spectra for secondary and tertiary alkyl cations 
produced from the corresponding fluoroalkanes dissolved in antimony 
pentafluoride (231). The planar C(NH2)8+ cation has been confirmed by 
X-ray analysis (1 42). 

There are no corresponding stable series of triaryl cations of other 
Group IVb elements. Thus triphenylsilyl chloride does not ionize in nitro- 
benzene even in the presence of strong Lewis acids (316). Conflicting reasons 
have been advanced to explain this (23). (In Group IVa, delocalization of 
charge from metal ion to ring systems can form stable cations; these metal- 
carbon bonded configurations are discussed later.) The full ionicity of many 
trimethyltin compounds has also been disputed. These volatile solids were 
formulated as salts (CHa)aSn+X- where X- = halide, NOa,  CHaCOO-, 
C104-, BF4-, AsFe, or PFa. 
trimethyltin groups bridged 
chains (67). 

However, the perchlorate consists of planar 
by bidendate perchlorate groups to form 

M i  Me Me 

The symmetry of the perchlorate group, according to the infrared spec- 
trum, is lowered from the Td symmetry of the perchlorate ion to Cz,. A 
similar behavior was observed with anhydrous copper perchlorate (I&). 
The nitrate contains a unidendate nitrate group, as distinct from the 
bidendate nitrate group encountered in basic beryllium nitrate, and the 
tin is tetrahedrally coordinated. The Raman spectra of other halides show 
halogen bridging between tin groups (186). This partial covalent bonding 
is removed on solvation. Thus the diammoniate of trimethyltin nitrate 
contains the free nitrate ion and is (CH&Sn(NHa)z+NOa-. Tetramethyl- 
stannane dissolves in concentrated sulfuric acid with evolution of methane 
and ionization of the residue to a solvated trimethyltin cation: 

(CHa)4Sn + HaSOd = (CHs)aSn+ + HSO4- + CHI 
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Trimethyltin sulfate in sulfuric acid produces four particles according to 
cryoscopic measurements, two of which are shown to be bisulfate ions by 
conductivity measurements (119) : 

[(CH,)aSn]&O4 + 2HzS04 = +2[(CHa)aSnH&04]+ + 2HS04- 

2. Acylium and Arylium Cations 

The main interest in these ions has been in conjunction with their role 
as reaction intermediates, particularly in the Friedel-Crafts reaction for 
which Fairbrother's classic experiment on radioactive chlorine exchange 
during the acetylation of benzene provided prima facie evidence of 
acetylium ions (94). Although stable salts of these ions have been isolated, 
a detailed examination of the infrared spectra reveals additional lines 
which indicate some interaction between cation and anion. Susz and co- 
u orkers examined the spectrum of acetylium fluoroborate, a compound 
first isolated by See1 from the component fluorides in liquid sulfur dioxide 
(314). The lines of the fluoroborate anion appeared at  frequencies close 
to those of potassium fluoroborate after precautions were taken to avoid 
formation of the anion by possible attack on the cell windows by fluoroboric 
acid. This acid could arise from traces of moisture and partial dissociation 
of the salt. A strong absorption at 2299 em-' was ascribed to the cation 
CH3C=O+. The carbonyl frequencies in acetyl fluoride appeared at 1851 
and 1879 cm-l. The assignment was supported by analogy with the bands 
in NO+A1C14- and NOCI, which occur at 2236 and 1800 cm-l, respectively 
(108). However, a further absorption occurred at  1619 cm-' and this was 
interpreted as a contribution from a carbonyl stretching frequency per- 
turbed by an electron drift from oxygen to boron. Similar shifts in carbony 
frequencies occurred when ketones were complexed with Lewis acids (50) 
The lowering of frequencies with various Lewis acids is given in Table I 
the uncomplexed ketone frequencies are in parentheses. 

TABLE I 
LOWERING OF C 4  FREQUENCIES BY LEWIS ACIDS 

CBH~COC~HS CGHSCOCHa CHaCOCHa 
Lewis acid (1657) (1675) (1710) 

- 18 HgClz - 
ZnClz - 47 
BFa 112 107 70 
Ticla 144 118 

75 SnCl4 - 
AlCb 122 120 
FeCls 145 130 
AlBra 142 130 85 

- 

- 
- 
- 
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Thus the main spectral evidence for the acetylium cation rests on the 
assignment of the 2300 cm-l band, which appears when acetyl halides 
are mixed with Lewis acids, and similarly a band at  2200 cm-' for arylium 
ions. However, Cook points out that with some complexes both of these 
bands are obtained. In CH3COCI.AlCls or CH&OCl.GaC13, for example, 
there is a strong band at  2300 cm-I and a weak one at 2199 cm-I, as well 
as a 1616 cm-I band associated with oxygen donation to the halides. He 
presents evidence for equating the lower frequency with the stretching 
frequency of CHaCO+, and the higher frequency with the carbonyl stretch 
in a complex [CHSCO - - - GaC18j+C1- (67). 

