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angular-overlap parameter, the angular-overlap integral S;(R) 
over the 4f Yb3+ function and np ligand function is given. The 
e, values for [ (C6Hs)4A~]zYb(N03)s correspond reasonably 
well to the S,Z(R) value as is shown in Table 111. 
Conclusions 

The analysis of ESR spectra of low-symmetrical [(C,- 
Hs)4As]2Yb(N03)s have clearly demonstrated that it is not 
justified to assume idealized high symmetry. The angular- 
overlap model has been shown to be a valuable tool for the 
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interpretation of the spectral and magnetic properties of low- 
symmetry rare-earth complexes. The obtained values for the 
angular-overlap parameters give some insight into chemical 
bonding between rare-earth ions and ligand ions. 
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The pH-dependent equilibria between copper(I1) and 3,7-diazanonanedioic acid diamide (DANA, L) have been studied 
in aqueous solution by EPR Spectroscopy. Data of high quality were obtained by designing a specific titration system using 
a flow cell. Representation of the digitized spectra in their eigenvector basis significantly reduces the number of data to 
be handled in the subsequent numerical treatment and also gives the number of complexes present in solution. Stability 
constants (log pCuL = 12.06, log pCuL = 7.05, log pCuLK, = 8.41) and solution EPR spectra of the different complexes 
(gcuL = 2.125, gCuLH-, = 2.1 11, gCuLH-2 = 2.100) were calculated by using a program based on Marquardt's modification 
of the Newton-Gauss nonlinear least-squares method. No information with respect to the EPR spectra of the species is 
needed, which makes the mathematical technique especially useful if several complexes are formed simultaneously and 
if their spectra are unknown and/or strongly overlapping. The results of this study show that EPR titration offers an alternative 
both to potentiometry and to spectrophotometry for the investigation of solution equilibria. 

Introduction 

The EPR spectra of paramagnetic ions strongly depend on 
the ligand environment.' EPR spectroscopy therefore should 
be a valuable tool for investigating complex equilibria in so- 
lution. However, solution EPRz,3 plays only a minor role 
among the methods used for determining equilibrium constants 
and moreover is mostly restricted to the simplest systems, 
which can be described by a single Examples are 
the association of iodide with organic radical  anion^,^ inner- 
and outer-sphere complexes of Mn2+ and simple anions,6q7 and 
ion-pair formation between organic radical anions and alkali 
metal  ion^.^.^ 

EPR parameters used in the determination of stability 
constants are (i) coupling  constant^,^ (ii) line ~ i d t h s , ~ , ~  (iii) 
g  value^,^ and (iv) line intensities, i.e. spin concentrations.8 
Methods i-iii can be used, where the complexation kinetics 
are fast on the EPR time scale and where only one time-av- 
eraged signal is found. In cases where the different species 
in a mixture give rise to separate signals, only method iv can 
be applied. 

In the EPR spectra obtained from a mixture of organic 
radicals, the observed lines are readily assigned to the indi- 
vidual species because the spectrum of a pure component 
consists of a set of rather sharp and narrow lines.' The con- 
centrations of the different species are obtained by simply 
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integrating over the respective lines. lo Computer programs 
exist for this purpose." The situation is quite different for 
many transition-metal complexes due to the much broader 
spectra.' E.g. for cupric complexes, where the dependence of 
the EPR parameters on coordinating atoms, geometry, and 
charge is well ~nderstood, '~J~ the spectra of the species present 
in an equilibrium system are strongly overlapping.14J5 
Therefore, for species that occur only to a minor extent, the 
spectra cannot be obtained straightforwardly and the problems 
in determining stability constants from EPR data are the same 
as in spectr~photometry. '~*'~ 

Only recently a paper appeared that dealt with the deter- 
mination of equilibrium constants for a number of Cuz+- 
peptide complexes from EPR data.18 The calculation was 
done on a mainframe computer using a grid search, which is 
easy to apply but converges slowly and is thus expensive in 
computer time.lg The procedure used'* has the disadvantage 
that for n simultaneously occurring complexes n - 1 spectra 
have to be known, which limits its practical use to systems with 
only two species occurring in a certain mixture. 

