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Abstract A novel bipyridyl-based fluorescent system,
N,N'-bis(2-aminoethyl)-2,2’-bipyridine-3,3’-dicarboxamide
(BABD), with two different coordination sites, bidentate
bipyridyl and tetradentate dioxotetraamine, has been syn-
thesized, and characterized by elemental analysis and
spectroscopic (UV-Vis, IR, 'H NMR, and B¢ NMR)
methods. The lowest energy molecular geometry of BABD
was obtained by empirical then quantum mechanical
treatment. The binding ability of BABD with H*, Co(II),
Ni(Il), Cu(Il), and Zn(II) ions was investigated in aqueous
0.1 M KClI at 25 £ 1 °C by potentiometric methods. Four
protonation constants were determined for BABD, and
were used as input data to evaluate the formation constants
of the metal complexes. The coordination behaviour of
BABD in solution indicated that at low pH the bipyridyl
unit coordinates to all metal ions, but at higher pH (>7.0)
coordination of the dioxotetraamine unit occurs with the
Cu(II) and Ni(II) ions only. The 3D-model structure of the
metal complex was predicted by semi-empirical calculation
using the AMI1/d Hamiltonian. Fluorimetric titrations
indicate that at pH9 BABD exhibits fluorescence
enhancement with increasing concentration of Cu(Il) and
Ni(I) ions, but at pH 7.2 fluorescence enhancement is
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observed only in the presence of Cu(Il) ions. No remark-
able effect on the fluorescence of BABD was observed in
the presence of other biologically relevant metal ions,
for example Ni(Il), Fe(II), Mn(I), Co(II), Zn(II), MgI),
Ca(Il), and Hg(I).
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Introduction

In recent years there has been burgeoning interest in the
design of chelating agents which can selectively bind metal
ions of interest [1-4]. The design of such chelates received
widespread stimulation in the late 1970s [5, 6] after the
development of supramolecular chemistry and the pio-
neering work of Pedersen, Cram, and Lehn. Whenever such
a chelate is suitably linked to a light-emitting group
(fluorophore) through a spacer, it produces a distinct fluo-
rescence signal on chelation with the metal ion (analyte).
This signal is helpful for both qualitative and quantitative
estimation of the target metal ion for which the chelate
is designed. During analyte detection, the fluorosensor
undergoes two processes, i.e. molecular recognition and
signal transduction, which can be understood schematically
from Scheme 1 representing an ON—OFF fluorosensor. In
an ON-OFF fluorosensor, complete fluorescence of the
fluorophore is observed when no analyte is bound to the
receptor. Once the analyte is recognized by the receptor,
fluorescence is quenched, presumably because of either
electron-transfer (eT) or energy-transfer (ET) processes
[7, 8]. Besides quenching, fluorescence enhancement of the
fluorophore is also implemented in the design of fluoro-
sensors [9-14].
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In designing fluorescent metal ion sensors, the receptor
chosen must have selective and efficient metal ion-binding
ability. Dioxotetraamine ligands are widely implemented
in the design of various molecular devices because of their
fascinating coordination behaviour [15]. In dioxotetraam-
ines, the metal ion coordinates through two deprotonated
amide N-atoms and two amine N-atoms to form a

(@

\1\/

Fig. 1 a Schematic
representation of metal ion
coordination in
dioxotetraamines, and some
cation-selective fluorescent
sensors (eT electron transfer,
ET energy transfer);

b dioxotetraamine-based ditopic
ligands designed for pH-driven
translocation of divalent
transition metal ions

square-planar N4 complex [16]. Analysis of the solid-state
structures of their metal complexes reveals that the
metal-N(amide) bond length is somewhat shorter than the
corresponding metal-N(amine) bond length [17, 18]. This
effect is ascribed mainly to the strong g-donor properties of
the deprotonated amide groups and helps, to some extent,
to provide extra stabilization [19]. Solution studies indicate
that the coordination of dioxo-amides is pH dependent. In
acidic media, the ligand coordinates only through amine
nitrogen atoms whereas in basic or slightly acidic media,
amide N-atoms and amine N-atoms coordinate upon
deprotonation as anions (Fig. la) [18, 20]. The pH-
dependent, selective, and efficient metal ion-binding abil-
ities of dioxotetraamines stimulated the idea of designing
molecular devices such as cation-selective fluorosensors
(Fig. 1a) [21-29], and multi-component systems in which a
metal ion can be translocated with the change in pH
(Fig. 1b) [30-34]. The importance of dioxotetraamines is
also related with their:

1 dual structural features of tetraamine and oligopeptide;
2 potential to stabilize anomalously high oxidation states
(e.g. Ni(IIT) and Cu(III)) in aqueous media [35-37]; and
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3 implementation as model compounds to elucidate the
reactivity of superoxide dismutase (SOD) etc. [38].

