142

The Masking of Reactions

Russian Chemical Reviews, 37 (2), 1968

U.D. C. 541.183.25

F.P.Sudakov
CONTENTS

I. Introduction 142
11, Classification of masking processes 143
IIl. Methods for calculating the efficiency of masking 144
IV. Masking and the selectivity of reactions 148
V. The most common masking agents 149
VI. Characteristic examples of the practical application of masking 153

I. INTRODUCTION

Any chemical reaction is characterised not only by
stoichiometric conditions but also by thermodynamic and
kinetic conditions. Changes in the last two conditions
may increase the rate of a reaction or, on the other hand,
decrease the rate of the reaction until the reaction iscom-
pletely suppressed. In recent years the rapid develop-
ment of science and technology has faced chemists with a
number of problems associated with the suppression of un-
desirable chemical processes?, and the attention of chem-
ists is now drawn equally to problems of increasing reac-
tion rates and problems of decreasing reaction rates.

One particular example of the retardation of chemical
reactions is masking, which is of considerable importance
in analytical chemistry. The term masking is used to
describe the retardation or complete suppression of a
reaction in the presence of substances capable of altering
the rate or direction of the reaction as a result of their
influence on its kinetic or thermodynamic conditions with-
out the physical or chemical separation of the participants
of the reaction into a new phase. The substances intro-
duced into the reaction medium in order to retard or sup-
press the reaction are called masking agents. A classical
example of the masking of a reaction is the non-precipita-
tion of Fe(OH), from an alkaline solution containing F~ ions;
in this example, F~ prevents the formation of Fe(OH),, by
combining with Fe®* to form the soluble complex FeF3~
(that is, by bringing about another, thermodynamically
more favourable reaction) and thus acts as a masking
agent for the reaction of Fe3* with OH".

Frequently, instead of the masking of a reaction, one
speaks of the masking of the ions (or molecules) taking
part in the reaction; usually it is not even emphasised
which of the ions taking part in the reaction being masked
are in fact masked directly, that is, which of the ions is
responsible for the masking of the reaction as a whole.
For example, in the masking of the formation of the yellow
molybdophosphate complex in the presence of C,0% in the
traditional use af this masking agent to eliminate the inter-
fering influence of PO~ in the photometric determination
of Si, reference is made to the masking of the PO}~ ion,
rather than to the masking of the MoOZ~ ion, although it is
the MoO2~ ion which is responsible for the masking of the
reaction, since it reacts with C,05" to form a colourless
soluble complex. In most instances when a knowledge of
the mechanism of masking is not required, this replace-
ment of concepts, with a correct understanding of the
essential features of the process, is quite justified, but
for greater accuracy and to avoid misunderstanding it is
desirable even in these instances to indicate the reaction

(or reagent) with respect to which a given ion is masked.
The statement (without any additional information) that a
given ion is masked should evidently be understood to mean
that all the reactions which are possible for this ion in the
given reaction medium (before the addition of the masking
agent) are masked. Thus if one speaks of the masking of
Fe®* by tartrate in the determination of Ni by dimethyl-
glyoxime, one means that the Fe®* is masked with respect
to all reactions possible for this ion under the conditions
of the determination of Ni, including (and this is the most
important) the formation of Fe(OH),.

Frequently, the masking of ions is erroneously identi-
fied with the separation of ions, and it is forgotten that the
separation of ions, unlike masking, always involves the
transfer of ions into a new phase, that is, their actual
removal from the sphere of reaction. For example, the
reaction of NH} with CH,O with the formation of soluble
hexamethylenetetramine (CH,)¢N, is a typical example of
masking of the NH; ion, but the decomposition of NH} by
nitrite with the formation of the gaseous product N, cannot
be regarded as masking of the NH} ion. According to the
same principle, masking does not include examples where
the interfering influence of ions is eliminated by precipita-
ting them in the form of sparingly soluble compounds, even
when the latter remain in the mother-liquor [for example,
the precipitation of Mg® as Mg(OH), in the compleximetric
titration of Ca?*].

The incorrect view that masking is merely a method
for eliminating the interfering influence of substances in
qualitative and quantitative analysis is widely encountered.
Masking is a process in which the ion or molecule being
masked, under the influence of the masking agent, loses
its ability to undergo certain reactions characteristic of
the ion or molecule. Like any other process, masking
may be either desirable or undesirable, that is, it may be
useful or harmful. Thus the masking of many qualitative
reactions of the cations of analytical groups II and III in
the presence of PO~ is undesirable and steps have to be
taken to prevent it. On the other hand, the masking of
accompanying ions in various analytical reactions is use-
ful and desirable, and is used to eliminate the interfering
influence of these ions.

Masking has two significant advantages over methods of
separation as a method for eliminating the interfering in-
fluence of substances: maximal speed, since almost no
time is required for the actual masking, and high efficien-
cy due to the absence of the usual errors associated with
phase separations. Because of these advantages, the
masking of reactions and ions has now become an extreme-
ly widespread and powerful means of eliminating the inter-
fering influence of the medium in chemical analysis. This



Russian Chemical Reviews, 37 (2), 1968

has been greatly facilitated by the work of Feigl?3, who
first drew attention to the importance of the study of the
masking of reactions and ions in analytical chemistry, and
also by Ringbom*~8, Reilley and Schmid?, Suzuki??®,
Tanaka!%!!, Chaberek and Martell'?, Cheng!3, Schwarzen-
bach'4, and Yatsimirskiil%:!8, who have made important
contributions to the theory of masking processes.

Although the study of problems in the theory and practi-
cal application of masking is not restricted to analytical
chemistry, but is also of importance in, for example,
biology, and various branches of industry!?, the present
state of development of these problems is closely related
to the development of general problems in analytical chem-
istry. The present paper therefore deals chiefly with
analytical aspects of the masking of reactions and ions.

II. CLASSIFICATION OF MASKING PROCESSES

Twobasic types of masking can be distinguished, accord-
ing to their fundamental nature: (1) masking due to a
change in the thermodynamic conditions for the reaction
being masked; and (2) masking due to a change in the
kinetic conditions for the reaction being masked.

In all examples of masking belonging to the first type,
the essential feature of the masking action of the substances
specially introduced (or the factors deliberately altered)
is the change in the reaction system from the initial equili-
brium state in the newly created conditions; a charac-
teristic feature of this new equilibrium state is that the
reaction being masked takes place to the minimal extent.
This type of masking can be described as equilibrium (or
thermodynamic) masking. In equilibrium masking, the
masking action responsible for the change in the direction
of the reaction being masked is described qualitatively by
le Chitelier's principle, and quantitatively by the corres-
ponding thermodynamic equations, in particular the equa-
tion for the law of mass action (when there is a change in
the concentration of the substances taking part in the reac-
tion being masked) and the isobar or isochore equations
(when there is a change in temperature).

In specific instances, masking action of the first type is
brought about by the most varied mechanisms: (a) mech-
anical introduction of additional quantities of the compound
which is the product of the reaction being masked; (b) oxi-
dation or reduction of one or more of the substances taking
part in the reaction being masked; (c) the reaction of one
or more of the participants in the reaction being masked
to form soluble complexes (including chelate compounds);
and (d) the reaction of one or more of the participants in
the reaction being masked to form other types of soluble
compound (molecular adducts, ion associates, covalent
compounds, etc.). This list should also include the mask-
ing of reactions as a result of a change in temperature and
pressure (without the introduction of special masking agents)
and also as a result of a change in the composition of the
reaction mediurh (the nature of the solvent, ionic strength,
etc.). In the last instance, and also when the direction of
the reaction being masked is changed as a result of the
addition of an excess of the product of the reaction, the
original form of the substances being masked remains un-
changed.

The following are some examples: (a) in the cerimetric
titration of Fe?*, Sn?', or Sb%', the interfering reaction be-
tween AsO, and Ce?** can be reliably masked with a large
excess of AsO?”, which is the product of the reaction of
AsO; and Ce*; (b) in the hydrogen sulphide scheme of
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qualitative analysis, Cr,02~ is masked by reduction to Cr3*
with ethanol; (c) the oxidising reactions of Fe®* are com-
pletely masked in the presence of ethylenediaminetetra-
acetate (EDTA), which combines with Fe®* to form a stable
soluble complex; and (d) in the titrimetric analysis of mix-
tures of H,S0, and HSO;, the acid strengths of these sub-
stances are “moved apart” by masking the HSO; with form-
aldehyde, which reacts with HSOg to form a soluble adduct
with stability constant ~ 107,

The basis of masking action of the second type is the
kinetic effect: the masking agent introduced into the reac-
tion medium decreases the rate of the reaction being
masked, either directly or by removing one of the partici-
pants of the reaction being masked, in another, more
rapid reaction. In this instance the masking is not asso-
ciated with the attainment of stable thermodynamic equili-
brium in the system; this distinguishes the second type of
masking from the first type, and the second type of mask-
ing can be described briefly as non-equilibrium (or kinetic)
masking. The masking action produced by the kinetic
eftect can in principle be described quantitatively by the
appropriate kinetic equations.

Comparatively few examples of masking of the second
type have been studied (and hence become familiar), al-
though this does not mean that they are not widely en-
countered. The primary example is masking based on
negative catalysis, when the presence of a masking agent
(which in this instance plays the part of catalyst) excludes
one of the reaction paths which is possible in its absence,
leaving slower reaction paths unaffected. An example of
catalytic masking is provided by the suppression of the
oxidation of AsO, by Cr,02%" ions in the presence of Mn?*
in the dichromate titration of Fe?* (Mn?* acts as negative
catalyst for the spontaneous reaction of AsO, with Cr,027).
The action of the catalyst masking agent on the reaction
being masked involves its intermediate chemical reaction
with the reacting substances with the restoration of the
original forms of these substances after each cycle of the
intermediate reactions; the substances being masked thus
remain finally unchanged.

