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General equations have been derived by means of which successive formation constants of mixed and single ligand com
plexes can be determined from spectrophotometric data. The equations for single ligand systems are shown to be special 
cases of the more general mixed ligand relations. The two highest constants together with the extinction coefficients de
scribing the absorption characteristics of the species, and also the two lowest formation constants, as well as the corresponding 
extinction coefficients, can be determined for any system containing one ligand. The first two formation constants for one 
ligand, Y, replacing another, X, together with the pertinent extinction coefficients, and the corresponding quantities for X 
replacing Y also can be determined. Under all conditions, the change in ligand ratios can be obtained. The maximum 
coordination for a particular ligand can be determined unequivocally when the system has three or fewer complexes. 

Introduction 
In recent years a number of methods have been 

devised for the determination of formation con
s tants for successive complexation in solution. 
The interrelationships and utilization of many of 
the methods have been described in two excellent 
papers.2 '3 AU these methods rely upon the meas
ure of the concentration of either the free ligand, 
free metal ion or a particular complex ion. When 
spectrophotometry is utilized, a wave length is 
usually selected where only one species is absorb
ing in order to obtain a direct measure of a partic
ular complex ion concentration. Although there 
are a number of somewhat general methods,4~1 0 no 
single method through which spectrophotometry 
can be utilized to obtain successive formation con
stants , extinction coefficients and ligand ratios ap
pears in the literature. 

The purpose of this present work is to present 
(1) Taken in part from the Ph.D. thesis of Leonard Newman, 

Massachusetts Institute of Technology, June, 1956. 
(2) J. C. Sullivan and J. C. Hindman, T H I S JOURNAL, 71, 6091 

(1952). 
(3) F. J. C. Rossotti and H. S. Rossotti, Acta Ckem. Scand., 9, 1166 

(1955). 
(4) J. Bjerrum, KgL Dankse Videnskab Selskab., Mat.-Fys. Medd., 

22, Nr. 4 (1944). 
(5) S. Ahrland, Acta Chem. Scand., 3, 347 (1949). 
(6) W. D. Kingery and D. N. Hume, T H I S JOURNAL, 71, 2393 

(1949), 
(7) R. Nasaneu, Ada Chem. Scand., 3, 179 (1949); 4, 140 (1950). 
(8) H. McConnell and N. Davidson, T H I S JOURNAL, 72,3164 (1950). 
(9) S. Fronaeus, Ada Chem. Scand., 6, 139 (1951). 
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one self-consistent derivation by means of which the 
measure of absorbance can be utilized for the deter
mination of successive formation constants and ex
tinction coefficients for systems containing either 
single or mixed ligand complexes. The derivation 
is based upon the fact tha t the absorbance (optical 
density) of a mixture is a function of the extinction 
coefficients, E, stepwise formation constants, k, 
ligand concentration (X), and central atom concen
trat ion (M). A typical example is A = E(M) 
+ E1H1(M) (X) + E 2 W 2 ( M ) ( X ) 2 + 
Various functions of the extinction coefficients, 
complex constants, ligand concentrations and ex
perimentally determined absorbances are plotted 
to evaluate the unknown terms and coefficients. 
If there are only two components the handling of 
the equation is a simple mat te r and has been done 
by many people. We have found t ha t it is possible 
to interpret the experimental da ta for systems as 
complicated as three components present at once, 
all contributing to the absorption. Systems con
taining more than three components a t one t ime 
have proved to be unmanageable. 

The method is limited to the direct determination 
of four formation constants, and a t each wave 
length, the extinction coefficients of the species in
volved. As many as two additional formation 
constants can be determined by difference. I t is 
equally applicable to both single- and mixed-ligand 
systems and to weak and moderately strong com
plexes. The most general system to which this 
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method can be applied is one in which two sub
stances with dissimilar coordination properties 
are forming mononuclear mixed ligand complexes 
with one central atom. For systems involving 
three or fewer formation constants, the maximum 
coordination number with a particular ligand 
can be obtained unequivocally. In all systems the 
change in ligand ratio is obtainable. 

