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ABSTRACT

In this paper, the compl exation reactions between aza-15-crown-5 (A15C5)
ligand with Zn#, Hg?, Co%, Ag*and Cd? ions has been studied by con-
ductometric and spectrophotometric methods in acetonitrile solution at
various temperatures. The formation constants of the resulting 1:1 com-
plexeswere calculated from the computer fitting of the molar conductance-
mole ratio data at different temperatures. At 25°C, the order of stability of
the 1:1 complexes of the A15C5 ligand with different cations are as Hg* >
Co?> Cd*> Zn?> Ag'. The enthal py and entropy changes of the complex-
ation reactions were evaluated from the temperature dependence of forma-
tion constants. In addition, *HNMR study of complexes of nitrate salt of
Cd*2in acetonitrile with A15C5 ligand at 25°C has been also undertaken to
compare the results with those obtained by conductivity and UV measure-
ments, which have been found to be in good agreement with each other.
Finally, ab initio studies of thelevel of HF/lanl2dz have been doneto inves-
tigate the binding energies of the ligand with Ag* and Hg?". All theoretical
dataare in line with the experimental ones.
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INTRODUCTION

Macrocyclic polyethers (crown ethers), first pre-
pared in the 196017, constitute an important class of
“host” molecules that have been found broad applica-
tionto studies of molecular recognition and inclusion
phenomena?. They are macrocycles capableof ion en-
capsulation dueto their cagelikestructures. Themetal
ionisheldinthe crown ether cavity by electrostatic

attraction between the charged cation and dipolescre-
ated by the nonbonding electrons of donor atomg?4.
Theselectivity and stability of crown ethersare also
influenced by their structurd flexibility, thenumber and
type of donor atoms on the cavity of the crown, and
the solvation energy of themeta ion. Thus, compounds
of thistype have been used extensively for selective
complexation and transport of cations, anionsand neu-
tral molecules®. Macrocyclic crown compoundshave
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gained agresat dedl of attention dueto their wide appli-
cationsin chemistry, microanaysis, sensing and sepa-
ration of metal ion, biology, biophysicsand ecology®.

Aza-crown ethershaveespecialy beenfocused on
asuseful ligands because of their versatility and appli-
cability. The property of aza-crown ether can bemodi-
fied by dteringitssdearmsaswell asmacrocycleit-
sdfl?, It was of interest to usto study theinteraction of
the various cationswith aza crown ethers. Sincethe
nature of thesecompoundsand thesizeof cavity by the
oxygen atomsintheir ring may strongly influencethe
gtoichiometry and complexation of transition meta com-
plexesinsolution®, thecomplexation reactionsbetween
aza-15-crown-5 (A15C5) ligand (Figure 1) with Zn?*,
Hg?*, Co**, Ag"and Cd?* ions were studied by con-
ductometric and spectrophotometric methodsin aceto-
nitrilesolution at varioustemperatures. Theformation
constants of theresulting 1:1 complexeswere cal cu-
lated from the compuiter fitting of themolar conduc-
tance (absorbance)-moleratio dataat different tem-

peratures.
(\O/w
C o)
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Figurel: Sructureof 1-aza-15-crown-5 (A15C5) ligand

EXPERIMENTAL

Reagents

Reagent gradenitrate salts of Cobalt, Zinc, Cad-
mium, Mercury, and Silver weredl fromMerck. A15C5
from Hukawereof thehighest purity availableand used
without any further purification. Spectroscopic grade
acetonitrile (AN) from Merck was purified and dried
by the previousdly described method®. The conductiv-
ity of thesolvent waslessthan 1 x10"Scm? a 25° C.

Spectrophotometrictitrations

All UV-Vis Spectrarecorded on acomputerized
doubl e-beam shimadzu 2550 spectrophotometer, us-
ing two matched 10 mm quartz cell. Inatypica experi-
ment, 2.0 ml of ligand solution (5.0x10°mol L) in
acetonitrile was placed in the spectrophotometer cell

—= Fyll Poper

and the absorbance of solution wasmeasured. Thena
known amount of the concentrated sol ution of metal
ionsin acetonitrile (1.3x10*mol L) wasaddedina
stepwise manner using an |0il Hamilton syringe. The
absorbance of the solution was measured after each
addition. Themetd ionssol ution wascontinudly added
until thedesired metd to ligand moleratiowasachieved.

