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Continuous variation data: 1:1 or 2:2 weak complexes?
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Abstract

An attempt to distinguish between 1:1 and 2: 2 weak complexes from continuous variation data is given. A modification of
the Heller and Schwarzenbach’s method which involves the use of the absorbange G, (once the limiting absorbance,
Aim is known) may be applied to 1:1 weak complexes. This allows checking if the slope obtained is close to the theoretical value
of —0.25. A curvature appears and the residuals have a pattern when a wrong 1: 1 model is selected for a true 2:2 stoichiometry.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction guestion nevertheless remain concerning the existence
of either 1:1 or 2:2 complexes and an attempt to give

The method of continuous variation, often called an answer to this question is intended in this paper.

Job’s methodDimitrovska et al., 1996; Huang et al.,

2003, provides a means of establishing the ratio of the

substrate S and ligand L within the complex SL. The 2. Theory

experimental procedure consists of preparing a series

of solutions of S and L subject to the condition that For a 1:1 S+ L =Slcomplex, in term of absorptio-

the sum of the total substrate and ligand concentration metric quantities we geMcBryde, 1972

is constant Bruneau et al., 1992 Some property

whose values changes in forming the SL complex, |SL| Ale

is measuredlikeda et al., 2004; Masson et al., 2003; "= gL = (Ts — (A/e))(TL — (A/e)) @

McBryde, 1974. The extremum of the property is

related to the stoichiometric rati€bnnors, 198y A where A represents the measured absorbance (1-cm

cells) at a given wavelength arig and T, the total

"+ Corresponding author. Tel.: +34 954556746 concentrationg Qf the S and L, respectively, atglthe

fax: +34 954556749, molar absorptivity of the SL complex. E{L) may be
E-mail addressasuero@us.es (A.G. Asuero). rearranged to give an expression similaHeller and
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Schwarzenbach (1951)

X1-X 1 1 A
-9 _ +1) -5 2)
A 2Ajim \ ToP11 4A
where
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Ts+ Tp To
and
eTp
Alim = Alim,x=05 = 4)

a+b

a andb are the stoichiometric coefficients of thgly
complex @=b=1). Thus, a representation of the left
hand of Eq.(2) againstA should gave a straight line
(Y=ap +ai1x) from which by least squares analysis

=
I|m—2 a1

(5)

From Eq.(2) and(4) we get the absorbance ratio
as a function oK andg11To

g

2
+ 1) —4X(1-X)

A < 1
y = —=
Ajim Top11
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Fig. 1(left) shows an example for plots obtained us-
ing a normalised scalg based on using th&/Ajm
guotients. All normalized Job curves are identical for
a particular value of thgq1Tg product. The smaller
B11To, the more curved is the plot obtained. The plot

(6)
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Fig. 2. Degree of complexation as a function of 16g(To).

approaches two straight lines if thia1To product is
large. In the case of the complexes of low and moder-
ate stability the experimental curve can be quite flat in
the vicinity of the maximum.

The degree of complexation at a givEwvalue may
be calculated from

A y

= = — 7
Yx Alm.x e (7)
where
Alim, x = eToX 8

At the point X=0.5, we getyps5=Yy. The plot of
Yo.1—Yo 5 difference as a function of log{1To) is de-
picted inFig. 2 The most accurate values of the stabil-
ity constants are obtained when the difference between
the degrees of complexation ¥t=0.1 andX=0.5 is
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Fig. 1. Left: absorbance ratipagainstX for 1:1 complexes with log{11To) included in the legend; right: absorbance ratimgainstX for 2:2

complexes with IogfﬁTg)incIuded in the legend.
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maximum; this corresponds to values@fiTo in the a solution that contains 2:2 complexes. In those cases,
range of 0.5-50, i.e.,—0.3to 1.5 forlogB11Tp). Many continuous variation curve losses its symmetric charac-
inorganic (metal ligand) or organic (charge transfer, ter, indicating simultaneous equilibria, which prevents
hydrogen bonding or host-guest) equilibria are likely to apply the formulation devised above.

to fall within this range. If the complex is too sta-

ble, it is possible to decrease the conditional con-

stant by selecting a certain pH or adding a complexing 3. Application to literature data

agent. Previous resulttikussar, 1973; Likussar and

Boltz, 1971, Slovak and Borak, 19yHhave been dis- In terms of the absorbance ragpEqg. (2) may be
cussed only on the basis of the degree of complexation rewritten as
atX=0.5.
X(1-X 1 1
For a 2:2 dimeric complex species, 2S +2S,L 5, ( ) = < 1) ~2 (13)
we have y 2\ Top11 4
1SoLo| Ale A representation ofX(1— X)/y againsty (least
= = 9 i 1 . 10-
B2z SPILE ~ (Ts — 2A/02(TL — 24/2) (9) squares analysis) for a series of 1:1 complexes orig

inates a series of parallel straight linéé=ag +a;x)
and then from Eq(4) with a=b=2 and (9) we may  with —0.25 slope from which
obtain the absorbance ratje= A/Aj, as a function of 1

