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complexation reaction regardless of the spectra overlapping of components. Also, pure spectra
and concentration profiles of all components are extracted using multi-wavelength model based

method. In the present work spectrophotometric titration of several cationic metal ions with
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1. Introduction

Quinonoidal compounds of natural or synthetic origin represent the second largest class of
clinically approved anticancer agents'. Their cytotoxicities are explained on the basis of many
mechanisms including intercalation, inhibition of DNA and RNA, breaking of DNA strands,
alteration of cell membrane functions, and free radical mediated alkylation’. Metal complexes of
hydroxy and aminonaphthoquinones, as well as ortho-benzoquinones, have been studied frequently”.
Pierpont and coworkers have studied the coordination chemistry of 3,5-di-t-butylbenzoquinones
extensively’ while Abakumov et al. have carried out investigations on the metallic compounds of
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tetrachloro 0-benzoquinone ligands’. Another potential ligand of the o-quinone series, viz 9,10-
phenanthrenequinone (PQ), is also known to form complexes with transition metal ions, but whose
coordination compounds are comparatively less investigated. The propensity of metal chelation in PQ
is found to be enhanced when one of the carbonyl oxygen is appended with a thiosemicarbazone
functionality as in scheme 1 and the ligand is noted as a chromogenic reagent and indicator for
chelatometric determination of metal ions. Our attention was drawn to PQ and it's derivatives because
of their planar structure resembling the phenanthroline compounds which are capable of undergoing
intercalating interactions with DNA resulting in cell antiproliferative activities’. A combination of
such planar polycyclic compound with potent cytotoxic thiosemicarbazone pharmacophore has been
shown to produce synergetic effects on the antiproliferative activity of the parent steroidal ligand.

(D L

Scheme 1

The formation constants of complexes can be calculated using several techniques such as UV-Vis
spectrophotometric method, NMR, and electrochemical methods”'*.The advantages such as
simplicity, low cost and ease to use are the main reasons of variety application of potentiometric and
spectrophotometric methods. Spectrophotometric methods have been utilized as an alternative to
determine stability constants of complexes with large molar absorptivities because of its high
sensitivity at concentrations of substance as low as 10°M. Nowadays, the spectrophotometric
techniques remain largely used in this field because of the easy interpretation and handling of the
spectral data. On the other hand, the conventional spectrophotometric methods use a discrete number
of wavelengths that frequently are not enough to furnish the necessary information to resolve a
system with severe spectra overlapping. In spite of the spectrophotometric method is rapid, cheap and
simple, the direct spectrometric measurements show lack of specificity because the spectra are
strongly overlapped. In such cases the chemometric techniques become an indispensable tool to
overcome these problems'”™"”.

In any data analysis, a set of measured data from which one may try to extract useful information
is dealt. Two different strategies are convenient in order to gain the formation constants of
complexes. Model based analysis uses a primarily known model and model free analysis which uses a
soft method to resolve the data. In both methods the aim was to achieve the complexation constants
but additional information can also be extracted. For example the spectra of the included components
can be acquired even in the presence of extreme overlapping. Also in the soft method several
constraints, e.g. non-negativity, uni-modality and closure could be applied™*>.

In the present work the formation constants of several bivalent metal ions Cu (II), Ni(I), Co(Il),
Zn(I) with a new ligand, phenanthrenequinone thiosemicarbazone, were estimated using a model
based analysis method.

2. Experimental
2.1. Reagents

The ligand phenanthrenequinone thiosemicarbazone (PQTSC), was synthesized according to
previously published procedures®®?®, The reactants for synthesis of PQTSC, 9, 10-
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phenanthrenequinone (PQ) and thiosemicarbazide, were purchased from Merck with the highest
purity available and used without further purification. All other solvents and chemicals are
commercially available (Merck) were used without purification.