A form of masking which is very similar to catalytic
masking is that involving the suppression of induced (con-
jugated) reactions. The mechanism of the masking action
dn this instance has its own characteristic features, asso-
ciated with the differences between induced reactions and
purely catalytic reactions, and it makes allowance for the
stoichiometry of the induction and the irreversible chemi-
cal transformation of the inductor, but, as in the previous
example, the substances being masked retain their original
forms as a result of the masking. A familiar example of
the masking of an induced reaction is the suppression of
the oxidation of C1~ in the permanganometric titration of
Fe?* in the presence of Mn?*, which acts as masking agent
for the C1™ ion.

Finally, the second type includes masking based on the
difference in the rates of the reaction being masked and
the masking reaction with a common participant—the mask-
ing agent. This principle forms the basis, for example, of
the complexometric titration of Fe®* in the presence of Cr3*,
which, unlike Fe®", forms a soluble complex with EDTA
only very slowly, although the stability constants of the
complexonato-compounds of Fe and Cr” are close to one
another (10%® and 10?® respectively); in this example, EDTA
acts simultaneously as complexometric titrant for Fe® and
masking agent for Cr3*.

The above general and fundamental classification of
masking processes naturally provides for special classi-
fications of importance in various particular instances.



144

Thus if the masking of ions is one of the stages in the ana-
lysis of complex mixtures, it is usually always followed by
demasking of the ions; in these instances the selection of
rational methods of demasking is facilitated by Suzuki's
classification®?9 based on the state of the ion after mask-
ing,

When we are dealing with the masking of individual ions
(and not reactions), it is sometimes convenient to distin-
guish various forms (or techniques) of masking, for ex-
ample, direct and indirect, single-stage and multi-stage,
etc. The suppression of the reaction between POZ™ and
MoOZ" in the presence of C,07" is an example of direct
masking for MoOZ~ and of indirect masking for PO}~ (most
examples of equilibrium masking can be regarded in this
way). The masking of the Cu?* ion by glycerol (which
forms a soluble complex with Cu?*) in the qualitative ana-
lysis of the cations of analytical group IV is an example of
single-stage masking, whereas the masking of the same
Cu?* ion by cyanide is an example of double (two-stage)
masking, since in this example the Cu?* is first reduced by
the cyanide to Cu*, after which it reacts with cyanide to
form the soluble complex Cu(CN)$~, that is, it is masked
twice.

Special attention must be made of self-masking and
buffer masking. The self-masking of a reaction is mask-
ing brought about by the reaction being masked; in this
instance the addition of a special masking agent is not re-
quired, since its part is played by one of the reacting sub-
stances or reaction products (an example in the suppression
of the formation of sparingly soluble Hgl, at high I" concen-
trations as a result of the formation of the soluble com-
plex Hgl2"). Buffer masking differs from ordinary mask-
ing in that the substance added to the reaction medium is
not the free masking agent but its complex with a given
ion, the absence of a large quantity of free masking agent
from the reaction medium leads to the strictly selective
masking of only that reaction which is capable of being in-
fluenced by the very small quantities of masking agent pro-
duced by dissociation of the added complex. An example
of buffer masking is the masking of Sr?* by a mixture of
EDTA and Mg?* in the precipitation of Ba?** as BaCrO, (the
comparatively unstable complex of Mg?* with EDTA formed
in this instance does not prevent the quantitative precipita-
tion of BaCrO,, but is capable of creating conditions lead-
ing to the complete conversion of Sr?* into a soluble com-
plexonate).

1. METHODS FOR CALCULATING THE EFFICIENCY
OF MASKING

1. The Masking of Reactions and Their Conditional
Constants

For equilibrium (thermodynamic) masking, that is, for
most examples of masking known at present, all the in-
formation on the masking process could in principle be
obtained by solving the thermodynamic equations for the
masked and masking reactions in the given system, con-
taining the ions being masked and the masking agent. For
systems of any complexity, however, this involves practi-
cally unsurmountable difficulties, since the necessary
equilibrium constants are not known. This makes it neces-
sary to examine the masking of reactions using approxi-
mate methods of calculation, and in some instances using
semi-quantitative and qualitative-descriptive methods.

In analytical chemistry at present, ordinary (thermo-
dynamic) equilibrium constants are being widely replaced
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by so-called “conditional constants”, which were intro-
duced by Ringbom %% and which make allowance for the in-
fluence, on the main reaction, of all side-reactions possi-
ble in the given system (the reactions of the participants in
the main reaction with hydrogen and hydroxide ions, buffer
and masking agents, competing ions, etc.).

For a reaction of the type

M4+A 2 MA

the conditional constant is defined by the expression

[MA]
Kwr ="Tya7 (1)

where {M’] denotes the concentration of not only the free
participant in the reaction M, but also all the M in solution
which has not reacted with A. Similarly [A’] denotes the
concentration of not only free A but also all the A whichhas
not reacted with M.

The conditional constant for the reaction Ky’a’ is re-
lated to the ordinary equilibrium constant for this reac-
tion Ky a by the simple relationship

; @

where oy and o4 are the so-called “a-coefficients” or
“side reaction coefficients” proposed by Schwarzenbach?!4,
For the reaction being considered, the a-coefficients are
defined as follows:

am =% (3) .mF% )

where [M] and [A] are the concentrations of free (not com-
bined with one another or with other substances) partici-
pants in the reaction M and A respectively.

The a-coefficients oy and a4 are functions of the
equilibrium constants of the corresponding side-reactions.
If, for example, one of the participants in the main reac-
tion M (a metal ion) takes part in a side-reaction with a
ligand L with the formation of a series of mononuclear
complexes, we have

_IW] M1+ (ML) [MLy] 4+ .. +[ML,) 5
T M )

or
omey = 1+ B L1+ B [LE+ ... +B.ILI" , (6)

where B,, B,,...Bn are the cumulative stability constants
of the complexes of M with L.  Similarly, if the second
participant in the main reaction A (an anion) reacts with
another cation N to form a series of complexes, we have

_[A] __ (Al INAT+ [NAL+ .. 4 INGA] (n

A =0 (Al

or

aney = 1+ By INI+ B INF+ ... +Bn[NI" (8)

where B,, B,, ... Bm are the cumulative stability constants of
the complexes of A with N.

In the above particular cases, when the side-reactions
involve complex formation, the function giving the @-coef-
ficients in terms of the equilibrium constants of the side~-
reactions is often called the degree of complex formation,
following Yatsimirskii's suggestion!”,

Thus the o-coefficients essentially provide a quantita-
tive measure of the extent to which side-reactions take
place in the given system: in the absence of side-reactions,
when M reacts only with A, ay =1 and o =1; if, how-
ever, M and A take part in side-reactions with L. and N
respectively, om) > 1 and o > 1.
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The values of the a-coefficients for any ion can be cal-
culated from the equilibrium constants of the correspond-
ing side-reactions using equations of type (6) and (8), or
determined experimentally by potentiometric, polaro-
graphic, or spectrophotometric methods, without using
the equilibrium constants. The possibility of direct ex-
perimental determination of the a-coefficients, combined
with the possibility of using the conditional constants in the
same way as ordinary equilibrium constants, makes the
principle of conditional constants of practical importance
in the examination of various analytical problems, in par-
ticular the problems of masking action.

The principle of conditional constants is used in all
known methods for calculating the efficiency of masking
reactions, of which the most commonly encountered are
the method which is referred to as the method of condi-
tional constants, and the chelate buffer method.

2. Method of Conditional Constants

In the method of conditional constants, developed by
Ringbom*-%, the masking reactions are regarded as side-
reactions with respect to the reaction being masked, so
that the latter is taken as the main reaction in the given
system. Accordingly, the masking of the reaction can be
defined as a process (or technique) leading to a decrease
in the conditional constant of this reaction.

Eqgn. (2), which can be written in the more general form

K
K. = —tmhn 9)

Mrbn oo

is the fundamental equation for the quantitative character-
isation of masking action in various examples of equili-
brium masking. The a-coefficients, which appear in this
equation, provide a quantitative measure of the extent to
which the masking reactions take place in the given sys-
tem: in the absence of masking reactions, am =1 and

ap =1, but if M and A take part in masking reactions with
the masking agents L and N, we have ay) > 1 and @ >
1. In other words, the a-coefficients characterise the
ability of ions to be masked by given masking agents (orthe
ability of the masking agents to mask the given ions), and
the conditional constant defines the actual degree of mask-
ing of the reaction between these ions in the presence of the
corresponding masking agents.
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The problem of the value to which the conditional con-
stant of a reaction must be reduced for the reaction to be
regarded as masked is of practical importance; this value
depends on the concentration conditions and on the degree
of masking required. In complexometry, for example, the
following limits are acceptable in most instances for the
conditional constants of the reactions being masked: for
Kwm'a’ < 10% the interfering reaction is almost completely
masked, for Kwu’a’ > 107 there is almost no masking, and
for intermediate values of K\’s’ masking is incomplete.

