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a b s t r a c t

The interaction between Nd(III) and Calf Thymus DNA (CT-DNA) in physiological buffer (pH 7.4) has been
studied using absorption spectroscopy involving 4f–4f transition spectra in different aquated organic
solvents. Complexation with CT-DNA is indicated by the changes in absorption intensity following the
subsequent changes in the oscillator strengths of different 4f–4f bands and Judd–Ofelt intensity (T�)
parameters. The other spectral parameters namely Slator–Condon (Fk’s), nephelauxetic effect (ˇ), bonding

1/2
eywords:
d(III)
f–4f transition spectra
alf-thymus DNA
scillator strength

(b ) and percent covalency (ı) parameters are computed to correlate with the binding of Nd(III) with
DNA. The absorption spectra of Nd(III) exhibited hyperchromism and red shift in the presence of DNA.
The binding constant, Kb has been determined by absorption measurement. The relative viscosity of DNA
decreased with the addition of Nd(III). Thermodynamic parameters have been calculated according to
relevant absorption data and Van’t Hoff equation. The characterisation of bonding mode has been studied

ested
udd–Ofelt parameters in detail. The results sugg
electrostatic binding.

. Introduction

Nucleic acids play an important role in biological systems and
arry out a broad range of biological functions. Increasing interest
s being shown in DNA because of their application in various type
f therapy [1]. The biological function of DNA is often dependent
n interactions with different moieties such as metal ions [2,3].
NA structure can undergo conformational changes due to ligand
inding. Metal ions are important cofactors in DNA structures and
unction, facilitating the double helical structure stabilization and
atalysis [4]. Also the extent of hydration of cations bound to DNA
s a key parameter in the energies of the binding process as well as a
elevant issue in the catalytic roles and structural effects of bound
ons. An understanding of the factors involved in metal ion–DNA
nteraction is thus of considerable importance.

Trivalent lanthanide ions form a relatively homogeneous group
f 15 elements having attractive, spectroscopic and magnetic prop-
rties [5], and have been used as probes of the interactions of metal
ons with nucleic acids [6] and other polyelectrolyte [7]. Nucleic
cid may be considered to be ambidentate ligands, with various

otential binding sites, including nitrogen and oxygen donor on
he bases, hydroxyl groups on the ribose sugar, and negatively
harged oxygen atoms in the phosphate groups. As a consequence
f the abundant of negatively charged oxygen donor groups, the

∗ Corresponding author. Tel.: +91 9436080780; fax: +91 3852435145.
E-mail address: rajmuhon@yahoo.co.in (N.R. Singh).

386-1425/$ – see front matter © 2010 Elsevier B.V. All rights reserved.
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that the major interaction mode between Nd(III) and DNA was external

© 2010 Elsevier B.V. All rights reserved.

DNA molecule readily interact with Ln3+ ions and may be expected
to occupy at least some of the inner sphere coordination sites of
the cations, contributing to the coordination process by complet-
ing chelate-bridges [8]. Nd(III) possess many similarities in their
properties to Ca(II) and isomorphous replacement of this cation by
Ln3+ ions holds out the promise of exploiting the rich and variety
of spectroscopic properties of the lanthanides for obtaining infor-
mation in their application to biomolecular structure examination
[9,10]. In last few years, time-resolved capability of lanthanide
luminescent bioprobes (LLBS) [11] and the availability of ade-
quate bioconjugation protocols [12] allowed the development of
highly sensitive immunoassays [13,14], protein staining assays
[15], nucleic acid analysis [16], or the determination of enzyme
activities [17]. This bio-application has been a major factor in the
unprecedented expansion of lanthanide coordination chemistry
during the past 20 years. In addition, the absorption spectra of the
trivalent lanthanides have been of interest to both chemists and
spectroscopists. Misra [18] had studied about the interaction of
Pr(III) with nucleosides and nucleotides in different stoichiometries
in water and water–DMF mixture by employing absorption differ-
ence and comparative spectrophotometry. These studies indicated
that the binding of the nucleotide is through phosphate oxygen in
a bidentate manner and the complexes undergo substantial ionisa-

tion in aqueous medium. Joseph et al. [19] had reported about the
absorption spectral studies on the interaction of adenine, adeno-
sine 5′-mono, adenosine-5′-di and adenosine 5′-triphosphate with
Pr(III) in different stoichiometries and at varying hydrogen ion con-
centration.

