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ABSTRACT

This work presents the results of investigating the complexation of 1,3-
dihydroxy-9H-thioxanthen-9-one (D TX) withAl(111) by el ectrochemical tech-
niques, cyclic voltammetry (CV), square wave voltammetry (SWV), and
differential pulse voltammetry (DPV). To determine the nature and stoichi-
ometry of the complexes, tetrabutylammonium chloride (n-Bu),NCI.H,O
(TBAC) 0.01 M was found to be a suitable supporting electrolyteina1:1
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ratio mixed acetonitrile:water solution as solvent. The results showed that
reaction of the formed 1:1 and 1:2 (metal:ligand) complexes of Al(III) are
electrochemically irreversible. The modified DeFord-Hume’s method was
used to evaluate the stability constants and the composition of the formed
complexes. The overall stability constants §, and 3, values for the above-
mentioned complexeswereof 4.17 x 10 and 1.86 x 10*, respectively.
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INTRODUCTION

Thioxanthone (TX) and itsderivativesarean im-
portant classof sulfunated heterocyclesthat they pos-
sessanumber of interesting chemical activitiesinclud-
ing two useful properties such as medical and
photoinitiation. They haveattracted much attentionin
recent yearsowing to their broad spectrum of antitu-
mor activitied, In addition, TXsare hydrogen-ab-
dracting photoinitiators, which can exist inamultitude
of conformationseach having potentid for itsown elec-
trochemicall”@ and spectroscopic properties® 9. They
havethemost widdy applicationsin photochemicd pro-
Ce$e§11—14] .

Recently, the study of complexation of TXswith
proper metal ionshasbeenintroducedin literature®™>
18, Many dectrochemica and pectroscopic techniques
have been used to study the behavior of these com-
poundstowards other reactants >4,

Voltammetry has been applied to thetraceand ul-
trartrace determination of both organic and inorganic
el ectroactive speci es. Voltammetric techniques arefast
and sensitive analytical toolsto study formation of a
complex. Application of voltammetric methodsto the
study of the metal-ligand interactions has also been
widely explored>27,

Here, inorder to obtain detailed information onthe
interaction of theligand 1,3-dihydroxy-9H-thioxanthen-
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9-one (DTX) toward Al(l11) ion, wearereporting our
electrochemical studieson the system carried out by
us ng voltammetri c techniquesto determinethestability
congtantsand the composition of the DTX/AI(I11) com-
plexesin acetonitrile-water mixed solution.

EXPERIMENTAL

Reagents

AI(NO,)..9H,0, acetonitrile (AN), supporting € ec-
trolytetetrabutylanmonium chloride (n-Bu) NCI.H,O
(TBAC) (al from Merck) were used directly without
any further purification. DTX (Figure 1) was prepared
as described in the literature?®l. Double-distilled and
delonized water was used throughout.

Figurel: 1,3-dihydroxy-9H-thioxanthen-9-one (DT X).
Instrumentation

Differentid pulsevoltammetry (DPV), Square-wave
voltammetry (SWV) and Cydicvoltammetry (CV) mea
surementswere performed on athree—clectrode sys-
tem provided by an EG& G Princeton applied research
263A polarogragphic andyzer potentiostat (Perkin Elmer,
USA). A Glassy carbon (GC) and aplatinum (Pt) wire
were used asworking electrodes (WES) for DPV and
SWV. A standard calomé electrode (SCE) was used
asareferencee ectrode and aplatinumwirefitted, as
anauxiliary dectrode (AE), with theworking e ectrode.

General procedure

The SWV voltammogramswererecorded at pulse
amplitude of 600 mV, scan rate of 2 mV/s and fre-
guency of 100 Hz. The DPV were also recorded at
pulse height of 50 mV, pulsewidth of 0.02 s, scanin-
crement of 4 mV, and scan rate of 20 mV/s. For CV,
theinstrument settingswereasfollows: equilibriumtime
of 55, scanrate (v) of 50 mV/sand applied potential
from—1.5 to 1.0 V. The temperatures of all experi-
mentswerekept constant at 20.0+ 0.1 °C by using a
water-circulating thermostat system.

