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ABSTRACT

The stability constant of a mixed ligand complex of the Scandium ion by
using ethylenediaminetetraacetic acid (EDTA, H,A) as a primary ligand,
and 2,3-dihydroxybenzoic acid (2,3-DHBA, H,B) asasecondary ligand has
been investigated. The stability constants of the binary and mixed ligand
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complexes have been determined by using a potentiometric method and the
BEST computer programat 25°C ina 0.1 M NaCl ionic medium.

In addition, the identified complex by potentiometry was isolated as solid
and the structural characterization have been examined using IR, NMR,
elemental analysis, AAS, ICP-OES, differential thermal analysis,

thermogravimetric analysis method.

INTRODUCTION

Scandiumisgroup 111  ement. Asthefirst member
of group 111, Sc (111) ionwiththesmallest ionradius (r
=0.075nm), whichisintermediate between theradii of
theAl (111) ion (0.054 nm) with acoordination number
of sixandtheY (I11) ion (0.090 nm) with acoordina-
tion number of eight!*2., It has been considered for a
long period that the Sc (111) ion coordinates six water
molecules, by and ogy with the structure of alargenum-
ber of studied crysta hydrateswith oxygen_containing
ligands®. However, publicationg*® showed that the
coordination number of the Sc (111) ion variesover a
broad range from threeto ninein complexeswith oxy-
gendonor ligands. Scandiumion, Sc(l11), hastheeec-
tron configuration of inert gases (d); thismakesitsin-
teractionsclearly dectrostatic. Themeta ion Sc(l11) is
hard Lewisacid and it form complexes preferentialy
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with hard Lewisbase such asO-containing ligands. For
example, the stability constantsfor 1:1 complexesof
Sc (111) and EDTA are 10216,

Ethylenediaminetetraaceticacid (EDTA, H,A) isa
polyamino carboxylic acid and It hasbeen previoudy
known that EDTA have 6 coordination numbers (2
nitrogens and 4 carboxylates) with alkaline earth and
diamagneticlanthanidecations(La(lll), Lu(lll) and Y
(1N)78, Smaller ligandsform ternary complexeswith
M (EDTA).

Researcher were synthesized NH,[Sc(EDTA)
(H,0),].3H,0F. The Sc (I11) has coordination num-
ber eight, which includesfour O and two N atoms of
the EDTA and two O atomsof coordinated water. These
eight atomsform adistarted square antiprism around
the Sc (11N, Turke et a. investigated the complexes
of S(I11) with 2,3-DHBA at 25°C and under 0.1 M
KNO, ionic medium through potentiometric methods
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and they determined the stability constantsof ScB and
ScB (H,B) complexes as 21.36 and 23.03, respec-
tivelyl%, Besides simplecoordination specieslike bi-
nary sysemscongsingof sngletypemetd ionandsngle
typeligand in organismsand ecosystems, number of
thechemica equilibriainwhichincluding coordination
gpeci esconta ning morethan onemeta ionand/or more
than one ligand typetake placeisquite high. Conse-
guently, mixed ligand studies have becomemoreim-
portant recently to describe these systemsand to con-
tributeto application of it for various purposes™. Al-
though there are studies on binary systems produced
by ethylenediaminetetraacetic acid and 2,3-
dihydroxybenzoic acid withthe Sc (I11) ionsin thelit-
erature, thereisno study on themixed complexeswith
thesetwo ligands. Therefore, inthisstudy, the stability
congtants of mixed ligand complexsthat theseligands
form Sc (111) wasinvestigated in agueous solution and
themixed ligand complex wasisolated inthe solid state
and characterized.