The no less important problem of selecting a suitable
masking agent is related to the calculation or determina-
tion of the w-coefficients, Eqn. (6) for the calculation of
dym(L), in addition to the cumulative stability constants of
the complexes of M with L, contains the concentration of
free masking agent [L]. If the analytical (total) concentra-
tion of L in the solution is much greater than the analytical
concentration of the free metal ion M (that is, if Cp > Cy
and the dissociation of the complex ML is slight), masking
of the reactions is observed in practice in most instances,
and if L is the anion of a strong acid or of a weak acid
which is completely dissociated at the given pH, we have

[L}=[L'} €, —Cy (or even)|L] ~ C,) (10)

If, however, L is a weak acid [L] in the general case is
given by the equation
L]
AL (H)

CL _CM
T e H)" ’
1 .
+ Kn + Koy Koy K Ky + -+ Koy

L] = (11)

where ap(m is the coefficient of the side-reaction of L with
HY, and K;, K,, ...Kn the consecutive dissociation con-
stants of the product of this reaction Hy,L.. In some in-
stances, particularly for the ions of multivalent metals in
strongly alkaline solutions, it is also necessary, in the
calculation of the a-coefficients, to make allowance for
the possibility of the reaction of M with OH™ with the for-
mation of hydroxo-complexes; this can be done by intro-
ducing an additional side-reaction coefficient @w(om.

The calculation of the a-coefficients using Eqns. (6) and
(8) is in general fairly tedious; it is therefore simpler and
more convenient to use available a-coefficient values,
which are usually provided in the form of graphs andtables.
A collection of the values of the a-coefficients for a large
number of ligands and metal ions is given in Ringbom's
monograph5. Table 1 gives as an example the values of

Table 1. Logarithmic values of ay (EDTA) (concentration of metal ion and EDTA 0.1 M; ionic strength 7 = 0.5).

Metal pH
ion | o EE 3 [ s | o6 | 2} e ] e | e | on | e | n 1

Agt 0.1 0.5 1.5 2.6 3.7 4.7 5.5 5.9 6.0 6.0 6.0
Als+ 1.8 41 6.2 8.2 10.3 12.5 14.5 16 5 18.3 21.3 253 29,3 33.3
Ba?* 1.8 3.2 4.2 5.2 6.0 6.2 6.3 6.3 6.3
Be+ 0.4 1.6 3.3 4,7 5.7 6.7 7.5 7.7 7.8 7.8 7.8
Ca?+ 04 1.1 3.2 4.7 6,1 74 8.1 8.9 9.1 9.2 9.2 9.2
Cd?+ 0.3 2.7 4.8 6.8 8.8 10.5 11.9 12.9 13.9 14.7 14,9 150 45.0 15.0
Co?* ¢.2 2.6 4.7 6.6 8.6 10.3 1.7 12.7 13.7 14.5 14.7 14.8 14.8 14.8
Cut+ 1.9 4.6 6.8 8.7 10.7 12.5 13.9 15.0 16.0 16.8 17.3 18.0 18.9 19.9
Fet+ 0.6 2.6 4.6 6.6 8.3 9.7 10.7 11.7 12.5 12:7 12.8 12.8 12.8
Fe+ 3.8] 7.0 10.3 13.0 15.2 13.2 18.9 20 4 22.0 24.0 26.4 28,5 30.6 32.6 34.6
Hg+ | 2.4 | 5.4 8.1 10.2 1214 14.1 15.8 17.2 18.2 19.5 210 22.2 23.3 24.3 25.3
Las+ 0.8 3.5 5.7 7.7 9.4 10.8 11.8 12.8 13.6 13,8 13.9 13.9 13.e
Mg+ 0.7 2.4 3.8 4.9 5.8 6.7 71 7.2 7.2 7.2
Mn2+ 0.5 2.4 4.3 6.3 8.0 9.4 10.4 11.4 12.2 12,4 12,4 12.4 12.4
Ni#+ 0.1 | 2.4 5.1 74 2.0 10.9 12.6 14.0 15.0 16.0 16.8 17.0 17.4 1174 17.1
Pb%+ 1.4 4.2 6.3 8.2 10.2 12.0 12.4 14.4 15.4 16.2 16.4 16.5 116.5 16.5
Sr2+ 0.1 1.0 2.6 4.0 5.0 6.0 6.8 7.0 74 74 7.4
Th+ 0.5 | 4.3 8.0 10.8 13.0 15.0 16.7 18,5 20.2 22,2 24,0 25.2 26.3 27,3 28.3
Zn2* 0.3 2.8 4.9 6.8 8.8 10.5 11,9 12,9 13 9 14.7 14.9 15.0 15,0 15.6
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the a-coefficients, taken from this monograph, for the
most widely encountered masking agent EDTA, relative to
the ions of various metals at various pH, and Table 2 gives
the a-coefficients for the complexing anions most fre-
quently used as masking agents, at various pH.

3. The Chelate Buffer Method

The chelate buffer method, developed by Chaberek and
Martell'? and Tanaka!%3l, is based on the recognition that
a buffer action is produced in solutions containing a metal
ion and ligand; when the system contains an excess of
ligand, the metal ion is buffered (pM buffer), and in an
excess of metal ion the ligand is buffered (pL buffer).

For the simplest system consisting of a metal ion M
with total concentration Cy and an excess of ligand L with
total concentration C., in which one chelate compound ML
with stability constant Ky is formed at @ = C,/Cy > 1,
the concentration of free metal ion in the solution is given
by the equation:

Cm
- . 2
M = ey Kcy (12)
If Kymy is sufficiently large, we have
M= o=y - 13)

For a system consisting of a ligand L with total con-
centration Ci and an excess of a metal ion N with total
concentration Cy, in which one chelate compound NL with
stability constant Ky is formed at b = C./Cy > 1, the

concentration of free ligand in the solution is given by the
equation:

L= =fRe (14)
It follows from Eqns. (13) and (14) that in solutions con-
taining .a metal ion M and an excess of ligand L (a =
CL/Cm > 1) or a ligand L and an excess of a metal ion N
(b = Cx/CL > 1), the concentration of the metal ion [M] or
[L] respectively depends only on the ratio of the total con-
centrations of the metal ion (Cy or Cy) and ligand Cp, but
is independent of their absolute values, that is, these solu-
tions exhibit buffer properties.
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The example involving the buffering of a metal ion M in
an excess of a masking ligand L (pM buffer) is of greatest
importance in the solution of various problems of masking.

Let us examine the behaviour of a pM buffer in the pre-
sence of an ion A which reacts with the metal ion M to
form, for example, a sparingly soluble compound MA, In
the system we have competition between two reactions:
the masking reaction:

M+L 2 ML
and the reaction being masked:
M+A2 MA

and the effect of the competition is described quantitatively
by the equation

{L1
©imr
It can be seen from Eqn. (15) that the ratio [L]/[ML] should
be constant at constant concentration of the excess of pre-
cipitant ion [A]. The addition of ML to this system neces-
sarily leads to the dissociation of ML and the precipitation
of the liberated M as MA, and the addition of free masking
agent L leads to the dissolution of part of the MA precipi-
tate and reaction of the liberated metal ion to form the
chelate compound ML until the original value of [L]/[ML]
in the solution is restored. The ratio [L]/[ML] in the
solution will again control [M] only after the disappearance
of the solid phase as a result of the gradual addition of L.
The expression 1/KyiKsp, in Eqn. (15), called the
“precipitation constant” and denoted by Kp, provides a
quantitative measure of the tendency for the metal ion to
be precipitated from the chelate buffer solution: the
greater Kp, the greater the quantity of masking agent re-
quired to mask the precipitation. Table 3 gives as an
example the values of the precipitation constants for the
precipitation of the oxalates of various metals in the pre-
sence of various masking agents.
If the masking ligand L is a weak acid, pM also depends
on pH; for this example, Eqn. (15) becomes

1
=1g7(m+lglA], (15)

L _
Ig L lg

Ky Kpy - KoKy

+lgiHn Ll +mpH ,
KML'Klp "

(16)

where K, K,, ..., Km-,, Km are the consecutive dissocia-
tion constants of HpL."

Table 2. Logarithmic values of o ) for various masking agents*.
pH TEA | en | den { tren | trien | tetren | penten| EDTA | NTA |DCTA|EGTA| CN" | F- [ PO | P,0} | C,0% |C4H,0% |HCEH,0F

0| 7.8 [47.4]123.7|28.7| 29.4| 344 | 37.9 | 21.4 |14.4}24.1]23.3] 9.2 13.05|20.7| 184 5.4 7.0 13.5
4168 145.4)120.7|25.7{ 25.4 | 20.4 | 33.9 | 7.4 |11.4]20.1{19.3| 8.2 | 2.05{17.7| 14.4 3.3 5.0 10.5
2|58 |13.4)17.7|22.7| 24.5 | 244 | 20,9 | 43,7 | 8.7|16.2][15.6 | 7.2 | 4.4 | 15.0} 44.3 2,05 3.05 7.5
3148101 9.41147149.71 178|106 | 259 | 140.8 | 7.0{42.8|12.7]| 6.2 (0.3 |126| 8.7 1.05 1.4 4.8
4| 38| 6.2111.8116.7| 144 | 15.5 | 21.9 86 | 5.8(40.4|10.5| 5.2 {0.05|10.6| 6.6 0.3 0.4 2.7
528 54| 9.3[43.7| 11.0 [ 11.9 | 17.9 66 | 48| 8.0| 8.5( 4.2 8.6 4.6 0.05 0.05 1.2
611.8 | 41| 7.2|10.7| 8.4 | 8.7 ] 13.9 48 | 38| 6.2]| 6.5( 3.2 6.6 2.9 0.25
7109 34| 5.2| 7.7| 55| 57| 9.9 3.4 . 281 49| 45| 2.2 50! 1.6 0.05
802 24| 33| 48| 33| 3.0 8.0 2.3 | 1.8 3.8 2.5( 1.2 37| 0.6