dx.doi.org/10.1016/j.saa.2010.12.078
http://www.sciencedirect.com/science/journal/13861425
http://www.elsevier.com/locate/saa
mailto:rajmuhon@yahoo.co.in
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The main aim of our study is to find the mode of the interaction
etween Nd(III) with Calf-Thymus DNA using absorption difference
nd comparative absorption spectroscopy involving 4f–4f tran-
itions and viscosity measurement. Thermodynamic parameters
ave been calculated according to relevant absorption data and
an’t Hoff equation. The interaction mechanism and binding mode

s studied in detail. The sensitivity of 4f–4f bands towards the minor
oordination environment around the metal ion is also used in
elected different aquated organic solvents and the correspond-
ng changes in oscillator strengths of different 4f–4f bands and
xperimentally determined Judd–Ofelt intensity (T�) parameters
re correlated with the binding of DNA.

. Experimental

.1. Materials

Neodymium nitrate hexahydrate of 99.9% purity is purchased
rom CDH, Mumbai and Calf Thymus DNA from Sigma is used as
upplied. The solvents used are MeCN, MeOH, DMF and Dioxane of
R. Grade from E Merk.

All the experiments involving interaction of the Nd(III) with
alf-Thymus DNA are formed in Tris–HCl (0.01 M, pH 7.4). Solu-
ions of CT-DNA in buffer gave a ratio of UV absorbance at 260 and
80 nm, A260/A280, of 1.8–1.9 indicating that DNA is free from pro-
ein [20]. The DNA concentration is measured by its absorbance
t 260 nm using the molar extinction coefficient 6600 M−1 cm−1.
ouble distilled water was used to prepare all stock solutions for
NA binding studies. The absorption spectral data are recorded
n Perkin Elmer Lambda-35 UV-Vis Spectrometer equipped with
device for kinetic and high resolution spectral analysis. The tem-
erature of all observations is maintained using Perkin Elmer PTP1
eltier-temperature system at 25 ◦C.

Viscosity measurements are conducted on a Rheometer
BRUKER), immersed in a thermostated water bath maintained at
5 ◦C. Titrations are performed by the addition of aliquots of the
d(III) (1 × 10−4–5 × 10−4 mM) solution into a constant concentra-

ion of DNA in the viscometer. Data are presented as (�/�0)1/3 versus
he concentration of Nd(III),� is the viscosity of DNA in the presence
f Nd(III) and �0 is the viscosity of DNA alone.

.2. Methods

The energy of 4f–4f transitions comprises of two main com-
onents: coulombic Fk and spin–orbit coupling 4f parameters,
epresented in the form of equation as follows

obs = f kFk + Aso�4f (1)

here fk and Aso are the angular counterpart of coulombic and
pin-orbit interaction, while Fk (Slator–Condon inter-electronic
arameter) and �4f are the radial integral known as Lande’s
arameter. The values of inter-electronic repulsion parameters i.e.
lator–Condon, Fk’s and spin–orbit coupling Lende’s parameter, �4f
re determined using the method outlined in our earlier papers
21,22].

If the f-orbital’s are involved in covalent bond formation with
he ligand, the metal wave function can be expressed [23] as

ϕ4f = (1 − b)1/2〈4f| − b1/2〈ϕligand| (2)
here b1/2 measures the amount of 4f-orbital mixing, i.e. covalency.
inha [24] has proposed a ı scale to express the covalency. Both the
arameters b1/2 and ı are related to the nephelauxetic effect, i.e. ˇ.
he covalency parameter (ˇ, b1/2, ı) of the complexes have been
cta Part A 78 (2011) 1180–1186 1181

calculated using the relationship [23–25]:

ˇ = Fc
k

Ff
k

or ˇ = Ekc
Ek
f

(3)

where Fc
k

(k = 2,4,6) and Ekc are the Slator–Condon and Racah param-

eters for complex, and Ff
k

and Ek
f

for free ions respectively.

b1/2 =
[

1 − ˇ
2

]1/2

(4)

ı =
(

1 − ˇ
ˇ

)
× 100 (5)

The intensity of the absorption band is measured by experi-
mentally determined oscillator strength (Pobs), which is directly
proportional to the area under the absorption curve and is found
out by Gaussian curve analysis [26] as

P = 4.6 × 10−9 × εmax ×��1/2 (6)

where εmax is the molar extinction coefficient and��1/2 is the half
band width. The calculated oscillator strength of the induced dipole
transition � J → �′ J′ of the energy (cm−1) in accordance with Judd
[27] and Ofelt [28] can be expressed as