2.2. Methods

Acetonitrile was used to preparation of metallic cations and ligand stock solutions. 2 mL of
ligand solution (10~ M) was transferred to a 3 mL quartz cell and was titrated by micro liter amounts
of concentrated metal cation solutions (e.g. 0-150 pL from 10 M). The solutions were thermostated
at 25 °C. An example for the change of the absorbance due to complex formation is given in Fig. 1
which shows the complexation of Cu** by ligand PQTSC. The possible structure of the Cu**, Co*",
Ni*" and Zn*" with PQTSC was shown in scheme 2.

Scheme 2

3. Results and discussion
3.1. Experimental data analysis

In order to apply model based analysis, the stochimetric and the reactions should be known.
Assuming the equation (1-2) for a one step 1:1 complex of ligand with metallic cations and also
assuming mass balance equations (3-4) for this reaction, the equation 5 could be derived easily which
is the model will be used for model based analysis of such reaction.

MM 4+ P Ky P (1)

" _ [MLn—p] (2)
T IMM L]

C.=[L"1+[ML"P] 3)

and

Cy = [M™ ]+ [ML"P] (4)
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where Cy. is total ligand and Cy; is total salt concentration of cation.

Ki[L]® + (1+K{(Cm -CL))[L] - CL =0 Q)

This equation has been derived using equations (1-4) with respect to ligand concentration:
Alternatively these equations could be solved so that the derived equation is based on [M™] or

[ML"?] concentrations.

Model based analysis is very simple when there is selective wavelength for at least one of the
contributed component. In this case the results at selective wavelength were fitted to known model
and the formation constant(s) was estimated. But for the cases of highly overlapped spectra of
complex (es), ligand and also metallic cations the conventional methods cannot be used to accurate
estimation of Ky But multiwavelength methods are very good alternative in such cases. In this
contribution, the multiwavelength model-based analysis method was used to study the formation
constant of complexation between several metallic cations with PQTSC regardless of their spectra
overlapping.

It should be noted that for the case 1:2 one step ML, complex formation occurred (Eq. (6) and
Eq. (7)), and taking into account the mass balances (Egs. (8-9)), the Eq. (10) could be derived as
ligand concentration:

M ™ 4+ 2L K ML, 2P (6)
[ML2P] 7
kK, =—" "
[M"™][LP]?
C.=[LP"1+2[ML}Y ] (8)
Cy =[M™]1+[ML}*] )
[L1® +(2Cy -CL K [L]1? +[L] -C_ =0 (19)

3. 2. Theory of Model-based analysis

The theory of model-based analysis is available in the literature [15, 17, 20] and is explained here
briefly. Assume a two-way spectrophotometric complexometric data (monitored nc reaction at ni
wavelengths), D, is decomposed into the product of C, containing concentration profiles and S of
absorption spectra:

D=CS"+E. (11)
The matrix E is a collection of the residuals, the difference between the measurement D and its
calculated representation CS”.

In hard model analysis, the aim is finding the set of parameters according to Eq. (12) so that the
sum over all the squares, ssq, over all the elements of the error matrix, E, is minimal®’.

ssq = ZE,ZJ = f(D,model, parameters) (12)

As mentioned the first step and the most difficult task in hard-modeling processes is the
establishment of the correct model, e.g. the expected species in equilibrium studies. The knowledge
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and experiences of researcher and also some preliminary resolution of data using soft method of
analysis will be useful in finding the correct model.

Evolving factor analysis (EFA) and/or orthogonal projection algorithm (OPA) are very useful method
to estimate the right model.

The 2™ and 3™ order equations of 5 and 10 were solved using the "roots" command of MATLAB
and therefore the matrix C (concentration profile) by initial estimation of equilibrium constants was
established. Using least squares (S' = C'D, where C is the pseudo-inverse of the matrix C) the
spectra of included components were estimated, Then the sum of squares can be defined as a
function of only the nonlinear parameters (e.g. the equilibrium constants) as Eq. (13) which has been
derived using Eq. (12):

ssq=f(k)=D-CS"=D-CC'D, (13)

where k is the vector of nonlinear parameters, as defined by the chosen model. Any method that
performs this minimization task, can be applied. In this work, the Newton—Gauss—Levenberg—
Marquardt algorithm (NGL/M)20 was applied because it is fast, robust and additionally delivers basic
statistical analysis of the resulting parameters.

