
Inorganica Chimica Acta, 31(1979) L513-4516 
@Elsevier Sequoia %A., Lausanne - Printed in Switzerland 

L513 

A Simplified Method for Spectrophotometric Deter- 
mination of Equilibrium Constants 

KENNETH L. BROWN 

Department of Chemistry, The University of Texas at Arling- 
ton, Arlington, Tex. 76019, U.S.A. 

Received Iune 8, 1979 

For a simple chemical equilibrium of the type 

K 
c+L 2 C-L (1) 

where C is a chromophore, L is a ligand or titrant, 
and C-L is the 1: 1 addition product of the reaction 
of C and L, spectrophotometric determination of the 
equilibrium constant, b, is possible as long as there 
is a sufficient difference in absorbance of the two 
chromophoric species, C and C-L, at some usable 
wavelength. From Beer’s Law, the absorbance of any 
solution containing an equilibrium mixture of C and 
C-L, at wavelength X, AA, is given by eqn. 2: 

A* = 1~; [C] eq + l& [C-L] eq (2) 

where E: and E&, are the molar absorptivities of C 
and C-L, [Cl, and [C-L],, are the equilibrium 
concentrations of C and C-L, and 1 is the pathlength 
in cm, assuming L does not absorb at wavelength A 
(see below). By application of eqn. 2, the law of mass 
action 

__ P%I 

Keq = [CL, WI e, (3) [L] eq = [L] T - CTAA”/AAk 

and the conservation equation 

CT = icleq + tc-Ll.q (4) 

one can readily show that equqtion 5 applies to the 
spectrophotometric titration of such simple equili- 
bria: 

AA” = 
AAfnax WI eq 

I/K,, + [J4,, (5) 

In this formulation, AA” is the absolute value of the 
difference in absorbance between solutions con- 
taining chromophore and ligand and solutions con- 
taining chromophore alone at the same concentration 

tcT>, 

AA’= IA” -l&C,1 (6) 

AAA is the maximal AA” obtainable at high [Llq, 

AA& = C&&,-&l (7) 

and [L] eq is the equilibrium concentration of Want. 
The major problem with such determinations is that 
under many circumstances [Lleq differs significantly 
from the added amount of titrant, [LIT, due to con- 
sumption of added ligand by formation of product. 
Except in the case of hydronium ion, whose activity 
at equilibrium can be directly measured using the 
glass electrode, direct determination of [Lleq is fre- 
quently impossible. This problem is usually dealt 
with by iterative procedures in which an initial guess 
of K,, is used in conjunction with eqn. 3 to calcu- 
late [L], for each value of [LIT. The corrected data 
is then fit to eqn. 5 to provide a better estimate of 
kq. This procedure is repeated until the solution 
converges to a constant value for kq. Rigorous 
statistical treatments of this problem are available 
[l] but such treatments require access to computers 
with considerable storage capacity and a not inconse- 
quential amount of programming acumen. A chemi- 
cally correct, but considerably less statistically rigor- 
ous treatment is also available [2] but this 
method is quite tedious without the aid of a com- 
puter. I have found that a much simpler, though 
somewhat less rigorous, treatment provides satisfac- 
tory results in a wide variety of cases (limitations to 
this method are described below). The method is 
amenable to graphical solution with the aid of the 
most rudimentary of pocket calculators (or a slide 
rule for that matter) or to a statistical determination 
with the aid of a programmable pocket calculator. 

The method is based on calculation of [Lleq 
via eqn. 8. 

(8) 

The ratio AA”/AAL represents the fractional con- 
version of chromophore to prdduct so that CTAA”/ 

&lax is the concentration of titrant consumed 
by formation of product in any particular sample. 
Hence, as long as AAf;, can be determined, applica- 
tion of eqn. 8 allows the calculation of [L] eq at each 

LLIT used in the determination. The equilibrium 
constant can then be obtained by a convenient line- 
arization of eqn. 5 : 

A Ah 
AAh=AA&- &. - 

9 mxl 
(9) 

For a graphical solution, AA” is plotted as a function 

of AA I [L] .x, and the slope is -l/k,. For a statis- 
tical evaluation a least squares fit of eqn. 9 may be 
performed. The appropriate equations are readily 
available [3]. Many relatively inexpensive pocket 
calculators contain a ‘Z+’ key which allows auto- 
matic accumulation of the appropriate sums for use 
in the least squares equations and some even have a 
linear regression key which will evaluate AA& and 
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l/kg once the appropriate sums have been accu- 
mulated. The statistical uncertainties in AAf;, and 
l/Keg may then be approximated using eqns. lo- 
12 141: 

a(AA$,) = u 

where 

0 2- 

OO 
J , 
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Fig. 1. Plot of eqn. 9, AA4” vs. AA4”/[L]eq, for the data 
in the table. The solid line is a visual fit; slope = -2.22 
X low3 M, intercept = 0.829, leading to Keg = 451 M-l. 