EXPERIMENTAL

Chemicals

All chemica swereof andyticd gradeand usedwith-
out further purification. Scandium oxide (Sc,O,, 99%)
and 2,3-dihydroxybenzoic acid (2,3-DHBA, 97%)
were purchased fromAldrich, and thedisodium sat of
ethylenediaminetetraacetic acid (Na,EDTA, 99%) was
purchased fromMerck. Thepuritiesof theligandswere
checked by potentiometry!?. A stock solution of Sc
(1) was prepared by dissolving the proper amount of
Scandium oxide (Sigma99.9%) in asmall amount of
HCI (Merck 37% purity) to prevent hydrolysis. The
concentration of freeacidinthe stock solutionwassys-
tematically checked by potentiometric titration before
each series of experiments. The stock solution of Sc
(111) was standardized complexometrically by EDTA
titration using themethod of Schwarzenbach™.

Apparatusand procedure

Potentiometrictitrationswereperformed on aSchott
TitrolineAlphaPlusautomatictitrator withacombined
pH el ectrode (Schott), which was connected toacom-
puter. All titrationswere carried out in adouble-walled
glasscell. Thetemperature was kept constant inside
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thecell at 25.0+ 0.1 °C by circulating water from an
externd thermogtat (VWR, precison+0.1 °C). The pH-
meter was calibrated daily using standard buffer solu-
tions(Merck) with pH valuesof 4.01, 6.96, and 8.96
at 25°C. The combined glass electrode calibration was
carried out daily from thetitration of astrong acid (HCl,
0.1 M) with astrong base (NaOH, 0.1 M) at the same
ionic strength before each titration to obtain the hydro-
genion concentration directly so that p[H] wasdefined
as—log [H*]*. Thisis because the EMF values (E)
depend on [H*] according to E = E° + slog [H*] +
J[HT +3, [OH], whereJ, and J , arefitting param-
etersin acidic and akaline mediafor the correction of
experimental errors, mainly dueto theliquid junction
andtotheakaineand acidic errorsof theglasselec-
trode. Theionic strength of the sol utionswere adjusted
t0 0.1 M by NaCl*® and atotal volume of 50 mL was
used for eachtitration.

Calculation

To calculatethe stability constants of binary and
mixed ligand complexes, the datafor the potentiomet-
rictitrationswastreated using the microcomputer pro-
gram BEST™, Thiscomprisesthe best reaction model
and appliesthe criterion for which speciesare present
inequilibriaand computesthe concentrationsof H* for
each equilibrium and the quantity of the added base.
Thenthestability constantsof binary and mixedligand
complexeswereca culated (TABLE 1).All of thepro-
tonation, binary, and ternary system titrations contained
at least 99 experimenta pointsbetween pH 2 and 10.
The speciesdistribution diagramswere obtained usng
the SPE program/*®; thus, the speciesexigtinginthe Sc
(11):EDTA:2,3-DHBA system areavailable.

TABLE 1: Protonation constants(log K + ¢*)Y of EDTA and
2,3-DHBA ationicstrength| = 0.1 M NaCl and 25°C.

Ligand log Ky log K, log K3
9.48 £ 0.05 6.06 + 0.04
EDTA 10.17% 6.11%®
9.42+0.05°  6.22+0.05"°
1220£040  10.00£020  2.72+0.21
2,3-DHBA o148 9.81% 3.32%
9.91% 2.74%

X : standard deviation; y : + 95 % confidence interval
Potentiometrictitrations
Potentiometric titrationswere carried out using
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threedifferent metal concentrations[(2.0x1073,3.0x10

3and 4.0x10%) M]. The experimental procedurein-

volved the potentiometric titrations of thefollowing
olutions:

(@ 5mL0.1M HCI +5mL 1 M NaCl (for cell cali-
bration).

(b) 5mL 0.2M HCI +0.1mmol ligandAor B+5mL
1 M NaCl (for thedetermination of the protonation
congtantsof ligands).

(c) Solutionb+210mL 0.01M Sc (1) (for thedeter-
mination of the stability constants of ScB or ScA
complexes).

(d) Solutiona+0.1mmol ligandA + 0.1 mmol ligand
B+ 10 mL 0.01 M (0.1 mmol) Sc (I1) (for the
determination of thestability constants of the SCBA
mixed ligand complex).