9 14] 1.5] 2.3] 1.5 1.0 2.8 1.4 ] 0.9] 2.8f 0,9 0.4 2.7 0.4

10 0.4| 0.4 0.7] 03] 04| 0.8 0.5 | 0.2| 1.81 0,47 0.4 1.7

1 0.4 0.1 0.1 0.9 0.8

12 0.2 0.2

* en represents ethylenediamine, den diethylenetriamine, trien triethylenetetramine, tetren tetraethylenepentamine, penten penta-
ethylenehexamine, TEA triethanolamine, tren triaminotriethylamine, EDTA ethylenediaminetetra-acetic acid, NTA nitrilotriacetic
acid, DCTA 1,2-diaminocyclohexanetetra-acetic acid, and EGTA ethylene glycol bis-(2-aminoethy] ether)tetra-acetic acid [presumably
2,2'-ethylenedioxybis(ethyliminodiacetic acid) (Ed. of Translation)].
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To calculate the concentration of free metal ion [M] in
the pM buffer (that is, in a solution containing the metal
ion M and an excess of masking agent L), it is more con-
venient to use the equation derived in terms of the ana-
lytical (total) concentrations of the metal ion Cy and the
masking ligand Cy:

Cm

M=
(Ml 1+Kyy (CL—Cp)

m

In the general case, when the masking agent L is a weak
acid, it is necessary to use Eqgn. (11), which is equivalent

Table 3. Precipitation constants for metal oxalates in the presence of
various masking agents !2*.
EDTA NTA HIDA DHEG
.
Mo P | Tigryy K, eKm| | Kp exm] K, | leKmi] Ko
Cu 7.5 1 18,3 | 4.6.10-1* | 12.7| 6.3.40~¢ |10 — | 8.2 | 2.0.10
Pb 10.6 18.2 1.6-10"8 11.8 1 2,0-1071 9.4 3| — —
Zn 8,81 46.4 | 5.0.40® |10.4{ 2.5.40~ | 8.6 | 1.6 5.4 2500
Cd 7.8 | 16.4 | 2.5.40~° 9.8 10~2 { 7.4 5.0/ 4.8 1000
Ca 8.7 108 | 1.3.10"2 6.4 200 481790 — —
Mg | 41 8.7 | 2.5.10°% 54| 2,010 | 35| 4,0 1.2 795

* EDTA represents ethylenediaminetetra-acetic acid, NTA nitrilotri-
acetic acid, HIDA N-hydroxyethyliminodiacetic acid, and DHEG di-
hydroxyethylglycine.

to the replacement of the ordinary constant Ky by the
conditional constant Kyuy’:

Cm
T T K C—Cpr

Kmr = Kvu/ oy m and apom = (CL = Cw)/[L].

If x denotes the fraction of the metal ion M remaining in
solution in the presence of the precipitant ion A, Eqn. (18)
becomes

M) (18)

Cpyx
[M] = Tk € —con
-+ Kppr (CL— Cy %)

Making use of the relationship [M] = Ksp/[A], we obtain

(19)

. C
PR . 1A S (20)

4]
(KML' +Ksp ) CM
Since Kmi’Cr > 1, we obtain finally:

G
x:—_’[r—— : (21)

14+——"7)C
( KML'Ksp) M

For the formation of a metal hydroxide M(OH),, Eqn. (21)
becomes

X = G : (22)

Kn
A
{4 ———1]C
( ' KMLIKsleﬂ") M

Let us now consider the pL buffer, which is also of im-
portance in the theory of masking by virtue of its use as
masking agent (instead of free ligand) in buffer masking.

In the pL buffer, consisting of a masking ligand L and
an excess of an indifferent metal ion N (Kyny < KuL), the
concentration [L] is buffered when its value is low (at a
low level) and is determined by Eqn. (14).

When the pL buffer is introduced into a solution contain-
ing the metal ion M to.be masked, the formation of the
chelate compound NL in the pL buffer can be regarded,
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like the formation of the proton complexes H,,L, as a
side-reaction with respect to the reaction being masked
(between M and L), so that the conditional constant Ky’
in Eqn. (18) is given by

Km
GL (H, N)

: (23)

Kmo =

where aL(H,N) = 0KH + ALN.

In the presence of the precipitant ion A the value of b in
Eqn. (14) depends on the value of x in Eqn. (21) —that is,
b = Cy/(Cy = Cumx)—so that Eqn. (14) becomes

(PN — (24)
KNL( CL—Cux™ 1)

Eqn. (18) can be used to construct graphs giving the pH
dependence of pM, and Eqn. (21) can be used to construct
graphs giving the pH dependence of lgx.  These graphs,
called pM-pH diagrams, provide a convenient means of
predicting the efficiency of the masking of various reac-
tions in the presence of free or complexed ligands as mask-
ing agents. Fig.1 gives as an example the pM-pH dia-
grams for the masking of the formation of Fe(OH), in the
presence of EDTA, and also in the presence of Ca~EDTA.

5

|
!
|
|
|
|
|
51
|

|
I
i
!
|
|
[
!
!

0t & 6 8 10/LpH

Figure 1. pM-pH and lgx—pH diagrams '°.

Curve I gives the pH dependence of pFe in the presence of
an excess of EDTA, curve 2 gives the pH dependence of
pFe in the presence of a pL buffer consisting of EDTA and
an excess of Ca, curve 3 gives the pH dependence of pFe
in the absence of masking agent; and curves 4, 5, and 6
give the pH dependence of the negative logarithm of the
fraction of Fe remaining in solution under the conditions
correspondingtocurves I, 2, and3. The points of intersec-
tion of curves I and 2 with curve 3 (A and B) correspond to
the start of the precipitation of Fe(OH),.

4, Other Methods

In addition to the two general methods of calculating the
efficiency of masking, described above, various particular
methods have been proposed, in which attempts are made
to obtain a clearer and simpler description of the equili-
brium state in systems containing masking agents and ions
being masked, by the introduction of various formally
specific masking criteria. Two of these methods deserve
mention: Cheng's selectivity ratio method!3, and Hulanicki's
masking coefficient method?!e,
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The first method introduces the concept of “selectivity
ratio”, defined as

_ oM

SR. o

s . (25)
where pMp and pMy, are the negative logarithms of the
concentrations of the metal ion resulting from the disso-
ciation of the compound of the metal with the analytical
reagent (the product of the reaction being masked) and

the complex of the same metal with the masking agent (the
product of the masking reaction) respectively.

Calculation of the selectivity ratio, from the pM values
determined experimentally or calculated from the thermo-
dynamic or conditional equilibrium constants, makes it
possible to predict which of the reactions—the reaction
being masked or the masking reaction—predominates in
the given system. If the value of the S.R. is less than 7,
the masking reaction takes place preferentially in the sys-
tem (the metal ion is masked), but if the S.R. is greater
than 7, masking does not take place and the reaction to be
masked takes place normally. Table 4 gives as an ex-
ample the results of the calculation of the S.R. for the
masking action of EDTA on various reactions of the Ag*
ion.

Table 4. Reactions of the silver ion in the presence of EDTA ! (con-
centration of complexes 1 M; pH 10; Ky, pgpra = 2 x 10; pM,, =
3.6).

Reaction KsporKma | pAg® (Mp) M

PM,,

2 Agt +20H" 2 Ag,0 + H0 2.0-1078 3.8 4.0
2 Agt + CrO}” 22 Ag,CrO, 1.9-10712 3.6 3.6
Agt 4-10; 22 AglO, 2.0-107% 3.8 4.0
Ag* + CI= 2 AgCl 1.0-107%° 5.0 7.0

Ag* 4 Br~ 2 AgBr 5.0-10713 6.1 10.3
Agt+ -2 Agl 8.5.40™17 8.0 17.8

2Ag* 4 C,00 2 Ag,C0, 5.0-10712 3.5 3.4
Ag* 4 SCN~ 22 AgSCN 1.0-10712 6.0 10.0
2Agt+ S22 AgS 1.0-107% 16.3 73.8
Agt + 25,07 2 Ag (S,09)*" 1.7.40718 4.6 5.9
Agt + 2CN~ 2 Ag(CN)3 5.6-101 6.4 1.4

In the second method, use is made of the concept of
“masking coefficient”, which gives the total concentration
of the metal M present in the solution in equilibrium with
an equivalent concentration of the analytical reagent, for
example, the precipitant ion A for the masking of a pre-
cipitation of the type

mM+nA 2 Mg A,
For this reaction the masking coefficient is given by

(26)

PM = (K —n 1 %) — L lgan ——Llgay
where pM’ is the negative logarithm of the total concentra-
tion of the metal ion M in the solution [M'], pKsp the nega-
tive logarithm of the solubility product of MyAy, and ay
and o, the a-coefficients—see Eqns. (6) and (8). Eqn. (26)
is derived by expansion of the expression for the condi-
tional constant for the solubility product of My,Ay.

