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Ternary Complexes Formed by the Fluorescent Probe
Eu(IIT) —Anthracene-9-carboxylic Acid with Pyrimidine and Purine Nucleobases

Hassan A. Azab,*" Ibrahim I. Abd El-Gawad,* and Rasha M. Kamel*

Chemistry Department, Faculty of Science, Suez Canal University, Ismailia 41522, Egypt, and Chemistry Department, Faculty

of Science, Suez Canal University, Suez, Egypt

The formation of binary and ternary complexes of Eu(IIl) with nucleobases (NB), guanine (2-amino-6-
oxypurine), thymine (2,4-dihydroxy 5-methyl pyrimidine), adenine (6-aminopurine), uracil (2,4-dioxypy-
rimidine), and anthracene-9-carboxylic acid (ANCA) has been studied potentiometrically at (25.0 £ 0.1)
°C and ionic strength / = 0.1 mol-dm > (KNOs3) in 10 % ethanol—water mixture solvent. The acid—base
properties of the ligands were investigated and discussed. The formation of the 1:1, 2:1 binary, and 1:1:1
and 2:1:1 ternary complexes is inferred from the corresponding titration curves. The ternary complexes
formed are monoprotonated complexes. The stability constants of the binary and ternary systems were
evaluated. Initial estimates of the formation constants of the resulting species and the protonation constants
of the different ligands used have been refined with the SUPERQUAD computer program. The experimental
conditions were selected such that self-association of the nucleobase and their complexes was negligibly
small; that is, the monomeric normal and protonated complexes were studied. Confirmation of the formation
of ternary complexes of the type Eu(IIl) (NB) (ANCA) in solution has been carried out using differential
pulse polarography (DPP), square wave voltammetry (SWV), cyclic voltammetry (CV), UV—visible

spectroscopic, and emission spectrofluorimetric measurements.

Introduction

Binding studies of small molecules to deoxyribonucleic acid
(DNA) on a molecular level are very important in the develop-
ment of novel chemotherapeutics and highly sensitive diagnostic
agents.' * The metal complexes can interact noncovalently with
nucleic acids by intercalation when the ligand contains planar
ring systems, groove binding for large molecules, or external
electrostatic binding for cations. The binding modes are de-
pendent on the sizes and stereochemical properties of the metal
complexes.

Binding studies of small molecules with DNA are important
in the design of new and more efficient drugs targeted to DNA.’
Several aromatic hydrocarbons and their derivatives have been
shown to be carcinogenic, and in several instances, the
carcinogenicity was attributed to their activity at the DNA level.®
Metal complexes, porphyrins, natural antibiotics, and a host of
other planar heterocyclic cations have been investigated for their
DNA binding affinity. Recently, the DNA sequence recognition
by drugs as well as by small molecules that are conjugated to
peptides or oligonucleotides has been of great interest. Binding
studies with these various small molecules are valuable for the
rational design of drugs as well as in understanding how proteins
recognize and bind to specific DNA sequence.” With a view to
explore the differences in the local environment of the four DNA
bases within the double helix and to exploit these differences
in the design of new and more efficient DNA binding agents,
the DNA binding properties of a new hydrophobic probe, (9-
anthrylmethyl)ammonium chloride (AMAC), have been tested.®

The lanthanide ions possess long-lived excited states, which
can be populated by sensitizing antennae, and emit at long
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Table 1. Description of Solution Composition (a to h) Used in the
Determination of the Stability Constants of Complex Species
Formed in Solution

a 4+107* mol-dm ™ HNOs + 1+10™* mol+dm™3
9-anthracene-carboxylic acid (as the first ligand)
b 4+107* mol-dm ™ HNOs + 1+10* mol+dm™3

nucleobases (adenine, guanine, thymine, and uracil)
solution (a) + 1+107* mol+dm™ Eu(III)
solution (b) + 1+10~* mol+-dm ™ Eu(III)
solution (a) + 2+10™* mol+dm™ Eu(III)
solution (b) + 2+10™* mol-dm > Eu(III)
4+107* mol-dm ™ HNOs + 1+10* mol+dm™3
anthracene-9-carboxylic acid + 1+107* mol-dm™
nucleobases + 1+10™* mol+dm™ Eu(IIl)
h 4+107* mol*dm™> HNO; + 1+10™* mol-dm™
anthracene-9-carboxylic acid + 1+107* mol-dm
nucleobases + 2+10™* mol+dm > Eu(III)

g O o

3

-3

wavelengths in the visible and the near-infrared (NIR) regions.
These are particularly desirable features for: (a) sensing as it
overcomes drawbacks such as light scattering and auto fluo-
rescence associated with short wavelength emitting sensors and
(b) for probing metal directed synthesis of large supramolecular
systems often formed between f—f or f—d metal ions.’

The metal complexes of purine and pyrimidine nucleobases
play a dominant role in many biochemical systems. The
participation of metal ions in biochemical reactions of nucleo-
bases and nucleic acids has led to a great interest in determi-
nation of structures of metal nucleobase complexes. Heavy metal
toxicity in our environment arises in part from the covalent
interactions of heavy metal ions with nucleic acids. In addition,
these heavy metals interfere with metalloregulatory proteins and
in so doing disrupt gene expression.