In other methods of approach, the higher for
mation constants have been determined by utiliza
tion of all the lower ones, thereby introducing the 
possibility of rather large cumulative errors. In 
the present system an advantage is obtained by 
building up from the free metal ion toward the 
higher complexes and by working down from the 
highest complex toward the lower ones. We have 
found that if we start out by deriving the general 
expressions for the most complicated case that can 
be handled, the expressions for all other cases can 
be obtained readily by simplification. The num
bering system for the equations uses capital letters 
to denote major categories (e.g., A indicates mixed 
dissimilar ligands) one- or two-digit numbers to 
identify a given set of conditions (e.g.. 9 indicates 
three species, all three absorbing) and lower case 
letters are used where a subspecification of condi
tions becomes necessary. The derivation de
scribed in this discussion thus can be applied to a 
wide variety of systems that might be encountered 
in the spectrophotometric study of complex ions. 

Mixed Ligand Complexes 
Mixed Dissimilar Ligands.—The most general 

system to which this method can be applied is one 
in which two ligands, X and Y, are attached to one 
central atom, M, where the ligands have dissimilar 
coordination properties (e.g., mono- and bidentate 
anions). The maximum coordination, n, for ligand 
X, is not necessarily the same as that of X and Y 
together, or that of Y by itself. The following equa
tions are obtained under the assumption that the 
central atom is maintained in its highest coordina
tion state by a sufficiently high total ligand concen
tration. Under these conditions either the high
est single complex or the highest mixed ligand com
plexes are present at all times. 

The first two formation constants are defined as 

kn = 
[MX n ] [Y] ' 

[ M X ^ „ Y , ] [ X ] » 

[MX, - m Y.] [Y]" 
[MX n -m_„Y,+ „,] [X]" 

(Al) 

(A2) 

The most complicated case is for all three species 
to be absorbing 

A = K [ M X n ] + En- m [MXn- m Y1] + 
En-m-p [MXn- m-pY,+ w] (A3) 

where A is the absorbance for the mixture of three 
species and E is the extinction coefficient for a 
particular species. If the path length is other 
than 1.000 cm., the appropriate factor must be in
troduced in this and succeeding equations. If only 
one ligand, X, is added and in great excess com
pared to the concentration of the central atom we 
obtain 

A0 = EnM11 (A4) 

where Mn is the concentration of the central atom 
added, all of which is assumed to be in the form of 
the highest complex, MX,. In a given experiment 
the total concentration of central atom added is 
Mt = [MXn] + [MX n - m Y,] + [MXn-m-pYt+w] (A 5) 

If Xt + Yt, the total ligand concentration added, 
is large compared to Mt, then substituting equa
tions Al, A3, and A4 into A5 and solving for 
MX«-«Yj and MX M - j ,Y J + „ we obtain 
M X n . „Y, = 

A - En-m-pMt ( A Q ) 

(A7) 

The only time the total ligand concentration can
not be made large compared to the central atom con
centration and still permit appreciable ionization 
of the complex is when the complex formed is very 
stable. Upon substitution of A6 and A7 into A2 

""" {A- MtEn- m - , ) Fr 

MX 

En 

i— m-

M 

En 

~m + M0 

-pYs+w — 

(En-m + 

~m ^ M0 

knYi 

M0 

k n ^ 
kn y . 

