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Non-Stoichiometric Compounds

Leo Brewer:

Department of Chemistry and
Lawrence Radiation Laboratory,
Inorganic Materials Research DlVlslon,
University of .California,
‘Berkeley, California

The concept-of stoichiometric compounds or compounds with integral

,comblnlng ratios of tne elements has played an 1mportanu role in the

development of the atomic theory of metter. The dlstlnctlon between

~elements, compounds, and mixtures and the concept of pure stbstances .

- was first clearly introduced by Boyle in the seventeenth century and

fnfthef_exﬁended toWafd the end of the eighteenth centuryAwhen Cavendlsh
fonnd simple integral'combiningfvolumesvof hydrogen end onjgen gaeesl' |
in the reaction to‘fofm water and when Levoisier.established the law of
conservatlon of mass and aoplled grav1metric analysis to aetermlne the
compos1tlon of wauer, carbon dioxide and Ouher compounds.' These |
observations were used.by Dalton as the basis of his atomic hypothesis,

but the experimental verification was not clear. Without the'understanding

" that elemenual gases could be diatomlc, volumetrlc comblnlng ratlos of

;

many gases dld not work out properly. Altnough Avogadro recognlzeo the

-exlsuence of ‘diatomie molecules in l8ll, hlS nypotnes1s was not denerallm
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" condensed phase can be restricted to a unique cdmposition_

from a molecule, it is clear that the smallest change That one can

vroduce in a gaseous molecule will produce a large change in itUs

oroperties. If, on the other hand, we consider solid sodium chloride,
for example a single crystal weilghing 10 g, its formule would be

1023. Herce again, the smallest change that one can bring
zbout is the addition or removal of one atom. If we remove one /

Al .

chlorine atom, the new formula is now Nal023811023_l. When one is

ot

dealing with condensed phases with infinite lattices, the removal

w3
ct

or addition of single atoms produces such minute changes in the formula

""that one can have essentially minute and gradual changes in <the

properties of the phase as one changes its composition. Thus it is'

not surprising that condensed phases have ranges of composition

and are not restricted to definite compositions or simple combining

.proportions. In fact, one can prove thermodynamically that no

ex@epﬁ.at

a coﬁgruént melting or'bdiiipg point, & peritectic point, or ét-
tempefatures apprpécﬁing.absolute:zero. mxcept forvthésé éingular
points,.coﬁdensed pha$es ﬁﬁdér all other egquilibrium éoﬁditions ﬁus#.

have appreciable ranges of composition or appreciable homogeneous
o - T ?

'ranges.v

N

Consider the sodium chloride phase again. The phase in eguilidbrium

B

with chlorine at 1 atm cannot be the same sodium chloride paase which

is in equilibrium with sodium metal. It is impossible to have socdiunm

metal and chlorine gas at 1 atm in equilibrium with one another. From

available thermodynamic data one can calculate that the chlorine partis

R



ressure at room temperaiure increases from less than 10 et To a
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value of 1 atm as one varies the composition by adding chlorine from
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- corresponds to the oxygen-rich or the aluminum-rich end of the composiition
range.

~The changes in properties of sodium chloride across -
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Likewise, its .electrical and many other propertieé chénge cuite markedly
25 one moves across tﬁe nomogeneous range. For sodium chlorice |
range in composition ié father.small, although itlcgn be detected

'aﬁalytically withbut muéh difficu'ty.' One findsvthat tﬁe homogenéou§5

_ranges will vary greatly from one phase to another. In some instances,

a system of two components may. correspond to a phase diagram wiih

o e

complete homogeneous. range from one component to the other. In other.
instances there may be a number of intermediate phases, some of which
have moderately wide homogeneous ranges and others which have fairl,

narrow homogeneous Tanges.,

It is important to recognize that the compositions at the limits
of these phases would normally have no particular Significance of their

own. These limiting compositions will

and are not determined alone by the properties of the Dhase in quesiion




L JOC

. other component for & series of phases which illustr

-5~

o

but are equally well determined oy the propervies of the phases tha

exist in eguilibrium with the ohase in quc°“10u. Thus, under some

circumstances, wnen 1t is possible by proper seeding to have & choice
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reader may consuit the literature (2) to become Ffamiliar with the plots

. . ) . .
of free energy versus moles of one component per fixed amount of
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two phases. Such plots clearly chow the influvence of the

saturating vhases upon the homogeneous range of a g"v n .phase.