Ternary complexes of some metal ions with purine and
pyrimidine bases and secondary ligands have been investigated
using several techniques.'®™ 2>
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Chart 1. Predominant Tautomeric Structures of the Purine
and Pyrimidine Bases Used in This Study

Adenine Guanine

Anthracene-9-carboxylic acid (ANCA) has been reported to
show both potentiation and inhibitory effects on guinea-pig
cardiac cAMP-activated chloride channels via two different
binding sites, and inhibition of Mg?**-sensitive proton phosphates
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Figure 1. pH against volume of 0.033 mol - dm ™~ KOH for the Eu(II))~ANCA—
guanine system in 10 % (v/v) ethanol—water mixture at 0.1 mol-dm™> KNO;
and at 25 °C: @, 410 mol+dm > HNO; + 1:107* mol-dm > ANCA; <,
4+10"* mol-dm ™3 HNO; + 1+10™* mol*dm > guanine; M, 4+10~* mol-dm >
HNO; + 1-10* mol*dm—> ANCA + 1+10™* mol-dm 3 Eu(IIl); ®, 4-10~*
mol-dm 3 HNO; + 1+10™* mol-dm* guanine + 1+10™* mol+dm ™ Eu(IID);
O, 4107 mol-dm™> HNO; + 1:107* mol-dm™ ANCA + 2-107*
mol-dm 3 Eu(IIl); +, 4+ 10~* mol*dm ™3 HNO; + 1+10~* mol-dm ™ guanine
+ 2:107* mol+-dm~ Eu(IIl); *, 4-10~* mol-dm™> HNO; + 1:107*
mol*dm™> ANCA + 1-107* mol-dm™® guanine + 1:10™* mol-dm™3
Eu(IIl); A, 4+-10"* mol-dm 3 HNO3 + 1+10~* mol-dm > ANCA + 1-10™*
mol+dm ™ guanine + 2+10~* mol-dm™* Eu(III).

Table 2. Formation Constants for the Binary Eu(IIl) + Nucleobase
(NB) and Anthracene-9-carboxylic acid (ANCA) Complexes and
Those for the Mixed Complexes of Eu(III) + NB + ANCA at (25.0
+ 0.1) °C and Ionic Strength I = 0.1 mol-dm 3 KNO; in 10 % (v/v)
Ethanol—Water Mixture Solvent

log Kguamns)
ligand and log Keuamanca) log Keuamne)manca)
guanine 3.40 +0.02 14.32¢ £ 0.03
thymine 6.77 + 0.02 15.72¢ £ 0.02
uracil 3.43 +£0.02 14.20“ £ 0.02
adenine 4.42 +0.01 14.29 £ 0.03
ANCA 4.71 £0.02

“ Log formation constants of the protonated ternary complex.

Table 3. Formation Constants for the Dimeric Binary Eu(IIl) +
Nucleobase (NB) and Anthracene-9-carboxylic Acid (ANCA)
Complexes and Those for the Dimeric Ternary Complexes of Eu(III)
+ NB + ANCA at (25.0 & 0.1) °C and Ionic Strength 7 = 0.1
mol-dm ™ KNOjs in 10 % (v/v) Ethanol-Water Mixture Solvent

log Keuqm,s)
ligand and log KEu(III)z(ANCA) log KEu(lII)Z(NB)(HANCA)
guanine 4.27 £0.02 4.26 £0.02
thymine 4.60 + 0.02 4.31 +£0.02
uracil 4.27 £ 0.01 4.26 +0.01
adenine 431 +£0.01 4.44 + 0.02
ANCA 432+ 0.01

has been proposed for the mechanism of the ANCA potentiation
effect. The effect of ANCA on wild-type and mutant human
cystic fibrosis transmembrane conductance regulator (CFTR)
chloride channels expressed in NIH3T3 or CHO cells is
examined. ANCA inhibits whole-cell CFTR current in a voltage-
dependent manner, whereas the potentiation effects are not
affected by membrane potentials. Anthracene 9-methanol, an
electroneutral ANCA analogue, fails to block CFTR but shows
a nearly identical potentiation effect, corroborating the idea that
two chemically distinct sites are responsible, respectively, for
potentiation and inhibitory actions of ANCA. In excised inside-
out patches, ANCA increases channel open probability (P,) by
prolonging the mean burst durations and shortening the inter-
burst durations.”® This prompted us to investigate the ternary
systems of the type Eu(Ill)—anthracene-9-carboxylic acid—
nucleobases. These systems can be considered as models for
the development of fluorescent probes for DNA fragments,
containing the nucleobases under investigation.

Experimental Section

Material and Solutions. All materials employed in the present
investigation were of A. R. grade. [6-Amino purine] CsHsNs
(Adenine), [2-amino-6-oxypurine] CsHsNsO (Guanine), [5-
methyl pyrimidine] CsHgN,O, (Thymine), [2,4-dioxypyrimidine]
C4HsN,O, (Uracil), and anthracene-9-carboxylic acid were
purchased from the Sigma Chemical Co. To avoid hydrolysis
prior to the potentiometric measurements, a known mass of a
chromatographically pure sample of nucleobase as a solid was
added to the reaction vessel just prior to performing the titration.
Eu(NO3);*5H,O was from the Sigma Chemical Co. The
concentrations of the metal ion stock solutions were determined
complexometrically by ethylenediamine tetracetic acid disso-
dium salt (EDTA) using suitable indicators."”