Bipyridyl and its derivatives are known to be excellent
chelators for transition metal ions and have been
exploited in the development of supramolecular devices
[39-42].

Keeping the above facts in view, herein we have intro-
duced a new water-soluble chelator N,N’-bis(2-amino-
ethyl)-2,2'-bipyridine-3,3’-dicarboxamide (BABD) with
two different coordination sites, i.e. bipyridyl and dioxo-
tetraamine units. The coordination behaviour of BABD
with the metal ions Co(II), Ni(II), Cu(Ill), and Zn(II) has
been investigated by pH-potentiometric methods at an
ionic strength of 0.1 M KCI at 25 £ 1 °C. The formation
constants of the various complexes formed in solution and
their selectivity towards the metal ions are reported. The
3D-model structures of the metal complexes depicted in
solution were predicted by means of molecular modelling
calculations. Fluorimetric titration was carried out in
presence of various biologically relevant metal ions in
order to explore BABD as a cation-selective fluorescence
Sensor.

Scheme 2

Fig. 2 HOMO (a) and LUMO )
(b) molecular orbital diagrams
of the ligand BABD at

Amax = 280 nm obtained by
applying the semi-empirical
PM3/ZINDO method

(a) HOMO

Results and discussion
Synthesis of the ligand

The ligand BABD was synthesized as shown in Scheme 2
by reacting an ester of binicotinic acid with freshly distilled
ethylenediamine. It was characterized by elemental analysis
and use of a variety of spectroscopic (UV-Vis, IR, '"H NMR,
and '’C NMR) methods. The ligand is soluble in water,
methanol, and ethanol but insoluble in the common organic
solvents chloroform, dichloromethane, and THF.

The ligand in aqueous medium has two peaks at 212 and
261 nm attributed to m — n* transitions associated with
the chromophoric bipyridyl ring. The calculated electronic
spectrum of BABD obtained from a PM3 (RHF) optimized
structure by employing the semi-empirical ZINDO method
showed peaks with 4, at 236 and 280 nm. The optimized
structure of BABD and the HOMO and LUMO molecular
orbital diagrams at 280 nm are shown in Fig. 2.

The infrared spectra of BABD contained a band
at 3,350 cm™!, characteristic of vneg- A broad band

at 3,426 cm™' was observed for vnpy (amine) and
B
N 0 N~ OH
IN\ 7 NaOH_ o™\ ©
= KMnO, s
C,H,OH | H*
R
H R
Z N I
~TUNH, A _OCH,
N © H,N NH, 0
| O

(b) LUMO

@ Springer



160

B. K. Kanungo et al.

presumably also due to the vn_y (2° amide). The charac-
teristic amide I and II vc—o bands were observed at 1,652
and 1,578 cm™!, respectively. The band 1,578 cm™! s
possibly also due to the bending vibration of the amine
group (dng)- The amide IIT ve_y and dn_y for BABD were
observed at 1,242 and 796 cm ™’ respectively.

The 'H NMR spectrum of the ligand showed three dd
signals at 7.5, 8.0, and 8.6 ppm, characteristic of aromatic
protons. Two triplets centred at 3.1 and 2.5 ppm are
assigned for the methylene groups linked to the amide and
amine groups, respectively. No peak was observed for
amine and amide protons, which may be because of deu-
terium exchange. The '*C NMR spectrum of BABD
contained peaks at 39.65 and 42.21 ppm for CH, groups
attached to the amine and amide groups, whereas the peaks
at 124.49, 131.38, 137.14, 150.04, and 154.16 ppm are
attributed to aromatic carbons. The peak at 169.72 ppm
corresponds to the amide carbonyl carbon.

Ligand protonation constants

The protonation constants of the ligand were determined by
potentiometric and spectrophotometric methods. For the
potentiometric method the acidified ligand solution was
titrated against standard KOH at an ionic strength of 0.1 M
KCI and 25 £ 1 °C in aqueous medium. Analysis of
potentiometric curve (Fig. 3) of the ligand BABD with the
computer software Hyperquad 2000 gave four protonation
constants: 8.89 + 0.04, 8.41 + 0.03, 3.54 £+ 0.09, and
2.68 £ 0.07.