In the present work the complexation of Cu2+ by 3,7-dia- 
zanonanedioic acid diamide (DANA, L) in aqueous solution 
was studied by EPR spectroscopy. The main difficulties re- 
lated to the use of EPR data in the determination of stability 
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evaluated with the program EPRFIT*~ (written in Basic), which consists 
of three parts: (i) The first one is a modified version of E I G E N ~ ~  and 
represents the measured first-derivative EPR spectra in their eigen- 
vector basis. This leads to a significant reduction of the amount of 
data to be handled in the iterative refinement of the equilibrium 
constants without any loss of significant information. The eigenvector 
representation also gives us the number of complexes occurring during 
the titration. (ii) The second part is a modified version of EL OR MA'^ 
with automatic generation of the Newton-Raphson subroutine (used 
to calculate the concentration of the different complexes for a given 
set of equilibrium constants) and using analytical derivatives as in- 
troduced into TITFIT.24 The program uses the Newton-Gauss- 
Marquardt algorithm25 and calculates the best equilibrium constants 
(Le., the one leading to the minimal square sum) for the whole data 
set simultaneously. It only needs estimates for the equilibrium 
constants, while the molar EPR absorptivities (Le., the dZ/dH for every 
H) are eliminated from the iterative refinement. The EPR spectra 
of the complexes are obtained noniteratively from the final set of 
equilibrium constants by linear regression at the end of the calculation. 
(iii) The third part consists of several subroutines and allows the species 
distribution as a function of pH, the titration curves at different 
magnetic fields, and the EPR spectra of the individual complexes to 
be plotted. In addition, the double integration of the calculated species 
spectra can be done. 

Mathematical Methods. The mathematical methods used for the 
numerical evaluation of the titration data have been described else- 
 here.*^*^^ Therefore, it will only be outlined here how the problem 
of determining stability constants and EPR spectra of the complexes 
formed in solution is formulated in order to do the mathematical 
treatment. 

Given a set of S first-derivative EPR spectra measured at H discrete 
magnetic field strengths, the whole data set can be written as a matrix 
Y (number of rows = H; number of columns = S )  (eq 1). Obviously, 

- Thermostat - 
I Stirrer I 

Figure 1. Experimental setup for the EPR titration 

constants have been successfully overcome: (i) Data of high 
quality were obtained by using a flow cell. (ii) Representation 
of the digitized EPR spectra in their eigenvector space sig- 
nificantly reduces the amount of data to be handled in the 
numerical treatment, allows the complete calculation to be 
done on a desk computer, and gives the number of complexes 
present in solution. (iii) Stability constants and EPR spectra 
were calculated by using a procedure that does not need any 
information with regard to the complex spectra. This makes 
the method particularly useful if several complexes are formed 
simultaneously and if their spectra are unknown and strongly 
overlapping. 
Experimental Section 

Materials. NaOH (Merck, Titrisol), KCI, and CuSO4.5H20 
(Merck, p.a. grade) were used without further purification. 
DANA.2HC1 was obtained from Prof. A. D. Zuberbiihler and had 
been synthesized according to ref 20. Doubly distilled water was used 
throughout. Buffers of pH 4.00 and 7.00 (Metrohm) were used for 
calibrating the potentiometer. 

Apparatus. The apparatus (Figure 1) consists of a temperature- 
controlled titration vessel, a digital pH meter (Metrohm 605), a glass 
electrode (Metrohm EA 121), a motor-driven buret (Metrohm E 412), 
a thermostat (Haake FS), and a magnetic stirrer. A glass capillary 
(1-mm i.d.) fixed in the cavity of an EPR spectrometer (Varian E 
3, using 100-kHz field modulation, equipped with a 9.5-GHz mi- 
crowave bridge) was connected with flexible tubing to the titration 
vessel. A pump (Serva E 25) operating on the plastic tubing main- 
tained the flow of the titrated solution through the cell. 