BIOCHEMISTRY (mm—

Synthesisof theligand

Theligand DTX was synthesized and purified as
follows dicylicacid (0.138 g, 1 mmol) and 3-hydroxy-
5-methyl phenol (0.124 g, 2 mmol) was added to a
mixture of aumina (0.3 g, 3mmol) and methane sul-
fonicacid (2mL) inanoil-bath, at 150 °C. After 5 min,
thereaction mixturewastransferred into abacker con-
taining 150 mL water, extracted with ethyl acetate (2 x
100 mL), washed with 150 mL water and 100 mL so-
dium bi carbonate saturated solution. Then themixture
wasdried over Na,SO4 and evaporated to give DTX
in80.1%yield and mp=138.4°C. The following spec-
tral dataconfirmed theformation of theproduct: FT-IR
(KBr):v__(cm™) 1660 (s); 1613 (s); 1568 (w); 1493
(s); 1470 (m); 1380 (w); 1340 (w); 1235 (s); 1215
(9); 760 (). MS (from GC-Mass): m/z244 (M*, 100,
base peak); 227 (40.6); 77 (23.2); 51 (8.9). UV-Vis
(A__,nm): 408.5(s); 323.5(s); 223.0(9).

max’

RESULTSAND DISCUSSION

Cyclicvoltammetry

TheCV of DTX (1.0mM) inAN was performed
at aPt wireasWE. Trying to test somedifferent com-
pounds, TBAC (0.1 M) wasfound to bethe best sup-
porting € ectrolytewith nointerfering voltammogramin
the applied potential range. Under thiscondition, as
showninFigure2, DTX reved ed two oxidation peaks
at—1.05, 0.45 and a weaker reduction peak at—0.3 V.
Therewasalinear relationship between the peak cur-
rent intensitiesand theincreasein scan rate, so con-
struction aplot for the oxidation peak currents (at E=
—1.05 V) against the (v¥?) resulted inalinear function
indicativethe sysemisgoverned by diffusion-controlled
process (theinsetin Figure 2). Theoptimized scanrate
50.0 mV/swas sdl ected for subsequent studies.

AsshowninFgure3, additionof increas ngamounts
of Al(111) solution (0.01 M) totheDTX (1.0x 10 M)
solutionresultedinincreasingin ip aE=-0.76V (solid
lines) that confirmstheformation of new speciesinthe
solution. Thisnew peak shiftsfrom—1.05V for DTX
(dashedline) toward—0.76 V, about 0.24 V more posi-
tivethan the un-complexed ligand. Thedotted lineindi-
catesthe CV for thecaseinwhich TBAC wastheonly
component inthe solvent.
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Figure2: TheCV voltammogramsof 1.0x 10 M DTX inthe
presenceof 0.1 M TBAC inAN.A plot for theoxidation peak
currents(at E,=-1.05V) against v¥2isshownintheinset.

Q 0.3

i (A

EM)
Figure3: TheCV voltammogramsfor titration of theDTX
(1.0x 107 M) solution with Al(111) (1.0x 102 M). Thedotted
lineindicatesthe CV for the casein which TBAC wasthe
only component in thesolution. Thegraph demonstrated in
theinset showsthat the peak current (ip) increaseslinearly
asfunction of v*2at E =—0.76 V.

A mixturesolution of equal amountsof DTX and
Al(111) (1.0 x 10 M) was examined at different in-
creasing scan rates. Thepeak current (ip) increased as
thepotential scanrate (v) increased from 10.0to 100.0
mV/s. Thecorresponding graphfor i against v*?isdem-
ongrated asaninsetin Figure 3. Thisstraight-lineaso
showsthat the el ectrochemical reaction occursunder
diffusion controlled phenomenaat the surface of the
electrode. When the scan rateincreased, the peak po-
tential (Ep) shifted in the negativedirection, which con-
firmstheirreversibility of the el ectrode process.

