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The dye spectrophotometric met&ocI for the measurement of the activity of divalent metal ions in polyelectrolyte solutions 
containing added electrolytes is discussed. Ihe method is applied to mixtures containing the dextransuliatc polyanion, NaCI, 
and hlgCi-~ or CaC12. A two wavelength ratio method as applied to polyelectrolyte solutions is compared to the standard 
method which makes use of the previous determination of the dye-metal ion formation constant. The ratio method is found 
to be a convenient and reliable method which is not influenced by decomposition of the dye or by statistical errors in the 
extrapolation procedure. The activity coefficients as determined by the two wzwelen#h dye spcctrophotometric method are 
compared to results of Donnan exclusion measurements, and of EhlF measurements using a calcium ion selective electrode. 
The results of the spectrophotometric method are equal to those of the two other methods within the limits of error in the 
latter. The spectrophotometric measurements can extend to much lower ion activaties than the other two methods, and can 
be done in the presence of a large excess of added electrolyte, yielding results of considerably improved precision: when com- 
pared to Donnan and EMF methods. 

I _ Introduction 

The measurement of the divalent metal ion activity 
or the free divalent metal ion concentration in poly- 
electrolyte solutions containing both uni-univalent and 
d&univalent eIectrolytes is of considerable practical in- 
terest. The binding of multivalent metal ions by poly- 
anions including acidic polysaccharides, polypeptides, 
and polynucleotides is strongly dependent on the ionic 
strength of the added 1 I 1 electrolyte. This ionic strength 
dependence has recently been examined in detail by 
Manning [I 3 and Iwasa 121, who considered the speci- 
fic polyelectrolyte characteristics of-the binding process. 
These theories are fully predictive in that they describe 
the extent of binding in terms of a single polyion prop- 
erty, i.e. the average linear charge separation on the 
polymer backbone. The treatment of Manning is for the 
limiting case of high 1 : 1 electrolyte to polyion con- 
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centration ratio as in the earlier “limiting laws“ [3,4], 
and for a hypothetical line charge polyion. Thus it is of 
considerable interest to see how the degree of binding of 
earth alkaline and transition metal ions to a variety of 
polyions corresponds to this theoretical treatment. How- 
ever, the number of experimental studies allowing such 
a comparison is very limited. 

It is possible to study the binding process of the di- 
valent ion indirectly by following the activity of the 
released univalent ions. However, it is far better to study 
the binding of the divalent ion directly. For this pur- 
pose, measurements in mixed counterion polyelectro- 
lyte solutions with added salt have included Donnan ex- 
clusion measurements with a dialysis cell method [S .6] , 
selective ion electrode methods [6], ESR [7] , and dye 
binding spectrophotometry [S] _ Selective ion electrode 
methods do not provide data which are accurate enough 
in the concentration range of physiological interest 
(typically well below 10e3 M for the divalent ion) and 
for some metal ion electrodes there can be considerable 
interference from the univalent ions present in large ex- 
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cess. Donnan equilibrium measurements often suffer 
from relatively large errors caused by the analytical 
determinations, especially at low metal ion concentra- 
tions or when the amount of metal ion bound is small. 
ESR methods are of course applicable only to metal 
ions with unpaired electrons like the Mn2+ ion. The dye 
spectrophotometric method used in this study has the 
advantages of relative simplicity, applicability in the 
range of metal ion concentrations of physiological in- 
terest, and absence of interference by excess 1 : 1 elec- 
trolyte. 

Dye spectrophotometric measurements for the de- 
termination of metal ion activities date back to the work 
of Raaflaub [9] and of Schwarzenbach [lo] _ Kohn and 
co-workers [I l-14] have used a variation of this meth- 
od, which we will call the two wavelength ratio method 
for an extensive study of earth alkaline metal ion ac- 
tivities in polysaccharide solutions_ Krakauer 181 was 
the first to apply the method of Diehl and Lindstrom 
[15] which we will call the extrapolation method, to 
biopolymer solutions with mixed counterions and ex- 
cess 1 : 1 electrolyte. It is the purpose of this paper to 
examine the applicability of the dye spectrophoto- 
metric method to the determination of divalent metal 
ion activities and free metal ion concentrations in poly- 
electrolyte solutions with added 1 : 1 electrolyte_ A 
comparison of the methods of Kohn [l l] and of Kra- 
kauer [S] will be made, and for well defined systems 
the results from the dye method will be compared with 
those obtained from the long established electrochemical 
or Donnan equilibrium methods, in concentration re- 
gions where both techniques provide reliable data. In 
a subsequent paper 1161 the Kohn method will be ap- 
plied to the study of Mg?-* and Ca*+ binding to dex- 
transulfate in solution containing added NaCl or KCl. 