Among the arguments advanced are: 
(1) The avoidance of postulating different coordinations, i.e., from 

oxygen or halogen to the Lewis acid, when the organic chloride is changed 
and the Lewis acid remains constant in a series, or vice versa. Complex 
formation always occurs with oxygen on this view. 

(2) The mechanism of acetylation requires a more sterically hindered 
entity than the small CHsCO+ cation. 

(3) The production of aluminum at both electrodes on the electrolysis 
of aluminum halides in acyl halide solution. 

Much further evidence is needed before the structure of these acylium 
salts can be satisfactorily resolved. In particular, a study of metal-halogen 
frequencies should indicate the validity of ionic-coordinated species sug- 
gested by Cook, or even further ionization of the Lewis acid in line with 
Drago's coordination theory (e.g., [CH3COGaC12]+C1-). Certainly X-ray 
structural data are required. The coexistence of more than one species is 
of course possible, e.g., an equilibrium between ionic species and donor- 
acceptor complexes. 

The evidence for the cations COC1+ and CN+ relies on the ionizations 
induced by Lewis acid chlorides in the corresponding chlorides COCIZ and 
CNC1. Solvates of aluminum chloride can be isolated from solutions in both 
halides (111). The analogies between cyanogen and nitrosyl halides have 
been discussed ($33). Thus both chlorides form 1 : 1 compounds with AuC13, 
BCla, &C13, SbCls, and FeCla, and 1 :2 compounds with TiC14. It is therefore 
tempting to formulate the cyanogen chloride compounds as salts of the 
cyanogen cation. A comparison of the energetics of salt formation between 
the cyanogen and nitrosyl positive ions shows that the former is far less 
favorable, mainly because of the higher ionization potential to produce the 
cyanogen cation, and the greater dissociation energy of CN-Cl to produce 
the cyanogen radical. 'I his rules out the cyanogen cation in solid compounds. 

The high conductivities of Lewis acid chlorides in solution and transport 
of aluminum or iron to the anode on electrolysis could be explained by 
ionization of the solvates without involving a solvent ionization, i.e., 
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and similarly for ferric chloride solutions. However, a partial polarization 
of the cyanogen-halogen bond, which is greater than in the formation of 
solvates, may be involved in Friedel-Crafts substitutions with cyanogen 
chloride and bromide. The solvates CNCI.AlC13 and CNBr.AlBr3 produce 
cyanobenzene with benzene, and the yield increases in a more polar medium 
such as nitromethane (SSS). 

C. GROUP V 

The nitronium and nitrosonium cations are probably the most inten- 
sively studied of all heterocations apart from protonated species. A wide 
range of other hetero-ions belonging to this group has also been studied 
but in much less detail. 

1. Halogenated Phosphonium Cations 

The halogenated cations are analogous to the cation in the pentahalides 
of phosphorus, PC14+PCle, and PBr4+Br-. There is some evidence for the 
existence of all the cations listed in Table 11. Reasoning by analogy with 
the phosphorus halides, one can expect many of their double halides to be 
ionized. Thus the 1 : 1 adducts of phosphorus pentachloride with AuC13, 
AIC13, TIC13, SnCL, TiCI4, ZrC14, VCL, NbC16, TaC15, SeCl4, TeCl4, MoC15, 
Wc15, CrCl3, FeC13, and PtCL and the 2: 1 adducts with SnC14, ZrC14, TeCI4, 
and PtC14 may contain these halides in anions (for references, see 286). 

TABLE I1 
HALOGENATED CATIONS OF GROUP VB 

PCL+BClr- PC14+Pc16- 
PCl3Br+BCI4- PC14+PC15F- 

PCl4+A1Cl4- PC14+PC1Br- 
PCL+BFaCl- PCL+PFe- 

PClrjR+AlC14- PC14+PNCb- 
PCL+SbCls- 
PFCL+SbCle- 
PCla(CeH5)q_,+SbCle- 
PFC sH 6 [ N (CHa) z ) z+PF5C eH 5- 

AsCL+AlCla- AsClr+ASFe- 
AsC14+GaClr- AsCh+SbFe- 

SbCL+SbFe- 
SbC14(CHaCN)z+SbClt- 
SbClr+Na- 

PC14+SOaC1- PCla+F- 
PCh+UCle- PC14+HC12- 

PClJ+ICl*- 
PBr4+Br- 
PBr4+F- 
PCl(CF3)3+Cl- 
PCl(CHa)a+Cl- 

SbC14+SOaF- 
(SbF4SOaF) 
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Phosphorus pentachloride can exist in an ionic form in solid and solu- 
tion, and a covalent form in vapor and melt. Many of the compounds 
listed also have such a chameleonic existence. The acylium ions described 
previously exhibit this tendency to a lesser extent, and are isolated in one 
or the other form with relatively small perturbations from an idealized 
structure. An extreme example of this type of "polarity isomerism" has been 
encountered in the substituted phosphorus pentafluoride CeH6PFaN(CH& 
(281). When freshly made by one of the following routes, 