The value of pM’ calculated from Eqn. (26) can be used
to predict which reaction—the masking reaction or the
reaction being masked —takes place in a given system under
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given conditions. Since in the usual analytical procedures
the metal ion concentrations lie in the range 10-3-10"5 M,
complete masking of the reaction takes place when pM’ <
3, and complete demasking takes place when pM’ > 5. As
an example let us consider the masking of the formation
of Ag,C,0, (pKsp = 10.46) in the presence of 0.1 M EDTA
at pH 5. We find from Tables 1 and 2 that 1g @ agepTa) =
0.5 and lgoc,o04m = 0.05, so that pM’ = (1/3) -
(10.46 - 0.30) — (2/3)(0.5) - (1/3)(0.05) = 3.36, ~ 0.34 —
0.02 = 3.00, that is, under the given conditions the forma-
tion of Ag,C,0, is masked completely.

IV. MASKING AND THE SELECTIVITY OF REACTIONS

To characterise quantitatively the increase in the se-
lectivity of reactions due tomasking, let us consider a solu-
tion containing one analytical reagent A and two metal ions
M; and My, which react with A to form products with
different stabilities (Km;4 > Kupa). By applying the prin-
ciples of conditional constants%5, that is, by assuming that
the reaction

A+Myp 2 MjzA

is a side-reaction with respect to the reaction

Mi+A 2 MA
we find that X
Kmgar = —2 27
LX)
and
A M A
Ay = A+ My AT _ 1 4 {Mu) Kmpa==Kmya [Mul (28)

[A]

Substituting the value of & vy from (28) in (27) and taking
logarithms, we obtain

lgKmar = Alg K + pMyr

where Al1gK = 1gKm 4 — 18 Kmya.

When a masking agent L is introduced into this solution,
the metal ions Mr and Mg react with L in masking reactions,
which, in accordance with the method of conditional con-
stants, can be regarded as side-reactions with respect to
the corresponding reactions involving the formation of
MiA and MpyA. Eqn. (29) then becomes

ngMI'A, = AlgK' 4 pMu

(29)

(30)
where
AgK = IEKM;.—’EK

Thus if My is not to interfere in the analytical reaction
of M with A in the presence of L (that is, if My is to be
masked quantitatively), the conditional constant Ky s
should be sufficiently small. For example, in the com-
plexometric titration of M;, which requiresthatlg Ky’ a” > 7,
My is masked completely when Kyu’;a becomes so small

that

.
MyA .

g KM;A— Ig KMI'IA +pMu>T7.

As an example, Fig. 2 gives graphs showing the condi-
tional constants for the reactions of various metals with
EDTA in the presence and absence of tren (2,2/,2” -tri-
aminotriethylamine) as masking agent. It can be seen
from Fig. 2, for example, that in the titration of Ca with
EDTA in the presence of 0.1 M tren at pH 10, Cu and Ni
are masked almost completely, Fe is partly masked, and
Mn is not masked at all.
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Thus the presence of appropriate quantities of suitable
masking agents produces the required difference in the
conditional constants of the analytical reaction and the
reaction being masked, so that the analysis becomes selec-
tive; a given masking agent is effective, however, only
under definite conditions, in particular atdefinite pH values.
The behaviour of a masking agent under different conditions
can be predicted on the basis of a theoretical examination

i L

Z 4% 6 8 10 2 4 6 8

10 pH

Figure 2. pH dependence of the conditional constants
of the complexes of Cu, Ni, Fe, Mn, and Ca with EDTA
in the absence and in the presence of an excess of tri-
aminotriethylamine (tren).* (Kw*y' = Kmy/O(tren)@yy)-

of the equilibria established under these conditions. This
theoretical approach is greatly facilitated, and the results
obtained become extremely clear, if the systems being
studied are described by means of diagrams of the type
given in Fig, 2 or by means of pA-pH diagrams (pY-pH
diagrams for the particular case of complexometry)”.

V. THE MOST COMMON MASKING AGENTS

A large number of extremely varied inorganic and or-
ganic masking agents are now used for the masking of ions
and reactions. Table 5 gives common masking agents for
the most widely encountered ions of various elements.

Despite the large number and great variety of masking

Table 5. Masking agents for the ions of various elements*.
Element R

or ion Masking agent

Ag CN", NHj, §,0%, SCN", TGA, thiourea

Al F,C, 03‘, CH4CO0", OH, citrate, tartrate, EDTA, DMP. TEA, Tiron, salicylate,

Iphosalicylate, acetyl lonate, gt

As s, OH’, DMP

Au CN', Br, 5,Q%

B F~, hydroxy-acids, glycols

Ba EDTA, citrate, tartrate, NTA, DHEG

Be F-, citrate, tartrate, sulphosalicylate

Bi Citrate, tartrate, EDTA, I", CI', NTA, DHEG, thiourea, TEA, DMP, TGA,
NagP 30, dithizone

Br phenols

CN° CH,0, Hg?*, transition metal ions

Ca EDTA, citrate, tartrate, P,0%, NTA, DHEG

Cd EDTA, CN", szog‘, SCN-, I, citrate, tartrate, NTA, DHEG, DMP, TGA, unithiol,
malonate, dithizone

Ce NTA, EDTA, DHEG, citrate, tartrate, Tiron

Table 5. (con’d).
Element .
or ion Masking agent
a Hg?t
Co NH3, NO3, SCN°, CN', H,0,, 5202‘, NTA, EDTA, DHEG, citrate, tartrate,
ethylenediamine, DMP, tren, penten, F~, NagP 30,4, malonate, dimethylglyoxime
Cr EDTA, NTA, DHEG, citrate, tartrate, TEA, ascorbic acid, CH3CO0", F, NaOH + H,0,,
NagP 30,0, Tiron, sulphosalicylate
Cu NHg, I', SCN', CN", 5,07, thiourea, EDTA, NTA, DHEG, S°, DMP, TGA, citrate,
tartrate, TEA, tren, penten, Na,PO,, NO3, cysteine
F H,BO,, AI3*, Be?*, Fe3*, Zr**, Ti**, Th%*, Nb, Ta
Fe F", POF", P,0%, NTA, EDTA, DHEG, citrate, tartrate, DMP, SCN", $,03, C,0%", CN',
Tiron, ascorbic acid, thi 1,10-ph , TGA, TEA, malonate, gluconate,
sulphosalicylate, NH,OH.HCl, 2,2"-bipyridyl
2-
Ge C,03.F .
HE | F,H;0,, S0}, DHEG, citrate, tartrate, NTA, EDTA, TEA, P,07, P03, C,0%
Hg T, SO", CN’, NTA, EDTA, DHEG, DMP, CI, citrate, tartrate, TEA, tren, penten,
unithiol, thiosemicarbazide, cysteine, TGA
In TGA
I SCN’, citrate, tartrate, thiourea
1 Hg?*
Mg NTA, DHEG, EDTA, C,07%, citrate, tartrate. P,0%", F', glycols, TEA
Mn F, C,0%, P,0%, NTA, EDTA, DHEG, citrate, tartrate, DMP, TEA, CN", Tiron,
sulphosalicylate, oxidising agents
Mo SCN-, C202‘, F", H,0,, citrate, tartrate, EDTA, NTA, DHEG, Tiron, ascorbic acid,
NagP;00, NH,OH.HCI
NH; | CH,0
Nb F, OH", citrate, tartrate, C,oi', Hzoz, Tiron
Ni CN", SCN’, NTA, EDTA, DHEG, NH;;, citrate, tartrate, tren, F", penten, malonate,

sulphosaticylate, NasP30,,
NO3 sulphanilic acid

Os CN-, SCN", thiourea

Pb I, CH;C00", S,0%;, citrate, tartrate, NTA, EDTA, DHEG, SOZ", unithiol, DMP, TGA,
NagP3049

Pd CN", ', NH;, NO3, SCN", §,0%", NTA, EDTA, DHEG, citrate, tartrate, TEA,
acetylacetone

Pt NH,, I', CN", NO3, SCN', 5,03, NTA, EDTA, DHEG, citrate, tartrate

Rh thiourea, citrate, tartrate

Ru thiourea

s CN-, §%,50%

52 s

s0% | Hg?*, CH,0

Sb citrate, tartrate, DMP, I', ', OH', F, 2, 5,0%", EDTA

Sc tartrate

Se §%,50%, tartrate, citrate, I', F", reducing agents

Sn citrate, tartrate, DMP, F", I', C,03", OH", TEA, TGA, PO}

St NTA, EDTA, DHEG, citrate, tartrate

Ta F°, OH', citrate, tartrate, H,0,

Te I, F, tartrate, citrate, $2°, SO, reducing agents

Th F, NTA, EDTA, DHEG, citrate, tartrate, TEA, CH;C00", SO3

Ti 50%", OH", H,0,, F", NTA, EDTA, DHEG, citrate, tartrate, Tiron, TEA, gluconate,

sulphosalicylate, ascorbic acid, NagP30,,

! CI', CN", NTA, EDTA, DHEG, citrate, tartrate, TEA, TGA, NH,OH.HC1
U F, C0%, C,0%, H,0,, citrate, tartrate

v CN-, H202, F, EDTA, tiron, TEA, ascorbic acid, NH20H.HCI

w Tiron, F*, SCN', H,0,, tartrate, NasP30,,, NH,OH.HCl

Zn CN', NTA, EDTA, DHEG, citrate, tartrate, SCN", DMP, OH", NH,, glycols, tren,
penten, unithiol, TGA, F~, NasP3Om, dithizone

Zr ¥, 807", citrate, tartrate, NTA, EDTA, DHEG, H,0,, P,0%, PO, %, C,0,%, TEA

* DMP represents dimercaptopropanol, and TGA thioglycollic acid; see
Tables 2 and 3 for the other abbreviations.