In the dye spectrophotometric method a small 
amount of dye is added to the solution containing the 
divalent metal ion, polyion, and added electrolyte, the 
amount of dye being so small relative to the polyion 
monomolar concentration and the metal ion concentra- 
tion that the fraction of metal ions taking part in the 
dye equilibrium 

M+D*MD (1) 

(M = metal ion, D = dye, MD = metal-dye complex) 
is small. Moreover, the formation constant of the 
metal-dye complex must have an appropriate value 
such that under actual experimental conditions the 
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equilibrium in eq. (1) is neither fully to the right nor 
to the left. In practice this means that for activity ranges 
of physiological interest the apparent equilibrium con- 
stant Ic,, , defined by: 

%P = C&Ch% - CD (2) 

should be between 500 and 10 000. The dye should 
have large extinction coefficients in both complexed 
and uncomplexed forms, and the extinction maxima of 
the two forms should be well separated. Finally, the 
dye should be relatively stable, and the absorption 
should be. independent of solution pH, or the pH of the 
solution should be carefully controlled. In this study 
we use Eriochrome Black T (EBT) for the determina- 
tion of magnesium activities [S] and tetramethyl- 
murexide @MM), a reagent used extensively by Kohn 
and co-workers [l l-141 , and in a different application 
by Ohnishi 1171 for the determination of calcium ac- 
tivities- For TMMCa’* the reported KaPP values for an 
ionic strength range of 0.005-0.1 mole/P are 500 [I23 
and 360 at pH 7 [17] _ Since the TMM-Ca*+ equilibrium 
is pH independent K,, should not vary with pH at 
least in the pH range studied by these authors. For 
EBT-Mg2+ K,,, values between 2000 [8] and 4000 
[10,15] are reported in solutions of pH 8 and ionic 
strength 0.1 mol/f!. Since the molar absorbance of EBT 
solutions and the EBT-Mg*+ equilibrium strongly 
depend on pH, all solutions must be carefully buffered. 

2. Method 

Consider the dye-metal ion equilibrium: 

M*+ + H 
n 

D”r - + MD(m+“- *)- + nH+ (3) 

for TMM n = 0 and m = 1; for EBT in the pH range 
73 - 105, II = 1 and m = 2. The thermodynamic equi- 
librium constant, K-,,, is given by: 

&Ii = (~DICH,D)(TMD’I”Hf.I~nD~~~ 3 (4) 

where cBnD and C,,, are the concentrations of free 
dye and of metal-dye complex, rMD and 7r..r,D their 
respective coefficients, Us+ the hydrogen ion activity 
and ah, the free metal ion activity. For the sake of 
simplicity the charges on M, D and MD have been omit- 
ted. If we define a function K as: 

I‘ 
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it is clear from comparing equations (4) and (5) that K 
will be a constant if y~~/y&.D and a$ are constant. 
Thus, K can be considered constant at a given ionic 
strength and a given pH, as long as the dye concentra- 
tion is low relative to the ionic strength. ahl can be de- 
termined if C&CH,$ and K are known: 

log aM = log C&&# - log K. (6) 

At a given wavelength the total absorbance of HD and 
MD is given by: 

A = %D=HD + EMDChlD (7) 

where EHD and ehrD are the extinction coefficients of 
HD and MD at the given wavelength. It can easily be 
shown 19,143 that: 

%DIcHD = (/P - A)/@ -P). (8) 

where A * is the absorbance in the absence of metal ion 
M, and AE the absorbance in the presence of excess M. 
Once for a given solution A’, AE and A have been de- 
termined, nM can be obtained from eq. (6) by using the 
appropriate value of K determined from A 0, AE and A 
measurements of a reference solution of identical ionic 
strength and known ahl_ Although this procedure ap- 
pears simple, there are a number of problems_ A long ex- 
trapolation is needed to obtain K from the absorbance 
measurements in the reference solutions, resulting in 
large uncertainties in K which in turn can seriously 
influence the activity determinations in the unknown. 
This problem is especially serious since E; depends 
strongly on the ionic strength. The extrapolation meth- 
od has been used by Krakauer [S] tc determine the 
free magnesium ion concentration in mixtures of MgCl,, 
NaCl, and various polynucleotides, using EBT at pH 8.0 
as the dye. The long extrapolation involved in this 
method can be avoided by following a different proce- 
dure for calculating nhi _ From the measured absorbances 
for solutions of known ionic strength and ahI, the log 
C”ID/CHD values can be calculated using eq. (8). A 
reference curve is constructed for log C’,,/C,, versus 
log ahI (eq. (6)). From the measured absorbances of the 
unknown solutions log CMD/CHD is calculated and the 
corresponding aM values are obt&ed from the refer- 
ence curve. In this procedure it is important to use 
exactly the same ionic strength in reference and un- 
known solutions. We will call this procedure the modi- 
fied extrapolation method. A second problem with the 
dye method is the decomposition of the dye. This is 