Squarewavevoltammetry

SWYV has received growing attention as a
voltammetrictechniquefor routine quantitaveanayss.
In addition, the ability of SWV to fast scan of awide

—=== Regular Paper

potentia range hasbeen used to advantage by research-
ers. Theshift of peak potential sdependent on the con-
centrationsof ligand, theequilibrium constantsand the
compositionsof complexes.

M™ +qL &> ML )]
whoseoveral conditiona stability congtant is:

B=IML J/([M™][L]%) 2
B=1+B,[L]1+B[LI?+B LI+ .. ©)
Thevalueof 8, canbeobtained by thefollowing
equation®:

AE = (E), — (E,).= (2303RT/nF) x [log(l +

Z%= ®Ba[L]) +log{(i ),/ ) H @

whereAEp denotesthedifference between the peak
potentia smeasured in metd solutionswithout and with
theligand; (EP)M, (ip)M and (Ep)c, (ip)C arethe peak po-
tentialsand current for the metal inthe presenceandin
the absence of theligand, respectively; n,R, T and F
havether usud meaning.

DeFord-Hume’s method™” has been used for de-
termination of stability constantsof meta complexesby
voltammetric techniques. The DeFord-Hume’s method
wasoriginaly devel opedfor reversbledectrochemica
systems. It has been shown that this method can be
successfully gpplied to non-reversblesystemsinwhich
thereversibility doesnot changeduring metd titration
withtheligand®-34,

Here, wearereporting the gpplication of themodi-
fied DeFord-Hume method® to determinethe stoichi-
ometry and stability constants of irreversible DTX-
AI(IIT) complexes. According to thefol lowing equation
(5), thisisthemodified form of equation (4):

(0.434 anF/RT) AE +log[(i),/(i);] =log (B,) + qug(C(:%;
where C, isthe concentration of theligandinthe
solution.

From equation (5), it followsthat apolynomia fits
theexperimentd data (titrationsof metd solutionswith
theligand solution). Itsdegree givesthenumber of com-
plexes and the coefficients correspond to the overall
formation congtants.

TheSWV voltammogramsof thecomplexation pro-
cessareshowninFigure4. The applied potentia var-
iedfrom—1.0to 1.4 V (vs. SCE). In a typical run, the
first voltammogram was recorded for asol ution con-
taining 1.96 x 10~ M of Al(III) in0.01 M dectrolytein
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Figure4: The SWV voltammograms of the complexation
process(vs. SCE) when asolution containing 1.96 x 10 M of
Al(1I inthepresenceof TBAC (0.01M)in 1:1AN:H,O solu-
tion titrated with DT X (1.0 x 10~ M) solution. The peaks(a),
(b) and (c) arefor freeAl(III) ion, Al(I11)/DTX complex and
DTX, respectively.
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Figure5: Theplot of —log[(ip)M/(ip)C] vs.—logC, accordingto
the Deford-Hume’s method. This plot demonstrates two
graight linesindicativeformation of 1:1and 1:2 (metal:ligand)
complexes.
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Figure6: The SWV voltammograms of the complexation
process(vs. SCE) when asolution containing 1.96 x 104 M of
AI(IIT) in the presence of TBAC (0.01 M) in 1:1AN:H,O solu-
tiontitrated with DTX (1.0 x 10 M) solution on adifferent
WE, GC. All conditionswerethe same asdesigned for the
previousexperiment on theplatinum electrode.

1:1AN:H,O solvent (dashed line), inwhichanew re-
duction peak has been appeared for Al** (). Addition

iy (4A)
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Figure 7 : (a) The DeFord-Hume’s plot for the SWV
voltammograms of titration 2.91 x 10*M Al (@) with
5.0x 103 M of DTX in the presence of TBAC (0.01 M) as
electrolytein H,0:AN (1:1) solution. Thefollowing condi-
tionswereused: pulseheight 30 mV, frequency=10Hz, scan
increment=3mV WE=glassy carbon, CE=Pt and RE=SCE.
(b) ipvs metal/ligand molar ratio(circles) and KINFI T-study
curveplot (solid line).