X andp1T3 - -
P11y B11 To(ag — 1)

A single straight line must be obtained for a given
complex system from absorbance data measured at

(14)
v — 4y% + 4y°(1 + 2X(1 - X))

—4y <4X(1 X ) +16X3(1 — X)*=0
P22

To3 varying wavelengths. Deviations of slope from its nom-
(10) inal value could indicate a problem with the model; for
example, multiple equilibria.
A family of curves for 2:2 complexes obtained Eq. (2) and (13) were consecutively applied to
by solving (Texas Instrument TI-85 pocket calculator; several systems of varying stability described in
POLY function) Eq.(10) for varying values o2,7¢, the chemical literature: Ag(l)—dithizoneLikussar

the values o ranging from 0.05 to 0.95 (spaced by  and Boltz, 197}, Zn-MBPT (methylglyoxal bis(4-
0.05Xunits) are depicted iRig. 1(right). Alternatively,  fenil-3-thiosemicarbazone)Hgrrador et al., 1987

making the variable change Fe(lll)—chromotropic acid Heller and Schwarze

2= X(1—-X) (11) nbach, 19_)5)1, _Fe(lll)—thiocyanate and I_:e(III)—8-
hydroxyquinoleineBrewer, 1980, as shown irFig. 3.

we get Results are in agreement with the theory described

above thus indicating the existence of single 1:1 com-

2 f— f—
167+ 8y(y — 2)z — 4y plexes in all casedTéble 1. The standard deviation of

—y3 5 1 the logB11 parameter was calculated by applying the
o BaaT3 =0 (12) random error propagation lavaguero et al., 1998
0
2
given the properties of symmetry of the 2:2 continuous 2  _ <3(|09 ﬁll)) 2 __ 1 o2
variation curves. A second-degree equatiorz imay 00h11 3B11 P n2 1082 1
be solved from which the value &f may be obtained 2
by solving the second-degree equation obtained rear- - ;(%) 5 (15)
ranging Eq(11). This task is easily accomplished even In21082, \ dao 0
with a single calculator. from which

When the complexation interaction is weak, it is
more reasonable to expect that 1:2 and 2:1 complexessmgﬂ11 - 2540 (16)
(in excess of L or S, respectively) are also present in In10(20 — 1)
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Table 1

Stability constants of the 1:1 weak system complexes

System. A (nm) Data points Slope E§10) log B11%+ s(logB 11) ~B11To
Ag(l)—dithizone 485 9 —0.2498 6.00+ 0.08 50
Zn(I)-MGBPT 460 5 —0.2502 5.36+ 0.05 15
Fe(lll)—chromotropic acid 655 9 —0.2502 3.68+ 0.01 4
Fe(ll)-SCN~ 500 7 —0.2499 3.53t 0.01 2
Fe(l11)-8-hydroxyquinoleine 645 5 —0.2501 2.96+ 0.01 1

a Reference values: Ag(l)-dithizone, 5.98; Zn(l1)-MGBPT, 5.55; Fe(lll)-chromotropic acid, 3.69.
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Fig. 3. Application of Eq.(13) approach (this paper) to literature
data.
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Eq.(13)was then applied to synthetiX,(y) data for
varying valuesp,73 (10° to 10') and X (0.05-0.5);
N =10 (Fig. 4left and right). Varying slopes 6£0.25,
—0.2612,-0.2914,—-0.4353 and-1.5708 were ob-
tained for p2,T3 values of 16, 10% 10%, 10? and
10!, respectively (with correspondirfg? values of 1,
0.9996, 0.9955, 0.9614, and 0.8423). The differenti-
ation of 1:1 and 2:2 complexes of high stability fails
(Havel et al., 197y because of the limited precision
of experimental data which makes the sum of least
squares very similar for both models. However, the
residual analysis of the results obtained for theoreti-
cal data (with five significative numbers) based on the
application of Eq(13) by assuming 1:1 complex for-
mation for 2:2 complexes, clearly indicatdsd. 5 a
pattern for values oB,7¢ of 10* to 1%, whereas for
lower values ofngTg’ the pattern is easily detected vi-
sually in the graphKig. 4(right)). For 1:1 complexes
the residuals are distributed randomly instead.
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Fig. 4. Application of 1:1 Eq(13) approach (this paper) to theoretical data for 2:2 complexes;fig'm)3 values given in the graph (left and

right).
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Fig. 5. Residual analysis based on the application of(E8) to a
2:2 complex withB2, 73 = 10%.
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Fig. 6. Application of modified Heller and Schwarzenbach ap-
proach to the 2:2 complexes Fe(lll)-chrome azurol{§ éand
Fe(lll)—eriochromocyanine RI).

The plots based on Eq(2) and data from
Marcantonatos et al. (1970mand Klausen and
Langmuir (1963) corresponding to 2:2 weak com-
plexes, show noticeable non-linearifyig. 6), in con-
cordance with results depictedfing. 4(right).