Measurement. The titration was done at  298 K in aqueous solution 
of constant ionic strength ( I  = 0.5 M (KCI)) under nitrogen. To 14 
mL of a solution, which was 0.01955 M in Cu2+ and 0.02029 M in 
DANAeZHCI, was added 3.08 mL of a 0.408 M NaOH in increments 
of 0.07 mL. After each addition of base, the solution was pumped 
for 4 min through the flow system in order to achieve complete mixing. 
The EPR spectrum was measured between 2750 and 3450 G and 
recorded on chart paper. Instrument settings were as follows: 4-mW 
microwave power; 1.6-G modulation amplitude; 1-s time constant; 
1 G s-] scan rate. After the spectrum was recorded, the pH was 
measured. 

Data Reduction. The first-derivative EPR spectra were digitized 
by using an APPLE I1 desk computer equipped with a Graphix Tablet 
(program E P R D I G ~ ~ ) .  Each of the 44 recorded spectra was resolved 
into 141 digital points at  equidistant intervals of 5 G between 2750 
and 3450 G. The data were multiplied by the appropriate factors 
to make them all correspond to the same receiver gain (2 X 
are expressed in arbitrary units (au), and range from 0 to 1.1 au. The 
EPR data (44 X 141 = 6204 points) and the total concentrations of 
protons, metal, and ligand (44 X 3 points) were stored on diskette. 

The calculations were done on a Hewlett-Packard H P  9835 desk 
computer with 128K memory, equipped with a plotter, H P  72225A, 
and a Heathkit H14 printer. The data were transferred from the 
APPLE I1 to the H P  9835 through a seral interface H P  98036A 
(program  TRANSFER^'). Due to the limited memory of the H P  9835, 
each spectrum was further reduced to not more than 50 points at  
equidistant intervals of 10 or 15 G (see text). This data set was 

y = I  - 

L( dl/ d HH ) , . . . . . . . . . ( d// d HH )s J 

each column of Y is one of the measured spectra, and an element Yhp 
contains the data point obtained at  the magnetic field strength h for 
the spectrum s. 

If in a pH-dependent equilibrium system P different complexes 
are formed, their concentrations depend only on the known total 
concentrations of metal and ligand, on the measured pH, and on the 
set of P - 1 equilibrium constants to be determined. Thus, for the 
solution from which spectrum s has been taken, the concentrations 
of each species p ,  c ~ , ~ ,  can be calculated if the stability constants are 
known. 

Provided that each measured spectrum is a linear combination of 
the spectra of the complexes present in solution, each element Yh,s 
can be represented by a calculated expression Yhsc (eq 2). (2) is an 

(2) 

expression analogous to Beer's law, which is also valid for the de- 
rivatives because the concentrations do not depend on the magnetic 
field strength. The elements Yh,; can be written as a matrix Yc of 
the same dimensions as Y (eq 3a,b). Matrix C contains the complex 

P 
yhsc = p s ,  ((dI* /dHh)p'Cpj) 

Yc = E*C 
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EPR Titration Inorganic Chemistry, Vol. 23, No. 11, 1984 1555 

Table 1. Data Sets and Results of Their IIigenvector 
Reoresentation 

limits of magn 

data points/ -- interval, 10'0,~ no' Of field strength, G 

set spectrum' lower upper G au 

A' 141 2750 3450 5 4.4 
B 47 2750 3450 15 4.5 
C 29 2750 3450 25 4.3 
D SO 2875 3365 10 5.3 
r, 50 2880 3370 10 5.1 
I 50 3125 3370 5 5.2 

44 spectra were used throughout. Standard error between 
Y (eq 1 )  and Ye (eq 5 )  obtained with four eigenvectors. 