ite customary uO aes;gn““e a pnase by a formula which -
co*rescon to some simple combining ratio. For example, the sodium

cnloride ho*O”eﬂeous range is referred to as the NaCl phase region the

-

iron(II) oxide homogeneous range, or the wustite pnase,-is referred to’

as the FeO phase region. The use of these names does not imply an

- commitment aboul the range of compositions nor that the simple composition

cnose1 to name the ohase has any snecmal s1g nifi lcance within this phase

—

;,region.' Thus in the instance of the iron(II) oxide phase region, the

composition FeO does not exist in an equilibrium system (3), Neve*u“etess

it is uSeful(to‘refer to wﬁstite as. the FeO. pvhase reglon bYecause of the

Tact that X-ray patierns for compositions im this phase region correspond

'

to an ideal latiice of the sodium chloride type, which would have the

comnosi ilon FeQ if it were an ideal lattice wi uh no vacant lav
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the laitiice. The vacancies in the cdtion sites need not be egual to T
in the anion sites. In the instance of wustite, any attempt to ecualize
the vacancies in anion and cétion sites would re in a bhasé unstable
with resbect to disproportionation to metallic iron and an oxide pﬁa:e
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o The icdeal crx Jsua; structure. ~ No other commitment Ls mede than the
designation of the crystallographic arrangement. TFor those who are

this is cuite
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under rather restricted conditions then have not been aware ol the

importance of recogaizing the existence ol homogeneous rang res for all
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There are many impor uanu respec»s in vh;c“ nOu recognizing this

can greatly handicap theruﬁderstanding of chemical processes. The
‘designation of a vapor pressure for a phase causes difficulty unless

that the existence of a homogeneous
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rapor pressure as a funciion of composition in
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vhase is present to characterize the systen.
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In most systems this weans that one does not wish to use a 'pure

semple wnica would correspond to some composition in the sinzle phase

gy -

“ebﬁo“, as the systenm woala not ve unsc uely c“aracVerizea and the

vapor pressure measurement woula have no significance. One of the

two phases wnich could saturate the phase in guesiion must be added

in order to produce a conolete;y cheracterized system befor measuri ing

the vapor pressure.. In some instances a constant Dol;l o124 comoosi'ion

-

- exists within the homogeneous.range and if one uses a method of vapor

Pressure determination whlch allows the SjSuem to abprouch this con ua“u-
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range, and 1t 1s quite meaningless to publ isn vapor pressures for a
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temperabure coefficient of the vapor pressure to optain heats of subli-

the heat may not correspond TO any =

heat unless oné nas corrected for the changing comvosition with temperatuire.

The prediction of chemical benavior by means of thermodynamic Gz

-

range of each pnase. The The *modyﬂaML date in the literature are

‘normally given for one stan ard,composition.‘ The standard compesiticns

may e . nypotnetical and need not correspond ©o ly actual composition.
In ca**yiA out the calculations to predict actual benavior one must
be prepared To calculate free energyvchanges for changes in composition .

from the standard state composit*on to the composition actually or

t
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s in this area that There is a most sSeriocus limitation
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&t eguilidrium. It

to the use of thermodynamic data for prediction of chemical benavior,

particularly in high temperature systems. This calculation of the Iree

-energy caange in going from the standard composition to the actuzl

equilibrium composition corresnonas to know;ﬁg the activity coefficient
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as a .function of composition within the homogeneous range.
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the activity coe::lc;e“vs
are needed to confiaently-

uo“oreneous ranges and therefore reliably pre edlct chemical equilibrium
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Other properties can vary considerably across the homogeneous
composition range of a compound. - It has been noted earlier that

color and vapor pressure change markedly. In addition, thermal shock

" properties, thermal conductivity, chemical. reactivity, and, particularly,
2 s J b4

electrical conductivity can change very rapidly with changing concentra-
v g

tions of crystal defects due to changing composition. The two common

types of crystal defects can be illustrated for a non-stoichiometric

coméouﬁd with excess metal. If the excess metal is at a cation site
with an assbciated anion &aéancy, the défect ié terﬁed a Schottky
defeét; Metal atoms in interstitial position in tﬁe crystai iéttice
are ﬁefmed-Frenkel defects. The names are fhose ofAthe men who fir§t
proposed their existence.

'The effect of non-stoichiometry upon electric conductivity is
ﬁost marked for the poorly conducting semi-conductors. If @heicrystal
defeéts‘are due fo atoms with excess electrons which can aét as donors

i

of electrons, the‘compound is designated as an n-type conductor. A

. 1
-defigiency of electrons or presence of acceptor sites results in a p-type

conductor with conductivity due to migration of the positive defects.

If the homogeneous range of a compound extends on both sides of

stoichiometric, the conductivity will often' change from n-type to pétype

near the'st¢ichiometric composition. Deviations from stoichiometry of
as little as one part per million can make significant changes in
. | . N . . .

conductivity of semi-conductor materials. S

Diffusion of reaétants through a solid may depend strongly upon

‘vacancles and the chemical reactivity of a solid can change drastically

! ) :
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