150

agents, they can be grouped into several classes, of which
the most important are the aminopolycarboxylic acids, the
polyamines, the hydroxy-acids, and the polyphosphates.

The aminopolycarboxylic acids (complex-
ones) 8 9%12-16,19=30 haye molecules containing chelating
amino- and carboxyl groups, and form stable water -solu-
ble chelate compounds with a large number of metal ions,
including the ions of the alkali and alkaline earth metals.
They have a number of advantages over other chelating
reagents as masking agents: (1) the high efficiency of
masking, due to the high stability of the metal-chelates
formed by the complexones; (2) the universal nature of
the masking, resulting from the ability of the complexones
to form comparatively stable chelate compounds with al-
most all known metals; (3) the wide pH range of masking,
related to the high stability of the metal-chelates formed
by the complexones and the comparatively low stability of
their proton complexes; (4) the possibility of masking at
relatively high temperatures, due to the thermal stability
of the complexones and their metal-chelates in aqueous
solutions; (5) the compatability of the complexones with
the other components of usual analytical systems, related
to their ability to function in many other capacities (as
titrants, pH regulators, photometric reagents, etc.).

The complexone with the most useful properties and
widest application is ethylenediaminetetra-acetic acid
(EDTA). It reacts with metal ions usually as a sexiden-
tate ligand by coordination through the two nitrogen atoms
of the two amino-groups and four oxygen atoms of the four
carboxyl groups. The resulting chelates have an octa-
hedral structure with little steric distortion, stabilised
by the presence of several five-membered rings and show-
ing a stereochemistry favourable for most common metal
ions. In EDTA the common tendency of the carboxyl
group to form complexes is strengthened by the chelating
effect, resulting in an increase in the stability of the che-
late compounds compared with the corresponding com-
plexes formed from the unidentate complexes without ring
closure. As a result, EDTA exhibits chelating properties
with respect to the ions of almost all metals; this makes it
a universal masking agent, but it is not specific.

The selectivity of the masking action of EDTA can be
increased slightly, however, by controlling the pH of the
solutions. Masking by EDTA is most effective in weakly
acidic and alkaline solutions.

Under optimal conditions of acidity, EDTA reacts with
most metal ions to form complexes with a cation: ligand
molar ratio of 1:1. Protonated complexes may be formed
in strongly acidic solutions, and mixed hydroxo-complexes
may be formed in strongly alkaline solutions. The forma-
tion of chelate compounds with molar ratio 1:2 is ob-
served only for quadrivalent metals.

Attempts to modify the structure of EDTA in order to
improve its coordinating properties have not in general
given satisfactory results. Exhaustive data on the re-
sults of these studies, which are of undoubted theoretical
importance, are given in a review by Dyatlova and Lastov-
skii3, so that we shall mention only a few features which
are of interest for increasing the efficiency and selecti-
vity of masking. The closure of the alicyclic ring in
tvans-1,2-diaminocyclohexanetetra-acetic acid (DCTA),
accompanied by a decrease in the freedom of rotation of
the amino-groups in the ligand and the formation of an
additional ring in the structure, leads to a marked in-
crease in the stability of the chelate compounds formed
with all metals and to a decrease in the rate of chelation,
replacement of the cyclohexane ring by cyclopentane or
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cycloheptane rings gives complexones whose stabilities

are respectively greater or less than the stability of DCTA,
but greater than the stability of EDTA, Increase in the
denticity of the ligand by the introduction of additional
iminoacetate groups into the EDTA molecule (diethylene-
triaminepenta-acetic, triethylenetetraminehexa-acetic,
and tetraethylenepentaminehepta-acetic acids) brings about
a selective increase in the stability of the chelate com-
pounds for highly-charged metal ions. Replacement of

the hydrogen atoms attached to the carbon atoms of the
methylene groups by methyl groups (1,2-diaminopropane-
tetra-acetic and 2,3-diaminobutanetetra-acetic acids) leads
to greater solubility of the complexones and to higher stabi-
lity in the chelate compounds of various metals. The
tetra-acetic acids of amino-ethers (ethyl etherdiamine-
tetra-acetic and glycol etherdiaminetetra-acetic acidst)
combine more readily with the ions of the heavy alkaline
earth metals (Ca%*, Sr?%, and Ba?*) than with magnesium
ions.

To conclude the list, it can be stated in general that
special reconstruction of the complexone molecule by the
introduction of hetero-atoms and functional groups, by
changing the distance between the iminodiacetate groups or
between the nitrogen and the carboxyl group, by replacing
the methylcarboxyl groups by hydroxyethyl and methyl-
phosphinic groups, by increasing the rigidity of the entire
system, and by breaking down the electron density of indi-
vidual units, produces chiefly selective reagents, but does
not always lead to an increase in the stability of the com-
plexes formed.

Of the known complexones, the most important masking
agents are EDTA, DCTA, and nitrilotriacetic acid. These
are widely used in qualitative analysis9-22,25,30  gravi-
metric analysis %8 912,13,15,19,20,22,26-29  ¢complexometric
titration4-9,12715,19,20,22-30 " photometry % 5 8 915,19,20,22,27-30
polarography 8 912,15,19,20,22,27-30  jon -exchange chromato-
graphy 12,15,19,20,22,27-30 gnd a number of other analytical
procedures.

Polyamines!*™4 like aminopolycarboxylic acids,
contain several donor nitrogen atoms and are multidentate
ligands. Thus complex formation with these compounds
also involves simple stoichiometry (the chelate compounds
formed with metal ions usually have cation: ligand molar
ratio equal to 1:1) and a chelating effect (leading to the
production of chelate compounds with five- or six-mem-
bered rings, which are more stable than the complexes
with simple ammonia molecules).

The selectivity of polyamines in complex formation with
metal ions is greater than that of the complexones, since
the strength of the ligand field for amine ligands is greater
than that for carboxylic acid ligands. With metal ions
which react more readily with donor nitrogen than with
oxygen (Cu, Ni, Co, Zn, Cd, and Hg), they form water-
soluble chelate compounds with stability constants which
differ fairly sharply (Table 6), whereas they undergo al-
most no reaction with alkaline earth metal ions.

The data in Table 6 first of all illustrate the chelating
effect, that is, the effect of combining the donor groups
into a single common molecule. For example, compari-
son of lg B, (Cu-En) (10.55) with 1g 8, (Cu-2NH,) (7.61) shows
that the formation of one five-membered chelate ring in
the ethylenediamine complex of copper increases the stabi-
lity of the latter by a factor of ~ 1000 relative to the stabi-
lity of the copper ammine formed by the coordination of

t Possibly 2,2'-oxybis(ethyliminodiacetic acid) and ethylenedioxybis-
(methyliminodiacetic acid) are intended (Ed. of Translation).
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Table 6. Stability constants of complexes of metals with amines (temperature 20°C, ionic strength / = 0.1).

NH3 en dien trien | tetren | penten tren EDTA

Ton
1By | 1gBs | IgBs | 1gBs | lgBs | 1gBs | 1gBs | 1gBs | g8y | 1gBs | lgBs | 1B: | 188 | 1gB,
é§+ 3.40 | 740 — - 4.7 | 47 | — 60t — 7,71 — - 78 | 7.3
3+ 260 | 465| 6.04| 6.92) 5.47] 16,021 12.00} 8.45] 13.85} 10.756]| 14.0 | 16.8 | 12.3 | 16.5
Cot+ 2,06 | 3.62] 461} 5317 5,89]10.72] 13.82} 8,1 | 14.1 | 11.0 ] 16.1 } 15.75] 12.8 | 16.3
Cu2+ 4,13 | 7.61] 1048 12.59| 10.55) 19.60| — 16.0 | 21.3 4 |43 | 244] 188 ]188
Fet+ 1.4 2.2 — 3.7 4.28| 7.53] 9.52| 6.23}10.36| 7.8 j11.4 | 11.20] 8.8 | 14.3
Hgs+ 8.80 | 17.50]1 18.6 | 19.4 - 28.42| — 21.8 {25.06| 25.26( 27.7 | 29.59| 2.8 | 21,8
Mn3+ 0.8 1.3 —_ — 2.731 4.79| 5.67| 3.99| 6.82| 4.9 7.62] 9.37] 5.8 | 14.0
Ni2+ 2.75 | 4.95| 6,64] 7.79) 7.66) 14.06) 18.59] 10.7 { 18.9 | 14.0 | 17.6 | 19,30} 14.8 ] 18.6
Zn3+ 2.27 461] 7.00| 9.06| 5.71110.371 12.08] 8.9 | 14.5 | 12.1 | 16,4 | 16.24] 14.665] 16 &

two unidentate NH; ligands to Cu?*. Table 6 also shows
that the increase in the number of chelating rings in the
1:1 complexes for a given metal on going from ethylene-
diamine to penten (that is, with increase in the multidenti-
city of the ligand) leads to a progressive increase in the
stability constants of the chelate compounds and to a grad-
ual decrease in the tendency for the metal ion to combine
with a second molecule of the ligand.

Of the above polyamines, tren, trien, tetren, and pen-
ten are most widely used as masking agents. A disadvan-
tage of the polyamines as masking agents is their extreme
sensitivity to inorganic acids, resulting from their ability
to combine with several protons. Moreover, commercial
polyamine specimens are always contaminated with lower
amines and are difficult to purify, and this hinders their
study and practical application.