CsHsPFsClf (CHs)zNH 
I 

CsH6PF4 4- (CHs)zNH + CeHr,PFtN(CHs)r 

it is a liquid, boiling at  88" (6.5 torr), soluble in nonpolar solvents. The 
Pal n.m.r. spectrum consists of a doublet of triplets. This spectrum gradually 
alters and the liquid changes after a few weeks to a crystalline solid of the 
same empirical composition. 'I he resulting solid forms conducting solutions 
in the polar solvent, acetonitrile. It is formulated in a dimeric ionic form, 

[CEH~PF[N(CH~)ZII+IPF~C~H~I- 

to account for the following features of the n.m,r. spectra: 
(1) Pal-A 1 : 1 doublet of the cation to the low field side of the phos- 

phoric acid standard. On the high field side there is another doublet, caused 
by coupling of phosphorus to an axial fluorine atom, further split into quin- 
tets by coupling with four equatorial fluorine atoms. The similarity of 
coupling constant and chemical shift to that of the hexafluorophosphate 
anion confirms the anion structure as: 

F -  
I 

(2) Fl9-A doublet appears for the cation, a doublet of doublets and a 
doublet of quintets for the anion. 

(3) HI-A basic doublet appears in the aliphatic region caused by spin 
coupling of equivalent hydrogens in dimethylamino groups with phos- 
phorus. Each component is further split by coupling to the fluorine in the 
cation. 

The interpretation of these spectra provides an excellent example of 
the power of the method in structural determination. No other single 
method would give as much information. 
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Many workers have provided evidence for halogenated phosphonium, 
arsonium, and stibonium ions, based on conductivity, transport, and 
cryoscopic measurements as well as on chemical reactivity. Only a selection 
from this extensive work can be considered. 

The ionization of phosphorus pentachloride itself has been measured 
in various solvents and the ions PC14+ and PCI6- identified by transport 
measurements (240) and infrared spectra. A 1% solution in acetonitrile is 
completely ionized to urisolvated ions (325). If the PC14+ ion is reasonably 
stable, its survival in chemical reactions in ionizing solvents could be 
expected. Some indication of stability is provided by the radioactive 
chlorine exchange between N(CH3)rCl containing C13‘j with compounds 
containing PC14+. The exchange is by a second order reaction of half reac- 
tion time from 1 to 19 minutes depending on concentration. The PCle- 
ion is much less stable and exchanges too quickly to follow by a simple 
technique (i.e., less than 0.6 second) (179). Even in the relatively weak 
ionizing solvent, hydrogen chloride, neutralization reactions of phosphorus 
pentachloride, which is readily soluble and slightly ionized, indicate a cer- 
tain cation stability ($24) : 

PC16 + HCl PCla+HC12- 
d 1  

PCI,+SOsCl- PC14+BE’sCl- 

The chlorosulfate is not stable enough to exist at  room temperatures and 
resembles N02S03CI in this respect (123). 

Phosphorus pentabromide dissociates in acetonitrile similarly to the 
pentachloride. The equivalent conductivity of these solutions varies in the 
normal linear way with the square root of concentration. Transport meas- 
urements show the solution ionization, 

2PBr5 % PBr4+ + PBrs 

and not the ionization PBr4+Br- of the solid pentabromide (1.40). Mixed 
halide systems are more complicated and the ionic species have yet to be 
fully delineated. 

The PC13-Br2 system forms compounds at  1 : 2 and 1 : 9 proportions. 
The latter has been equated with a polybromide PCI3Br+[Br(Br2) 8]- by 
conductivity and transport measurements (141). However, Popov was 
unable to find simple phases and isolated a solid of composition PC14,67Br0.33 
which had a unit cell containing P12ClbcBr4 (244). This suggested a packing 
of 8PC14+, 4PC16-, and 4Br- ions. Payne provided cryoscopic evidence for 
undissociated molecules PC13(Br2) and PC13(2Brz) in equilibrium with small 
amounts of unspecified ionic species. A simpler product was isolated by 
employing arsenic trichloride as an ionizing medium with equimolecular 
proportions of phosphorus trichloride and bromine (178). A yellow high 
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melting solid of composition PC14.6Br0.6 was isolated which ionized in 
acetonitrile, and decomposed to pentahalides in carbon tetrachloride. The 
structure PC14+PC16Br was preferred to PC&Br+PCle-- because of the 
retention of the PCL+ ion on fluorination with arsenic trifluoride: 

3PCl4+PClJ3r- + GAsFs = 3Pc14+PFE- + 5AsCls + AsBrs 

The suggested mechanism was : 

PClB + Brz -+ PClsBrz 

PC14+PC14Br2- + AsCla -+ PCla+PC1J3r- + &Bra 

The compound PCl4.a,Br0.a3 was believed to be a decomposition product 
of this salt. The heterocation PC13Br+ has been isolated (323) as a tetra- 
chloroborate by the addition of boron trichloride to the ion in liquid hydro- 
gen chloride preformed according to: 