4. Conclusion

The familiar continuous variation method goes on
generating literature. The topic is recurrent and from
time to time new papers appear in sceéBripeau etal.,
1992; Facchiano and Ragone, 2003; Vives et al., 2000
A discussion is carried out in this paper with the aim
of distinguish 1:1 from 2:2 complexes. The approach
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applied implies the use of normalized graphs based on
the absorbance ratiéAjn. A 1:1 weak complex sys-

tem must show a slope value close to the theoretical one
of —0.25 and no pattern in the sequence of the residuals.

References

Asuero, A.G., Gonzalez, G.G., de Pablos, F., Gomez-Ariza, J.L.,
1988. The determination of the optimum working range in spec-
trophotometric procedures. Talanta 35, 531-537.

Brewer, S., 1980. Solving Problems in Analytical Chemistry. Wiley,
New York.

Bruneau, E., Lavabre, D., Levy, G., Micheau, J.C., 1992. Quantitative
analysis of continuous-variation plots with a comparison of sev-
eral methods. Spectrophotometric study of organic and inorganic
1:1 stoichiometry complexes. J. Chem. Educ. 69, 833-837.

Connors, K.A., 1987. Binding Constants. The Measurement of
Molecular Complex Stability. Wiley, New York.

Dimitrovska, A., Andonovski, B., Stojanoski, K., 1996. Spectropho-
tometric study of copper(ll) ion complexes with cofactor. Int. J.
Pharm. 134, 213-221.

Facchiano, A., Ragone, R., 2003. Modification of Job’s method
for determining the stoichiometry of protein—protein complexes.
Anal. Biochem. 313, 170-172.

Heller, J., Schwarzenbach, G., 1951. Metallindikatoren IV. Die
aciditatskonstanten und die eisenkomplexe der chromcirops
Helv. Chim. Acta 34, 1876-1888.

Herrador, M.A., Jimenez, A.M., Asuero, A.G., 1987. Spectrophoto-
metric determination of zinc in potable waters and insulin with
methylglyoxal bis(4-phenyl-3-thiosemicarbazone). Analyst 112,
1237-1246.

Huang, C.Y., Zhou, R.X., Yang, D.C.H., Chock, P.B., 2003. Ap-
plication of the continuous variation method to cooperative in-
teractions: mechanism of Fe(ll)-ferrozine chelation and condi-
tions leading to anomalous binding ratios. Biophys. Chem. 100,
143-149.

Ikeda, Y., Hirayama, F., Arima, H., Uekama, K., Yoshitake, Y., Ha-
rano, K., 2004. NMR spectroscopic characterization of meto-
prolol/cyclodextrin complexes in aqueous solution: cavity size
dependence. J. Pharm. Sci. 93, 1659-1671.

Likussar, W., Boltz, D.F., 1971. Theory of continuous variations plots
and a new method for spectrophotometric determination of ex-
traction and formation constants. Anal. Chem. 43, 1265-1272.

Likussar, W., 1973. Computer approach to the continuous variations
method for spectrophotometric determination of extraction and
formation constants. Anal. Chem. 45, 1926-1931.

Havel, J., Rabova, D., Sommer, L., 1977. Computer applications in
chemistry. The effect of simultaneous and side reactions on the
spectrophotometric curves of continuous variations. Scripta Fac.
Sci. Nat. Ujep Brunensis, Chemia 3 7, 101-130.

Klausen, K.S., Langmuir, F.J., 1963. The use of the method of con-
tinuous variation for the classification of complexes with mole
ratio 1:1. Anal. Chim. Acta 28, 335-340.

Marcantonatos, M., Buffle, R., Monnier, D., 1970. Etudedtique
et possibilies d’application de la Bthode de variation continues



34 A. Sayago et al. / International Journal of Pharmaceutics 295 (2005) 29-34

aux complexes &s disodes. Helv. Chim. Acta 55, 638- Slovak, Z., Borak, JM., 1974, Bestimmung der

644. Bestindigkeitskonstante und des molaren Extinktionsko-
Masson, M., Sigurjonsdottir, J.F., Jonsdottir, S., Loftsson, T., 2003. effizienten von schwachen ML-Komplexen aus der Jobschen

Examination of F-19-NMR as a tool for investigation of drug- Kurve. Anal. Chim. Acta 68, 425-434.

cyclodextrin complexes. Drug. Dev. Ind. Pharm. 29, 107- Vives, M., Gargallo, R., Tauler, R., 2000. Multivariate extension of

112. the continuous variation and mole ratio methods for the study of
McBryde, W.A.E., 1974. Spectrophotometric determination of equi- the interaction of intercalators with polynucleotides. Anal. Chim.

librium constants in solution. Talanta 21, 974-1004. Acta 424, 105-114.



	Continuous variation data: 1:1 or 2:2 weak complexes?
	Introduction
	Theory
	Application to literature data
	Conclusion
	References