Grade-A glasswareand doubly distilled water were
used throughout the measurements. Each experimenta
run cons sted of obtaining equilibrium datathroughout
the pH range4.00-11.00 as afunction of milimolesof
thestandard 0.1 M base.

Spectroscopic study

The spectroscopic study was performed using a
GBS Cintra303 model UV-Visible spectrophotom-
eter. The spectraof solutions containing 2,3-DHBA,
(1:1) Sc (I11):2,3-DHBA, and (1:1:1) Sc
(111):EDTA:2,3-DHBA were taken separately be-
tween pH 3.5 and 10.5 within the (190 to 400) nm
wavelengthinterval.

Synthesisof themixed ligand complex

1 mmol Sc,0, isdissolved with concentrated HCI
to prepare a Sc (I11) solution. The EDTA and 2,3-
DHBA ligandsare added to the prepared Sc (111) solu-
tioninequal milimolar concentrations. ThepH of the
solutionisadjusted to 9.7 with NaOH and mixed for a
day. The obtained solutionisleft to crystallize. Small
crystd sareobtained from the complex solutions. After
they arefiltered and dried, however, they turninto a
powder in the course of timewith the effect of light.
Thisindicatesthat crystal waterswith weak bondsex-
istinthestructure of the complex and thewatersleave
thecrysta structureasaresult of theeffect of light and
ar over ashort time. Thecomplex isdissolved only in
water. Themeting point is278.8°C (decomposition)
and theefficiency is53% (0.47Q).

RESULTSAND DISCUSSION

Proton-ligand systems

The protonation constants of EDTA (H,A*) and
2,3-DHBA (H_B) were determined again by the po-
tentiometric method at 25 °C and in a 0.1M ionic me-
dium (NaCl)™*7. The agreement between the present
data is very good with the previous resultg0&21
(TABLE1).

Metal-ligand binary systems

The complexation behavior of EDTA and 2,3-
DHBA toward Sc (111) ionsin agqueous sol ution was
studied by potentiometry. Arepresentative pH-met-
ric titration curve of thisbinary systemisshownin
Figurel, curvelV and V. Anaysisof the complexes
and ligandscurveindicatesthat the addition of metal
ionto thefreeligand solutions shiftsthe buffer region
of theligandto lower pH. Thisresult indicates that
complex formation reactions proceed by rel ease of
protonsfrom such ligands. It ispossibleto show the
formation reaction and the stability constant equa-
tion of the ScA and ScB binary complex with eq 1
and 2:

Sc +AY == ScA” logBs., =

LScA]

[sce+10a%] (1)
[ScB]

5715 ()

S +B*” == ScB logfs.s =

0 1 2 3 4 5 6
m (mmol baz mmolmetal)
Figure 1 : Potentiometric titrations curves of Sc(l1):
EDTA:2,3-DHBA system at 25 °C and I = 0.1 M NaCl; a)
EDTA alone; b) 2,3-DHBA alone; c) Sc(l11):EDTA (1:1); d)
Sc(111):2,3-DHBA (L:1) e) Sc(I11):EDTA:2,3-DHBA (1:1:1)

The stability constant for the ScA and ScB com-
plexeswereredetermined by the BEST computer pro-
gram according to the potentiometric datain thisstud-
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ies; the agreement was very good with previousre-
sultg'®221 (TABLE 2). Thedistribution curveswere
drawn for the Sc.EDTA and Sc (111):2,3-DHBA sys-
temsby the SPE program (Figure 2aand 2b). Accord-
ingtothedistribution curvedrawnforthe Sc(111):EDTA
system (Figure 2a), the ScA type complexesare pro-
duced at approximately 100% of the Sc (111) at pH 2.
The ScB complex is present at approximately 98%
between pH 4.0and 7.0 (Figure 2b).