3.3. Analysis of the experimental data

The complexometric spectra for the complexation of Ni*" titrated by ligand PQTSC are shown in
Fig. 1. Estimation of chemical component and chemical model are keys points in model based
analysis. Visual inspection of spectra and singular value decomposition are frequently used for this

purpose.
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Fig. 1. Changes in UV-Vis absorption spectra of PQTSC in  Fig. 2. Consecutive singular values of singular value
acetonitrile (3.91 x 10”° mol L"), Arrows indicate a change decomposition of Ni*-PQTSC complexometric data matrix
in the absorbance with increase in the concentration of Ni’*  as a function of number of components.

from a [Ni*"]/[PQTSC] mole ratio of 0.0 to 2.5.

Preliminary study of this data in the investigated wavelength range 210-610 nm, using singular
value decomposition (SVD) showed that there are 3 components (see Fig. 2). It should be noted that
Ni** and ligand PQTSC are absorbance active in this region. So only one complex, NiL or NiL,, was
formed. In order to understand which one of them was formed, the absorbance at 515 nm was plotted
versus ratio [Ni*")/[PQTSC] (figure is not shown here), it reached the maximum about 0.5 values of
that ratio and therefore it can be concluded that that the related system is according to Eq. (6) and the
formed complex is NiL,. Therefore absorbing components in this system could be assumed as L,
NiL, and Ni*" (solvated cation). As mentioned after estimation of correct model, hard model analysis
was applied for accurate determination of Ky In this strategy the concentration profiles and pure
spectra of components will be attainable which are the advantages of multiwavlenght model based
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analysis. The extracted concentration profiles and pure spectra of components are shown in Fig. 3.
Using different initial estimates the formation constant of NiL, complex was calculated to be 10'"°.
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Fig. 3. Results of model based analysis of complexation of Ni*" with PQTSC in acetonitrile

A same studies was done for the complexation of Cu*’, Co*™ and Zn®*"  with
phenanthrenequinone thiosemicarbazone in acetonitrile (Co®" and Zn®" are not shown). The
complexometric spectra for titration Cu®" of with PQTSC is shown in Fig. 4. The same as previous
study SVD was used to estimate the exact number of spectrophotometrically active components. Fig.
5 shows that there are 3 components in this matrix and therefore the model of complexation between
Cu”" and ligand was assumed to be obtained CuL,.The equilibrium constant of CuL, complex was
calculated to be 10'*'. The resulted concentration profiles and the spectra of involved components in
complexometric study of Cu®" with PQTSC are shown in Fig. 6.
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Fig. 4. Changes in UV-Vis absorption spectra of PQTSC in
acetonitrile solvent (3.91 x 10 mol L), Arrows indicate a
change in the absorbance with increase in the concentration

of Cu?" from a [Cu®']/[PQTSC] mole ratio of 0.0 to 2.5
200043

COn00z5

2.00002

L0004

200001

Crrantrat’on protils

C.o00005
—

[

[§] a6 1 15 ?

[Cu] ¢ [Ligand] ratic

Fig. 5. Consecutive singular values of singular value
decomposition of Cu®’-PQTSC complexometric data
matrix as a function of number of components

b &

Ahsarbance
()

410 510 E10

Wavelength /nm

210 210

Fig. 6. Results of model based analysis of complexation of Cu®" with PQTSC in acetonitrile
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Also the stability constants of the complexes ZnL, and ColL, were calculated as 10°7° and 109‘33,
respectively.

4. Conclusion

A hard model analysis method has been used to estimate the formation constants of some metallic
complexes with a nearly insoluble synthesized ligand named phenanthrenequinone
thiosemicarbazone. The complexes between Ni(Il), Co(Il), Zn(II) and Cu(Il) and this ligand were
studied. The results showed that this ligand forms stable complexes with Cu(Il) and Ni(II). Therefore
this ligand can be used be used as a new active probe to detect these cations by absorption
spectroscopy and/or can be used for preconcentration and trace analysis of these cations in
environmental samples.
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