PC14+PC14Br2- 

PCls + Brz + HCl = PClsBr+ + HClBr- 

The compound PC14+PFa-, which appears in one of the above equations, 
was prepared quantitatively by the action of arsenic trifluoride on phos- 
phorus pentachloride dissolved in arsenic trichloride (173). It is a white 
solid which sublimes at 135" and is sparingly soluble in arsenic trichloride. 
It is quite different in properties from the covalent isomer PC12F3 (boiling 
point 8") and the ionic nature is shown by its solubility and conductivity in 
acetonitrile. This is confirmed by the hydrolysis reaction, 

PCLPFs + 7KOH = KzHzP04 + 5KC1+ KPFs 1 + 3HzO 

in which the hexafluorophosphate ion in the precipitate could hardly be 
generated by an aqueous solution and must already exist in the compound. 
The compound AsC14+PFe, which can be prepared similarly, has an 
isomorphous structure according to the X-ray powder patterns (174). The 
simpler tetrachlorophosphonium fluoride is obtained impure when the 
hexafluorophosphate is decomposed thermally in suspension (1 76) in 
arsenic trichloride, or pure by thermal decomposition of the solid 
under reduced pressure. The reaction can be reversed with phosphorus 
pentafluoride : 

PClr+PFs- % PClr+F- + PFb 

However, some PCl2F3 is also formed in the reverse reaction since equilibra- 
tion between the forms is kinetically controlled. This is also illustrated by 
melting the ionic form to the covalent liquid which slowly reverts to the 
ionic solid, the rate being apparently dependent on the nucleating surface. 

The kinetics of the exchange between covalent and polar forms has 
been followed quite simply by distilling off the volatile PC14F in uacuo 
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after holding a t  constant temperature for various times (176). The varia- 
tion of the first order rate constant with temperature was given by 

log K = 4.37 - 10.6/RT 

where the activation energy is in kcal/mole. At room temperatures the 
half-life of the covalent form is about 35 hours. The suggested reaction 
mechanism was by partial ionization of an apical chlorine, followed by 
exchange of the equatorial fluorine with the other apical chlorine and a 
simultaneous movement of phosphorus from equatorial plane to  tetrahedral 
position: 

F- c1 F 

The rate-determining step has not been deduced and there is only indirect 
evidence for the position of fluorine. Thus the apical position of chlorine 
atoms in PF3C12 has been shown by electron diffraction, and the reason 
suggested for its inability to transform to the PC14+PF6- isomer was the 
high activation energy which would be needed for the movement of three 
fluorine atoms to generate a PC14+ cation. The corresponding trifluoro- 
methyl derivatives behave similarly (see below). Thermochemical measure- 
ments on these and related systems would be interesting, especially if the 
activation energies can be related to energy differences between “polarity” 
isomers. The ionicity of the compound PCl,+I? follows from the enhanced 
conductivity of solutions in acetonitrile, from a cryoscopic determination 
of molecular weight in acetic acid, and from the absence of hexafluoro- 
phosphate in the hydrolyzate. The corresponding PBr4+F- is also known 
(277’). It is made by keeping a mixture of PBrzF and bromine below -30” 
when the molecular PBr4F changes to the ionic form, a solid decomposing 
a t  87” and forming a conducting solution in acetonitrile. The molecular 
form decomposed to a mixture of phosphorus pentachloride and penta- 
bromide a t  room temperatures. 

There is one other compound apart from the phosphorus pentahalides 
for which t,here is direct X-ray structural evidence for a tetrahalophos- 
phonium salt. This is the compound IPCls, which crystallizes from iodine 
monochloride and phosphorus pentachloride in carbon disulfide or tetra- 
chloride. The structure consists of tetrahedral PC14+ and linear IC12- ions. 
The I-C1 distance of 2.36 d can be compared with the distance 2.34 d for 
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I-Cl in N(CHa)4+IClz- (346). By analogy the other iodine monohalide 
adducts, PCIb-IBr, PBrb-ICI, and PBrb.IBr, may also contain phosphonium 
ions. 

There is evidence for the Pc14+ ion in solution when the double halide 
UCI5.PCl5 is dissolved in phosphorus oxychloride (234). On electrolysis 
phosphorus tri- and pentachlorides form at  the cathode, and chlorine 
together with a material containing uranium ( ~ U C ~ J J C ~ S - ~ P O C ~ ~ )  a t  the 
anode. The low solubility of the compound in toluene (0.014 gm/100 ml) 
compared with phosphorus pentachloride (6.72 gm/lOO ml), and the 
removal of phosphorus pentachloride in excess of the 1 : 1 compound from 
UCla.2PC15 and UC15.3PC16 by refluxing with toluene, indicate a stability 
compatible with an ionic salt. 

An ionic structure PNCla+PC14- has been proposed for the compound 
P2NC1, formed by the reactions N I S ~  + PC1a or (PNC12)a + PCls without 
compelling favorable evidence (13.2). 