not a serious problem with TMM, but in the case of 
EBT in solution autooxidation causes a decomposition 
rate of about 2% per hour at room temperature which 
can lead to serious errors in the activity determination. 
Although this problem can partially be overcome by 
“sandwiching” absorbance measurements on reference 
and unknown soIutions, it is completely eliminated by 
the two waveIength ratio method described below. 

The two wavelength ratio method first suggested by 
Buddecke and Drzeniek [18] was later well investigated 
by Kohn et al. 11 I-141 _ In this procedure the absor- 
bance of the solution is measured at two wavelecgths 
instead of at one as is done in the extrapolation method. 
The wavelengths chosen are normally the absorbance 
maximum of the free dye (h’) and the absorbance 
maximum of the metal-dye compIex (A”), although 
in some cases it may prove advantageous to choose 
wavelengths slighhtly away from the maximum. The 
ratio of absorbances A at h” and at h’, @ = A(h”)iA(h’), 
is plotted against aM for a series of reference solutions 
of known metal ion activity, with ionic strengths ident- 
ical to the unknown solutions and divalent to univalent 
ion concentration ratios similar to the unknown solu- 
tions, but of course without polyelectrolyte. This plot 
can be referred to as the calibration curve. For un- 
known solutions ahi, the activity of the free divalcnt 
metal ion, can be obtained by again determining Q for 
these solutions, and then using the calibration curve to 
obtain ah3 in the unknown: 

0 = (&,&, + E;&&,)&-,CH~ + E;&&,)~ (9) 

where e” is the extinction coefficient at h”, the metal- 
dye complex absorption maximum, and e’ is the ex- 
tinction coefficient at h’, the free dye absorption maxi- 
mum. Combining eqs. (5) and (9): 

Q = i& t- +&Q1)/(& f &DKa31) (10) 

and thus we see that @ is a function of the extinction 
coefficients of HD and MD at h” and h’, of the ionic 
strength, the pH (if PZ f 0, eq. (3)), temperature, and 
&. If Q is measured at fued X’, X”, 1, T, and pH it is 
only a function of Qhl for a given metal ion-dye com- 
bination_ We first of all notice that if ctD and I&, are 
zero Q is &ear in aM _ Of course this is hardly ever the 
case_ In the absence of metal ion we have Q = &D/&D, 
i.e. a value smaller than I and in the case of a good sepa- 
ratoin of absorbance maxima @(ah% = 0) will be close to 
zero. When we have a large excess of metal ion Q ap- 
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proaches a constant value E&/&D, which will be much 
larger than I_ For low and intermediate “I\1 values Q 
will be approximately linear at a given ionic strength 
and pH, in general when &,KahI 4 &, , Q will be 
linear in anI. Thus we can predict the general shape of 
rhe calibration curve. First of all in the Chr r&nge from 
zero to excess Mz+ $J will vary from .&,/E& to E&J 
&_ Q will initially the linear in ah*, but it will start 
to deviate from linearity as ahI increases and finally it 
will reach a constant maximum value equal to E&&,- 

Although the dye spectrophotometric method seems 
a sensitive and reliable method, there still are a number 
of uncertainties associated with it. Questionable are for 
instance the assumption that ‘yk&r’B,,D (eq. (4)) is the 
same in reference and unknown solution, the influence 
of small pH variations (typically of the order of 0.01 
pH unit), the ionic strength dependence of the extinc- 
tion coefficients, the possibility of polymer-dye inter- 
actions (of course for the case of polyanions we choose 
anionic dyes), the ionic strength calculation in the po- 
lymer solution where only the free metal ion is included 
in the ionic strength, and as always the thermodynamic 
impossibility of apparently measuring a single ion ac- 
tivity. With respect to this last point we note that the 
method indeed only seemingly determines a single ion 
activity_ Inspection of eqs. (3) and (4) reveals that the 
small anion (Le. Cl- in our case) should be included, 
and that its presumably constant activity enters both 
numerator and denominator of eq. (4) Before applying 
the dye spectrophotometric method to a study of 
metal ion-polyion interactions (16) we will in this 
paper compare the spectrophotometric activity deter- 
minations to the thermodynamically well defined re- 
sults from Donnan equilibrium and EMF methods. 