— En- m 

Yl) 

Hin— wt-

- P ( I 

*(• 
- p ( i 

+ k„ 

+ kr 

+ kn 

Yl) 

Yl) 

Yt) 

[ilft(£n-m + j± kn J Q -A(l+kn ff )]*? 
(A8) 

A = kn-m J [fe» (AO H - ^ ) H - A + En-mMt~j 

+ En- eMt (A9) 

and rearranging terms we obtain the equation for 
3 Species, 3 Absorbing 

\X? 
Yl 

YV 
where Mt, Mn, Xt and F t have known values, A 
and Ao are measured quantities, and E„-m, k„, m and 
5 are obtainable from subsequent equations. 
Values of p and t have to be assumed and if the cor
rect values are chosen a plot of A vs. the brace-
enclosed terms of the right-hand side gives a 
straight line, the slope of which is the second for
mation constant, k„-m. The extinction coefficient, 
En-m-p, can be obtained from the intercept. In 
this, as in all subsequent equations from which 
constants are desired, the left-hand side is plotted 
against the brace-enclosed terms. The desired con
stants are obtained from the slopes and intercepts 
of the straight lines. 

If a wave length is now selected where only the 
two higher species are absorbing, En-m-t becomes 
zero and, upon rearrangement, eq. A9 gives for 
3 Species, 2 Absorbing, En- m-p = 0 

> ( * • % - * ) $ . - * 
1 S En- mMt 

(AlO) 

which permits the determination of E„-m, necessary 
for A9 and also permits a check on the value of 

If a wave length can be found where only the 
highest species is absorbing, En-m becomes zero 
and equation AlO upon rearrangement and taking 
logarithms gives for 
3 Species, 1 Absorbing, En-m-p = 0, En-m = 0 

log 

, / . Mt AX1" k*{A°M-0-
A)Y> Y") 

= \los Y°\ ~ Iog kn~m 

(Al ia) 
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which permits the determination of kn-m at still 
another wave length. A knowledge of k„ is as
sumed in the use of equation Al ia . A check on 
this value can be obtained if we rearrange eq. Al ia 
and again obtain for 
3 Species, 1 Absorbing, En-m-p = 0, En- m — 0 

(Ao U ~ A) XT _ 1 \ Y?\ . 1 f . 1 1 M 
\ A ' Y\ knkn-m {X\\ ^ kn { ' 

Analogous equations may be derived for one and 
two absorbing species in which it is not necessarily 
the highest complexes which are absorbing. Such 
situations, however, are seldom encountered in 
practice. 

For all of the previous equations m and s had to 
be known and for most, a knowledge of kn and 
En-m- In order to obtain these quantities, experi
mental conditions are selected such that only two 
species are present, whereby terms in k„-m become 
equal to zero. 

When both species are absorbing eq. AlO can 
be rearranged and we have for 
2 Species, 2 Absorbing, MX„_„_pY,+ „ = 0, En-m-P - 0 

A = K j (^0 ff ~ A)Y(\ + En-mMt (A12) 

If the proper values of m and 5 are assumed a 
straight line is obtained from the known quantities 
Mt, M0, X% and Yt and from the measured quanti
ties A and Aa. The slope is kn and E„-m is obtained 
from the intercept. 

If finally a wave length is selected where only the 
highest of the two species is absorbing En-m be
comes zero and eq. A12 upon rearrangement gives 
for 
2 Species, 1 Absorbing, MX„_ m-j>Y,+„, = 0, En-m~P = 0, 

En-m — 0 

( *̂ ° Tf ~ ^ 1 ( Yn) 

- ^ J L J = _ j log ^ j - l o g * . (A13) 
Again if the proper values of m and s are assumed, 
a straight line is obtained with negative unit slope 
and an intercept equal to —log kn. For this case 
where we have mixed dissimilar ligands the change 
in the combining ratios (s and m, w and p) cannot 
be obtained directly; however, the correct values 
are assured if the plots are straight lines and the 
same values of the constants are obtained in going 
from wave length to wave length and in changing 
the total number of species present. 