Later work has shown the compound to be a dimeric salt (PCla- 
(NPC~Z)C~}+PC~~-.  The n.m.r. spectrum supports this conclusion (26). A 
similar compound PaNCliz, prepared from phosphorus pentachloride and 
ammonium chloride in polar solvents a t  low temperatures, has the structure 
(Pcla=N=Pc1~)+Pcl6- (26). These compounds are ionic intermediates 
in the polymerization of phosphonitrilic chlorides (233). 

Trifluoromethyl-substituted phosphonium ions have been postulated 
to explain the conductivity of the substituted pentahalides PC12(CF& 
and PBrz(CF&. in acetonitrile or nitromethane (90) : 

2PCla(CFs)a + PCl(CFi)s+ + PCls(CFi)a- 

The conductivities of these solutions slowly increase to a maximum, again 
illustrating kinetic control in the transformation. The corresponding di- 
substituted compound, PCla(CF&, is a nonconductor in solution. The 
possibility of ionicity in these compounds has been related to their con- 
figurations. If the chlorine is in an apical position of the trigonal bipyramidal 
structure it can ionize by heterolysis. The trifluoromethyl group in this 
position has no tendency to ionize as CFa. 

c1 
CF3 I 

CF3 c1-, CF3 c1 +cl 
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The C-F stretching frequency observed in the infrared spectrum pro- 
vides some evidence for apical trifluoromethyl groups in structure (b) (91). 

This type of argument is no longer convincing in view of the recently 
determined structure of PFa(CH& in which the methyl groups are in 
equatorial positions (19). 

2. Other Phosphonium Cations 

Alkyl- and aryl-substituted phosphonium ions have been known for 
many years. The synthesis of optically active compounds by differently 
substituting each tetrahedral position in a cation was the classical method 
of proving a tetrahedral configuration before X-ray structural analysis 
had been fully developed. A comprehensive summary of quaternary phos- 

phonium salts should be consulted for details (222). Doubly charged cations 
in which phosphorus or phosphorus and arsenic are linked can be isolated, 
but salts such as PC13R+A1C1,- are more typical examples. They are made 
according to the reaction: 

PCla + RCI + AlCla = PClsR[AlC14] 

Their ionicity is evidenced by their high melting points, the hydrolyses 
PC13R+ + OH- --f RPOClz + HC1, and the anodic transport of aluminum 
and cathodic formation of RPClz by electrolysis in methylene chloride 
solution (150). 

A series of phosphonium salts, which span the halogen and organo- 
substituted salts, have recently been prepared (2622) by employing antimony 
pentachloride simultaneously as a chlorinating agent and a Lewis acid: 

R3P + 2SbC16 = RaPCl+SbCleC + SbCla 

The intermediate R3PC12 was not always isolatable. Evidence for ionicity 
is provided by the high melting points of these compounds, and the equiva- 
lent conductivities in nitrobenzene solutions similar to those of quaternary 
ammonium salts. Spectral evidence for the structure PClsF+SbCls- is 
provided by the F19 n.m.r. spectrum, for which the coupling constant 
J p - ~  interpolates in the expected position for tetrahedral hybridization in 
the series: 

PFa PCl3Ff PFs PFa 

1441 1294 916 710 cycles/sec 
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The infrared spectrum shows the resemblance of PCLF+ to the isoelectronic 
molecule SiClsF. 

The simplest of the nonhalogenated ions is the tetrahydrophosphonium 
ion, for which a more complete assignment of infrared and Raman spectra 
is possitle. This ion is the end member of the isoelectronic triad AlH4-, 
SiH4, FH4+ in which the stretching force constants are inversely related 
to the cube of the bond lengths (330). Tetrahalogenoborates of the same 
cation can be isolated from liquid hydrogen chloride. Their infrared spectra 
confirm the presence of a PH4+ ion (324). A less complete assignment is 
possible with the trimethylphosphine dihalides, which have Cszr symmetry 
and ionize as (CH&PX+X- (126). 

3. Arsonium Cations 

The tetrachloroarsonium cation is stabilized in many compounds which 
can be formally represented as double halides with arsenic pentachloride. 
The latter has never been isolated so that the analogy with PC16 cannot be 
carried over to a salt AsC14+AsCl6-. The patent instability of arsenic penta- 
chloride, and the hexachloroarsenate ion, among Group Va pentahalides 
must arise from competing factors (300). In contrast, the salt with the 
hexafluoroarsenate ion is stable. It was first prepared by Kolditz, who 
passed chlorine through arsenic trifluoride (1 72). A compound of empirical 
composition AsC12F3 separated after some hours from the saturated solu- 
tion. The compound gave conducting solutions in arsenic trifluoride. The 
presence of the hexafluoroarsenate cation in the compound was inferred 
from the hydrolysis reaction, 