The equilibrium reactions for these protonation con-
stants are given by the equations:

4 —=— BABD

10 4 —e— BABD-Co (1)

| BABD-Zn (1)
—w— BABD-Cu (I)

91 BABD-Ni (1)

Fig. 3 Potentiometric titration curves of BABD in the absence and
presence of the metal ions Co(II), Ni(Il), Cu(Il), and Zn(II) in 1:1
ligand—metal molar ratio, where “a” is moles of base added per mole
of ligand present
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The first two protonation constants of BABD are similar
to that obtained for dioxotetraamine (log K = 9.6 and 8.3
[21]), and can be assigned to the protonation of two amine
groups, whereas the other two values are because of the
protonation of bipyridyl N-atoms of BABD (for a non-
substituted bipyridyl log K = 4.34 and 1.46 [43]). This is
again supported by the fact that bipyridyl nitrogens are
generally characterized by far lower basicity than amine
nitrogens. The amide group requires strongly basic
conditions for deprotonation, thus it was not possible to
determine the protonation constants of the amide groups
under the experimental conditions used. The two
protonation constants of the ligand assigned to bipyridyl
nitrogens, with Alog K = 0.86, can be attributed to the
change in the electronic environment of the ligand after
uptake of one proton.

The pH dependent species distribution of BABD
(Fig. 4) indicates that the ligand exists in different pro-
tonated forms between pH ~2 and ~11. Completion of
the deprotonation of the bipyridyl groups was observed in
steps, forming LH; and LH, species at pH < ~6. As the
pH increases, two amine nitrogen atoms are deprotonated
stepwise to form LH and the neutral species L, which is
predominant above pH 9.5.

Spectrophotometric titration of the ligand BABD was
also carried out in aqueous solution in acidic and basic
media to explain the deprotonation process. The spectra
were recorded in the region 200-380 nm, and in the pH
range 2.54-9.83. The state of equilibrium between the
protonated and deprotonated ligand can be examined

LH,

% of formation

20+

10 1

Fig. 4 pH-dependent species distribution curve for BABD
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from the formation of isosbestic points (Fig. 5). Analysis
of experimental data by global fitting of the whole
spectral data (Fig. 5) using the software pHAb gave
four protonation constants: 8.81 £ 0.05, 8.35 £ 0.04,
347 £0.03, and 2.71 £ 0.05. The four protonation
constants obtained from the spectrophotometric method
agree with the results obtained from the potentiometric
method. The protonated ligands in this investigation gave
two peaks at about 272 and 217 nm which correspond to
band-I and band-II n — n* transitions of the aromatic
ring. Deprotonation caused a bathochromic shift in band-
I of the absorption bands and an increase in the absor-
bance of band-II. In order to verify the validity and
assignments of the experimental protonation constants,
aqueous-phase free energy for the entire representative
species was calculated using the semi-empirical PM3/
COSMO quantum mechanical approach [44]. The acidity
of a base BH, i.e. the pK,, defined as the negative log-
arithm of the dissociation constant of the reaction
BH + H,0 = B + H;0™, is given by the thermody-
namics relationship pK, = AG,qgu/2.303RT. For BABD,
the change in aqueous phase free energy was obtained by
use of the equations:

AGygBH, = (Gaq,BH3 + Gaq,H30+) — (Gaga, + Gagn,0)
(2)

AGygBH, = (Gaq,BH2 + Gaq,ﬁ30+) — (Gagpn, + Gagm,0)
(3)

AGaquHz = (GaquH + Gaq,H30+) - (Gaq,BHz + Gaq.HZO)

(4)
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Fig. 5 Electronic spectra of BABD as a function of pH (2.54-9.83)
during a spectrophotometric titration. [BABD] = 0.05 mM, [KCI] =
0.IMand T=25+1°C

AGaquH = (Gaqu + Gan,H}O*) - (Gaq,BH + Gatq,HZO) (5)

The group with the greater acidity is that for which
hydrogen release is easier and there must be a decrease in AG
values in the deprotonation process. A clear decrease in AG
was observed in the case of BABD (Fig. 6), because
deprotonation of the fully protonated free ligand LH,4 took
place first from bipyridyl N-atoms followed by protonated
amines. The validity of this calculated AG,q for the different
species of BABD was compared with the experimental pK,,
which resulted an acceptable correlation with R = 0.98522.