Hydroxy-acids!®3%3! have molecules containing
chelating hydroxyl and carboxyl groups and act as multi-
dentate ligands which are much weaker than the nitrogen-
containing multidentate ligands (aminopolycarboxylic acids
and polyamines). Moreover, they have a greater tendency,
compared with the polyamines, to react with metal ions by
a stepwise mechanism with the formation of chelate com-
pounds with cation: ligand molar ratios of 1:1, 1:2, etc.;
mixed complexes and polynuclear complexes may also be
formed.

Table 7. The stability constants of the tartrato- and citrato-complexes of
various metals in acid medium (1: 1 type) (temperature 20°C, ionic strength
I=0.5).

1gB

Ligand Ba|ci | c | [ [ me | st | zn
Tartrate (CHOHCOO)Z- 1.5 1.7 128 |24 3.2 1.2 3.8 (1.4 | 2,4
Citrate CH,OH (COO)2™ | 2.4 |3.5 |4.0 |44 [6.4 |28 |5.2 |28 |45

The properties and stabilities of the chelate compounds
formed depend on the number and mutual arrangement of
the carboxyl and hydroxyl groups in the hydroxy-acid mole-
cule, and also on the ability of these groups to give up
hydrogen ions; this in turn is related to the pH of the
solution. Comparison of the stabilities of the citrato- and
tartrato-chelates of various metals formed in acid medium
(Table 7) shows that the citrato-chelates are more stable

than the tartrato-compounds. This is due to the fact that
the coordination of the citrate ion to the metal ion leads to
the formation of two stable rings including two strongly
bonding carboxyl groups and one hydroxyl group (I), where-
as the coordination of the tartrate ion is accompanied by
the formation of two rings containing two weakly bonding
hydroxyl groups and one carboxyl group (II); moreoever,
the stabilities of these chelate compounds are also influ~
enced by the magnitude of the charge on the ion (-3 for
citrate and -2 for tartrate).
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Because of the comparatively low stability of their che-
late compounds, the hydroxy-acids have a low efficiency
as masking agents in acid medium, particularly for alka-
line earth metal ions. Their masking power increases
considerably, however, in alkaline medium (at pH > 10),
in which they react with metal ions to form extremely
stable chelate compounds, probably with the participation
of alkoxy-groups:
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The formation of chelate compounds containing alkoxy-
bonds may take place not only in strongly alkaline solu-
tions, in which optimal conditions are created for the for-
mation of alkoxide ions, but also in acidic solutions, if the
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metal ion has a sufficiently high polarising power. For
example, the Fe® ion brings about “induced dissociation”
of the hydroxyl proton of the hydroxy-acid and forms stable
tchelate compounds with hydroxy-acids even in acidic solu-
ions.

The participation of alkoxide groups in chelate forma-
tion probably explains the fact that in alkaline solutions the
tartrato-complexes are more stable than the citrato-com-
plexes. It is also of interest to relate the increased stabi-
lity of the complexes formed by hydroxy-acids in alkaline
solutions with the possibility of formation, under these
conditions, of mixed dinuclear complexes containing both
hydroxide ions and hydroxy-acid anions as ligands ?7,

The hydroxy-acids most frequently used as masking
agents are tartaric and citric acids, mentioned above, and
also malonic, gluconic, and salicylic acids. Tartaric and
citric acids are in most instances interchangeable, but
there are instances in which the use of one or the other is
to be preferred, apparently due to differences in the stabi-
lities of their chelate compounds at different pH values.

Polyphosphates!?3, which are used as masking
agents, are inorganic linear polymers whose chain struc-
ture contains four oxygen atoms arranged tetrahedrally
around each phosphorus atom

They react with many metal ions, particularly the alkaline
earth metal ions, to form water-soluble polymeric com-
plexes with a six-membered chelate structure, in which
the metal ion is joined to two or more negatively charged
oxygen atoms attached to neighbouring phosphorus atoms
(I-110):
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Because of the complexity of the structures of the poly-
phosphates, it is difficult to characterise quantitatively
their reactions with metal ions. The published formation
constants for the chelates of various polyphosphates (Table 8)
indicate, however, that the stabilities of their chelates in-
crease with increase in the length of the polyphosphate
chain (that is, with increase in the multidenticity of the
ligands).

A serious disadvantage of the polyphosphates as masking
agents is their tendency to undergo hydrolysis with the for-
mation of orthophosphate ion, which is able in turn to pre-
cipitate the ions of many metals. The rate of hydrolysis
depends on many factors (pH, temperature, degree of de-
hydration of the polyphosphate, etc.), including the length
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of the polyphosphate chain (the degree of hydrolysis in-
creases rapidly with increase in chain length). The hydro-
lysis of polyphosphates is catalysed by hydrogen ions, and
also by the ions of various metals, the catalytic effect of
the latter being directly proportional to their Lewis acid
strength (Cu?* > Mn?* > Mg?* > Ca?').

Table 8. Formation constants of chelates for various poly-
phosphates (temperature 20°C, ionic strength 7 = 0.1).12

i 1
Polyphosphate 1(3,1.;’]'1 eh

n Bal Cal MgL
Sodium pyrophosphate NayP,07 2 4.5 - -
Sodium tripolyphosphate NagP301¢ 3 4.5 - -
Sodium tetrapolyphosphate NagP403| 4 S.5 - -
Vitreous sodium polyphosphate 1.5 6.0 - ~
Vitreous sodium polyphosphate 85 6.5 - -
Adenosine monophosphate 0 - 1.41 1.69
Adenosine diphosphate 1 - 2.78 3.11
Adenosine triphosphate 2 - 3.60 4.00

The masking action of polyphosphates with respect to
alkaline earth metal ions is widely used in technology for
water softening. Organic polyphosphates are of consider-
able interest in biology, in particular, adenosine tri-
phosphate apparently acts as a universal accumulator and
distributor of the chemical energy of nutrients and as the
chief energy donor in all fundamental reactions of biosyn-
thesis in the organism, and also in such important physio-
logical processes as muscle contraction and higher nervous
activity.

In analysis, the polyphosphates most widely used for
masking are sodium pyrophosphate Na,P,0,, sodium tri-
phosphate Na P,0,,, and sodium hexaphosphate NazP;O,,.
Sodium triphosphate in neutral and alkaline media forms
water-soluble complexes with the ions of a large number
of metals, including Li, Be, Mg, Ca, Sr, Ba, Zn, Cd,
Fe" Fe Co, Ni, Mn, Cu, Pb, V, Al Y, In, La, Ce™,
Pr, Nd, Ag, Heg!, Ti, Zr, Bi, Sn%, sn!¥, Th, and U'L.

The following compounds are not precipitated in the pre-
sence of Na;P,0,,: the hydroxides, phosphates, carbo-
nates, and borates of all the above elements; calcium
fluoride, oxalate, tartrate, and citrate; and lead fluoride,
chromate, and sulphate; similarly, iron(II) sulphosali-
cylate and sulphide are not formed. NaP,0,, does not
prevent the precipitation of zinc, mercury, lead, and cop-
per sulphides, however.

Of the other known masking agents, extensive use in
chemical analysis is made of cyanide, fluoride, and tri-
ethanolamine!3. Cyanide is a very effective masking
agent for the elements of Groups IB, IIB, and VII of the
Periodic Table, since extremely stable soluble complexes
are formed; cyanide is used chiefly in alkaline or neutral
solutions —its use in acid solutions is undesirable because
of the formation of toxic hydrogen cyanide. Fluoride
forms stable soluble complexes with Be, Al, Fe, Si, Ge,
B, Sm, Sb, Ti, Zr, Hf, the rare-earth elements, etc.,
and is often used to mask these elements. Triethanol-
amine (2,2,2-nitrilotriethanol) is an effective masking
agent for Al, Fe, Mn, and various other highly-charged
ions; it prevents the hydrolysis of tervalent and quad-
rivalent metals at high pH.
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VI. CHARACTERISTIC EXAMPLES OF THE PRACTICAL
APPLICATION OF MASKING

Any type of chemical reaction—precipitation, oxida-
tion—-reduction, complex formation, etc.—can be subjected
to masking under various circumstances. Thus masking
may be used in all chemical and physicochemical methods
of analysis in which a chemical reaction takes part in any
form. If can confidently be stated that most papers now
published on chemical analysis deal to some extent with
the masking of reactions and ions; in a number of in-
stances masking is an essential step in the analytical
methods or procedures recommended or described in
these papers. It is therefore understandable that a short
review cannot give exhaustive data on the practical applica-
tion of the masking of reactions and ions in chemical ana-
lysis. In the present review, therefore, we shall merely
refer to published reviews on the use of masking in qualitative
analysis 2$20-2%,25  gravimetric analysis 3°291%13,20,22,26,
complexometric t1trat10n14 20,22,28,27,28 photometry 89,20, 22
polarography 891215 and ion- exchange chromatogra-
phy 121520 and examine some characteristic examples of
application of masking.

In most instances the masking of the reaction of a given
ion is required when it is necessary to eliminate the inter-
fering influence of this ion when carrying out the analogous
reaction of another ion with the same reagent. In equili-
brium masking this is achieved by decreasing the concen-
tration of the interfering ion or reagent, and in most in-
stances the mechanism of masking is based onthe formation
of soluble complexes of the interfering ion or reagent with
the masking agent. The necessary decrease in the con-~
centration of the interfering ion naturally depends on the
method of analysis employed; in spectrophotometry, for
example, the concentration of the interfering ion should be
very low, whereas in complexometric titration the condi-
tions of masking are much less severe.