TABLE 2: Sability constants(log #(K) + ¢*) of binary and
mixed ligand complexesof Sc(l11) ationicstrength| = 0.1 M
NaCl and 25°C.

log f2n  log fRs logK,  logKgidg  10g Bsnas
23.1+0.02 20.81+0.03 12.31+0.11 5.49+0.01 29.59+0.01
23.1%

23
22533)524 21,36
21.0%

X : standard deviation; y : + 95 % confidence interval;
Metal-ligand ter nary systems

Potentiometric titrations of the (1:1:1) moleratio
Sc(111):EDTA:2,3-DHBA systemwere performedin
| =0.1 M NaCl ionic medium and at 25 °C. In the
mixed ligand system, one inflection point was ob-
served at m= 3.0. In comparison with thetitration
curves of 2,3-DHBA for the Sc (111):EDTA:2,3-
DHBA system (Figure 1, curvell and V1), adecrease
in pH is seen. The decrease in pH indicates that a
ScAB complex hasbeen formed. The potantiometric
titration curveof Sc(I11) ionisgiveninFigure 1, curve
[11. Continuous deviation is observed at the pH val-
ues between m=0.0 and 3.0 A wide buffer zone oc-
cursdueto hydrolysisof [Sc (H,O) ]* ion. It can be
said that the [Sc (H,0) ]** ion is hydrolyzed after
pH=5. When potantiometric titration curves of the
Sc (111) and ScAB complex were compared, the dif-
ference was seen.

Theseresultsshow that theprotontitratedisdueto
complex formation. Theformation reactionsand over-
all stability constant of the SCAB complex inthe Sc
(111):EDTA:2,3-DHBA system areshown by eq 3:
S+ AT+ B! T SeABY BiSe =potim
The stability constants of the SCAB complex arelisted
inTABLE 2. According tothe distribution curve of the
Sc (111):EDTA:2,3-DHBA system (Figure 2c), the
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ScAB complex began to form around pH~8.5andis
present at approximately 90% after pH 11.
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Figure?2: Digribution diagramsof Sc(l11):EDTA:2,3-DHBA
Systema) Sc(I11):EDTA (1:1), b) Sc(111):2,3-DHBA (1:1), ¢)
Sc(l11): EDTA:2,3-DHBA (1:1:1).
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Spectroscopicresults

Therecorded electronic spectraof the2,3-DHBA
at different pH =3.5-10.5areshowninFigure3a. The
whole spectraare presented in two sets according to
the ligand peak at 306 nm (pH = 3.80), shifted
hydrochromicaly to 304.9 nm, whereaswithanincrease
in pH from 5.03, the peaks at 304.9 nm start to shift
bathochromically. Thefirst blue shift happensdueto
the conversion of the COOH group intoaCOQO ion,
whereasthered shiftisassigned (pH=10.3,A _=317.4
nm) to the deprotonation of the hydroxyl group!?.

pH=10.96

()

A (um)
Figure3: Spectra of Sc(l11):EDTA:2,3-DHBA System at
Different pH a) 2,3-DHBA alone, b) Sc(111):2,3-DHBA (1:1)
(©) Sc(l11):EDTA:2,3-DHBA (1:1:1).

The spectraof the solutionscontaining Sc (111):2,3-
DHBA and Sc (111):EDTA:2,3-DHBA are taken be-

tween pH 3.30 and 11.0 withinthe 190-400 nm wave-
lengthinterva (Figure3b and 4c). Thewavdength pesk
shiftsto redinthe spectrataken after pH 4.3 for ScB
and pH 9.5for SCAB. Thisshiftingtoredinthespectra
indicatesthat theligand isbound by the phenolic oxy-
gentoform thebinary and mixed ligand complex.

I dentification of structureof mixed ligand complex
IR (KBr)v

For EDTA, (3381.5, 3027.0, 1674 cm)

For 2,3-DHBA, (3368.4, 3047.3, 1678.2 cm).

For Mixed ligand compl exes,(3000-3500, 3043.8,
2962,1, 1638.1, 1613.6 cm).