In the corresponding case where 
= [MX n ] [X] ' 

[MY,_„X,][Y]« 

[MYn-WX,] [X]" 
*"-m [MY n . ^ X 1 + J [Y] ' 

all the previous equations hold if X and Y replace 
each other. Since the coordination properties of 
X and Y were assumed to be different it is possible 
that any or all of the ligand ratios n, m, p, s and w 
might take on different values. There is, of course, 
no reason to assume that the formation constants 
are the same. Using this corresponding case, two 
more constants and three more extinction coeffi
cients can be obtained. 

Method of Application 
The absorbance of a solution containing Xt » 

M0 is measured and eq. A4 is used to determine En. 
The absorbance of solutions containing varying 

amounts of Xt plus F t and a constant or varying 
amount of Mt is determined at all wave lengths of 
interest. The sum of Xt plus Yt must always be 
maintained greater than Mt. When the ratio 
Xt/ Yt is large, eq. A13 is applicable at all wave 
lengths and A12 at those wave lengths where only 
the highest species is absorbing. If the proper 
values of m and w are assumed a plot of eq. A13 
should give a straight line the slope of which is — 1. 
If the proper slope is observed kn is obtained from 
the intercept. Using these values of m and t one 
obtains kn and En-m from eq. A12. In the utiliza
tion of A12 it is assumed that only one of the two 
species present is absorbing. This is true only if 
the same value of kn is obtained from A12 as that 
obtained from A13. At a particular wave length 
the accuracy with which all constants can be ob
tained is dependent on the magnitude of the absorb
ance. If the most precise values are desired, Mt 
is adjusted to maintain the absorbance at approxi
mately 0.2 to 0.8 absorbance unit. 

The presence of three species is indicated when 
deviations from straight lines are observed in the 
plots of eq. A13 and A12. When these deviations 
are observed, eq. AlIb, Alia , AlO and A9 become 
applicable. This occurs at lower ratios of Xt/Yf 
The magnitude at which this transition takes place 
is dependent on the values of the formation con
stants. 

If a wave length is selected where only one of the 
three species is absorbing, equations AlIb and 
Al ia are applicable. In the utilization of Alia, 
a knowledge of k„ is assumed; however, if the 
proper values of w and p are chosen, kn-m can be 
obtained from the intercept. Here the proper choice 
of w and p is indicated by obtaining a straight 
line with a slope of unity. If a check on k„ is 
desired, equation AlIb can be utilized from which 
both k„ and kn-n can be determined. 

If wave lengths are now selected where two of the 
three species are absorbing, eq. AlO permits the 
determination of En-m and k„-m. If only one 
species was actually absorbing at the wave lengths 
where AlIb and Al ia were employed and if the 
proper values of m and w were selected, then the 
same value of kn-m should be obtained. 

Finally, wave lengths are selected where all 
three species present are absorbing. Equation A9 
becomes applicable and k„ and E„-m can be deter
mined. Since the same value of k„-m should be 
obtained we have a check as to whether AlO was 
used in the proper wave length range. 

The choice of wave length at which a particular 
number of species is absorbing is not an arbitrary 
one. There is usually some regularity to the shift 
of the absorption spectrum as the absorbance be
comes dependent on different species. A pre
liminary study of the system should be made to 
determine this shift. If the absorption curves are 
compared at various Xt/Yt ratios, this regularity 
usually can be determined. One fairly good rule 
is that, for a given ligand, the absorption shifts to 
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longer wave lengths as the combining ratio in
creases. 

Mixed Similar Ligands.—If the central atom, M, 
is complexed by two ligands, X and Y, with the 
same coordination characteristics, then s equals m 
and w equals p. The formation constants become 

kn-

[MX,] TY-I" 
*" [MX„.„Y„] LxJ 

= I M X - A l TYl" 
•" [MX„_„_pYm+p] L x J 

(Bl) 

(B2) 

and it follows directly that A9, AlO, Alia, A12 and 
A13 become eq. B9, BlO, BlIa, B12 and B13 by 
replacing w with p and 5 with m. 