Pcal =
∑
k=2,4,6

T��
〈
f n J ||U(�)||f n J′

〉2
(7)

which can be reduced to

Pcal

�
=

[
U(2)

]2 · T2 +
[
U(4)

]2 · T4 +
[
U(6)

]2 · T6 (8)

where U(�) is the matrix element of unit tensor operator connect-
ing initial 〈fn j| and final |f n j′ 〉 through three phenomenological
parameters T� (�= 2,4,6) called Judd–Ofelt parameters. These
parameters are related to the radial wave function of the states and
ligand field parameters that characterise the surrounding field. The
three parameters T2, T4 and T6 are related to the radial part of the
4fn wavefunction of the perturbing configuration. The values of T�
parameters have been computed using the matrix elements given
in our earlier paper [29].

3. Results and discussion

Since lanthanides are hard metal ions and thus, their prefer-
ence will be for hard donor sites like the oxygen atom and hence
their bonding is basically electrostatic in nature. The interaction of
CT-DNA to Nd(III) should bring about the lowering of energy inter-
action parameters. However, data in Table 1 and Table 2 shows
only slight variation as compared to the values for free ion taken
as standard. The positive value of b1/2 indicates the incidence of
some covalent character in the metal–ligand bonding leading to
nephelauxetic effect. Therefore, the changes in the energy inter-
action parameters are not apparently significant. We gave more
emphasis to quantitative f–f transition intensity analysis because
changes in intensities are more significant compared to energy. The
absolute values of oscillator strengths and Judd–Ofelf intensity (T�)
intensity parameters are determined under different experimental
conditions for Nd(III) complexes with CT-DNA (Table 3). This clearly
suggests a significant enhancement in the oscillator strengths of
different 4f–4f transitions. As a consequence, we have observed
noticeable increase in the magnitude of Judd–Ofelt (T�) intensity

parameters. These suggests the binding of the CT-DNA to Nd(III) in
solution.

The effect of solvent on complexation is quite significant. Com-
parative absorption spectra of Nd(III):CT-DNA in different aquated
organic solvents (Fig. 1) clearly suggest the affinity of solvents
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Table 1
Computed values of energy interaction Fk (cm−1), nephelauxetic effect (ˇ), bonding
(b1/2) and covalency (ı) parameters for Nd(III) and Nd(III):CT-DNA (1:1) at 298 K in
different aquated organic solvents.

System F2 F4 F6 ˇ b1/2 ı

Water
Nd(III) 332.03 48.65 5.10 0.9926 0.061 0.7472
Nd(III):CT-DNA 332.03 48.65 5.10 0.9927 0.060 0.7345
MeCN 331.98 48.63 5.10 0.9932 0.058 0.6796
Nd(III) 331.99 48.64 5.11 0.9934 0.057 0.6671
Nd(III):CT-DNA 331.98 48.63 5.11 0.9932 0.058 0.6796

DMF
Nd(III) 332.11 48.68 5.10 0.9925 0.061 0.7546
Nd(III):CT-DNA 332.10 48.67 5.10 0.9925 0.061 0.7544

Dioxane
Nd(III) 332.02 48.67 5.11 0.9931 0.058 0.6908
Nd(III):CT-DNA 332.00 48.67 5.11 0.9931 0.058 0.6956

MeOH
Nd(III) 332.00 48.64 5.10 0.9930 0.059 0.704
Nd(III):CT-DNA 332.00 48.64 5.10 0.9930 0.059 0.704

MeCN:Dioxane(1:1)
Nd(III) 332.02 48.66 5.11 0.9932 0.058 0.6685
Nd(III):CT-DNA 332.01 48.63 5.11 0.9934 0.057 0.6646

DMF:Dioxane (1:1)
Nd(III) 331.91 48.63 5.11 0.9940 0.054 0.6053
Nd(III):CT-DNA 331.90 48.62 5.11 0.9940 0.054 0.6006

DMF:MeCN (1:1)
Nd(III) 331.91 48.63 5.11 0.9940 0.055 0.6042
Nd(III):CT-DNA 331.91 48.64 5.11 0.9939 0.055 0.6123

MeCN:Dioxane(1:1)
Nd(III) 332.02 48.64 5.11 0.9932 0.058 0.6874
Nd(III):CT-DNA 332.03 48.65 5.10 0.9929 0.059 0.7170