Coordinationand/or crystd watersexist inthestruc-
tureof the obtained complex. Becausethe 3000-3500
cm regionisoverlapped by thewater peak, the—OH
peak belonging to theligands cannot be seenin this
region. The peaksbelongingto thecarbonylsat 1674
cmrt and 1678.2 cm'! of the IR spectraof EDTA and
2,3-DHBA, respectively, shifted to 1638.1 cm* and
1613.60 cm'™. Thisshift inthe peak at 3043.8 shows
that the presence of aromatic C-H bindingsinthestruc-
ture supportscomplex formation.

IH-NMR results

For EDTA (D,0O, 300MHz) 6: 3.70 (s,8H), 3.48
(s4H)

For 2,3-DHBA (DM SO, 300MHz); 6.75 (s, 1H),
7.03(s, 1H),7.27 (s, 1H), 9.34 (s, 1H), 11.31 (s, 1H),

For Mixed ligand complexes (DM SO, 300MHz);
3.35-3.11 (dd, J=10.4, J=5,6 Hz, 8H), 2.64 (s, 1H),
7.18 (s, 1H), 6.85 (s, 1H), 6.64 (t, J=0,8 Hz, 1H),
8.36 (s, OH),

According to the*H-NMR spectrum of EDTA, the
peaks of acetate protons are observed at 3.70 ppm
and the peaksof ethyleneprotonsare observed at 3.48
ppm. According to theH-NM R spectrum of the SCAB
complex, the quartet peaks for acetate protons are
observed. Thesingle peak for ethyleneprotonsisob-
served at 2.64 ppm. Shiftsin peak valuesare caused
by complex formation. Inthe *H-NM R spectrum of
the SCAB complex, two singlet nd onetriplet pesksare
seen. These peaks show aromatic ring protons of 2,3-
DHBA. Thesinglet peak belonging to OH protonsin
themeta positionto thecarboxylaeof 2,3-DHBA was
observed at 8.36 ppm. Also, the peak belonging to the
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hydrogen bond between OH protonsin the ortho posi-
tion with the carboxylate oxygenisobserved at 16.60
ppm. TheH-NMR spectrum of the SCAB mixed ligand
complex showsthat the binding between Sc(111) and
2,3-DHBA isthecarboxylatetype. Incomparisonwith
the peaks of the *H-NMR spectrum of 2,3-DHBA,
shiftsareobserved at the peak values. Consequently, it
may be said that the complex obtai ned contains both
EDTA and 2,3-DHBA; in other words, the SCAB com-
plex formed.

BC-NMR results

Three carbon peaksbelonging to EDTA and seven
carbon peaksbelongingto 2,3-DHBA were observed
inthe *C-NMR spectrum obtained of for the SCAB
complex. Thedataobtained from the 3C NMR spec-
traof EDTA, 2,3DHBA, and theternary complex is
shownin TABLE 3. Inthe®*C NMR spectrum of EDTA
takenin D,O, the carboxylate carbons were observed
at 170.53 ppm, -CH, carbonslinked to the carboxy-
late carbon were observed at 57.84 ppm and -CH,-
carbons bel onging to ethylenediaminewere observed
at 51.42 ppm. These peakswere observed at 180.10
ppm, 62.62 ppm, and 57.56 ppm, respectively, inthe
3C-NMR spectrum of the SCAB complex. Inthe*C-
NMR spectrum of 2,3-DHBA taken at DM SO-d,, the
peaks at 172.93 ppm, 150.03 ppm, 146.33 ppm,
121.14 ppm, 120.39 ppm, 119,02 ppm, and 113.53
ppm belong to carboxylate carbon and the 2, 3, 4, 5,
6, and 7 numbered carbons in the benzene ring, re-
spectively. In the *C-NMR spectrum of the mixed
ligand complex of Sc(l11), thesecarbonswere observed
at 175.61 ppm, 151.72 ppm, 144.00 ppm, 121.02
ppm, 119.25 ppm, 118.66 ppm, and 118.43 ppm, re-
spectively. Thefact that carbon atomsbe onging to both
of the ligands were observed in the *C-NMR spec-
trum of the complex and dueto shiftsin the peaks sup-
portstheconclusionthat the ScAB mixed ligand com-
plex wasformed.