Metal complexes

The potentiometric titration of ligand BABD (L) in the
presence of the metal ions Co(II), Ni(II), Cu(II), and Zn(II)
was carried out at an ionic strength of u = 0.1 M KCl and
25 £ 1 °C by keeping the metal-to-ligand molar ratio 1:1
and 2:1 in aqueous medium. The titration curves for all the
metal-ligand systems and that for the free ligand are shown
in Figs. 3 and 7 for the 1:1 and 2:1 systems, respectively.
The deviations of the metal-ligand titration curves from the
free ligand curve indicate the formation of metal com-
plexes. No M,L complex formation was observed in the
reaction mixture of 2:1 metal-to-ligand molar ratio for
Co(II) and Zn(II), and hence the titration curves for the 1:1
ratio are presented for these two metal ions only. Ligand
BABD formed dinuclear complexes with Ni(II) and Cu(II).
The dinuclear species are only prevalent in solution when
the metal-to-ligand ratio is 2:1, whereas such species do
not exist in solution when the metal-to-ligand molar ratio is
maintained at 1:1.

250 -
200 - .
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/kJmol™

water

100 - <
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0 ¥ T T T v T ¥ T ¥ ¥ T
2 3 4 5 6 7 8 9
Experimental, pK

Fig. 6 Correlation between experimental pK, and calculated free
energy AGyq
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Fig. 7 Potentiometric titration curves of BABD in the absence and
presence of metal ions Ni(II) and Cu(Il) in 2:1 metal-to-ligand molar

”»

ratio, where “a” is moles of base added per mole of ligand present
Mononuclear complexes

Analyses of the potentiometric curves using the computer
software Hyperquad 2000 enabled the determination of
various metal complex species in equilibrium; their for-
mation constants are summarized in Table 1. Ligand
BABD forms mononuclear complexes with Co(II), Ni(II),
Cu(Il), and Zn(II). The best-fit models include MLH, and
MLH for Co(II) and Zn(II); and MLH,, MLH, MLH_, and
MLH_, for Cu(II) and Ni(II). In addition to these models,
Cu(II) also formed the ML species. Formation of the dif-
ferent species from the best-fit model can be represented by
the equations:

. _ [MLH,]
M+L+2H=MLH, logf,, = MILIEP (6)
M+L+H=MLH log ﬁMLH=% (7)
M+L=ML logﬁML:% (8)

[MLH_,][H]

ML = MLH. +H log s , = 9)
MLH_,|H
MLH,] = MLH,Q + H log ﬁMLH,z = ﬁ
(10)

The solution species distribution curves (Fig. 8) indicate
that complexation occurs from pH ~ 2. The ligand, which
initially exists in the fully protonated form (LH,), starts to
deprotonate with the formation of MLH, species.
Formation of MLH, species takes place with the release
of two protons from the fully protonated ligand LHy4
and also, presumably, because of the coordination of
deprotonated bipyridyl N-atoms (Fig. 9a). Subsequent
release of protons from MLH, led to the formation of
MLH and ML (ML was depicted only in the Cu(Il)-BABD
system). These protons from MLH, are released in steps
from the two protonated amine groups. Therefore the
formation of MLH and ML can be explained in two ways:

1 the metal ion coordinated to the bipyridyl unit may
translocate towards the dioxotetraamine unit with the
stepwise deprotonation and coordinate to the amine
N-atoms; or

2 protonated amines release protons with the rise in pH
without any interaction with the metal ion.

The formation, by BABD-Cu/Ni systems, of species of
the types MLH_; and MLH_, in slightly basic media
indicate the deprotonation and coordination of amide
N-atoms. This is possible only if the metal ion is translocated
from bipyridyl to the dioxotetraamine unit. Accordingly,
pH-driven translocation of the metal ion can be accepted in
the BABD system and the proposed coordination modes for
ML and MLH_, can be represented by Fig. 9b, c. The pH-
driven translocations of the metal ion in dioxotetraamine-
derived ligands have been well documented by Fabrrizzi
and his coworkers [30-34].