Conductometrictitrations

Conductometric measurementswerecarried out by
Metrohm 712 conductometer equi pped with aHaake
D1 circulator. Inatypicd experiment, 10.0ml of metal
ionsolution (5.0<10°mol L %) inacetonitrilewasplaced
inthetitration cell, thermostated to the desired tem-
perature and the conductance of solutionwasmeasured.
Then aknown amount of the concentrated solution of
ligand in acetonitrile (5.0x10°*mol L) wasaddedina
stepwise manner using anl0iL Hamilton syringe. The
conductance of the solution was measured after each
addition. Theligand solution was continual ly added un-
til the desired ligand to metal ion mole ratio was
achieved.

In all measurments, cell wasthermostated at de-
sired temperature=+0.1°C; the cell constant at the dif-
ferent temperature used was determined by measuring
theconductivity of 1x102mol L solution of analytical
gradeKCl intriply distilled deionized water. The spe-
cific conductances of thissolution at varioustempera-
tureshave been reported intheliteraturd™®. Thecorre-
sponding cell constant at 15°, 25°, 35°, and 45° C were
0.834, 0.832, 0.829 and 0.820 cn?, respectively. A
dip-type conductivity cell made of platinum black was
used.

NMR titrations

All tHNMR Spectrarecorded on acomputerized
Bruker Avance 300, infield of 300.13 megahertz using
5mmcell. Inatypical experiment, 0.5 ml of ligand
solution (2x102mol L) in deuteriated acetonitrilewas
placed inthe cell and the spectraof solution was mea-
sured. Then the concentrated solution of metal ion
(2.0<10t mol L) was added in a stepwise manner
usingan|OiL Hamilton syringe. The spectra of the solu-
tion weremeasured after each addition. Themeta ion
solution was continua ly added until thedesired meta
toligand moleratio wasachieved.
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Sability constantsof metal ion-ligand systems

Theformation constant (K,) and the mol ar absorp-
tivity (&) of the resulting 1:1 complexes between the
ligand (A15C5) and different metal ionsin acetonitrile
at 25°C were calculated by fitting the observed absor-
bance A ,, a variousmeta ion/ligand moleratiosto
the previously derived equationsg*-3, which express
theA . asafunction of thefreeand complexed meta
ionsand theformation constant evaluated from anon-
linear least-squares program KINFITH3,

For eva uation of theformation constant from mo-
lar conductancevs. C /C,, moleratiodata, the KINFT
program wasalso used. Adjustable parametersarethe
K., and molar conductance of complex. Thefreemeta
ion concentration, [M], was cal cul ated by aNewton-
Raphson procedure. When thevalue of [M] had been
obtained, the concentration of al other speciesinvolved
are calculated from the mass ba ance equations by us-
ing the estimated val ue of theformation constant at the
current interaction step of the program. Refinement of
the parameterswas continued until the sum-of-squares
of theresidual s between cal culated and observed mo-
lar conductancefor all experimental pointswasmini-
mized. Theoutput of the program KINFIT comprises
therefined parameters, the sum of squaresand the stan-
dardsdeviation of thedata

Thermodynamic parameter sof metal ion- ligand
systems

In order to have abetter understanding of thether-
modynamics of complexation between A15C5 ligand
with metd ionsin acetonitrile, itisuseful to consider the
enthal pic and entropi ¢ contributionsto thesereactions.
The enthal py and entropy of the complexation reac-
tionsweredetermined by measuring theformation con-
gantsof theresultingML and ML complexesasafunc-
tion of temperaturewith VVan’t Hoff Equation (Equation
1).

AH AS

2.30310gK -t R €

RESULTSAND DISCUSSION

Spectrophotometric studies
The e ectronic absorption spectraof A15C5 ligand

and itsAg*, Cd**, Hg?*, Zn?* and Co?* complexesin
acetonitrileareshownin Figure 2, and absorption spec-
traof A15C5ligand (5 =10~ mol L) inthe presence
of increasing concentration of Co?* ionswererecorded
(Figure3) inacetonitrileat 25°C. The resulting com-
plexes of Ag*, Cd*, Zn?* and Co?* with A15C5 are
distinguished by aspectrd shift of about 40 nm toward
shorter wavelength, and for Hg?*about 30 nm toward
shorter wavel ength in comparison to thefreeligand.