A CO,-free solution of potassium hydroxide (Merck AG) was
prepared and standardized against multiple samples of primary
standard potassium hydrogen phthalate (Merck AG) under CO,
free conditions. HNOj solutions were prepared and standardized
potentiometrically with tris(hydroxyl methyl) amino methane.
The ionic strength of the studied solutions was adjusted to 0.1
mol-dm™ using a stock solution of KNOs in potentiometric
and spectral measurements. KNO; was from Merck AG. In
electroanalytical measurements, the ionic strength of the ex-
amined solutions was adjusted to 0.1 mol-dm™ using an
alcoholic solution of p-toluenesulfonate. This supporting elec-
trolyte was purchased from Merck AG.

Apparatus and Procedure. The value of the EMF of the cell
was taken with a commercial Fisher Accumet pH/ion meter
model 825 MP. The potentiometric system was connected to a
glass electrode (Metrohm 1028) connected with a double
junction reference electrode (Orion 9020). The temperature was
controlled by circulation of water through the jacket from a VEB
model E3E ultrathermostat bath and maintained within (25.0
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Figure 2. Cyclic voltammograms for the Eu(IIT) + ANCA + NB system in 10 % (v/v) ethanol—water mixture at 0.1 mol-dm™ p-toluenesulfonate, scan rate
= 100 mV-+s~! and at 25.0 °C: +, 11073 mol-dm™ Eu(IIl); 0, 11073 mol-dm™ Eu(IIl) + 5:10~* mol-dm > ANCA; W, 1+107> mol-dm™ Eu(IIl) +
5:107* mol*dm™ NB; A, 1+107> mol+dm > Eu(Ill) + 5:10™* mol*dm™ ANCA + 5:107* mol-dm™ NB. (a) NB = uracil and (b) NB = adenine.

4 0.1) °C. Purified nitrogen was bubbled through the solution
to maintain an inert atmosphere. Efficient stirring of the solution
was achieved with a magnetic stirrer. All solutions were
prepared in a constant ionic medium, 0.1 mol-dm™* KNO3, in
a 10 % ethanol—water mixture. The concentration of the
hydrogen ion was decreased by the addition of potassium
hydroxide, prepared in the ionic medium used for the solution.

The value for the K, of water in the 10 % ethanol—water
mixture has been taken from the literature.'

Gran’s method®* was used to determine E” and E; so that
the hydrogen ion concentration, /, could be found from E, the
measured potential, by means of

E(mV) = E” — 59.157 log h + E (D)

Values of the ionic product of the different hydroorganic media
were refined using the MAGEC program.>> The protonation
constants were then determined by use of the Bjerrum func-
tion."®

i=(Hy—h+ KJ/h)/A; = (B,h + 28,0%)/(1 + B,h +
B (2)

which is calculated from the experimental quantities, %, the total
concentration of titratable hydrogen ion Hr, and the total reagent
concentration At. pK, values of the investigated ligands were
determined in the 10 % ethanol—water mixture from the overall
protonation constants 3; and [3, calculated by the linearization
method of Irving and Rossotti.*!

Initial estimates of the pK, values were refined with the
ESAB2 M computer program.>®

A detailed description of the solution composition used in
the determination of the stability constants of complex species
is shown in Table 1.

A constant ionic strength was obtained with 0.1 mol-dm™
KNOs3, and the total volume was kept at 25.0 cm® in the 10 %
ethanol—water mixture solvent in all titrations.

For both ligand protonation and metal complex formation
equilibria, data were collected over the largest possible pH
interval, although a number of experimental points were
frequently discarded for the final stability constant calculations,

especially within the range where the complexation observed
was insignificant.

Initial estimates of the formation constants of the ternary
complexes and the stability constants of binary 1:1 complexes
have been refined using the SUPERQUAD computer program.'°
During this refinement, the stepwise stability constant

. _ [M,(ANCA),(NB) ]
M(ANCA)(NB) [M,(ANCA) ][NB]’

3

which refers to the addition of NB to the binary complex
M,(ANCA), is determined.
The overall complexation reaction involving protonation is

pM + gANCA + rNB + sH <= M,(ANCA), (NB), (H),
)

M,(ANCA),(NB),(H),
" [MP’[ANCA]’[NB]'H]

in which ANCA = anthracene-9-carboxylic acid, NB =
nucleobase ligand (guanine, thymine, adenine, and uracil), and
M = Eu(IIl). All side reactions due to metal ion hydrolysis have
been included in the calculations.'®?7-*®

Electrochemical Measurements. Cyclic voltammetry (CV),
square wave voltammetry (SWYV), and differential pulse vol-
tammetry (DPP) are collected using EG and G Princeton applied
research, potentiostat/galvanostat model 263 with a single
compartment voltammetric cell equipped with a glassy carbon
(GC) working electrode (area = 0.1963 cm?) embedded in a
resin, a Pt-wire counter electrode, and a Ag\AgCl electrode as
the reference electrode. In a typical experiment, a sample volume
of 25 cm® containing