MeOH:MeCN(1:1)
Nd(III) 332.00 48.65 5.11 0.9932 0.058 0.6883
Nd(III):CT-DNA 332.01 48.65 5.11 0.9931 0.058 0.6933

MeOH:DMF(1:1)
Nd(III) 331.90 48.63 5.11 0.9941 0.054 0.5909
Nd(III):CT-DNA 331.92 48.64 5.12 0.9943 0.053 0.5768

Table 2
Observed and calculated values of energy (cm−1) for Nd(III) and Nd(III):CT-DNA (1:1) at 2

System 4F3/2, Eobs (Ecal) 4F5/2, Eobs (Ecal)

Water
Nd(III) 11,558 (11,551) 12,590 (12,626)
Nd(III):CT-DNA 11,558 (11,552) 12,591 (12,627)

MeCN
Nd(III) 11,550 (11,550) 12,590 (12,612)
Nd(III):CT-DNA 11,557 (11,550) 12,590 (12,626)

DMF
Nd(III) 11,559 (11,554) 12,591 (12,627)
Nd(III):CT-DNA 11,560 (11,554) 12,591 (12,627)

Dioxane
Nd(III) 11,556 (11,551) 12,590 (12,626)
Nd(III):CT-DNA 11,557 (11,551) 12,591 (12,626)

MeOH
Nd(III) 11,559 (11,551) 12,590 (12,626)
Nd(III):CT-DNA 11,559 (11,551) 12,590 (12,626)

MeCN:Dioxane (1:1)
Nd(III) 11,555 (11,551) 12,591 (12,626)
Nd(III):CT-DNA 11,555 (11,550) 12,591 (12,626)

DMF:Dioxane (1:1)
Nd(III) 11,556 (11,547) 12,588 (12,624)
Nd(III):CT-DNA 11,556 (11,547) 12,589 (12,624)

DMF:MeCN (1:1)
Nd(III) 11,556 (11,547) 12,588 (12,624)
Nd(III):CT-DNA 11,555 (11,547) 12,588 (12,624)

MeOH:Dioxane (1:1)
Nd(III) 11,560 (11,551) 12,591 (12,626)
Nd(III):CT-DNA 11,559 (11,552) 12,591 (12,626)

MeOH:MeCN (1:1)
Nd(III) 11,556 (11,551) 12,588 (12,624)
Nd(III):CT-DNA 11,557 (11,551) 12,590 (12,626)

MeOH:DMF (1:1)
Nd(III) 11,555 (11,546) 12,588 (12,624)
Nd(III):CT-DNA 11,554 (11,546) 12,588 (12,624)
cta Part A 78 (2011) 1180–1186

towards the Nd(III) coordination. DMF appears to have strongest
complexation influence on Nd(III):CT-DNA complexes followed by
Dioxane and least in acetonitrile. This means that DMF has larger
impact in promoting 4f–4f electric dipole intensity, which is in
accordance with our previous studies [30]. The difference in oscil-
lator strength in different solvents may be associated to ligand
(solvent) structure and their coordination behaviours. The DMF has
two coordination sites but it generally binds via oxygen when it
coordinates to hard acids like lanthanides. The red shift is observed
in the energies of all the five bands which are considered as marker
for quantitative analysis in Nd(III) ion i.e. 4I9/2 → 4G5/2 (4I9/2 is
ground state for Nd(III) ion and 4G7/2, 4F7/2, 4F5/2, 4F3/2 are inter-
nal excited state for pNd(III) ion) the hypersensitive transition
and other transitions, 4I9/2 → 4G7/2, 4I9/2 → 4F3/2, 4I/2 → 4F5/2, and
4I9/2 → 4F7/2. These transitions, other than hypersensitive, do not
obey |J| selection rules and hence can only be considered as pseudo-
hypersensitive [31]. The relative sensitivity of all the five transitions
can be best explained through the plot of oscillator strengths as
a function of Tc

2/T
a
2 (“c” for complex ion and “a” for aquo ion).

This shows the following order of relative sensitivity for all the
five bands of Nd(III) ion; 4G5/2 > 4G7/2 > 4F7/2 > 4F5/2 > 4F3/2 as high-
est value of slope is found for hypersensitive transition i.e. 4G5/2
and lowest value for pseudo-hypersensitive transition, 4F3/2.