The method of application is exactly the same as 
for the previous case. This system has the added 
advantage that no values have to be assumed. 
The constants, s and w, do not appear in the equa
tions and m and p are determined directly from the 
slopes of eq. B13 and BI l . The same checks on the 
values of the constants are, of course, applicable. 

In the corresponding case where X and Y replace 
each other, it still holds that 5 equals m and w 
equals p; however, there is no reason to assume the 
m of MX„_mYm to equal that of MY„_mXm or for 
the p of MX„-m-pYm+i, to equal that of M Y „ . j 
Xm+J i . Since the coordination characteristics are 
the same, the values of n in both cases are equal. 

Single Ligand Complexes 
Highest Constants.—The similarity between the 

single and the mixed ligand case is best realized if 
one remembers that water, by coordinating with 
the central atom, in general maintains it in its max
imum coordination state. In essence we are al
ways dealing with mixed ligands. I t is actually 
seldom necessary to take the coordination of water 
into consideration11 and if we assume that the ac
tivity of the water is constant, its value can be in
cluded in the formation constants. As is the usual 
custom, the complexes are written without the at
tached water molecules. Therefore, if we let Y rep
resent the water molecule the two highest forma
tion constants for the one ligand, X, become 

[MXn] 
kn 

Kn- m — 

[ M X n - J [ X ] * 

[MX n - m ] 
[MXn- ][X]» 

(Cl) 

(C2) 

Each of the equations for the mixed similar lig
and case is directly applicable, except that Y drops 
out of all equations. The method of application is 
slightly different. Instead of varying the Xt/Yt 
ratio, the ratio of Xt/M% is gradually decreased, 
however, always maintaining Xt » Mt. As 
sufficient ionization of the highest and next highest 
complexes takes place it is possible to obtain a 
measure of the two highest formation constants, 
the change in ligand ratios, and the three extinction 
coefficients. 

Lowest Constants.—When the two lowest con
stants are desired for a one-ligand system, three 
considerations have to be taken into account. The 
situation most similar to the ones already discussed 
is that in which the formation constants are weak. 

(11) G. C. B. Cave and D. N. Hume, THIS JOURNAL, 75, 2893 
(1953). 

Then in order to obtain appreciable complexation, 
Xt has to be maintained sufficiently greater than Mt 
that its change in concentration, due to complexa
tion, can be neglected. However, for larger values 
of k, in order to obtain the lowest constant it is 
necessary to maintain Mt in the same order of mag
nitude as that of Xt. Therefore, the concentration 
of both the central atom and the complexing ligand 
change due to the formation of complexes. If the 
first formation constant is small in relation to the 
second, it is necessary to maintain Mt sufficiently 
greater than Xt to prevent the formation of the 
second complex. In this case it is the concentration 
of Mt that remains unchanged as complexation 
takes place. 

In each of the three methods to be described 
there are three ways of obtaining the formation 
constants and the extinction coefficients. One is 
to maintain Mt constant and to vary Xt; another, 
to vary both; and finally, to keep Xt constant and 
to vary Mt. The nature of the constants and the 
experimental limitations will determine which is 
the most suitable method. 

Xt Greater Than Mt.—The two lowest con
stants are defined as 

[MX,] 
[M][X] ' 

[MX8 + , ] 
[MX5][X] 

and the absorbance is 

(Dl) 

(D2) 

(D3) A = E[M] + E 4 [MX 9 ] + 4 , [ M X 1 + , ] 

If the central atom shows absorption 

A0' = EM0 (D4a) 

when the absorbance is measured with only M 
present. However, it is often advantageous to ob
tain 

EnXo (D4b) 

which is the absorbance of the first complex when 
M is added in large excess to X. The total con
centration of M in any given experiment is 

Mt = [M] + [MX8] + [MX 8 + , ] (D5) 

If M absorbs, then both D4a and D4b can usually 
be obtained. Depending upon whether or not E 
and/or E9 are determinable the analogous equations 
to A9, AlO, Alia, A12 and A13 become 
3 Species, 3 Absorbing, E and Eq known 