Elemental analyses

Thereaultsof theC, N, and H analysesof the SCAB
complex areshownin TABLE 4. Thedataindicates
that the predicted structure is Na[Sc
(C,,H,N,O.)(C,H.0,)].3H,0 (TABLE 4). The
amounts of sodium and Scandium inthe ScCAB com-
plex were determined by atomic absorption spectrom-
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eter (AAS) and inductively coupled plasma optical
emission spectrometry (ICP-OES), respectively
(TABLEA4).

TABLE 3: BC NMR spectrum data of ligands and mixed
ligand complex

logpa logfes  logkn logKelip 109 fss
23.1+£0.02 20.81+0.03 12.31+0.11  5.49+0.01 29.59+0.01
23.1%

23

21.0%

X : standard deviation; y : = 95 % confidence interval

TABLE 4: Elemental analysisdata

%C %N %H %Sc %Na
Experimental 3411 495 38 715 828
Theoretical 3481 478 392 768 7.85

Thermal decomposition

Thethermd gtahility and decompodtion of the SCAB
complex wereinvestigated through thermal analysis
(DTA and thermogravimetric analysis (TG) and under
dryairflow at (25t01000) °C. The DTAand TG curves
obtained areshownin Figure4. Ingenerd, thelossin
mass occurred inthree steps. Thefirst was decomposi-
tionat 69.6°C, the second was decomposition at 278.8
°C, the third was decomposition at 358.4 °C and the
fourth wasdecompositionat 487.7 °C. The loss in mass
up to 69.6 °C is caused by the loss of water in the
structureand was determined to be 8.6% (theoreticaly
9.2%). Thesetwo values are cons stent with each other
and correspond to 3 molesof water. Themass|eft asa
result of decomposition at 1000 °C is 21.20%. It is
believed that Sc,0, + Na,O will beleft asaresult of
decomposition. Consequently, the theoretical amount
left asaresult of decompositionis22.35%. Thisvaue
isquitecongistent withtheempirica results(Sc,O,: mp:
2484 °C, Na,O: mp: 1132 °C (dec).
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Figured: DTA and TG curvesof the SCAB complex.
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CONCLUSIONS

The stability constants of the ScA (loggse, ), ScB
(logp3c, ).and SCAB (logpsea - ) complexesare23.1,
20.81 and 5.49, respectively. EDTA and 2,3-DHBA
form stablebinary complexeswith Sc (111). However,
whenthe2,3-DHBA bindstothe Sc(111):EDTA com-
plex asasecondary ligand to form amixed ligand com-
plex, there appear to be steric and e ectrostatic effects.
EDTA isabulky ligand, anditismoredifficult for 2,3
DHBA to bind to a Sc (111):EDTA complex than to
bindtoaSc(l11) ion. Apart fromthis, the SCA complex
formed by Sc (111) with EDTA that isshown with for-
mulaH_A? isnegatively loaded. Itisdifficult for anan-
ionic secondary ligand suchas2,3-DHBA tobindto a
negatively loaded SCA complex dueto dectrostatic ef -
fects. Duetothesetwo effects, the stability of themixed
ligand complex islower than thebinary complex.

Zang et a. determined in their study! that the co-
ordination number of Sc(l11) inthe Sc (111):EDTA com-
plexisnine. Inthiscase, thesix donor atomsof EDTA
and two waters were linked to Sc (111). 2,3-DHBA
was coordinated to Sc (111) by creating abondinthe
carboxylatetypein the mixed ligand complex, whose
formulaisNa,[ScAB].3H,0. It may be said that the
three molesof water is present ashydrate water, i.e.
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