25

Absorbance

205 225 245 265 285 305 325 345

Wavelength (nm)
Figure2: Spectraof A15C5ligand and it’s complexes with
Ag', Cd*, Hg*, Zn? and Co* ionsin acetonitrile
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Figure3: Electronic absor ption spectraof A15C5ligand (5
x10 5 mol L) in thepresenceof increasing concentr ation of
Co? ion at 25°C. The molar ratio of [Co?]/[L] from down to
up equal to: 0.0, 0.02, 0.04, 0.06, 0.08,0.1,0.12, 0.14, 0.16,
0.18,0.2,0.22,0.24,0.26, 0.28, 0.3

The stoichiometry of themetal complexeswasex-
amined by themol eratio method. Sampleof theresult-
ing plot for Cd?* - A15C5 complex isshownin Figure
4 at 275 nm, and it isevident that 1:1 (metal ion to
ligand) complex areformed in solution. Theformation
congtantsof theresulting 1:1 metd ionsto A 15C5 com-
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plexeswereobtained at 25°C by absorbance measure-
mentsof solutionsinwhich varying concentrations of
metal ionswere added to fixed amounts (5.0x10-° mol
L) of A15C5 solution. All theresulting absorbance-
moleratio datawere best fitted to Equation 2, which
further supportstheformation of ML insolution.

K([LJ+(1+K,C, =K, C,)[L]-C, =0 @)

For evaluation of theformation constantsand mo-
lar absorptivity coefficientsfrom absorbancevs. [M]/
[L] moleratio data, anon-linear least squares curve
fitting program KINFIT wasused. Theresulting K of
theA15C5 complexesat 25°C are listed in TABLE 1.
Thedatagivenin TABLE 1reveaedthat, at 25°C, the
order of stability of the 1:1 complexesof theA15C5
ligand with different cationsareasHg?* > Co*> Cd?*>
Zn>Ad.

Absorbance

[He™']/ [A15C5]
Figure4: Moleratioplot of theA15C5ligand (5.0x10-° mal
LY)with Cd? at 275nm at 25°C

TABLE 1: Formation congantsfor M ™-A15C5 complexesat
25°C in acetonitrile solution from spectrophotometric data

Log K¢+ SD"

Cation—> "
Ligandy He?
A15C5 3.34+0.10 4.96+0.10 4.84+0.20 5.15+0.20 5.16+0.10
*SD= Sandard deviation

Ag+ Cd2+ Zn2+ C02+

Conductometric studies

Themolar conductance of thenitratesatsof Zn?",
Cd?, Co**, Hg?*, and Ag'in acetonitrile solvent was
monitored asafunction of theA15C5 ligand to meta
ionmoleretios, and thestoichiometry of the complexes
inacetonitrilewas examined by themol eratio method
a variabletemperatures. A sampleof theresulting plots
for al meta ionswith A15C5 at 25°C are shown in

= Fuyl] Paper

Figure5, and for Zn?* complexesisshownin Figure 6
at different temperatures. Itisevident that 1:1 (metal to
ligand) complexesareformed insolution. Asit isseen,
whiletheligand sol ution possessesanegligible conduc-
tance, itsadditionto dl meta ionscaused arather large
and continuousincreasein molar conductance except
for silver ionthat adecreasein E values was observed.
Thiscould beduetothelower mobility of the solvated
cation and existence of someion pairingintheinitia
Sal t[1416] .

Thismight indicate that the complexesformed are
more mobilethan the solvated metalsions. Itiswell
knownthat trangition metal ionsstrongly arecomplexed
with acetonitrileand such asolvatedionswill behighly
ordered and duggishi*”.

Also thishasbeen explained onthebasisof asol-
vaion sphere, thedivaent metd ionshaveahigh charge-
to-radiusratio on account of whichthey arehighly sol-
vated but on complexation, the crown ether molecule
replacesthe s vation sheath around the metal ionand
asaresult the moving entity becomeslessbulky and
moremobile®®. Theslver ions, ontheother hand, are
relatively larger and havelower charge-to-radii ratio.
Hence, they are solvated to a lesser extent. When
complexed with crown ether it becomesbulkier caus-
ingadecreaseinitsmobility and asointheE values'®2,

Thefirgt addition of A15C5 ligand, causesthat the
complexes beformed inamore mobile system with
relaively high conductivity. Further additionsof ligand
totherelatively mobile systemwill causeagradud in-
creasein conductivity. However, the slope of the cor-
responding molar conductance-molerétio plotschange
at the point wheretheligandtoionsratio areone, and
further additionsof theligand causeno or very dight
changesinthemolar conductance. Such aconductance
behavior isindicativeof theformation of ML complexes
insolutions.