Eq+rM< (E 

3 Species, 2 Absorbing, Eq+r = 0, E known 

"G; ("'• S -")a -'^+ " S = 
r {log X1] + l o g * 8 + , (DK 

3 Species, 2 Absorbing, -E8+, = 0, Eq known 

kq (AO" Y? - A \ X\ - A = k,kq+r 

Absorbing, E = 0, Eq kn 

/ . „ Mt A \ 1 
^ 0 T n - A - hX%)Yi 

\AX\ EMt 

(DlOb) 

3 Species, 2 Absorbing, E = 0, Eq known 

A = — \ (A » M 
kq+r \ \ Xo " k, 

rAft 

(DlOc) 



Sept. 5, 1957 DETERMINATION OF SUCCESSIVE FORMATION CONSTANTS 4575 

3 Species, 2 Absorbing, E 9 + , 
Mt 
M0 

1 / . , M t A l 

= 0, E known 

k„+r\AX:\ - E„Mt 

(DlOd) 

3 Species, 2 Absorbing, E 9 — 0, E known 

:\\k(At'%-A)ii-A]M+E"'u* 
(DlOe) 

3 Species, 1 Absorbing, E 9 + , = 0, E = 0, E , known 

log 
A0" -^ - A 

Ap 
A 

XX 

(q + r) (log X,I + l o g £ 9 + , (Dl Ia) 

3 Species, 1 Absorbing, E9+1. = 0, Eq = 0, E known 

Mt 

log 
1_ 

-kq 

A0' '-fr - A 
M0 X1-

1. 
r {log X41 + log Rq 

3 Species, 1 Absorbing, Eq = 0, E = 0 

(Dl Ib) 

2 Species, 
known 

= - ! ^ ( i + A0!i+E'+'(Dilc) 

Absorbing, MX 5 + , = 0, E 9 + , = 0, £ and E , 

= q (log Zt) + log* , (D12a) 

2 Species, 2 Absorbing, MX8+7. = 0, E5+1. = 0, Eq known 

X = A, J ( V ' ^ - ^ ) Xt I + EMt (D12b) 

2 Species, 2 Absorbing, M X 9T, = 0, E 9 + , = 0, E known 

^-MO 1 0 '1- 4 Hl + ^ (D12c) 

2 Species, 1 Absorbing, MX 9 + , = 0, E 9 + , = 0, E = 0, E9 
known 

log / ~ \ = q (log X1) + log *, (D13a) 

\Aa"xi~A) 
2 Species, 1 Absorbing, E 9 + , = 0, MX 9 + , = 0, E9 = 0, E 
known 

log 
A,' T 

M( 
.4 

= g (log Xt) + l o g * , (D13b) 

When the conditions for each of the above equa
tions is met, the related information can be ob
tained. Several of these relations have been de
rived and used by prior workers as special cases ap
plied to their particular problems, but this ap
pears to be the first attempt to include all possibili
ties in a general method of approach. If D4a 
and/or D4b is known, the three extinction coeffi
cients and the two formation constants can be ob
tained for the first three species in a series, pro
viding the formation constants are small enough 
to permit Xt to remain substantially greater than 
Mt- When Y is the complexing ligand the system 
is exactly analogous to the above case. It is ob
vious that the same sort of checks are available 
here in order to ascertain whether the proper num
ber of species were absorbing at a particular wave 
length and as to whether the proper number of 
species were present over the range of Xt/Mt 
selected. 