of excessDTX (1.0 x 10* M) resulted in peaks (b)
and (c). Extraexaminationswere performed to deter-
minetheorigin of pesksband ¢, fromwhichthey could
be attributed to the resulted complexesand DTX, re-
spectively. Since no shift was observed in the peak
potential (—0.4 V) of the complexes of DTX with AI3*
ions(whereE_isconstant), qvalueswere calculated
from thedopesof theplotsof Aog[(i p)M/(i p)C] versus—
log(C,). Thisplot isshown in Figure 5 that demon-
dratestwodraght linesindicativeformationof ML (1:1)
and ML, (1:2) (meta:ligand) complexes. From the
slopes of theselines, the corresponding g values are
1.05 (~1) and 2.07 (~2), respectively. The stability
constants = 4.17 x 10* and B,= 1.86 x 10* were
ca culated for theresulted complexes, respectively.
Inorder toinvestigatetheinfluence of type of WE
on DTX complexation of Al(l11), another SWV mea-
surement was carried out on adifferent WE, GC. All
conditionswerethe sameas designed for the previous
experiment, on the platinum electrode. Figure 6 dis-
plays the corresponding oxidation peaks of the com-
plexes. Using the modified DeFord-Hume’s method
(Figure 7, a) led nearly the sameresultsfor stability
constants and stoichiometry of the complexesaswere
obtained onthe Pt WE. Here, meta adsorptionon GC
el ectrodewas consi derable, whilethis processwas not
seen ontheplatinum electrode. Thisisthereasonfor
thefact that theinflection pointsof plot of peak current,
[ o VS meta/ligand molar ratio arenot distinguishable,
asshowninFigure7 (b, circles). Based on the SWV
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studieson GC it was concluded that DTX complexes
Al(lll)ionintwoforms1:1and 2:1 (DTX:AI(II)) in
thesolution, B=4.22 < 10" and B,= 1.81 x 10*. KINHT
(will bedescribedin the next section) method (Figure 7
b, solid line) was a so performed to find the compl ex-
ation parameters, in which the above-mentioned sto-
ichiometry was confirmed and 4.20 x 10* and 1.88 x
10* were obtained for B1 and 2, respectively.

Differential pulsevoltammetry

Theprimary advantage of pulsevoltammetrictech-
niques, suchasnormd or differentid pulsevoltammetry,
istheir ability to discriminate agai nst capacitance cur-
rent. Therefore, thesetechniquesaremoresensitiveto
faradaic currentsthan conventional DC voltammetry.

Weinvestigated the e ectrochemica behavior of in-

E(v)
Figure8: A st of differential pulsevoltammogramsfor Al(III)-
DTX system in which theintensities of each peak increase
after increasing addition of Al(111) concentrations(1.95 x ~
10°t01.98 x = 10* M) toa solution of DTX (1.96 x 10 M)
containing 0.01M TBAC.

a2
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Figure9: TheDPV plot of (ip)c vs. metal/ligand to determine
thestoichiometry of theinteraction of DTX with Al(I11)ionin
thesolution fromtheDPV dataof thetitration curvesat E =—
1.35V. Thecircles show the experimental valueswhilethe
lineindicatesthetheoretical predicted data from the pro-
posed complexation model (ML+ML.).
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teraction of DTX with Al(III) by DPV. A set of differ-
entid pulsevoltammogramsshowed well-shaped DPV
peaksfor Al(II)-DTX systeminwhichtheintensities
of each peak increase after increasing addition of A(111)
concentrations (1.95 x ~10° to 1.98 x~ 10* M) to a
solutionof DTX (1.96 x 10* M) solution containing
0.01M TBAC.AsshowninFigure8, thegrowth of a
new voltammograma —1.35 V is indicative the forma-
tion of new speciesinthesolution. AsshowninFigure
9 (circles), theplot of ipasafunctionof [AI¥]/[DTX] a
E =135V showed a distinct inflection point at ligand/
metal molar ratio 1 (ML). Theminor curvatureinthe
curve plot at about moleratio 0.5 could be attributed
totheformationtheweek 1:2 (ML) complex. Thereis
no separated current peak for thistype of complex, so
the current issum of the currents of two possiblecom-
plexesformed by thereaction between DTX and Al(l11)
inthesolution.