AsClcAsFs + 7NaOH = NazHAsOp + 4NaC1+ NaAsFa + ~ H z O  

since it could be separated as the well-known “nitron” salt. The slowness 
of the chlorination of arsenic trifluoride was explained subsequently when 
it was found that the dry trifluoride would not react with chlorine (78). 
At least 2.5% water was required in the trifluoride to initiate the reaction. 
The reaction time of 8-10 hours found at  this level of water was about twice 
that encountered by Kolditz. The period decreased to 1/3-1/2 hour at 11% 
water content. The initiating species was believed to be AsF~OH, which is 
susceptible to chlorination since the polarizing effect of the fluorine atoms 
on the arsenic “inert pair” is decreased: 

CL ASFI 
ASFt + HzO + AsFzOH -+ AsFzClzOH -4 AsF3Clz + AsFzOH 

1 
ASCla+AeFe,- 

It is possible to prepare pure AsC1,.AsF6 from the trifluoride and chlorine 
in arsenic trichloride as a solvent. The corresponding bromine compound 
AsBr4+AsF6- could not be isolated. Again there was no reaction between 
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molecules and salts added to provide a constant ionic medium. Their 
concentrations remain approximately constant during the formation of the 
complex cations and hence equilibrium equations convey no information 
about these species. The hydrolytic cations are formulated with OH- as 
ligands, omitting solvent and electrolyte participation (502). Hydrolytic 
reactions are a special instance of a quite general formation of complexes 
i n  solution. 

The thermodynamic equilibrium constant for complex formation would 
normally be expressed in terms of activities but, since these are readily 
accessible only for dilute solutions where activity coefEcients can be calcu- 
lated from the Debye-Huckel formula, i t  is usual to add large amounts 
of supporting electrolyte consisting of noncomplexing, or a t  most weakly 
complexing, ions. In such swamping media the ionic strength and activity 
coefficients remain constant as the complexes are formed. A stability con- 
stant can then be given in terms of concentrations which will be valid for the 
particular medium used. Complex formation involves the successive sub- 
stitution of the originally solvated cation by ligands (anions or neutral 
molecules) ; the successive steps usually overlap and it is difficult to separate 
the participating equilibria. 

These would be disturbed if chemical methods were employed to follow 
them, so that only physical methods are practicable in these labile systems. 
It can be shown for mononuclear complexes that the average number of 
ligands (L) for each metal ion (M) is related to the stability constants Pn 
for ML,-l+ L = ML, by: 

For polynuclear complexes M,L, a new set of stability constants Prim 
are defined, which are similarly related to the average ligand number. The 
latter is determined, and the problem is to find the values for m and n and 
the stability constants which fit the equation. Experimentally the free metal 
ion concentration is found potentiometrically or polarographically, the free 
ligand concentration by pH measurement if the ligand is the anion of a 
weak acid, or the complex by solvent extraction into a nonmiscible solvent. 
The pH method is the commonest; among others are solubility, cation ex- 
change, and spectrophotometric and other spectral measurements (for 
details of which the cited references should be consulted). 

The hydrolysis of the uranyl ion provides a good example, being one 
of the most thoroughly studied equilibria. A summarizing paper compares 
the complexes and their stability constants as determined in a number of 
ionic media (84). Solutions are made up with a constant concentration of 
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uranyl ion and supporting electrolyte, e.g., 3 M NaC104, but with varying 
amounts of acid or alkali. The solution pH is then measured and the average 
number of OH groups bound to the uranyl groups ( f i ) ,  which is equivalent 
to the number of protons released on hydrolysis, is deduced from the meas- 
ured hydrogen ion concentration and the number of protons introduced 
into the solution: 

nH20 + mUOzZ+ % [(UOn)m(OH)~](2m-n)+ + nH’ 

A series of curves of f i  against pH at constant uranyl concentrations is 
plotted and values for m, n, and the stability constants chosen to fit the 
curves over the widest range. In  earlier studies these values were obtained 
by graphical methods, but nowadays more accurate values are obtained 
by suitable computer programming shortened by using approximate 
graphical values (266, 304). Often there is no unique solution and with 
increasing accuracy of data the number of species tends to increase. The 
main species are not usually in dispute but the choice of minor species is 
more contentious. Since the interpretation can be no more accurate than 
the experimental data will allow, it is important that alternative methods 
be used to avoid undetectable systematic errors of a single method. In the 
work on uranyl ion hydrolysis it is interesting to folIow the changing inter- 
pretation as the data become more precise or are reinterpreted by more 
accurate procedures. Originally the mononuclear ion U02(0H)+ was 
assumed, then the parallel fi-pH curves were interpreted as indicating an 
unlimited series [ (UO,),+I(OH)Z,]~+. More refined results in a variety of 
media showed deviations from parallelism in some of the media and the 
following assignments were made: 

Ionic medium 
sol- 
Nor- 
C1- 
c104- 

n,m for (UO*),(OH), 
2,2; 4,3; 6,4; 8,5 
2,2; 4,3; 6,4; 5,3 
23; 4,3; 6,4; 5,3; 7,4 
2,2; 4,3; 6,4; 5,s 

In  addition, the mononuclear 1,2 complex was needed in the most concen- 
trated uranyl solutions (about 0.1 M in U compared with 3 M perchlorate 
substrate), and the 1,l complex a t  low uranium concentrations (down to 
0.00025 M )  to obtain a better fit with the data. Other authors fit their 
results with a smaller number of species. Thus in nitrate media only the 
1,1, 2,2, and 5,3 species were used to explain the pH measurements. The 
increasing stability of the dimeric species with increasing temperature was 
noted (14). The difference in species produced in different media suggests 
additional complexing by the medium anions. 