(a) 5+10™* mol+dm ™ Eu(IIl);

(b) 1+1073 mol+dm ™3 Eu(IIl);

(¢) 5-107* mol*dm™3 Eu(I) + 5-10~* mol-dm™3 9-an-
thracene-carboxylic acid,;

(d) 5-10"* mol*dm 3 Eu(IIl) + 5+10* mol *dm > nucleobase
(adenine, guanine, thymine, and uracil);

(e) 1+1073 mol-dm™ Eu(lll) + 5:10~* mol-dm™> 9-an-
thracene-carboxylic acid;

)
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Figure 3. Differential pulse polarograms for the Eu(IIl) + ANCA + NB system in 10 % (v/v) ethanol—water mixture at 0.1 mol-dm™ p-toluenesulfonate,
scan rate = 25 mV+s~' and at 25.0 °C: <, 5:107* mol-dm > Eu(IIl); ¢, 5-10~* mol-dm > Eu(Ill) + 5:10~* mol-dm™> ANCA; O, 5-10~* mol+-dm >
Eu(II) + 5-107* mol:dm™ NB; @, 5:10™* mol-dm™> Eu(IIl) + 5:107* mol-dm™ ANCA + 5:107* mol-dm™ NB; +, 1:107° mol-dm ™ Eu(IIl); OJ,
1:1073 mol*dm™3 Eu(Ill) + 5-10* mol*dm™> ANCA; B, 1-1073 mol-dm™3 Eu(Ill) + 5:107* mol-dm 3 NB; A, 1107 mol-dm~* Eu(Ill) + 5-10~*
mol+dm ™ ANCA + 5-107* mol-dm ™ NB. (a) NB = uracil, (b) NB = adenine, and (c) NB = guanine.

(f) 1+1073 mol*dm 3 Eu(IIl) + 5+10™* mol *dm ™ nucleobase
(adenine, guanine, thymine, and uracil);

(g) 5107 mol*dm™ Eu(Il) + 5-107* mol-dm™ 9-an-
thracene-carboxylic acid + 5-10™* mol-dm™ nucleobase
(adenine, guanine, thymine, and uracil); or

(h) 1+1073 mol*dm ™ Eu(Il) + 5:10~* mol-dm™ 9-an-
thracene-carboxylic acid + 5+:107* mol-dm™ nucleobase
(adenine, guanine, thymine, and uracil)

were used.

The ionic strength of the studied solutions was adjusted to
0.1 mol-dm™3 using para-toluenesulfonate solution.

Cyclic Voltammetry. The solution was purged with nitrogen
for 120 s, and then the potential was scanned at a scan rate of
100 mV-+s~! from —(0.30 to 0.90) V.

Square Wave Voltammetry. The samples were analyzed as
in cyclic voltammetry; the pulse height was 25 mV; the SW
frequency was /= 20 Hz; and the scan increment was 2.0 mV.

Differential Pulse Voltammetry. The samples were analyzed

also as in cyclic voltammetry, but at a scan rate = 36.6 mV +s™ .

The pulse height was 25 mV; the pulse width = 50 s; frequency
was 20 Hz; and the scan increment was 2.0 mV.

Spectrophotometric Measurements. The ultraviolet (UV)
spectra of the solutions in the 10 % ethanol—water mixture of
the binary and ternary complexes were scanned on a Shimadzu-
1601PC UV—visible automatic recording spectrophotometer
with a 1 cm quartz cell for absorbance and spectral measure-
ments. The required volume of the stock metal ion salt is mixed
with that of the ligand solution, keeping the total concentration
of each to be 1107 mol-dm™. The ionic strength of each
solution was adjusted to 0.1 mol-dm™ KNOj in the 10 %
ethanol—water mixture. All the studied solutions were diluted
with bidistilled water, after pH adjustment to the required value
using diluted solutions of either HNO; or KOH. The binary
complex solutions at a 1:1 ratio were scanned against the 10 %
ethanol—water mixture as a blank in a 1 cm quartz cell.

The ternary complex solutions were prepared in a 1:1:1 ratio
keeping the concentration of each species at 1+10~* mol-dm >
and at 0.1 mol-dm™3 KNOs in the 10 % ethanol—water mixture
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Figure 4. Square wave voltammograms for the Eu(Ill) + ANCA + NB system in 10 % (v/v) ethanol—water mixture at 0.1 mol-dm™? p-toluenesulfonate,
frequency = 60 Hz and at 25.0 °C: +, 1-1073 mol-dm™* Eu(III); O, 1+1073 mol-dm™> Eu(IIl) + 5-10* mol-dm ™3 ANCA; W, 1-10~* mol-dm™3 Eu(III)
+ 5-107* mol-dm ™ NB; A, 1+10* mol-dm ™ Eu(IIl) + 5-10"* mol-dm™* ANCA + 5-10"* mol-dm > NB. (a) NB = thymine, (b) NB = uracil.