Although we have found red shift in energies of all transi-
tions, the effect is found pronounced in DMF. The red shift is
due to the expansion of the metal orbital radius which leads to
nephelauxetic effect. At the same time, the nephelauxetic effect
brings about a shortening of the metal–ligand bond length thereby
increasing the probability of interaction between metal and lig-

and orbital. Jorgensen and Ryan [32] noticed the dependence of the
nephelauxetic effect on the coordination number and suggested the
shortening in the metal–ligand distance occurs with the decrease
in the coordination number. To interpret the correlation, analy-

98 K in different aquated organic solvents.

4F7/2, Eobs (Ecal) 4G5/2, Eobs (Ecal) 4G7/2, Eobs (Ecal)

13,510 (13,466) 17,409 (17,390) 19,172 (19,174)
13,510 (13,466) 17,410 (17,390) 19,173 (19,175)

13,510 (13,466) 17,386 (17,405) 19,172 (19,175)
13,510 (13,466) 17,387 (17,405) 19,170 (19,174)

13,511 (13,466) 17,387 (17,412) 19,117 (19,179)
13,511 (13,466) 17,387 (17,412) 19,178 (19,176)

13,509 (13,466) 17,387 (17,407) 19,175 (19,176)
13,508 (13,466) 17,388 (17,407) 19,174 (19,175)

13,509 (13,466) 17,387 (17,407) 19,175 (19,176)
13,510 (13,466) 17,387 (17,407) 19,171 (19,174)

13,510 (13,466) 17,388 (17,407) 19,175 (19,175)
13,511 (13,466) 17,385 (17,405) 19,172 (19,174)

13,509 (13,466) 17,383 (17,400) 19,168 (19,174)
13,509 (13,466) 17,383 (17,399) 19,166 (19,174)

13,509 (13,466) 17,383 (17,400) 19,167 (19,174)
13,509 (13,465) 17,384(17,400) 19,168 (19,174)

13,510 (13,466) 17,382 (17,407) 19,173 (19,175)
13,510 (13,466) 17,386 (17,408) 19,173 (19,175)

13,509 (13,466) 17,382 (17,399) 19,167 (19,174)
13,510 (13,466) 17,387 (17,407) 19,173 (19,175)

13,509 (13,4660) 17,382 (17,399) 19,167 (19,174)
13,509 (13,465) 17,381 (17,398) 19,169 (19,175)
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Table 3
Observed oscillator strength (P × 106) and Judd–Ofelt (T × 1010) parameters for Nd(III) and Nd(III)–CT-DNA (1:1) at 298 K in different aquated organic solvents.

System 4F3/2
4F5/2

4F7/2
4G5/2

4G7/2 T2 T4 T6

Water
Nd(III) 0.265 1.557 1.959 1.531 0.401 7.86 1.25 34.13
Nd(III):CT-DNA 0.276 1.661 2.097 1.759 0.540 9.90 0.02 35.08

MeCN
Nd(III) 0.269 1.614 2.049 2.255 0.593 14.63 0.85 34.80
Nd(III):CT-DNA 0.264 1.682 2.202 2.313 0.843 26.28 0.96 39.49

DMF
Nd(III) 0.342 1.588 2.012 2.086 0.553 11.25 1.81 33.02
Nd(III):CT-DNA 0.346 2.679 2.213 2.356 0.617 13.35 0.77 36.13

Dioxane
Nd(III) 0.072 1.706 1.856 1.944 0.330 8.27 2.50 33.86
Nd(III):CT-DNA 0.367 1.564 1.885 1.735 0.364 8.74 2.41 31.33

MeOH
Nd(III) 0.282 1.535 2.054 2.243 0.419 13.73 1.56 34.01
Nd(III):CT-DNA 0.283 1.637 2.012 2.185 0.378 13.84 1.47 34.13

MeCN:Dioxane (1:1)
Nd(III) 0.199 1.312 1.720 2.695 0.597 12.44 0.51 28.51
Nd(III):CT-DNA 0.125 1.482 1.861 1.939 0.367 13.03 4.08 32.12

DMF:Dioxane (1:1)
Nd(III) 2.465 1.365 1.673 2.001 0.189 10.07 0.14 34.03
Nd(III):CT-DNA 2.495 1.396 1.891 2.054 0.226 10.32 9.23 14.85

DMF:MeCN (1:1)
Nd(III) 0.289 1.764 2.259 2.039 0.577 11.83 0.491 37.74
Nd(III):CT-DNA 0.269 1.756 2.429 2.272 0.615 14.30 2.79 40.07