The coordination of amide groups was observed only for
BABD-Cu(Il) and BABD-Ni(II) systems from pH ~7.1 to
~8.1 (Fig. 8) whereas no such species formation (MLH_

Table 1 Formation constants (log f5) of various metal complexes formed by ligand BABD at 25 &+ 1 °C and x = 0.1 M KCl

Reactions Co(ID) Ni(ID) Cu(Il) Zn(I)
M+L+2H = MLH, 18.8 £ 0.10 19.52 & 0.02 20.05 + 0.07 18.80 £ 0.0
M+L+H = MLH 13.37 £ 0.08 13.47 + 0.07 13.54 + 0.03 13.35 + 0.08
M+L = ML - - 6.98 + 0.07 -

ML =MLH , +H - —4.05 £ 0.03 ~1.62 £ 0.04 -
MLH , = MLH , + H - —3.37 £ 0.07 —9.93 £ 0.05 -
2M+L = ML - 19.67 £ 0.03 20.33 £ 0.10 -

M,L = M,LH_, + 2H - 1.32 £ 0.08 424 £ 0.1 -
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Fig. 8 Species distribution curves for the mononuclear metal complexes a Co-BABD, b Ni-BABD, ¢ Cu—-BABD, and d Zn—-BABD

Fig. 9 Proposed modes of AN
coordination of BABD in the | N 0 H ™\ | N 9 H ™\ | C)|'_ /—\
metal complexes in solution N _~ N NH; N  _~ N NH, N =~ N NH,
(coordination of water molecule M/ / \M/
not shown) \ M\ /

S Vall ey DN Gy L

~ O ~ O =~ O
(a) MLH, (b) ML (¢) MLH,

and MLH_,) due to amide deprotonation and coordination
was observed for the Zn(II) and Co(II) ions.

This discrepancy is because deprotonation of the amide
group is very endothermic and can take place if it is

compensated energetically by the formation of a strong
bond between the metal and the deprotonated amide group
[19]. This is the case for the Cu(Il) and Ni(II) ions, which
profit greatly from ligand field stabilization effects,

@ Springer



164

B. K. Kanungo et al.

whereas Co(Il) and Zn(II) ions do not profit much from
ligand field effects and thus do not promote much depro-
tonation of amide groups [19].

Further MLH_; and MLH_, species detected for Cu(Il)
and Ni(Il) complexes are not hydroxo species; this is evi-
dent from the stability factors also. Stepwise deprotonation
of the amide group in the ligand leads to the formation of
these two types of complexes. It is well documented in the
literature that deprotonation of amide protons and chelation
with Cu(Il) and Ni(Il) lead to the formation of square
planar complexes [25-28].

Considering the above experimental evidence on the
coordination modes of ligand BABD, it may be inferred
that coordination to all the metal ions occurs first through
two bipyridyl N-atoms at low pH. As the pH increases,
deprotonation and coordination of two amide groups take
place only in Ni(II) and Cu(II) systems, in which the ligand
BABD coordinates through two N-amide and two N-amine
groups. The probable structures of the Cu(BABD) and
Ni(BABD) complexes in solution were predicted by the
semi-empirical AM1/d method. The AM1/d Hamiltonian
was chosen for the calculations because of its parameteri-
zation for these metal ions and because of its satisfactory
prediction of the molecular structure of metal complexes
[45]. First, the energetically least strained structures for
the metal complexes were obtained by the molecular
mechanics MM3 method; these were then further re-opti-
mized by applying the semi-empirical AM1/d method. The
optimized structure for the Cu(BABD) complex (Fig. 10)
predicted a distorted square planar geometry, which was
greatly stabilized by the electrostatic interaction between
the positively charged copper ion and the formally nega-
tively charged amide groups. The calculated bond lengths
for Cu(BABD) and Ni(BABD), Cu—N(aming) 2.083 A,
Ni-N(amine) 2.508 A, Cu-N(amide) 1.959 A, and Ni-
N(amide) 2.323 /QX, indicate that the deprotonated amide
nitrogen atoms coordinate with shorter bond length than

Fig. 10 Two views of the
optimized structure of
Cu(BABD) obtained by the
semi-empirical AM1/d method

@ Springer

the corresponding amine nitrogen atoms; this is in good
agreement with previously reported bond lengths for sim-
ilar ligands obtained by use of single-crystal X-ray
diffraction techniques [46—48].