It is possible to compare the complexing tendency relative to the per- 
chlorate medium, and this shows that sulfates are stronger complexing 
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media with nitrates approximately the same as perchlorates (84). Chloride 
ion complexing in sodium chloride media is also indicated by optical absorp- 
tion measurements (265) for the 4,3 ion but not for the 2,2 and 5,3 ions, 
which h'ave the same extinction coefficients in perchlorate as in chloride 
media. (U02)3(OH)42+ is present in substantial amount in chloride but not 
in perchlorate media. 

A more direct method for measuring polynuclear species is obviously 
desirable since the e.m.f. results do not give unique schemes. Ultracentrif- 
ugation provides such a method. This is a weight-sensitive technique in 
which sedimentation is followed by optical interferometry, and weight- 
average degrees of polymerization are obtained. The degree of polymeriza- 
tion is plotted against fi and the curve is fitted with species of the appro- 
priate stability constants. Thus in sodium chloride media the e.m.f results 
can be fitted to 2,2 and 5,3 species and with less certainty to 4,3 and 6,4 
species. The agreement is just as good for 4,3 and 6,4 species alone, or 
together, or even with an unlimited series 2n, n + 1. The ultracentrifuga- 
tion data rule out the last possibility, and best agreement is obtained with 
only the three species 2,2, 4,3, and 5,3 (28.4). 

C. STRUCTURES IN SOLUTION 

The existence of polynuclear cations in solution, as indicated by the 
above work, led to the hypothesis that these cations were the precursors 
of the solids which precipitated when sufficient hydroxyl ion was added. 
The structures in solution were therefore regarded as related to solid 
structures. In uranyl salt solutions, for example, the series of polynuclear 
ions U02[(OH)2U02],2+ was related to units in the sheetlike crystal struc- 
ture of a-U02(OH)2 and related salts (34, 303). This attractive hypothesis 
is no longer tenable and the relation between solution and solid structure 
in this particular instance has yet to be elucidated. 

The relationship is more clearly indicated for aluminum ions. Alkali 
can be added to aluminum chloride solution to near the ratio OH-/Al3+ 
of 2.5 without forming a permanent precipitate. From these solutions it is 
possible to obtain well-crystallized salts. The structure of the selenate salt 
has been determined by X-ray analysis (286). The solid contains alkali 
ions, which seem essential to the structure, as well as a large amount of 
water, some of it zeolitic. The significant structural feature is the large 
discrete group of twelve A106 octahedra surrounding a central A104 tetra- 
hedron, i.e., A113040H487+. The salt can be written as: 

Na+[All~O~(OH)~~(H~0)l~]7+(SeO~")r~13H~0 

The hydrogen atoms are located by inference in a hydrogen-bonding scheme 
based on Pauling's rules for packing of polyhedra. The PW12O4O3- anion 
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has an analogous structure (167). The early e.m.f. results for hydrolysis in 
solution were fitted to an infinite series, A1[ (OH)5A12].(3+n)+, or preferably 
to a single species, AI~(OH)I~~+ .  Only recently has more direct evidence 
been adduced for the higher polymeric species A ~ I ~ ( O H ) ~ ~ ~ +  as a' result of 
ultracentrifugation studies which show mean degrees of polymerization 
up to about 12. The best fit to the degree of polymerization versus f i  curve 
is obtained by assuming only the A ~ Z ( O H ) ~ ~ +  and A ~ I ~ ( O H ) ~ ~ ~ +  species, and 
the stability constants derived for them from acidity measurements (10). 
Other species could be introduced a t  low f i  values, but the activity coeffi- 
cients alter most in this region and any improvement in curve fitting is not 
meaningful. The apparent discrepancy between the cation formulas in solid 
and solution arises from the nondetectability of complexed water molecules 
in solution. Evidence from X-ray scattering in solution also substantiates 
this hetero species (650). 

The hydrolysis of bismuth solutions in perchlorate media has been 
followed by measuring the free bismuth ion concentration or the acidity, 
and also by ultracentrifugation (151, 232). The curves can best be fitted 
with the two species Bi(OH)2+ and Bi6(0H)~26f. The structure of the latter 
has been examined in concentrated solution (5.8 M BiO(C104) in 0.95 M 
HC104) by X-ray scattering (192). Maxima are observed a t  3.71 and 5.25 A 
due to Bi-Bi interactions. Excellent agreement with the intensity measure- 
ments are obtained with an octahedral distribution of bismuth atoms 
bridged by oxygens along the octahedral edges, in the same structure type 
encountered for NbsC1122+ (p. 291). 