Table 4. Voltammetric Data, Transfer Coefficient (o), and Heterogeneous Rate Constant (k,) from Cyclic Voltammetry for Eu(III) and Its

Binary and Ternary Complexes with Nucleobases and Anthracene-9-carboxylic Acid in 1:1:1 and 2:1:1 Ratio, / = 0.1 mol-dm

p-Toluenesulfonate in 10 % (v/v) Ethanol—Water Mixture at 25 °C

-3

—E,. —E,. —(Epe — Ey) Ipc —lpe —EJ2 —E° K,
system (mV) (mV) (mV) wA)  (uA)  (mV) (mV) o ™
11073 mol+dm3 Eu(IIl) 679 533 146 585 2.64 598 61 054 1.17
5+107* mol+dm™ Eu(IIl) 658 521 164 254 072 604 60 0.28 0.074
1+1073 mol+dm™3 Eu(Ill) + 5:10™* mol-dm™3 ANCA 697 524 173 7.50 3.32 626 610 0.67 1.19
5:107* mol*dm™ Eu(IIl) + 5:10™* mol-dm—> ANCA 700 588 112 3770 2.18 614 640 0.55 0.51
1+1073 mol+dm ™3 Eu(IIl) + 5+10™* mol+dm > adenine 773 591 182 10.60 1.70 632 680 034 0.24
1+1073 mol+dm™3 Eu(IIl) + 5:10™* mol+dm™ uracil 676 543 154 4.18 1.43 594 610 0.56 0.36
5+10~* mol+*dm™ Eu(IIl) + 5:10~* mol+dm ™ uracil 679 570 109 2.60 0.62 592 620 0.55  0.109
1+107% mol+dm™3 Eu(Ill) + 5-10"* mol+dm™? thymine 785 597 188 10.18  0.73 651 700 036 0.618
5+107* mol+dm ™ Eu(IIl) + 5-10™* mol+dm™> thymine 743 557 186 336 221 645 650 049 0.57
1+1073 mol-dm ™3 Eu(Ill) + 5:10™* mol*dm™3 ANCA + 5-10~* 642 552 90 9.20 5.27 578 600 0.75 1.06
mol-dm ™3 adenine
5+107* mol+dm 3 Eu(IIl) + 5-10* mol-dm >ANCA + 5-107* 652 546 106 433 218 584 600 0.70  0.693
mol-dm™3 adenine
11073 mol+dm > Eu(Ill) + 5:10~* mol-dm *ANCA + 5-107* 639 548 91 7.15 442 578 590 0.78 0.649
mol-dm™ uracil
5+107* mol*dm™ Eu(IIl) + 5:107* mol*dm— ANCA + 5-107* 646 552 94 4.21 1.55 571 600 0.65 0.076
mol-dm™3 uracil
1+1073 mol*dm™ Eu(Ill) + 5:10™* mol-dm™ ANCA + 5-10~* 652 548 104 821 573 584 600 0.70 3.88
mol-dm~* thymine
5+107* mol*dm™ Eu(IIl) + 5:10™* mol-dm™ ANCA + 5:10~* 643 561 82 3.64 1.52 576 600 0.71  0.157
mol+dm™ thymine
1+1073 mol+dm™ Eu(IIl) + 5:10™* mol-dm>ANCA + 5-107* 649 558 91 456 2.56 578 600 0.67 0.214
mol-dm3guanine
5+107* mol*dm™ Eu(IIl) + 5:10™* mol*dm™ ANCA + 5:107* 758 655 103 4.14 222 677 710 0.59 0.671

mol-dm™ + 5:107* mol+-dm™ guanine

solvent. The desired pH value is maintained using HNO; or
KOH diluted solutions. Each ternary complex solution was
scanned against the binary complex containing the metal ion
and the primary ligand corresponding to each system.
Spectrofluorometric Measurements. The emission spectra of
the solutions in the 10 % ethanol—water mixture of the binary
and ternary complexes were scanned on a JASCO-FP6300
spectrofluorometer with a 1 cm quartz cell. The required volume
of the stock metal ion salt is mixed with that of the ligand
solution, keeping the total concentration of each at 1+1073
mol+dm . All the studied solutions were diluted with bidistilled
water, after pH adjustment to pH 7 to 8 using diluted solutions
of either HNO;3 or KOH. The ternary complex solutions were
prepared in a 1:1:1 ratio keeping the concentration of each
species at 1+107> mol+dm ™3 in the 10 % ethanol—water mixture

solvent. The desired pH value is maintained using HNO; or
KOH diluted solutions.

Results and Discussion

The acid formation constant values for guanine, thymine,
uracil, adenine, anthracene-9-carboxylic acid, and the stability
constants of their Eu(Ill) complexes were determined from the
titration curves and were in good agreement with those found
in the literature.”

Chart 1 shows the predominant tautomeric structures of the
purine and pyrimidine bases used in this study.

The proton binding sites of the purine nucleobases have been
established (N3 for cytosine and uracil; protonation of N
between the keto groups in thymine and between N1 and N7
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Figure 5. Absorption spectra for the Eu(Ill) + anthracene-9-carboxylic acid + nucleobase system in 10 % (v/v) ethanol—water mixture at 25 °C and at 0.1

mol-dm™ KNOs: —, 1:10™* mol*dm™ Eu(IIl) + 1-10™* mol-dm™ ANCA; - -

- -, 1107 mol*dm™ Eu(II) + 1:10™* mol+dm™> NB; ++++, 1-107*

mol+dm ™3 Eu(Ill) + 1-107* mol-dm™ ANCA + 1-10* mol-dm ™ NB. (a) NB = adenine, (b) NB = guanine, (c) NB = thymine, and (d) NB = uracil.