Dinuclear complexes

Analysis of potentiometric data obtained for 2:1 metal-to-
ligand molar ratios using the software Hyperquad gave the
best fit for the models M,L and M,LH_, for both Ni(II)
and Cu(Il). The formation of the various species from the
best-fit model can be represented by the equations:

M,L]

2M+L=ML logfy,L=—5— (11)
oMLY
_ [M,LH_,][H]?
MQL — MzLH,Q + 2H log ﬁMzLH,z = W
(12)

From the species distribution curves shown in Fig. 11a
and b, it is clear that the ML species reaches its maximum
concentration at pH 7.5 and 8.5 for Cu(II) and Ni(Il) ions,
whereas at pH > 9.5 and pH > 10.5 the deprotonated
complexes [Cu,LH_,] and [Ni,LH_,] are the predominant
species. Theoretically two structures can be proposed for
the MLL type of complex: one with coordination of two
bipyridyl sites with one metal ion while the other metal ion
binds to two amine N atoms (Fig. 12a). The other structure
is shown in Fig. 12b; in this each metal ion binds to one
bipyridyl N and to one amine nitrogen atom, assuming the
remaining coordination sites are occupied by water
molecules. The structure represented in Fig. 12b is more
feasible, because in the free ligand the two bipyridyl
nitrogens and the pendant arm are expected to remain away
from each other because of steric repulsion and the metal
ion can coordinate without a conformational change in the
ligand. Also, molecular mechanics calculations using the
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Fig. 12 Proposed coordination modes of dimeric metal complexes of
BABD in solution (coordination of water molecule not shown)

MM+ force field were used to obtain the energetically
most favorable structure. The calculated strain energy of
the structure presented in Fig. 12a was 281.3 kJ/mol higher
than that of the structure in Fig. 12b. As the pH is increased
further, deprotonation of amide groups takes place and the
amide N-atoms coordinate as anions to the metal ions, in
addition to the already coordinated amine N-atoms,
replacing one of the coordinated water molecules. This
leads to the formation of the species M,LH_,; the proposed
structure is shown Fig. 12c. For comparison, molecular
mechanics calculations of this structure and that derived
from the structure in Fig. 12a were also carried out. The
calculated strain energy reveals that the structure in
Fig. 12c is energetically more favourable and is 48.86 kJ/
mol less than the other. Similar work, by X-ray crystal
analysis, on dinuclear Pd(I) compounds with the ligand

(b)

-
o
|

0

-

[
1

Log (concentration/M)

-20

bearing bipyridine and carbamoyl groups has recently been
reported by Kim et al. [39].

Fluorescence studies

The ligand BABD in aqueous medium (cp < 107° M)
showed good photo-stability on exposure to UV light at
room temperature. It does not undergo any kind of
decomposition. Also, the emitting behavior of BABD
(Zex = 283 nm) over the pH range 2-11 was investigated
by fluorimetric titration. At low pH the ligand BABD in its
fully protonated form showed very poor emission at
379 nm. As the deprotonation occurred from bipyridyl and
amine N-atoms with increasing pH, the fluorescent inten-
sity (Iy) of BABD increases steeply and remains constant
after pH ~9.0.

The fluorescence efficiency of BABD was also esti-
mated by measuring its fluorescent quantum yield (¢)
using Eq. (13) (anthracene was used as standard).

SuAu

(l’) = d)s < A
! tSst Au ngt

(13)
¢, and ¢, are the emission quantum yield of the sample
and standard, respectively. A and A,, are the absorbance of
the standard and sample, Sy and S, are integrated emission
band areas of the standard and samples, and # and 7, are
the solvent refractive indices of the standard and sample,
respectively. The calculated ¢ for BABD was found to be
0.06.

The fluorimetric titrations of BABD at 107® M were
carried out in the presence of various divalent metal ions,
for example cobalt, nickel, copper, zinc, calcium, and
magnesium, at pH 9.0. No noticeable change in the fluo-
rescent properties of the ligand was observed except for the
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Cu(II) and Ni(Il) ions. In the presence of Cu(Il) and Ni(IT)
ions, the fluorescence intensity of BABD was enhanced
appreciably (Fig. 13). The I; enhancement may be because
of the ability of Cu(Il) and Ni(II) ions to undergo chelation
with the dioxotetraamine unit. Iyer and group also reported
fluorescence enhancement on addition of Ni(II) ion to a
carboxyphenyltriazine-based system [49]. Recently a few
sensors have been reported in which binding of Cu(Il)
caused an increase in the fluorescence emission [50-52].
Furthermore, to evaluate the potential application and
efficiency of BABD as fluorescence sensor, competition
experiments were carried out at the same pH and concen-
tration and in the presence of other metal ions. The results
show that BABD on complexation with Cu(II) and Ni(I) at
pH 9 did not change significantly in the presence of the
transition metal ions Mn(II), Co(Il), Zn(II), Cd(II), and
Hg(II) at concentrations up to 25 X 10~° M. Furthermore,
large excesses of the metal ions Li(I), Na(I), K(I), Mg(Il),
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Fig. 13 Fluorescence enhancement of BABD on successive addition