3. Experimental 

The polymer, sodium dextransulfate, average mole- 
cular weight 500 000, was obtained from Pharmacia, 
Uppsala, Sweden, Potassium dextranstiate was ob- 
tained from the sodium salt by dialysing. against KC1 
[19] _ The purification and concentratian procedures 
have been described elsewhere [19]. Erioctrome 
Black T was obtained from G. Frederick Smith Co., 
Columbus, Ohi- It was further purified according to the 
method of Diebl and Lindstrom [ 151. Purified tetra- 
methyl murexide was kindly supplied by Dr. R. Kohn 
of the Institute of Chemistry, Slovak Academy of 

Sciences, Bratislava, Czechoslovakia. For maintaining 
a constant pH, reagent grade tris(hydroxymet.hyl) 
aminomethane neutral&d with HCl to a pH of 8.00 
was used as a buffer. The buffer concentration in all 
solutions was less than 2.5 X 1W3 M. There are two 
reasons for selecting this buffer- First, it has a good 
buffering capacity at pH 8 and the low concentrations 
(2 X 10” M) used, and second the corresponding ca- 
tion of the base, tris(hydroxymethyl)-methyl ammo- 
nium is a fairly large ion and is not expected to inter- 
fere in activity measurements of alkali or earth alkali 
metal ions. All solutions were made in deionized water 
and all concentrations shown in various figures and 
tables are in mode/litre (M)_ 

Absorbance measurements’ were performed with a 
Cary 14 UV/VlS recording spectrophotometer. The in- 
strument was calibrated with each change of wave- 
length_ 1 cm high precision optical cells were used. 

All mixtures were prepared by weight from stock 
solutions of known concentration. The ionic strength 
of the reference solutions is simply calculated as the 
sum of the ionic strengths of the constituents (MgCl, 
or CaClz, NaCl or KCI, buffer). In the case of the un- 
knowns, the procedure is more complicated and more 
uncertain, at least when the ionic strength is relatively 
low. The problem here is whether or not to take into 
account the bound counterions in the ionic strength 
calculation. Since our measurement in fact determines 
the number of bound counterions there is no straigbt- 
forward answer to this. We adopt a procedure based on 
the observation of condensation theory 14,6) that for 
univalent counterions the net charge density param- 
eter .& equals 1, and for divalent ions it equals $ _ 
Depending on the divalent metal ion concentration solu- 
tions are divided into three regions with !&et = 1,s < 
.$,rei < 1, and .&.t = $ - As long as Enet > 4 the free di- 
talent metal ion concentration is considered zero, and 
univalent counterions are bound to make Ennet = 1. When 
&,,,, < 1 all univalent icms are considered free. The ionic 
strength is calculated by adding the concentration of 
all free small ions and the buffer. Although this simple 
behaviour is different from what is actually observed, 
at low ionic strength it resembles the observed beha- 
viour reasonably closely, and at high ionic strength 
there is a large excess of 1 : 1 electro3yte_ Moreover, 
the results of the ratio method are not critically depen- 
dent on knowing the ionic strength 

The dye solution was added to both reference and 



unknown solutions just before carrying out the absor- 
bance measurements. This is required in order to mini- 
mize problems due to decomposition especially of EBT. 
The dye concentration in all solutions was fixed at 
about 3 X lops M. 

For EBT-Mgz* the absorbance was measured at 
615 nm 0’) and 560 nm ofl). For TMM-Ca21 530 
run (X’) and 490 nm (A”) were used. 

The Donnan exclusion measurements used for MgC12 
activity determinations have been described in an earlier 
communication [6]. The internal solution contained 
MgCI,, NaC1, and dextransulfate: The external solution 
contained MgCl, and NaCl. The internal and external 
solutions were equilibrated in closed glass containers 
with constant stirring for about 100 hours. After equili- 
bration both internal and external s0lutions were 
analyzed for Mg2’ (complexometric titration) and for 
Cl- (titration with A@$). The concentration deter- 
minations were reproducible to 20.1% for MgZ+ con- 
centrations above 0.004 M and for Cl- concentrations 
above 0.01 M, with progressively larger errors at lower 
concentrations. For this reason the Donnan exclusion 
measurements were performed in solutions with a 
polyion concentration between 0.002 and 0.01 moles/Q 
and the Iowest divaient metal ion concentration used 
was 0.001 moles/B_ Donnan exclusion measurements 
yield the mean ionic activity of MgCl, in the unknown 
solution. 