Complete data set, only used for the eigenvector repre~entation. '~ 

concentrations, and the columns of E contain the unknown first-de- 
rivative EPR spectra of the pure complexes. The Newton-Gauss 
procedure now can be applied to find the set of equilibrium constants 
and particle spectra, which leads to the minimal square sum Sq (eq 
4). In the Cu-DANA system P = 4 different species are 

H S  

h-1 s-1 
sq  = c C(YhS - Y*,c))2 (4) 

Cu2+, CuL2+, CuLH,+, and CuLH? We therefore have to determine 
3 (=P - 1) equilibrium constants and 564 (=P X H = 4 X 141) 
elements of E (spectra of the complexes) from our data set of 6204 
( = S  X H = 44 X 141) points. This problem can be reduced to the 
iterative refinement of the three stability constants 0nly.22~23~27928 The 
elements of E can be obtained by linear regression at the end of the 
least-squares procedure. 

Representing the elements of Y in their eigenvector basis reduces 
the amount of data to be handled significantly.22 For a system with 
P absorbing species, Y can be represented by Ye (eq 5 ) .  V is a matrix 

Ye = V.L ( 5 )  

of dimension H X P and contains the eigenvectors; L is of dimension 
P X S and contains the respective linear coefficients. The decom- 
position according to ( 5 )  is done by using the method of vector 
in te ra t i~n .~~ The iterative refinement of the equilibrium constants 
can be done by using L instead of Y.23,27 In our system with P = 4, 
instead of handling 6204 data we have only to deal with 176 (=4 X 
44) data. 

Thus, the two features (eigenvector representation and elimination 
of the complex spectra from the iterative procedure) finally allow all 
parameters to be calculated in a straightforward manner. 
Results and Discussion 

Eigenvector Analysis. Due to the limited memory of our 
computer, each spectrum had to be reduced to not more than 
50 points.30 In order to make sure that the selection did not 
produce artifacts, several data sets were chosen (Table I; 
Figure 2). For each of them the measured data written 
according to eq 1 were represented in their eigenvector basis. 
Matrix rank analysis showed that each data set could be 
represented by four eigenvectors. This is to be expected since 
by potentiometryZ0 and by spectrophotometryZ6 four different 
species were found in the Cu2+-DANA system. 

The overall standard deviation between the experimental 
data and their eigenvector representations according to eq 5 
is about 5 X au (Table I) and thus equals the error 
introduced by digitizing the spectra. This can also be taken 
as a quantitative measure for the quality of the experimental 

(26) Zuberbiihler, A. D.; Kaden, Th. A. Talunta 1979, 26, 1 1  1 1 .  
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Matrizen"; Teubner: Stuttgart, FRG, 1972. 
(30) The eigenvector representation of the complete data set has been done 
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Figure 2. Three-dimensional plots of the EPR data from the titration 
of copper(I1) and 3,7-diazanonanedioic acid diamide (DANA) ( I  = 
0.5 M (KCl); 25 OC; [Cuz+],, = [DANA], = 0.02 M): upper part, 
data set D; lower part, data set F (cf. Table I). 

Table 11. Stability Constants (with Standard Icrrors) of the 
CuZ'-DANA Complexes Obtained from I P R  Titration Using 
Different Data Sets'sb 

R 6.9 12.07 (0.02) 7.05 (0.02) 8.40 (0.02) 
C 7.0 12.06 (0.02) 7.06 (0.02) 8.44 (0.03) 
D 7.2 12.06 (0.01) 7.05 (0.02) 8.41 (0.03) 
I 7.2 12.05 (0.01) 7.05 (0.02) 8.41 (0.02) 
I 8.3 12.24 (0.02) 7.02 (0.02) 8.41 (0.02) 

I rom potentiometric titration. log K H ~ ~ ,  = 6.55, log 
KHL, = 8.40, log KCUCuL = 7.14, log K H c u ~ ~ _ ,  = 8.38.20 

log K H c u L  = 7.14, log K H c u ~ ~ _ ,  = 8.38.*6 See Table I .  
I rom spectrophotometric titration: log K C U c u L  = 12.08,32 

Standard error between Y (eq 1 )  and Yc (eq 3 ) .  

data. Using the flow cell has the advantage over the method 
of taking discrete samples18 that the probe is in the same 
position inside the cavity during the whole titration and that 
errors due to different EPR tubes are avoided. Errors of f l %  
(corresponding to au in our case) were introduced only 
by repositioning the sample and by using different EPR 
tubes. ' * 
Stabilities of the Copper(II)-DANA Complexes. The com- 

plex stability constants (Table 11) were calculated for each 
data set by using the potentiometrically determined ligand 
deprotonation constants and agree well with the values from 
potentiometry and spectrophotometry (cf. Table 11, footnotes, 
a and b). The distribution curves (Figure 3) show that CuL 
is already formed to more than 50% below pH 2.5 (therefore, 
flucuL cannot be determined by pH titration20) and that 
CuLH-, is formed to not more than 70%. 