of a Cu(I) and b Ni(I) ions at pH 9.0, Jex = 283 nm

@ Springer

and Ca(Il) did not interfere with detection of Cu(Il) and
Ni(Il). The different chelating abilities (higher for Cu(Il)
than for Ni(II)) can also enable one to distinguish between
them, because complexation of the dioxotetraamine unit of
BABD with Cu(Il) takes place at lower pH (pH 7.1) than
for Ni(Il) (pH 8.1) (Fig. 8). Thus, detection of the desired
metal ion (Cu(II) or Ni(Il)) is possible if one operates at the
proper pH. The presence of Cu(ll) ions interferes with
detection of Ni(Il) ions, however. Spectrofluorimetric study
of BABD (Fig. 14) at pH 7.2 showed no variation in
fluorescence intensity on addition of Ni(Il), whereas addi-
tion of Cu(Il) caused fluorescence enhancement. At pH 7.2,
therefore, the sensor BABD recognizes Cu(Il) but not
Ni(II). Other metal ions (Fe(Il), Mn(II), Co(Il), Zn(II),
Mg(I), Ca(Il), and Hg(Il)) were also tested at pH 7.2 and
9.0 (Fig. 14) but no noticeable change in the fluorescent
intensity was observed. Thus, BABD can be implemented
as a potential fluorescent sensor for Cu(Ill) ions at
pH ~7.2.

Conclusion

The newly synthesized ligand BABD coordinates to Co(II),
Ni(II), Cu(I), and Zn(II) ions in aqueous medium at low
pH through the bipyridyl N-atoms. The coordination
behaviour of the ligand with Cu(Il) and Ni(IT) changes with
increasing pH; these two metal ions translocate from the
bipyridyl site to the dioxotetraamine coordination site.
Significant fluorescence enhancement was observed for
BABD in the presence of Cu(Il) and Ni(Il) at pH 9.0 in

Relative fluorescent intensity

Zn omc,,m
M Cﬂ(fg g‘m" el
N; ﬂ[)peaﬂ ’?(10 Sy e\ ons

Fig. 14 Relative fluorescence intensity of BABD on addition of
various metal cations ([M]/[L] = 1) in aqueous medium at pH 7.2 and
9.0 (Aex = 283 nm and A, = 379 nm)
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aqueous solution; at pH 7.2, however, the fluorescence
enhancement was observed with Cu(Il) ions only. It was
found that BABD can be implemented as a selective
fluorescent sensor for Cu(Il) ions in the presence of Ni(Il),
Fe(I), Mn(II), Co(II), Zn(Il), Mg(I), Ca(Il), and Hg(II) at
pH 7.2.

Experimental

All chemicals used for synthesis of BABD were purchased
from Sigma—Aldrich (St Louis, MO, USA) and were used
as received. All solutions used for potentiometric, spec-
trophotometric, and fluorescence studies were prepared
from double-distilled water. Stock solutions (0.01 M) of
different metal ions were prepared from their reagent grade
chloride salts purchased from Ranbaxy Chemical (Chan-
digarh, India). A stock solution of the ligand (0.01 M) was
prepared. A carbonate-free 0.1 M KOH solution was pre-
pared and standardized against potassium hydrogen
phthalate. HC1 of 0.1 M was prepared and its accurate
concentration was determined by titrating with standard
KOH. KCI solution (1 M) was used as electrolyte. Tris
(Buffer) and Buffer-Titrisol purchased from Merck
(Darmstadt, Germany) were used to maintain pH 7.2 and
9.0, respectively.