Theformation constants of theresulting ML com-
plexeswere obtained by molar conductance measure-
mentsof solutionsinwhich varying concentrations of
ligand (5.0x10° mol L) wereadded to fixed amounts
(5.0<10° mol L) of metal ionssolution. The entire
resulting molar conductance-moleratio datawere best
fitted to Equation 2, which further supportstheforma-
tion of ML complexesin solution.

For eva uation of theformation congtantsfrommolar
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Figure5: Molar conductance (S cm? mol?) vs. [A15C5]/
[M™] plotsinAN at 25°C
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Figure7: Computer fit of molar conductancevs. [A15C5]/
[Zn*] moleratioplot in acetonitrileat 25°C, (X) experimen-
tal point, (O) calculated point, (=) experimental and calcu-
lated pointsar ethesamewithin theresolution of theplot

andtheresultsareasolistedin TABLE 2. TheVan’t
Hoff plotsfor A15C5 ligand are shown in Figure 8.
Comparison of thedatagivenin TABLE 2indicates

500
that the stability of the ML complexes of theA15C5
400 - e ligand with different cationsdecreaseintheorder Hg?*>
o -l"""...“ 2 gaj 2+ 2+ + gz
3 Co*>Cd*>Z**>Ag'.
= 1
£ 300 A
% 200 1 . E
a4 2 . i o
< 4
100 1 e
0 T T T T éﬂ 5 — :cn
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[A15C5 [/[Zn ] . . . .
Figure 6 : Molar conductance (S cm? mol?) vs. [A15C5]/ ?
[Zn#] plotsin AN at varioustemper atures: 1) 15°C, 2) 25°C, L5

3) 35°C and 4) 45°C

conductancevs. C /C,, moleratio data, anon-linear
least squares curvefitting program KINFI T was used.
A samplecomputer fit of themolar conductance-mole
ratio data for Zn* and A15C5 at 25°C is shown in
Figure7. Theresulting K. of theA15C5 complexesat
25°C are listed in TABLE 2.

The AH® and AS° val ues were determined from

1000/T
Figure 8 : logK, vs. UT plotsfor the 1.1 complexation of
metal ionswithA15C5inAN

NMR studies

TheHNMR spectraof A15C5 ligand inthe pres-
ence of increasing concentration of Cd?* ionwerere-
corded in deuteriated acetonitrile. Theresulting com-

3.18 3.28

TABLE 2: Formation constants, enthalpies, and entropiesfor M™-A15C5 complexesin acetonitrilesolution

Ligand  Cation Log K SD AH°(j mol ) AS®(jmolK Y
15°C 25°C 35°C 45°C
Cd  536:001 5272001 5255001 521001 -82 7356
Zn®* 4715001  454:001  454:0.01 4455001 -14+4 4213
AI5C5  Co®  656:0.02  6.86£0.03  6.49:0.02  6.60:0.02 - 4= 15 113+ 50
Ag’ 363:0.01 3641004 334:001  3.71£0.01 -1 16 64+ 52
Hg?  672:0.01 670:001  6.33:001 6.68:0.10 -9+17 97+ 55

Van’t Hoftf Equation (Equation 1) in the usual manner

plexes of Cd?** with A15C5 are distinguished by a

fromthedopesandinterceptsof theplots, respectively, chemical shift of about 0.34 ppmtoward longer chemi-
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cd shift. Thestoichiometry of themeta complexeswas
examined by themoleratio method. Theplot areshown
in Figure 10 at 2.65-2.99 ppm. It isevident that 1:1
(meta iontoligand) complexesareformed in solution.

Theformation constantsof theresulting 1:1 Cd?* to
ligand complexeswere obtained at 25°C by chemical
shift measurementsof solutionsinwhichvarying con-
centrations of Cd*" were added to fixed amounts of
ligand solution. Theentireresulting chemicd shift-mole
ratio datawere best fitted to Equation 2, which further
supportstheformation of ML in solution. For evalua-
tion of theformation constantsand molar chemica shift
coefficientsfrom chemica shift vs.[M]/[L] moleratio
data, anon-linear least squares curvefitting program
KINFT wasused. A samplecompuiter fit of thechemica
shift-mole ratio data for Cd? ion and A15C5 in
deuteriated acetonitrileat 25°C is shown in Figure 11.
'HNMR formation constants for Cd?-A15C5 com-
plexesat 25°C are listed in TABLE 3. The data given
inall Tablesrevealed that, at 25°C, the stability of the
1:1 complexesof theA15C5 ligand with Cd?* obtained
by tHNMR measurements?+?4, arein good agreement
with other methods (UV-Visand conductivity).