The EMF measurements used for the determination 
of Ca2+ activities were identical to the ones described 
in earlier communications [620] _ Orion Ca2+ electrodes 
(Orion Research Inc, Cambridge, MA, U.S.A.) were 
used in combination with Ag/AgCl electrodes, yielding 
the mean activity of CaC12 in the unknown solution. 

Single ion activities for Mg2’ and Cazf were calcu- 
lated from the MgCl, or CaC12 mean activities deter- 
mined by ths Donnan or EMF methods, for direct 
comparison with the dye-spectrophotometric method 
using the Maclmres convention (see results section). 
Since the maximum ionic strength used was 0.05 M 
and the maximum Mg2* concentration was 0.006 M, 
thii is a reasonable procedure 120,221. Systematic er- 
rors in this convention would not influence our con- 
clusions since all comparisons are at similar ionic 
strengths, and all solutions have only smal1 Mgz+ or 
Ca*+ equivalent fractions. All needed mean activity 
coefficients were interpolated from the data in Robin- 
son and Stokes [23,20]_ 

4. Results and discussion 

Calcium and magnesium ion activities in the poly- 
electrolyte solutions were calculated from the dye-spec- 
trophotometric daia using the following procedures. In 
the extrapolation method [8,15] the A’ value (eqs. (6) 
(8)), is obtained by plotting log (A o - A)/(A - AE) 
versus log ahI for a series of reference solutions of con- 
stant ionic strength_ The metal ion activity coefficients 
in the reference solutions were calculated with the 
MacInnes convention: 

Y&l) = -Y@cl,)lr;(KCl) (11) 

where 7% (MC12) and -y+ &Cl) are the mean activity 
coefficients of MCI, and KC1 in pure saIt sohrtions at 
the same ionic strength I. At the low ionic strengths 
used in these studies the various single ion activity con- 
ventions would lead to the same results [24]_ Moreover, 
in our measurements the major interest is in -variations 
of the singIe ion activities, and these variations will al- 
ways be relative to the same reference solution. The 
value obtained for K is then used with eqs. (6) and (8) 
to determine nM in the polyelectrolyte solutions. The 
long extrapolation involved in this method to obtain K 
is a serious drawback. For instance, for EBT-Mg”* at 
pH 8.00 (buffer concentration 2 X 10W3 M, dye con- 
centration 3 X I O-5 M), in NaCl-MgC12 mixtures of a 
total ionic strength I= 0.1 M, we find log K = 3.82 & 
0.10. Under the same conditions Krakauer (71 finds log 
R = 3.67, thus the two values are within experimental 
error. If we apply these two values e.g. to dextransulfate 
- NaCI-MgC12 mixtures of polyion concentration 0.01 
M and Z = 0.1 M the calculated magnesium activities 
differ by as much as 30% in the magnesium concentra- 
tion range 5 X lOaM to 6 X 10q3 M, even though the 
variation in the magnesium activity with concentration 
as calculated with a particular K value is perfectly con- 
sistent and is practically identical with either of the two 
K values. In order to avoid this ambiguity, which is not 
due to the measurements but to the errors inherent in 

the calculation procedure, we use a modified extrapola- 
tion method_ In this method rather than actually extra- 
polating the results for (40 - A)/@ - AE) to obtain K 

(eq. (6)), a reference curve of (~0 -A)/@ - AE) versus 
ahI is plotted for the reference solutions, and &, in the 
unknown solutions is obtained from the value of (do - 
A)/@ - AE) in these solutions. 

In the two wavelength ratio method the absorbances 
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Fig. 2. Comparison of modified extrapolaticn method and two 
wavelength ratio method for Mg’+ activity determination in mix- 
tures of dextiansulfate, NaCl, and MgC12. Polyion concentra- 
tion 0.001 M. ionic strength 0.015 M. pH 8.00 -C 0.02. 0: ratio 
method. X I moditied extrapolation method. Below C = 2 X 1Cr3 
only ratio method points are shown, extrapolation method 
points are identical within accuracy of graph in this region. 