Table 5. Absorption Spectra Characteristics for Eu(III) + Anthracene-9-carboxylic Acid + Uracil Systems at (25.0 £ 0.1) °C in 10 % (v/v)
Ethanol—Water Mixture Solvent and I = 0.1 mol-dm 3 KNO;

1 2 3 4 5
system A (am) e+10? A (nm) e-10? A (nm) e+10? A (am) e+10? A (nm) e-10?
1-107* mol+dm ™3 Eu(III) 301.8 7.78 — - — — — _ _ _
2+107* mol+dm ™3 Eu(III) 301.6 3.96 — - — — — _ _ _
1410 mol-dm™ Eu(lll) + 1-10* 3842  7.85 3642 849 3466 558 3022 758 - -
mol-dm™ ANCA
2+10"* mol+dm™3 Eu(Ill) + 1-107* 384.2 4.75 364.2 5.14 346.4 3.37 328.4 2.17 301.8 4.03
mol-dm ™ ANCA
1-107* mol-dm™3 Eu(Ill) + 1-10~* 301.6 7.53 - — — - — — — _
mol+-dm™ uracil
2+107* mol-dm™3 Eu(Ill) + 1-107* 301.6 3.79 — — — - — — — _
mol-dm™3 uracil
1:10* mol*dm™3 Eu(Ill) + 1-107* 260.6 7.58 - — — — — — — _
mol-dm—> ANCA + 1-107*
mol+dm ™3 uracil
2+107* mol+dm™3 Eu(IIl) + 1-107* 265.2 2.70 - — — - — — _ _

mol-dm™ ANCA + 1-107*
mol+dm ™ uracil

for guanine and adenine). The N1 site in the six-membered ring
is at least 100 times more basic than the N7 site in the five-

membered ring. While both N1 and N7 in purine bases bind
metal ions, they exhibit different features.
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Figure 6. Fluorescence spectra for the Eu(IIl) + anthracene-9-carboxylic acid + nucleobase system in 10 % (v/v) ethanol—water mixture at 25 °C: +,
1+1073 mol*dm™3 Eu(Ill) + 1107 mol-dm™ ANCA; <, 1-107> mol-dm 3 Eu(Ill) + 1:10° mol*dm 3 ANCA + 110> mol-dm 3 uracil; O, 1-107°
mol+dm ™ Eu(IIl) + 1+107> mol*dm> ANCA + 1+107> mol+dm > adenine; O, 1107 mol+dm > Eu(III) + 1+ 107> mol-dm > ANCA + 1+10~> mol. dm
guanine; A, 1+107° mol-dm ™ Eu(IIl) + 1-107% mol-dm™> ANCA + 1-107° mol-dm? thymine. (a) Aex = 385 nm, (b) Aex = 308 nm.

Table 6. Fluorescence Spectral Features of Eu(IIl) +
Anthracene-9-carboxylic Acid + Nucleobase Systems in 10 % (v/v)
Ethanol—Water Mixture Solvent and at 25 °C

intensity at intensity at

system Aex (385) Aex (308)
1+107° mol+dm 3 Eu(IIl) + 502.71 139.30
1-107° mol-dm™3 ANCA
1107 mol+dm™3 Eu(IIl) + 396.16 269.48
1-107° mol-dm™3 ANCA +
1+107> mol+dm ™ uracil
1107 mol+dm™3 Eu(IIl) + 397.29 208.65
1+107° mol-dm™ ANCA +
1+107> mol+-dm™3 adenine
1107 mol+dm™3 Eu(IIl) + 406.08 238.47
1+107° mol-dm™3 ANCA +
1+107° mol+dm™> guanine
1-1075 mol-dm™> Eu(II) + 414.74 230.56

1+1075 mol-dm™> ANCA +
1+1075 mol+dm™? thymine

The amino (—NH,) groups are located at C(6) in adenine
and C(2) in guanine. These primary amino groups have been
proposed many times as metal ion binding sites. However, these
amino groups are not basic. The flat —NH, group is nearly
coplanar with the ring, and the amino nitrogen to carbon bond
length is about 0.06 A shorter in the nucleobases than in aniline.
This combination of properties indicates appreciable double
bond and extensive delocalization of electron density into the
ring. Consistent with their appreciable positive charge density,
the primary amino group serves as hydrogen bond donors in
specific base pairing. Moreover, in strongly acidifying solvents,
even the divalent cations of cytosine and the trivalent cations
of adenine and guanine still have not undergone amino group
protonation as the other nitrogens and O(2) in cytosine and O(6)
in guanine protonate before the amino group.

In Figure 1, a representative set of the experimental titration
curves obtained according to the sequence described in the
Experimental Section are displayed for the system Eu(IIl)—
guanine—ANCA. Generally, the complex titration curves show
an inflection after addition of 2 mol of base per mole of guanine
nucleobase. This indicates the stoichiometry of the final product
formed in this buffer region.