'H and 'C NMR spectra were recorded on a Bruker
Avance II-400 spectrometer in D,O and chemical shifts
were reported relative to MeySi. IR (KBr pellet, 450—
4,400 cmfl) spectra were taken with a Perkin—Elmer
Model RX-I FT-IR spectrometer. The electronic spectra
were recorded on an Agilent-8453 diode array UV-Vis
spectrophotometer. Elemental analysis (C, H, N) data were
obtained with an Exeter Analytical CE-440 elemental
analyzer and the results agreed with calculated values. The
fluorescence spectra were taken on a Perkin—Elmer (LS55)
luminescence spectrometer.

Synthesis of N,N'-bis(2-aminoethyl)-2,2'-bipyridine-
3,3'-dicarboxamide

Binicotinic acid (BNA) was synthesized from 1,10-phe-
nanthroline as reported elsewhere [53]. The esterification
of BNA was carried out by passing dry HCI gas into a hot
solution of BNA in absolute ethanol. The corresponding
ester (3 g, 0.01 mol) was stirred with 20 cm?® freshly dis-
tilled ethylenediamine at room temperature under a
nitrogen atmosphere for 3 days. Excess ethylenediamine
was removed by distillation under reduced pressure. The
white solid obtained was washed several times with cold
ethanol followed by ether and then dried in vacuo. The
crude product was recrystallised from hot ethanol. Yield:
1.64 g (55%); M.p.: 155 °C; UV-Vis (H,0, ¢ = 1076 M):

Amax = 264, 216 nm; IR (KBr): v = 3,410, 3,350, 3,276,
3,050, 2,958, 1,652, 1,578, 1,350, 1,166, 1,040, 986,
884 cm™!; '"H NMR (400 MHz, D,0): § = 2.50 (t, 4H,
J =621 Hz), 3.17 (t, 4H, J = 6.21 Hz), 7.55 (dd, 2H,
J =790 Hz, 5.01Hz), 8.04 (dd, 2H, J = 7.90 Hz,
1.50 Hz), 8.57 (dd, 2H, J = 5.01 Hz, 1.50 Hz) ppm; '*C
NMR (100 MHz, D,0): & = 39.65, 4221, 124.49,
131.38,137.14, 150.04, 154.16, 169.72 ppm.

Titration procedure

The apparatus used, the experimental details, the calibra-
tion techniques, and the titration procedures were as
described elsewhere [54, 55]. Potentiometric titrations of
the ligand in the absence and presence of metal ions Co(II),
Ni(II), Cu(I), and Zn(II) were carried out at 25 + 1 °C
maintained from a double wall glass jacketed titration cell
connected to a constant-temperature circulatory bath. The
ionic strength was maintained to 0.1 M by addition of an
appropriate amount of 1 M KCI solution. Titrations with
L:M = 1:0, 1:1, and 1:2 were carried out, where for each
titration 51 data were recorded in the pH range ~2 to
~11.5. The protonation constants and stability constants
were calculated using the computer software Hyperquad
2000 [56]. The protonation constants of the ligand were
also determined spectrophotometrically in aqueous med-
ium. The apparatus and method used for the potentiometric
and spectrophotometric titrations are similar, except
a dilute solution of ligand (5 x 107> M) with HCI
5 x 107* M) was titrated with 0.1 M KOH at an ionic
strength of 0.1 M KCl and 25 + 1 °C in aqueous medium.
After each adjustment of pH, an aliquot was removed and
electronic spectra were recorded in the region 200-380 nm.
The protonation constants from the spectral data were
calculated by use of the non-linear least-squares fitting
software pHAD [57]. The species distribution curves were
obtained from the measured equilibrium constants using
the software HySS [58].

Computational methods

All calculations were performed on a Pentium IV 3.0 GHz
machine in a Windows 2000 environment using the com-
puter software CAChe version 6.1.1 [59] and Hyperchem
7.5 [60]. The initial geometry of BABD leading to mini-
mum strain energy was achieved by use of molecular
mechanics using the MM3 force field followed by the
semi-empirical PM3 self-consistent field (SCF) method, at
the restricted Hartree—Fock (RHF) level. The geometry
optimizations were performed by application of the steep-
est descent method followed by the Polak—Ribiere method
with a convergence limit of 0.00042 kJ/mol and an RMS
gradient of 0.0042 kJ/mol. The electronic spectrum of
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BABD was calculated by use of semi-empirical methods
with ZINDO and the PM3 Hamiltonian. The proposed 3D-
model structures of the metal complexes were obtained first
by MM3 treatment and then by applying the semi-empiri-
cal AM1/d method.
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