Xt, Comparable to Mt-—The first constant has 
often to be determined when the concentration of 
Mt and Xt are in the same order of magnitude. If 
this is the case eq. A3 and A5 become for a one-
ligand system 

A = E [M] + E 9 [MX 9 ] (E3) 
Mt = [M] + [MX9] (E5a) 

X1 = [X] + g [MX9] (E5b) 

By combination of E3, ESaand E5b with Dl we ob
tain the first formation constant as 

A - EMt 
'A(Eq - E) - Eq(A - EM, "I Xt 

- EMtI" 
-EJ 

(E8) 

Substituting D4a and D4b into E8, taking the 
logarithms and rearranging we have for 
2 Species, 2 Absorbing, MX 9 + , = 0, E 9 + , = 0 

IA - A, - ^ 
log -

\A0 

M0' 

f - A 
= q / l og 

IA -A 

Xt 

,M\ 
1 J l V + log k, (E12) 

\ A0" _ AV 
\Xo M0 , 

2 Species, 1 Absorbing, MX 9 + , = 0, E 9 + , = 0, E9 = 0 

A \ = q J log I X1 - q 
log 

A0' Mi 
Ao M0 

+ log kq (E13a) 

2 Species, 1 Absorbing, MX 9 + , = 0, E 9 + , = 0, E = 0 

log ^ - ^ — ^ = 3 {log ( X t - 2 ^ X 0 ) j + 

log kq (E13b) 

From E12, E13b or E13a, q and kq can be obtained. 
For the three equations the value of q has first to 
be assumed. This value is most often equal to 
unity; however, it is checked by the attainment of 
a straight line, the slope of which should equal the 
assumed value of q. Another check is to obtain 
the same value of kQ at more than one wave length. 

Mt Greater than Xt.—If the ratio kq+r/kQ is suf
ficiently large it might be necessary to determine 
kt when Mt is in great excess to X1. Equation E5a 
becomes 

Mt = [M] 

and E12 and E 13b become for 
2 Species, 2 Absorbing, MX 9 + , = 0, E 9 + , = 0 

/A - A0' ^ 
log [ ^ r ^ - ° ] = q (log Xt - q 

(Fo) 

Al 
X0 

+ log kq (F12) 

2 Species, 1 Absorbing, MX 9 + , = 0, E = 0 

q I log (X t - q jy, X0 log 
' ( & * • ) - + lOg kq 

(FlR) 
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From both F12 and Fl 3 q and kq are determined 
when the proper value of g is assumed. 
Possibility of Determining Additional Constants 

Under highly favorable conditions, two more 
constants can be determined. It is believed that 
the data will never be sufficiently accurate to de
termine more than six extinction coefficients. 

Starting from the central atom we can deter
mine the first two formation constants in the man
ner already indicated. Under highly favorable 
conditions the approach of Kingery and Hume6 

permits the determination of the next formation 
constant. The method employs the utilization of 
the calculated constants and extinction coefficients 
to determine the absorbance of a solution for a 
particular ligand and central atom concentration. 
The difference between the calculated and the ob
served absorbance is attributed to the formation of 
a fourth species which has to be assumed not to 
absorb at the wave length selected. A log plot 
similar to that of eq. D13b is made for the equilib-

Introduction 
Although the existence of complex formation 

between bismuth(III) and chloride ions is well 
known, comparatively little information is avail
able concerning the nature or stability of the species 
formed. None of the earlier workers2,3 undertook 
extensive studies on the system and the more re
cent work45 has not taken fully into consideration 
the effects of variable ionic strength. The obser
vation by Merritt, Hershenson and Rogers6 that 
the ultraviolet absorption of bismuth in acid solu
tion was influenced profoundly by chloride con
centration has prompted us to investigate the 
system spectrophotometrically using the methods 
developed and described in a previous paper.7 

Exerimental 
Materials and Apparatus.—Solutions of bismuth per-

chlorate were prepared by dissolving Baker and Adamson 

(1) Taken in part from the Doctoral Thesis of Leonard Newman, 
Massachusetts Institute of Technology, May, 1956. 

(2) A. A. Noyes, F. W. Hall and J. A. Beattie, T H I S JOURNAL, 39, 
2326 (1917). 