IL 
0 

points for @ and for nM are reproducible to +l% or 
better_ 

In fig. 2 and table 1 we show comparisons of the 
results from the one wavelength extrapolated method Fig. 1. The dependence of Q (es. (10) on the Mg= activity in 

aqueous mixtures of NaCl and MgC12. Dye: EBT. pHr 8.00 k 
0.02. Total ionic strength: v: 0.01; A: 0.04; o: 0.08.n~g cal- 
culated from eq. (1 I)_ 

at h’ and A” of the reference solutions of fmed ionic 
strength and variable Mz+ content are used to obtain 
a calibration curve of $I versus ahl. The q value in the 
unknown solution is then obtained from the C#J value 
measured for this solution and the calibration curve at 
the same ionic strength. A typical example of calibra- 
tion curves is presented in fig. 1 for a wide range of Mg2* 
activities. In actual practice often only the lower range 
of the curve is needed, and many more points are used 
between 0 - 2 X 10d3 M than are plotted here. It is 
seen from fig_ 1 that the ionic strength does not in- 
fluence the ratio method calibration curve_ The repro- 
ducibility of points on the curve is only moderate in 
this graph because the series at different ionic strengths 
were independently made up with different dye stock 
solutions. For actual measurements the same dye stock 
solution is used for reference and unknown solutions, 
and within the concentration range shown data points 

Table 1 
Activity coefficients of Mg=, ye , in mixtures of dextiansul- 
fate, NaCI, and MgC12. Cp = 0.00 ‘i M, total ionic strength 
0.015 M. Dye: EBT. pH: 8.00 + 0.02. RM: ratio method; 
MEM: modified extrapolation method- Reproducibility of data 
points: * 1%. 

f&g X lo4 RM MEM 

0.225 0.23 0.11 
0.994 0.285 0.15 
2.19 0.317 0.320 
3.34 0.335 0339 
4.32 0.363 0369 
5.82 0.388 0.381 
7.32 0.432 0.422 
8.82 0.443 0.437 

10.9 0.46 1 0.454 
12.9 O-478 0.478 
15.0 0.495 0.482 
17.1 0_507 o-501 
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and the two wavelength ratio method. The results in 
solutions of high polyion concentration in fig. 2 were 
expressed as activities. The results for Mg*+ concentra- 
tions up to 4 X 10m3 M are within ?he estimated 1% 
precision, above this concentration the methods differ 
by 5 to 15%. We should point out that the nhl values 
for these two methods were calculated from two sepa- 
rate experimental runs, thus the errors include regular 
experimental errors in concentrations, absorbance, etc. 
On the whole the agreement between the two methods 
is very satisfactory especially in the range where we will 
do most of our experiments (C& < 4 X 10d3 M). It is 
also clear from the graph that the scatter observed in 
the data points is far less for the two wavelength ratio 
method than for the one wavelength modified extra- 
polation method. In table 1 we compare results ex- 
pressed as single ion activity coefficients of the Mgz+ 
ion, now for solutions of ionic strength’0.015 M, poly- 
ion concentration 0.001 M and Mgz+ concentrations 
between 2 X low5 and 1.7 X 10e3M. Except for the 
fust two points the agreement is within the estimated 
experimental error of al%_ The fust two points are at 
very low Mg*+ concentrations where the dye is still 
practically completely in the free dye form. In this 
region both methods lose sensitivity, just as they do in 
the very high Mg?-+ concentration region where all dye 
is the metal-complex form. However, because the varia- 
tion in 4 is larger than the variation in (A 0 - A)/@ - 
AE) at one wavelength, the ratio method can be ex- 
tended to lower and to higher concentrations than the 
extrapolation method. It is clear that the results from 
the ratio method are fully in agreement with those from 
the extrapolation method used by previous investiga- 
tors, but the ratio method has a number of significant 
advantages. The ratio I$ is independent of the dye con- 
centration and therefore in the ratio method no signifi- 
cant error due to decomposition of the dye (e.g. the 
autooxidation of EBT) is introduced, and Q is not scn- 
sitive to small variations in dye concentration from 
sample to sample. With the extrapolation method auto- 
oxidation of EBT would result in calculated activities 
higher than the real values. The magnitude of this change 
would of course depend on the rate of decomposition 
and the measurement time. In the ratio method -40 and 
AE (absorbances in the absence of M*+ and with excess 
M*+ respectively) do not have to be determined_ Final- 
ly, the ratio method is more sensitive than the extrapo- 
lation method, and can be extended to lower and higher 