The hydrolyses of zirconium and hafnium halides apparently produce 
hydrated oxyhalides MOX223H20. The actual structures, confirmed by 
X-ray scattering in solution and by X-ray structural determination in 
the solid, are tetrameric with no metal-halogen bonds (58, 221). Ultra- 
centrifuge studies also show this degree of polymerization (164). Zirconium 
atoms are bridged by pairs of OH and each zirconium is coordinated by a 
distorted antiprismatic arrangement of eight oxygen atoms (Fig. 14). 

r B +  

FIG. 14. The cation in zirconium oxyhalides. 
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The presence of a cyclic polymeric cation in hydrolyzed beryllium 
solutions has also been suggested. The acidity curves are fitted with 
Be(OH)2 and the cations Be20H3+ and Be3(OH)a3+. The last is the pre- 
dominant species and the proposed structure (Fig. 15) utilizes the tetra- 
hedral coordination of beryllium, known for example in the (Be.4H20)2+ 
cation (165). 

FIG. 15. The main cation in beryllium solutions. 

The beryllium oxide trimer in the gas phase and the volatility of beryl- 
lium oxide in the presence of traces of water are explicable on the basis of 
similar cyclic structures. 

It can be concluded that many of the species which emerge from a 
purely mathematical treatment of hydrolytic data have a truly physical 
significance. 

VII. Concluding Remarks 

Although the above account has been confined mainly to heterocations 
formed by the nontransition elements, there has been a corresponding large 
amount of work with transition metals, exemplified by review articles on a 
single species V02+ (293), and oxycations in general (294). The emphasis 
of this work with transition elements has been the explanation of spectral 
and magnetic properties in terms of modern theories of bonding, the results 
of which are too extensive to consider here. With the nontransition elements 
one of the main aims has been to extend the range of heterocations, and 
consequently less attention has been paid to the detailed structure and 
configuration of the hetero-ions. One of the most interesting problems raised 
has been the relation between polar and homopolar forms of the simple and 
substituted Group V halides (152). The ionic form seems to be the thermo- 
dynamically stable form a t  room temperatures. With some solids, conver- 
sion to the covalent form occuw in the melt and reversion on cooling is 
slow; with others, the ionic form is the only stable form at room 
temperatures. 

Equilibrium and kinetic data are badly needed on these compounds 
before a rational interpretation is possible. Interconversion of forms is 
unlikely to admit of a universal interpretation, as can be seen by comparing 
aluminum trichloride with iodine trichloride. The former ionic solid melts 
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to a noiiconducting liquid, whereas the latter solid consists of I&l6 mole- 
cules which produce a conducting melt. I t  should also be noted that a low 
volatility is not a universal criterion of ionicity. Nitrogen pentoxide, for 
example, is nitronium nitrate in the solid with a sublimation pressure of 
200 torr at  15”. The low heat of sublimation for this compound can be 
explained by the ionic lattice energy being nearly compensated with the 
formation energy of covalent N-0 bonds (214). 

The exact nature of the cation bonding in various double halides such 
as NOSbC16, NOAlCL ( l o g ) ,  and CH3COGaC14 (67’) is far from clear. 
There are additional lines in the infrared spectra which are incompatible 
with the simple ionic formulations. An X-ray structural investigation, 
preferably at  low temperatures, should help resolve the cation-anion inter- 
action in these substances. Even with NOZ+ClO,- the spectra are not 
consistent with a purely ionic structure held by electrostatic forces (225). 

The bonding in many nitrates, sulfates, fluorosulfates, and iodates, in 
which these groups act as bidendate ligands rather than anions, is a more 
extreme deviation from conventional ionic bonding. Again, a precise 
description of the charge distribution in such polymeric structures has yet 
to be achieved. 

Apart from these finer structural details, the broad relationship between 
structures in the different states of matter is also of great interest. There 
are various lines of evidence which have related the physical properties 
of liquid to solid structures in the region of the melting point (320). Super- 
cooling phenomena in liquids or premelting effects in solids are examples. It 
is therefore attractive to consider certain common units which survive a 
phase change. The precipitation of basic salts in aqueous solution has been 
regarded as a build-up of the crystal structure by a stepwise succession of 
hydrolytic equilibria. Evidence for this has been controverted in part, but 
there are still examples of smaller cations of bismuth and aluminum which 
are common to both solids and aqueous solutions. Even in the gas phase 
there are polymeric ions which resemble those of cations in solution. 

The isoelectronic principle has been widely applied in the recognition 
of cation spectra, but less attention has been paid to it as a guide to syn- 
thetic possibilities. The proliferation of “diamond-type” semiconductors in  
recent years (125) is an example of the systematic application of this prin- 
ciple. It would seem that a similar approach could provide substitutional 
series of polymeric cations with interesting electrical properties when 
incorporated in suitable salts. 
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