The stability constants obtained from the different data sets 
show no statistically significant difference. The only exception 
is the value for log flucuL from data set F. The reason for 
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Figure 3. Species distribution of the copper( 11)-DANA complexes 
as a function of pH. The results are given as the percentage of the 
total copper present: +, Cu2+; X, CuL2+; *, CuLH-,'; I, CuLH-,. 
(Conditions are as in Figure 2.) 

Chart I 
H N  

\$O 0 \\/*2 

V 
1 

H N  

C 

HN 
\$O 

4 L 

N c u 2 +  *) 
LJ 

3 

this discrepancy is that only data at  high magnetic field were 
taken, i.e. from a region where CuL and C u L H ,  have almost 
identical spectra (vide infra). By visual inspection of the data 
(Figure 2, lower part) it would be impossible to conclude that 
two species are present during the first half of the titration 
(Le., below pH 7). 

The EPR titration curves (Figure 4) show that the calcu- 
lated curves nicely fit the experimental points. The standard 
error of fit is 7 X au (cf. Table 11), which is less than 1% 

l . 0 -  

0 . 8 -  

8 . 6 -  

8 . 4 -  

I I 
PH 

4 6 8 16 

Figure 4. EPR titration curves for the copper(I1)-DANA system. 
Experimental points: I (2925 G); X (3185 G); I(3205 G); + (3235 
G). Calculated curves: -. (Conditions are as in Figure 2.) 

dl/dH 
(am.) 

Y H (G) 

2900 3000 3100 3200 3300 

Figure 5. Calculated EPR spectra of the copper(I1)-DANA com- 
plexes: X, CuL2+; *, CULH..~'; I, CULH-~. 

and corresponds to the instrumental noise and the error of 
digitizing. 

The results obtained from the different data sets show that 
no special care has to be taken with respect to the data se- 
lection, the only requirement being to include data from all 
magnetic field regions where spectral changes occur. 
EPR Spectra of the Copper(I1)-DANA Complexes. The 

spectra of complexes 1-3 (Figure 5; Chart I) show four lines, 
consistent with the interaction of an unpaired electron with 
a copper nucleus of nuclear spin I = 3/2.  Each spectrum has 
an asymmetrical shape; the heights of the peaks increase with 
the magnetic field, whereas the line widths do not change 
significantly. This means that at  room temperature the com- 
plexes do not rotate fast enough that the anisotropic terms in 
the Hamiltonian are averaged to zero, which would result in 
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'Table 111. Spectral Parameters of the CuZ+-DANA Complexes 
Obtained from EPR Titration" 1.2 d I / d H  ( a . u . )  t I 

0 . e  ISl 
0 . 4  

0 . 2 1  

3158 3280 3250 3308 3 3 5 8  

Figure 6. Experimental (+) and calculated (-) EPR spectra of the 
copper(I1)-DANA system at pH 11.5. (Conditions are as in Figure 
2.) 

a completely isotropic and therefore symmetric spectrum. The 
asymmetry of the calculated spectra decreases from CuL2+ 
over CuLH-,' to CuLH-, and thus parallels the decrease of 
charge on the complexes. A possible explanation is that, in 
this medium of high ionic strength, the more positive the 
charge of the complex is, the higher is its solvation and the 
more restricted is its rotation. A similar presence of anisotropic 
terms has been reported for the room-temperature EPR spectra 
of copper(II)-dipeptide complexes in solution.15J8 