I o-9 , 

O-8 1 
d 
/Mg0.7 

0.6 I 
O-5 

i 
I I 

1-o 2.0. 3-o 1-O 5-O 6-O 

- La x103 

Fig_ 3. Comparison of dye spectrophotometric method (ratio 
method) and Donran equilibrium method for the determina- 
tion of the corrected Mg= activity coefficient, yc in mixtures 

of dextransulfate, NaCI, and MgC12. 3: Cp = 0.002, I = 0.04; 
0: c 
I = dlos. op 

= 0.004, I = 0.04; D: cp = 0.007,2 = 0.05; a. cp = 0.01, 
en symbols: Dorman equilibrium method. Closed 

symbols: dye spectrophotometric method. Error bars indicate 
the esrrmated error in Donnan method. Estimated error in ratio 
method results is within the size of the data points as plotted. 

metal ion concentrations_ In our opinion the reproduci- 
bility and the accuracy of the activity determinations 
is also improved by using the two wavelength ratio 
method. In fig. 3 we compare activity coefficients of 
Mg*+ in mixtures of dextransulfate, MgCI,, and NaCl 
as determined by the dye spectrophotometric method 
(ratio method) and the Donnan exclusion method. The 
comparison is done in a concentration region in which 

both methods can provide accurate data. It was shown 
earlier that for Mgz+ - EBT the ratio method can pro- 
vide accurate data in the Mg*+ concentration range 

2 X 10m5 - 6 X 10-3M. The Donnan exclusion method 
cannot provide accurate data if C’,, < 10d3M, largely 
because of analysis errors. In order to be able to do the 
comparison on solutions with Mg?+ to polyion concen- 
tration ratios in a range where the polyelectrolyte effect 
is particularly noticeable, we have chosen polyion con- 
centrations Cr, between 0.002 and 0.01 M, Mg** con- 
centrations between 0.001 and 0.006 M, and ionic 
strengths between O-004 and 0.05. The ionic strength 
cannot be closely controlled in Donnan equilibrium ex- 
periments. The solutions for the spectrophotometric 
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method yields single ion activities_ In order to compare 
the two methods for MgC12 mean activities calculated 
from the Dorman equilibration measurements were con- 
verted to Mgz’ single ion activities using the procedure 
of eq. (11). The Mg2’ activ,iy coefficients presented in 
fig. 3, are corrected activity coefficients relative to the 
single ion activity coefficient of Mg’* in the reference 
solution of the same ionic strength: 

yilg = yMg TY~&), 
where yg$ is the measured activity coefficient in the 
polyelectrolyte solution, i.e. $2 = ahI&& and 
y&(Z) is the activity coefficientoin the reference solu- 
tion calculated with the Maclnnes convention_ In this 
case of excess salt this procedure will enable us to 
equate (1 - y& ) to the fraction of Mg ions bound by 
the polyion [167 . When salt is not in excess, y& can 
be seen as representing the activity coefficient of Mg2+ 
in the polyelectrolyte solution corrected for the small 
ion-small ion interactions, i.e. the lowering of the ac- 
tivity due to polyion-small ion interactions only (i.e. 
binding +. long range inreractions). The measurement 
error in rgz as determined from the spectrophotome- 
tri!: measurements is estimated as ~I.006 in the concen- 
traton range covered in fig. 3. This error estimate is 
based on the observed reproducibility of duplicate mea- 
surement series. The values calculated from Donnan 
equilibrium measurements are derived from single mea- 
surements, the error in ~,(MgC12) from the Donnan 
method, based on the uncertainties in the concentra- 
tion determina.tions, is 5~01_ Of course this yields a 
much larger error in yrrr, estimated at 9.03 for most 
of the values reported in fig. 3_ The error bars in this 
figure are the estimated errors in the activity coeffi- 
cients derived from Donnan exclusion measurements_ 
The observed reproducibilities of the activity coefti- 
cients as measured with the ratio method are within 

the size of the data points in this graph. Fig. 3 clearly 
shows the superior reproducibility and consistency of 
the dye spectrophotometric data. We notice that with- 
in the estimated limits of error there is excellent agree- 
ment between the two techniques for the measurement 
series at Cr, = 0.002 M (Z = 0.04 M) and Cp = 0.004 
(Z = 0.04). Differences slightly outside the estimated 
error limits are observed for some of the points in the 
CP = 0.007 (Z = 0.05) and Cp = 0.01 (Z = 0.05) series. 
For these two series the activity coefficients derived 
from the ratio method follow the expected concentra- 