()= (), * (i), (6) Whentheligand, DTX, re-
actswith Al(l11), M, it may formaML, ML, or both
ML + ML, complexes or any other possible forms.
Accordingto theexperimenta results, weonly encoun-
tered onetype of complexation, ML + ML, (following
modd) inthesolution.

()= + (s (6)

Whentheligand, DTX, reactswith Al(lI1), M, it
may formaML, ML, or both ML + ML, complexes
or any other possibleforms. According to the experi-
menta results, we only encountered onetype of com-
plexation, ML + ML, (following model) inthesolution.
M +L ?ML,K, =[ML}[M][L] @
ML +L ?ML,, K,=[MLJML][L] )

Themassba ancesof thispossiblemodd intheso-
|ution can be solved to obtain therequired equationsfor
the concentration of freemetd [M] or freeligand [L]:
C,=[M]+[ML]+[ML,,C =[L]+[ML]+2[ML]

BILP+K (1+K (2C, - C))L]*+(1+K(C,-C))L]-C =
0 ©)
where C,, C and B,(= K .K,) denote theinitial
metal ion concentration, theinitia ligand concentration
andtheoverd| stability constant, respectively. Thefol-
lowing equation (10) caninterpret the predi ctable cur-
rent val uesfor thiscase:
(i,)= KENU[ML] + KEAHEK[ML J= K&KP [M][L] +
KEVENB [M][L]? (10)
whereKE£l, and K” values are DPV constants for
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therel ationship between current intensitiesand the con-
centration of the measuring speciesinthesolution.

To evauate the stepwise stability constantsfrom
the ca culated current valuesthe non-linear least-squares
curve-fitting program KINFIT [36] wasused, inwhich
the predicted current intensitiesof thesolution aregiven
by equation (10). The programisbased on theiterative
adjustment of ca culated vaues of current intensitiesto
the observed values by using the Wentworth matrix
technique®” or the Pawell procedure®. Adjustable pa-
rametersarethe stepwise stability constantsof thecom-
plexes present in sol ution and the corresponding cur-
rent intensitiesdepending on the model adopted. The
freeligand concentrations, [L], were cal cul ated by us-
ing the Newton-Raphson procedure. Once the values
of [L] had been obtained by using the estimated val ues
of the stability constantsat the current iteration step of
the program, therefinement of the parameterswas con-
tinued until the sum-of-squaresof theres dua sbetween
calculated and observed values of the current intensi-
tiesfor all experimental pointswereminimized. The
output of the program KINFIT comprisestherefined
parameters, the sum-of-squares, and the standard de-
viationsof thedata

All theresulting current/molar ratio data(circles, in
Figure 9) were best fitted to the corresponding model
(solid line) with sum-of-squares of theresidualsless
than 0.002, which further supportstheformation of the
speciesinthe solution and confirm the proposed com-
plexation model, ML+ML, (seeFigure 9 for details).
Thus, the stepwise formation constants of the complex
species were evaluated as 4.30x10* and 1.92 x 10*
for ML and ML, complexes, respectively. Theseval-
uesarenear tothe previoudy evauated formation con-
stantsobtained in SWV study.

CONCLUSION

The complexation reaction between Al(IlT) ionand 1,3-
dihydroxy-9H-thi oxanthen-9-one can befollowed by
using CV, SWV and DPV, which alow theidentifica-
tion of thecomplexesformed aswell asthedetermina-
tion of their stability constants.In addition, theresults
show that the DeFord-Hume’s method is applicable
eveninthepresenceof electrochemically irreversible
complexes. It has shown that the methodol ogy based

on the DeFord-Hume’s principle can successfully be
applied to treat data obtained from irreversible
voltammograms, fromwhich complexation parameters
such ascomplex(es) molar ratio and stepwise stability
constant(s) could be eva uated.
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