Quantum chemical calculations

Nowadays, quantum mechanical calculationsare
receiving agreat deal of attention duetotheir rolesin
providing chemistsdetail information about intra- and
inter-molecular interactions. Inthis paper, A15C5, and
it;scomplexeswith different metal ionswereoptimized
by HF/Lanl2dz leve of theory in order to better under-
stand the nature of interactions. Figure 12 showsthe
optimized geometries of the species. Inour previous
dudies, dmog dl predictionsof thisleve of theory were
in good agreement with the experimental results. An-
other advantageof thislevel andbasissetisthatitisnot
very CPU timeconsuming.

All calculations were done by Gaussian 03 pro-
gram®!, To be sure that the optimized structuresare
trueminimaand not sadd e points, number of imaginary
frequency (NIMAG) weresearched. Indl caculations,
NIMAG wasequal to zero.

Aswasnoted intheexperimenta section, theligand
A15C5interactswith Hg2* morethan Ag*. Inthissec-
tion, thedifferences are explained by using ab initio
caculations. TABLE 4 showstheé ectronic energy for

—= Fyll Poper

metd ions, freeligand, andit;scomplexeswithAg"and
Hg?*. The datahave been collected for the gas phase
cd culations. Binding energy betweenanionM* or M2
andaligand L isshown as.

AELM:ELM'EM'EL

Theoretical datashow that thereisatendency for
A15C5 ligand to complex with Hg* and Ag*. How-
ever, theinteraction of ligand with Hg?* ismorethanthe
interactionwithAg' (see TABLE 4 to comparebinding
energiesbetween ligandsandions). Thisistruefor the
ligand A 15C5. The chargedensity ontheHg?* ishigher
thanAg', and thismay causedifferencein behaviorsof

ions. Hg?* may interact morewith solvent molecules.

TABLE 3: *"HNM R for mation constantsfor Cd*-A15C5 com-
plexesat 25°C

Log K¢= SD
4.35+0.02

Chemical shift (ppm)
2.65-2.99

ligand
A15C5

TABLE 4: Electronicand binding ener giesfor A15C5ligand,
Hg*,Ag', and it;scomplexesin thegasphase. All dataarein
kcal mol*

Species ElectronicEnergy  Binding Energy
A15C5 -467199.64 -
Hg™* -25410.35
Ag’ -90774.98 -
A15C5-Hg** -492887.69 -277.70
A15C5-Ag’ -558061.67 -87.05
- - |
_//_/'\
_/\f\-m R
P!

Chemical shift
Figure9: The'HNMR spectraof A15C5ligand in thepres-
enceof increasing concentration of Cd? ionsin deuteriated
AN at chemical shift of 2.65-2.99 ppm at 25°C
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Totest thisidea, wehave cdculated dectronicenergy in
thepresenceof implicit solvent moleculesby PCM modd
of Tomas and hisco-workerd?®>?, Theresultshavebeen
summarizedinTABLE 5. PCM resultsare compatible
with experiments. Dueto the CPU timeneeded for con-
sidering explicit solvent molecules, we havenot calcu-
lated the binding energy by using micro-solvation ap-
proach. A detail study by micro-solvationmodel isin
progress, and theresultswill be presented | ater.

Chemicalshift (PPm)

0 0.5 1 15
[ Cd* |/[A15C5]

Figurel0: Moleratio plotsof the Cd? ion with A15C5ligand
at 2.65-2.99in deuteriated AN
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x o

Chernical shift (ppm)
)
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0 ' ! ’ ‘ 1I : ' : ' 2 ' I ' ' 3
[Cd®] / [A15C5]

Figure 11 : Computer fit of the Chemical shift-moleratio

datavs. [Cd?]/[A15C5] moleratioplot in deuteriated AN at

25°C, (X) experimental point, (O) calculated point, (=) ex-

perimental and calculated pointsarethe same within the

resolution of theplot
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Figure 12 : The optimized structure for (a) free ligand
A15C5, (b) A15C5-Ag*, and (c) A15C5-Hg*
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