At the experimental pH values used in the calculations in
this work, the interfering effects of hydroxyl complexes are

negligible for Eu(Ill). Thus, the protonated secondary ligand
combines with the binary 1:1 Eu(Ill)—nucleobase complexes
[Eu(IIl)—guanine, Eu(Ill)—thymine, Eu(Ill)—uracil, Eu(IIl)—
adenine]. Thus, the initial estimation of the stability constants
of the protonated ternary complexes formed in solution has been
determined using the half point neutralization. Initial estimates
of the stability constants of different normal and protonated
binary and ternary complexes formed in solution have been
refined with the SUPERQUAD computer program.'® The quality
of the fit during this refinement was judged by the values of
the sample standard deviations and the goodness of fit y>
(Pearson’s Test). At og = 0.1 mV (0.001 pH error) and oy =
0.005 mL, the values of S in different sets of titrations were
between 1.0 and 1.7 and x> was between 12.0 and 13.0. The
scatter of residuals (Eqns — Ecac) versus pH is reasonably random,
without any significant systematic trends, thus indicating a good
fit of the experimental data of the expected model systems under
our experimental conditions.

Examination of the different formation constant values listed
in Tables 2 and 3 reveals that the order of stability constants of
different ternary complexes in the systems Eu(II[)—NB -+
ANCA in terms of NB follows generally the trend thymine >
guanine > adenine > uracil.

The observed trend for the overall formation constant of the
different ternary complexes formed in this study in terms of
nucleobases may be attributed to the nature of the interaction
of the ANCA—Eu(IIl) complex with the different nucleobases.
At neutral pH, the affinity of the metal ion Eu(Ill) binding of
the sites available in the nucleobases in single-stranded nucleic
acids decreases along the series®® N7G > N3C > N7A > NIA
> N3A > N3G.

As stated previously,>" most ions favor mixed oxygen and
nitrogen doners. Although N1 is more basic than N7, it was
confirmed that macrochelate formation with N1 of the purine
moiety is not possible for steric reasons. This behavior may
account for the nature of interaction during the formation of
Eu(IlT)~ANCA—thymine, Eu(Ill)-ANCA—guanine, or Eu-
(III)—ANCA—adenine, which may include dimeric Eu(III)
complexes, while those including uracil may contain macro-
chelate formation with a lower stability constant.

1
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Figure 7. Effect of concentration of nucleobases on the fluorescence intensity of the 1+107> mol-dm ™3 Eu(IIl) + 1+107> mol+dm* anthracene-9-carboxylic
acid system in 10 % (v/v) ethanol—water mixture at 25 °C. (a) = guanine, (b) = thymine.

To the author’s knowledge, no data for the ternary complex
of the secondary ligand anthracene-9-carboxylic acid with the
nucleobases guanine, uracil, thymine, and adenine are available
in the literature for comparison.

The higher values for the stability constants of ternary
complexes compared with those of the binary systems may be
attributed to the interligand interactions or some cooperativity
between the coordinated ligands, possibly H-bond formation.
This also may be explained on the basis of the s-electron-
donating tendency of the Eu(Ill) ion to the antibonding s*
orbital of the heteroaromatic N base, such as the adenine base,
causing strengthening of the Eu(II)—N bond. Due to the back-
donation from metal to adenine base the f electron content
on the metal decreases, which renders the metal more electro-
philic. The interaction of the 7z electrons of the secondary ligands
with the metal will increase to a greater extent and consequently
enhance the formation of the mixed ligand complexes.

The design of molecular systems that combine binding
abilities and useful photophysical properties for the construction
of efficient photoluminescent Eu(IIl) complexes continues to
be an active area of research. The long lifetimes of the exited
states of Eu(IIl) ions and their distinct narrow emission bands
ranging from UV —visible to the near-infrared region are ideally
suited for application as fluorescent probes*>>* and as optical
signal amplifiers.** The long luminescent lifetimes of Eu(TIT)
ions are due to the forbidden character of their intra 4f
transitions, which unfortunately also result in low absorption
coefficients (typically 1 to 10 M~'+cm ™). For this reason,
the excited state of a luminescent Eu(IIl) ion is generally
populated by energy transfer from the triplet state of an organic
antenna chromophore (the sensitizer).>® The antenna chro-
mophore in our study is anthracene-9-carboxylic acid. The
quantum yield of the overall process, which involves the
excitation of the antenna chromophore and intersystem crossing
to the triplet state, energy transfer to the lanthanide ion, and
subsequent lanthanide emission, depends on the efficiency of
these individual steps: the intersystem crossing efficiency, the
energy transfer efficiency, and the lanthanide(III) luminescence
quantum yield. Eu(IIl) is one of the best studied lanthanide ions,
and research of the sensitization process of this ion has resulted
in a better understanding of the sensitization process of other

lanthanide ions, in particular, the near-infrared emitting lan-
thanide ions.?”3®

Confirmation of the formation of ternary complexes of the
type Eu(Ill) —nucleobase —anthracene-9-carboxylic acid in solu-
tion has been carried out using differential pulse polarography
(DPP), cyclic voltammetry (CV), and square wave voltammetry
(SWV). Figures 2 to 4 show the electrochemical behavior of
some representative systems.