Only the complex formed at high pH, CuLH-, (2), shows 
an additional hyperfine structure on the m = -3/2 line (Figure 
5; Figure 2, lower part), due to the interaction of the unpaired 
electron with the I4N nuclei (I = 1). Owing to the large 
overlap of these lines and their asymmetry, their exact number 
and relative intensities cannot be assigned.ls The splitting is 
about 13 G, which is in agreement with the values found for 
copper(II)-dipeptide complexes.'* It should be emphasized, 
however, that although the exact hyperfine pattern is not well 
resolved, both the measured and the calculated spectra at high 
pH show the same hyperfine features (Figure 6 ) .  Thus, 
without making any assumption with respect to the shape of 
the EPR spectra of the complexes, the mathematical method 
used in the least-squares refinement allows calculation of the 
correct spectra and even reproduces their finer details. 

Another test for the reliability of the results of the calcu- 
lation consists of determining the spin concentration for each 
complex. This is done by doubly integrating the calculated 
first-derivative spectra with respect to the magnetic field 
strength. As there is one unpaired electron in each complex, 
the double integration should give the same number in each 
case. In fact, the calculated integrals (Table 111) differ by 
less than 5%. Again, it should be noted that this result, which 
is demanded by the theory, has not been introduced into the 
algorithm used. Therefore, the close agreement of the integrals 
calculated for the three complexes is an independent test for 
the reliability of our results. 

The values for g,, decrease in the order CuL > CuLH-, > 
CuLH.., (Table 111). In the same order the positive charge 
on the complexes decreases and the axial ligand field changes 
from N20z  over N 3 0  to N,.,O These effects result in an 
increase of the cubic ligand field and thus in a shift of the d-d 
band to shorter w a v e l e n g t h ~ ~ ~ , ~ ~  and should lead to smaller 

cu L 2.125 1.34 126 628 
CuLH-, 2.111 6.31 132 5 84 
CuLH-, 2.100 8.72 132 5 26 

The values for gav and A,, were determined graphically from 
the calculated spectra. 
using the signal of pentaphenylailyl as standard. 
integral calculated between 2750 and 3450 G by numerical inte- 
gration. rrom spectrophotometric titration.20*z6 

values for gay and to greater values for A,,, as has been shown 
for a large and representative number of cupric complexes.i2 
The values for A ,  do not completely follow the expected order 
(Table 111). This is due to the fact, that the EPR spectra of 
the three complexes are not completely isotropic and moreover 
differ in their degree of anisotropy (vide supra). 

Although the solution EPR spectra do not give the full 
structural information (due to the fact that only averaged 
values for g and A are observed), solution studies will be helpful 
in relating information obtained from EPR in solid matrices 
to the complexes, which are actually present in solution.34 
Conclusions 

The present study shows that stability constants and spectra 
of the complexes can be obtained from solution EPR data. 

The use of appropriate mathematical methods allows nu- 
merical evaluation to be done in a straightforward manner even 
on a desk computer. Only initial estimates for the stability 
constants are necessary, while no information with regard to 
the spectra of the complexes is needed. No care has to be 
taken to select the data such that only distinct complexes give 
rise to a signal, since by doing the calculation on the complete 
data set simultaneously all the information from the mea- 
surement is used. 

Thus, EPR titration offers an alternative both to potentio- 
metric and to spectrophotometric titrations. It is superior to 
pH measurements in strongly acidic or basic solutions, where 
the buffering capacity of H30+  and OH- obscures any com- 
plexation equilibria, and also gives structural information. 
While this is also true for spectrophotometry, EPR spectros- 
copy has the advantage that due to specific hyperfine inter- 
actions a more detailed picture of the structure of the com- 
plexes is obtained. In addition, the spin concentration for each 
complex can be calculated, which allows confirmation of the 
results of the mathematical analysis. Thus, while in no way 
suggesting abolishment of potentiometric or spectrophotometric 
titrations, we are advocating EPR titration, to be included 
whenever this is feasible. It is to be expected that the latter 
method will be essential for establishing the correct solution 
structure of complexes in many cases. 
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