The masked form of the interfering ion must often satis-
fy additional special requirements in addition to the main
requirement of stability, ensuring the necessary decrease
in the concentration of the interfering ion. The nature of
these additional requirements depends on the analytical
method: in gravimetric analysis the masked form should
not be coprecipitated with the analytical form, in spectro-
photometry the masked and analytical forms should absorb
light in different ranges of the spectrum, in redox titra-
tions they should have different redox potentials, in ion
exchange they should have different affinities for the ion
exchanger, etc.

The satisfactory fulfillment of the main and additional
requirements by the masked forms of various ions creates
the prerequisite for another widely encountered example of
the use of masking, namely for the determination of these
ions when present together, or for their separation. The
efficiency of the simultaneous determination and separa-
tion of ions using masking is particularly high when the
abilities of these ions to be masked by given masking agents
and to take part in analytical reactions with a given reagent
change in the opposite sense.

A large number of examples of the use of masking to
eliminate the interfering influence of accompanying ions,
to determine various ions when present together, and to
separate these ions, that is, examples of the use of mask-
ing to increase the selectivity of analysis, are given in the
reviews cited above; we shall give only two examples as
illustration: (1) the increase in the selectivity of the pola-
rographic analysis of the ions of various metals in the
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presence of DCTA (Table 9)3, and (2) the increase in the
selectivity of the colour reaction of rare-earth metal ions
with Methylthymol Blue inthe presence of EDTA (Table 10) %,
The masking of reactions is often used for the direct
detection and determination of ions. In addition to the
familiar use of the masking of the formation of the zir-
conium-Alizarin lake in the presence of F~ for the detec-
tion and photometric determination of ¥, mention may
also be made of the photometric determination of Te from
the decrease in the light absorption of a solution of molyb-
dosilicic acid as a result of the partial masking of the for-
mation of the molybdosilicate in the presence of Te#*, 3¢

Table 9. Values of E,, for metal ions in the presence and absence of
1,2-diaminocyclohexanetetra-acetic acid (DCTA).

pH 4.6, 0.4 M CH3COOH + | pH 9.5, 0.1 M NH4OH +
pH 2.7, 0.4 M CH3COOH 0.4 M CHaCOONa 0.1 M NHoCl
Metal ion
By  |Ewmencta)|  Enmo)  [EmDCTA)|  Euaey | EwmM-DCTA)

Cut -+0.02 —0.16 —0.02 —0.40 —0.29 —0.62
pbe+ —-0.38 —0.85 —0.43 ia. = ia.
Cdr+ —~0.60 —1.04 —0.61 ia - ia
Zn2t —1.01 ia.* -—1.03 ia. —1.14 ia.
Bis* 0.00 —0.47 —0.14 —0.66 - —0.70
Fes+ — —0.11 - —0.11 - —0.11
Sn2+ —0.02 —0.14 —0.17 —0.17 — —
T+ —0.42 —0.42 —0.42 —0.42 0.42 —0.16

* j.a. indicates chelate polarographically inactive.

Table 10. Colours of complexes formed by r.e.e.-EDTA
with Methylthymol Blue.

Element igg 4 M NH 3 solution
Y 18.09 pale blue
La 15.50 intense blue
Ce 15.98 ' ditto
Pr 16.40 »

Nd 16.61 »

Sm 17.14 »

Eu 17.35 »

Gd 17.37 pale blue
Tb 17.93 ditto
Dy 18.30 »

Ho 18.74 none
Er 18.85 »

Tu 19.32 »

Yb 19.51 »

Lu 19.83 pale pink

Mention may also be made of the mechanism of the
masking action of masking agents, in particular F~. The
decolorisation of the zirconium-Alizarin lake in the pre-
sence of F~ is usually attributed to the formation of colour-
less ZrFz-, and an analogous explanation was previously
put forward for all other examples of the determination of
F~ based on the decolorisation of the coloured chelate
compounds formed by metals with various dyes. It was
found, however, that in a number of instances, for ex-
ample in the photometric determination of F~ from the de-
crease in the light absorption of a Zr-Xylenol Orange mix-
ture, the decrease in the light absorption is due to the
formation of a colourless Zr-F-Xylenol Orange ternary
complex?’, that is, the determination of F~ in this in-
stance cannot be regarded as indirect. These examples
deserve careful attention in the theoretical examination of
the masking of reactions,
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In some instances the masking of reactions provides a
very convenient and simple method for establishing the
stoichiometric composition and determining the stability
constants of complexes in aqueous solutions, Thus the
decrease in the light absorption of a solution of molybdo-
silicic acid as a result of the partial masking of the for-
mation of molybdosilicate in the presence of various com-
plexing agents (oxalate, tartrate, or tellurite) can be used
to determine the compositions and stabilities of the com-
plexes formed by molybdenum with these complexing
agents 38,

The possibilities provided by the use of the masking of
reactions and ions for various purposes are not exhausted
by the above examples —the number of examples could be
greatly extended. In conclusion, mention must be made
of another promising application of masking—for the pro-
duction of an “ideal” blank specimen, The usual method
of preparing a blank specimen suffers from one major
disadvantage: because of the need to exclude some com-
ponent of the analytical reaction from the blank specimen,
the chemical composition of the latter is not completely
identical with that of the specimen being analysed. Mask-
ing makes it possible to eliminate this disadvantage in the
preparation of a blank specimen. If an additional reagent
(the masking agent) is introduced into a blank specimen
containing the substance being analysed and all the neces-
sary reagents in the same quantities as in the specimen
being analysed, the analytical reaction is frozen (masked)
from the beginning; the additional reagent is added to the
specimen being analysed only after the analytical reaction
is complete. Thus the blank specimen finally has a chemi-
cal composition which is completely identical with that of
the specimen being analysed, and differs only in the ab-
sence of the analytical effect being measured, that is, it
is an ideal blank specimen. The value of this new method
of preparing a blank specimen has been illustrated, for
example, in the photometric determination of silicon?3®
and phosphorus® as their molybdenum heteropolycom -
plexes.

---000---

The two types of masking examined at the start of the
present paper, namely: (1) equilibrium masking due to a
change in the thermodynamic conditions of the reaction
being masked, and (2) non-equilibrium masking due to a
change in the kinetic conditions of the reaction being
masked, cover all examples of the masking of reactions
known in practice. The opposite is also true, namely,
that almost all chemical reactions can be masked by appro-
priate means: if a given reaction cannot be masked by in-
fluencing its thermodynamic conditions, it can be masked
through kinetics and catalysis.

These two forms of masking—equilibrium and non-equi-
librium —naturally require different approaches to their
theoretical examination. The material given above deals
chiefly with the problems of equilibrium masking. This is
due to the fact that the techniques of equilibrium masking
have been used to a much greater extent up to the present,
and the associated problems have undergone corresponding
development. Even the few observations and examples
which have been published, however, indicate the promis-
ing possibilities provided by the use of non-equilibrium
(kinetic) masking in addition to equilibrium (thermody-
namic) masking.

Non-equilibrium masking is a useful supplement to
equilibrium masking, since it is applicable to those sys-
tems for which equilibrium masking is unsuitable. An
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important feature of non-equilibrium masking is the possi-
bility of controlling it by means of the temperature factor.

The kinetics of analytical reactions with particular
reference to masking have not been specially studied. It
is therefore not yet possible to reach any general conclu-
sions. Recently, however, the importance of a detailed
study of the kinetics of analytical reactions, particularly
reactions involving complex formation, has been pointed
out by a number of authors?33%4%! particularly Reilley4?,
who in addition to other problems discusses the kinetics
of the formation and dissociation of metal complexonates,
and considers that these problems are the most important
at the present stage of the study of complexonates.
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Valuable information about chemical structure obtained
in the study of infrared spectra of individual compounds
produces a natural increase in the interest of chemists in
molecular spectroscopy.

In the Russian literature there are hardly any papers
dealing with the infrared spectra of steroids. Further-~
more there is not one review on the infrared spectra of the
steroids.

This review considers work on the infrared spectra of
the steroids during the period from its inception (1839) to
1966.

1. FEATURES OF THE CHEMICAL STRUCTURE OF THE
STEROIDS

The main features of the chemical structure of the
steroids have now been explained quite definitely. The
general principles are reliable, although there are still a
greater number of compounds of the steroid series details
of whose structure are either unknown or require proof.

The structure of the steroids is based on a complex
polycyclic system consisting of three cyclohexane rings and

one cyclopentane ring. Such a system is 10,13 ~dimethyl-
cyclopentanoperhydrophenanthrene, with the accepted num-
bering of the atoms of the carbon skeleton (I):

m

The rings are denoted by the letters A, B, C, and D in
accordance with the increasing numbering of the carbon
atoms.

There are six asymmetric carbon atoms, so theoretical-
ly such a compound can have 2 = 64 stereoisomers but
only some of the steroisomeric forms are encountered in
natural compounds. From this it follows that the steroid
molecules have rigidly fixed spatial conformations, unlike
the mobile conformations of cyclohexane.

Sometimes the ring of the steroidal skeleton (ergosterol,
T-dehydrocholesterol, ring B; oestrogen, ring A) contains
a C=C double bond. This fixes still more rigidly a defi-
nite conformation of the molecule. Despite the non-planar
structure of the cyclohexane rings, their combination in a