All the voltammetric diagrams confirm the formation of
different binary and ternary complexes that have been found
using potentiometric titrations.

The differential pulse polarography of Eu(IIl) solution shows
a cathodic peak E, = 0.406 V-s~' at scan rate = 5 mV-s~".
This peak may be described as a result of the reduction of Eu(III)
to Eu (II) in a one electron transfer process at the glassy carbon
electrode. The addition of primary ligand (nucleobases) caused
a shift of the cathodic peak to a more negative potential
indicating the formation of the binary complexes in solution.

SWYV is an effective and rapid electroanalytical technique with
well-established advantages, including good discrimination
against double-layer charging current and low concentration
detection limits. To eliminate the possibility of the electro-
chemical interference from the electroreduction of the primary
ligand nucleobases during the investigation of the voltammetric
behavior of the ternary systems in solutions, the cyclic volta-
mmetry of both ligands has been carried out in the same
potential windows.

The reversibility of the electrochemical reaction for the
ternary systems under investigation has been confirmed by CV
studies. The peak separation between the anodic and cathodic
peaks is more than 30 mV. These values indicate that the
electrochemical reduction in the case of free Eu(Ill) ions, Eu(III)
binary, or Eu(IIl) ternary complexes under investigation is quasi-
reversible at the glassy carbon electrode.

It is quite interesting to observe that changing the frequency
from (30 to 60) Hz resulted in a quite clear change in the shape
of the SWV of the ternary complex formed in solution, which
may be attributed to changing the mechanistic behavior of the
electrochemical reduction of the resulting ternary complex at
the glassy carbon electrode. The different electrochemical
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characteristics and some kinetic parameters of the systems under
investigation are given in Table 4.

The CV response for the binary and ternary complexes of
the type Eu(Ill) -NB—ANCA on the glassy carbon electrode
reveal a one electron reduction process with the following
electrochemical features in the scan rate (v) range of (150 to
300) mV-s~!: i, /i, ratio decreases by increasing scan rate v;
(AE, = E,, — E, ) increases by increasing v with slopes in the
range (0.459) mV for E, (i, vs v'? plots), which agree very
well with the theory for a typical quasi-reversible process.
According to this theory, the kinetic parameter W varies linearly
with v'%, and AE, approaches linearity for small . Conse-
quently, in this zone AE, should vary linearly with v

The kinetics of the electrode reaction at the glassy carbon
electrode can be studied under our condition of quasi-revers-
ibility for the electrochemical reduction of the binary and ternary
systems under investigation.

The separation of the peak potentials, AE,, should be a
measure of the standard rate constant for the electron transfer.
These AE, values were introduced in the working curve
described by Nicholson® for obtaining the transfer parameter,
W, and then the standard heterogeneous charge-transfer rate
constant (K°) for the electron-transfer process at the glassy
carbon electrode according to the following equation

(D,/Dy)"*K°

R p—; ©®
D wv(nF/RT)

where D, and Dy are the diffusion coefficients for oxidized and

reduced species, respectively, and can be calculated from

i, = (2.69-10°)n°AD """ C, (7)

where v is the scan rate and A is the surface area of the electrode.
To convert experimentally determined values of W to K°, good
agreement between the values of the kinetic parameters calcu-
lated using this method and those calculated by the Butler
equation is obtained.*°

Absorption spectra of some investigated complexes of Eu(III)
binary and ternary complexes were measured in the range (200
to 400) nm (see Figure 5). Deprotonation and coordination of
the carboxylic acid group of ANCA resulted in the complex
formation reactions with investigated Eu(III) ions. This binary
and ternary complex formation has been confirmed by a small
shift of the band due to the free metal ions in solution.
Absorption spectral characteristics for the Eu(Ill)—uracil—ANCA
ternary system are given in Table 5.

Fluorescence Properties of the Complexes. The fluorescence
spectra of the Eu(IIl) complexes were recorded at room
temperature. The emission spectra of the complexes are shown
in Figure 6. Ligand-based excitations cause structural emission
of rare earth complexes, and the ligand fluorescence is quenched
showing that ligand-to-metal energy transfer occurs. Meanwhile,
when excited at 308 nm, there is a characteristic emission peak
of EBu(1Il) at 617 nm corresponding to the >Dy — ’F, electronic
transition (see Table 6). The emission spectrum of the Eu(III)
complex recorded from (400 to 700) nm, by monitoring the
excitation at 385 nm, shows a strong band peak at 410 nm
indicating that the bands in higher energies can be attributed to
the fluorescence due to the S;(7, 7* and n, %) — S transitions
centered in the anthracene-9-carboxylic acid. These complexes
could be anticipated as potential fluorescent materials which
can be used for probing different types of DNA fragments
containing the nucleobases under investigation.

The effect of concentration of the nucleobases was studied
with the Eu—ANCA binary complex as shown in Figure 7. The
results indicated the possibility of analytical determination of
guanine and thymine in the concentration ranges 0.4+107°
mol*dm™ to 2:107° mol*dm™> and 0.2:107 mol-dm 3 to
1.8+107° mol-dm™3, respectively.

This work is a continuation of the author’s work in the field
of bioinorganic chemistry.*'~*3
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