TABLE I. Data for the Spectrophotometric Titration of 
Ethyl(aquo)cobaloxime with Dimethoxyethylamine.a 

1 I Z(AA”)i-AA”,Z(AA”)i-~q~(~ ),(AA”)r 
eq 1 

cl= 

V 
N-2 

(12) 

The latter calculations are facilitated by the use of a 
programmable calculator. An estimate for the variance 
of bq is obtained from u(l/K,& (eqn. 11) by 

o&q) = K:,o(l/K& (13) 

It should be pointed out that eqn. 9 is formally 
similar to the Ketelaar equation [5] (and its simpler 
relative the Benesi-Hildebrand equation [6] ) in 
which [L] r appears in place of [Lleq. These equa- 
tions are derived from similar principles under the 
assumption that an insigificant amount of added 
titrant is bound in any sample, Le. that [L] eq = [L] r. 
Unfortunately, these equations are often cited with- 
out any indication that they are in fact approximate 

I71. 
As an example of the utility of the present method, 

a data set for the determination of the equilibrium 
constant for axial ligand substitution of ethyl(aquo)- 
cobaloxime [8] by the primary amine dimethoxy- 
ethylamine is given in Table I. 

K 

CH&H&o(D2H2)HOH + RNH2 2 

CHsCH2Co(D2H2)H2NR + HOH (14) 

Figure 1 shows a plot of eqn. 9 for this data set. The 
straight line is a visual fit of the data and yields the 
values AA42 = 0.829, K,, = 45 1 M-’ , whereas a 
least squares fit of the data (performed with the aid 
of a Hewlett-Packard 55 Calculator) produced the 
values AA42 ? 0.818 + 0.008, kq = 472 + 11 M-l. 
Figure 2 shows a plot of the raw data (A4s5 vs. 

ILlnM ~~~~~ AA455 b [L] eq,c a4 AA~” M_, 

ILl,’ 

0 1.162 
0 1.164 
5.00 x lo+ 1.030 0.133 3.92 X IO4 339 
9.00 x IO4 0.951 0.212 7.28 X IO4 291 
1.33 x 1o-3 0.893 0.270 1.11 X 1O-3 243 
2.00 x 1o-3 0.818 0.345 1.72 X 10-j 201 
2.90 X lo-’ 0.708 0.455 2.53 X 1O-3 180 
2.90 X 1O-3 0.720 0.443 2.54 X 1O-3 174 
4.33 X 1O-3 0.633 0.530 3.90 x lo-” 136 
7.00 x 1o-3 0.554 0.609 6.51 x 1O-3 93.6 
7.00 x 1o-3 0.555 0.608 6.51 x 1O-3 93.5 
1.50 x 1o-2 0.450 0.713 1.44 x 1o-2 49.4 
2.30 X lo-* 0.413 0.750 2.24 X 1O-2 33.5 
2.30 X 1O-2 0.411 0.752 2.24 X lo-* 33.6 
2.00 x 10-l 0.343 0.820 1.99 x 10-l 4.11 
5.00 X 10-t 0.342 0.821 4.99 x 10-l 1.64 
5.00 x 10-r 0.340 0.823 4.99 x 10-l 1.65 

?Yonditions: 15.0 f 0.1 OC, pH 9.33 +_ 0.02 
10’ 

ionic strength 
1.0 M (KCl), x = 455 nm, CT = 6.68 X hf. Data were 
collected on a Gilford Model 250 spectrophotometer. bCal- 
culated as 1.163 minus the absorbance at 455 nm for each 
sample. CCalculated from eqn. 8, using AAmax = 0.822. 

[LIT). The solid line has been calculated from the 
least squares results, C, = 6.68 X lo4 M, and Ais5 = 
1 .I63 (the absorbance of the chromophore in the 
absence of added ligand) by use of eqns. 3, 5 and 6. 

Practical Aspects and Limitations of the Method 

It should first be pointed out that as in all such 
methods the assumption that the activity coefficients 
of the reagents (or at least their ratio) is constant 
throughout the range of concentrations employed is 
implicit. 
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to provide the necessary weight to the high end of 
such titrations. Thus, the sample used to determine 

A&, should always be used in the fit to eqn. 9. 
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