(3) T. DeVries and E. M. Mattox, Proc. Indiana Acad. Sci., 44, 138 
(1934). 

(4) A. K. Babko and A. M. Golub, Sbornik Stalei Obschchei Khim., 
Akad. Nauk, S.S.S.R., 1, 64 (1953). 

(5) K. B. Yatsimirskii, ibid., 1, 97 (1953). 
(6) C. Merritt, H. M. Hershenson and L. B. Rogers, Anal. Chem., 

25, 572 (1953). 
(7) L. Newman and D. N. Hume, THIS JOURNAL, 79, 4571 (1957). 

rium between the third and fourth species. The 
change in ligand ratio and another constant can be 
determined. 

It has also been seen that starting with the cen
tral atom in its highest complexed state, the two 
highest formation constants can be determined. 
Once again, the method of Kingery and Hume can 
be employed whereby the third highest formation 
constant can be calculated. Therefore, under 
highly favorable conditions, as many as six for
mation constants can be determined. 

The utilization of many of the equations for the 
mixed similar ligands and for one-ligand systems 
will be demonstrated in subsequent papers. 
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reagent bismuth oxide in a stoichiometric concentration 
of warm Mallinckrodt 60% perchloric acid analytical 
reagent and then diluting to the proper concentration. A 
5 M stock solution of sodium perchlorate was prepared by 
dissolving and then filtering Fisher Scientific Company 
purified sodium perchlorate. Stock solutions of 5 M so
dium chloride were prepared by dissolving and filtering 
Mallinckrodt analytical reagent material. 

Two spectrophotometers were used: A Beckman model 
DU quartz spectrophotometer equipped with a photo-
multiplier attachment, and a Cary recording spectropho-
tomer model 11 MS. Unless otherwise specified, 1.000 cm. 
cells were used and cell corrections applied if necessary. 
For each experiment the spectrophotometer used is speci
fied. 

General Characteristics of the Absorption Curves.—The 
absorption spectra of solutions containing 15 p.p.m. bis
muth, 1 M perchloric acid, and varying ratios of sodium 
chloride to sodium perchlorate to maintain a salt concentra
tion of 4.0 M were measured against a blank containing 1 M 
perchloric acid on the Cary. It can be seen in Fig. 1 that 
at 4 M sodium chloride, there is an absorption peak at 327 
mn for a bismuth complex of the form BiCln

3 -". There is 
a gradual shift of the peak as the chloride concentration 
is decreased, indicating that chloride complexes lower than 
n must also be formed. Since the blank contained only 1 
M perchloric acid the curves include the absorption due to 
sodium perchlorate and sodium chloride. The absorption 
due to sodium perchlorate can be neglected throughout the 
wave length covered. Although the absorbance of 4 M 
sodium chloride becomes significant at wave lengths less 
than 260 m/i, it does not affect the spectra around the ab
sorption peaks for the high chloride concentrations. When 
the peaks are shifted to the region of 260 m^ (e.g., expt. 15, 
Fig. 1) the chloride concentration is so low that its contribu
tion to the spectra is negligible. 
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By application of spectrophotometric methods developed in a previous paper, the following constants were determined 
for the bismuth-chloride system: 270 ± 5 = [BiCl + + ]/[Bi + + + ] [Cl"], 900 ± 100 = [BiCl2

 + ]/[BiCl + + ] [Cl-], 20 ± 10 = 
[BiCl3]Z[BiCl2^][Cl-], 6Od= 5.0 = [BiCli-]/[BiCl2

 + ] [Cl -p , 2.7 ± 1.0 = [BiCl4-]/[BiCl3][Cl-], and 3.0 ± 0.5 = [Bi-
C I S - - ] / [ B i C l 4

- ] [Cl - ] All were determined in 1 M perchloric acid and the last three in a salt concentration of 4.0 M. The 
absorption spectra for all the species except BiCl2

+ were resolved. 