Fig. 4. Comparison of dye spectrophotometric method (ratio 
method) and ton seIective ckctrode method for the determina- 
tion of Ca2+ activity coefficients, 7 esp in mixtures of destran- , 
sulfate, NaCl, and CaClz. Cp = 1r3 M, total ionic strength 
0.005 hi. Dye: ThlM. Open symbols: EhlF method. Closed 
symbols: ratio method. Estimated error limits indicated by 
error bars or by size of the data points as plotted_ 

tion dependence, and the series are internally consistent_ 
Thus the disagreement seems largely due to errors in 
the Donnan equilibration measurements. Generally 
the good correlation between the results from the two 
measurement methods reflects the reliability of the dye 
spectrophotometric data, corroborating the validity of 
the assumptions on which the method is based. In the 
systems under investigation EMF measurements with 
selective ion electrodes should yield metal ion activities 
with measurement errors comparable to or lower than 
the Donnan equilibrium measurements. We have found 
the Ca?* liquid membrane electrode quite reliable in 
polyelectrolyte solutions with added NaCl [6] _ We use 

the Ca2+ electrode in conjunction with a Ag/AgCl elec- 
trode, the electrodes are standardized on known NaCl 
-CaC12 mixtures as before 16 3 .7c”,” is again calculated 
from eq. (11). Dye spectraphotometric measurements 
for Ca2+ were done using TMM as dye and the two 
wavelength ratio method. Results for $“,p from the two 
methods in dextransulfate-NaC1CaC12 mixtures, Cp = 
0.001, CC, varies from 4 X lOA to 12 X 10-3 ,I = 
0.005, are shown in fig. 4. For both measurement. 
methods the estimated error in 7 is indicated by size 
of the data points or by error bars. The complex forma- 
tion constant KapP for the Ca*+-TMhS complex is al- 
most a factor 10 smaller than the corresponding Mg2+-- 
EBT complex formation constant. Because of this the 



slope of Q with the Ca?-+ activity is relatively small and 
as a result the reproducibility of the ‘yes determinations 
with the dye spectrophotometric method is not as good 
as that of the corresponding yxIZ determinations. We 
use an error estimate of eO.01 f& ~,-a determined by 
the spectrophotometric method, and 20.015 for data 
derived from EMF measurements. Finally, it should be 
noted that a Ca2+ concentration of 4 X IO-“, corre- 
sponding to an activi&y of about 1 X iO-” is certainly 
the lowest concentration where the Cal* selective ion 
electrode can still be used to obtain reasonably accurate 
values for -y_ The ratio method on the other hand can 
be extended to CaZc concentrations well below 1 O-” 
(i.e. activities as low as 10m5), aIthough here too the 
reproducibility is not as high as for the corresponding 
Mg activity determination. We observe a reasonable 
agreement between the two sets of data shown in fig. 
4, with again the spectrophotometric data showing less 
scatter. Kohn et al. [I l-141 have esamined Cal” and 
Srz+ activity determinations by the ratio method using 
TMM as dye, and also come to the conclusion that the 
ratio method can be used for accurate Ca2+ and SrZ* 
activity determinations, sometimes even in the pre- 
sence 0f nfp _ 

In conclusion, we can state that the dye spectro- 
photometric method for MgZ’ and Caz* activity deter- 
minations yields accurate and reliable results even in 
complex mixtures containing polyions and excess uni- 
valent salts. The method is very suitab!e for the deter- 
mination of activities in the range of physiological in- 
terest (lo-5 - 10W3 M). Results from the dye spectro- 
photometric technique are in good agreement with data 
from classical techniques like Donnan equilibration and 
EMF methods. The dye spectrophotometric method 
yields data of superior reproducibility when compared 
with these two classical techniques, and can be applied 
to a wider range of solution concentrations for the 
metal ion of interest. From the two dye spectrophoto- 
metric measurement methods studied, the two wave- 
length ratio method developed by Kohn is found to be 
extremely convenient. Its results are not influenced by 
dye decomposition or by systematic errors due to long 
extrapolations needed to obtain the complex formation 
constant. The ratio method has an enhanced sensitivity 
when compared to the extrapolation method or the 
modified extrapolation method. For the ratio method 
or the extrapolat!on method to yield accurate data in 
mixed salt-polyelectrolyte systems a careful selection 

of the dye is needed. For instance, the Krapp value, eq. 
(2), of the metal-dye complex shouId range approxi- 
mately between 5 X lo2 and 104_ The dye should not 
interfere with the binding of counterions to the poly- 
ion. The absorbance maxima for the free dye and the 
metal-dye complex shouId be well separated, and the 
extinction coefficients of dye in the two forms should 
be large_ These conditions are generally met for Mg’+ 
-EBT at pH 8, and for Ca?+-TMM at pH 6-8. 
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