MeOH:Dioxane (1:1)
Nd(III) 0.357 1.284 1.604 2.490 0.378 13.69 2.68 26.03
Nd(III):CT-DNA 0.254 1.17 1.57 1.78 0.24 10.80 0.97 25.99

MeOH:MeCN (1:1)
Nd(III) 0.312 1.771 2.161 2.004 0.509 11.21 2.64 39.35
Nd(III):CT-DNA 0.325 1.791 2.161 2.042 0.601 10.88 1.83 36.34
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MeOH:DMF (1:1)
Nd(III) 0.292 1.459 1.773
Nd(III):CT-DNA 0.280 1.481 1.852

is of the relationship between nephelauxetic effect, geometry and
nergy parameters have been derived and evaluated for complex
ompounds using the angular overlap model, the value of “n” is
roportional to the nephelauxetic effect,

=
[

(1 − ˇ1/2)
ˇ1/2

]
(9)

It may be expressed as

=
{

H2L

(HM −HL)2

}
(S ∗ R)2N (10)

here N is the coordination number, HM and HL are coulomb inte-
rals of the atomic orbital, S is the overlap integral, R is the radius of
he orbit. For compounds with ligands coordinated through iden-
ical donor atoms, the 1st terms of the RHS of Eq. (10) is a constant
nd Eq. (10) then becomes

= constant (S ∗ R)2N (11)

Eq. (11) represents the nephelauxetic effect as a function of two
ariables, S*R and N, which vary with changes in lanthanide–ligand
istance in opposite directions. However, any variation in the val-
es of R leads to a larger change in (S*R)2 compared to that in N.
s a result, the nephelauxetic effect increases when the coordina-

ion number decreases. The Ln–O distance shortens in spite of the
dditive nature of ˇ and decrease in the number of co-ordinating
igands. Frey and Horrocks [33] confined this study on Eu3+ and sug-
ested that the nephelauxetic effect is related with the covalency in

he metal–ligand bond and with the coordination number (lower
he coordination number higher is the magnitude of nephelaux-
tic effect). The analysis of the oscillator strengths and Judd–Ofelt
T�) intensity parameters are used in the investigation of forma-
ion and nature of Nd(III)-DNA complexes. The high values of the
1 0.362 14.60 1.41 32.50
1 0.384 15.08 0.89 30.60

T2 parameter are remarkable indicating very intense hypersensi-
tive transitions compared with the same transitions in aqueous
solution. The intensity enhancement can be attributed to the high
polarisability of DNA and to the anisotropy of this polarisability.
According to the ligand polarisation model [34–36], the radiation
field of the light dynamically polarises the ligand charge distribu-
tions and the instantaneous dipoles couple to the induced electric
dipoles of the lanthanide ion. The low site symmetry of the com-
plex promotes intense f–f transitions, because in an asymmetric
environment it is more unlikely that some of the odd crystal field
parameter (necessary for mixing states of opposite parity in to the
4f states) will have a very small value or will vanish [34]. Addi-
tionally part of the intensity enhancement of the hypersensitive
transition can be attributed to the replacement of water by DMF as
solvent [37]. The values of T4 and T6 parameters of the complexes
are not significantly larger than the corresponding values in aque-
ous solution. The insensitivity of T4 and T6 in comparison with T2
can be explained by the ligand polarisation distribution to these
parameters are small.

Table 3 clearly reflect, that T4 and T6 are effected significantly in
the presence of different solvents, suggest that not only immediate
coordination environment of Nd(III) but symmetry of the complex
species is also changed dramatically. These changes are considered
to be good evidence for the involvement of DNA in the inner sphere
coordination of Nd(III) ion. Though the ligand environment has only
weak influence on the electronic cloud of the Nd(III), the 4f shell is
efficiently shielded by the close 5 s and 5p shells. This clearly shows
without doubt that the complexation of Nd(III)–DNA is effected

significantly by the nature of solvents. All results obtained clearly
suggest that minor coordination changes in the Nd(III) complexes
are caused by coordinating sites of DNA, solvent nature, coordi-
nation number, nature of Nd(III):CT-DNA band which do induce
significant variation in the intensity of 4f–4f transitions.
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Fig. 1. Comparative absorption spectra of Nd(III)–DNA in:

.1. Absorption titration

Absorption titration are carried out in a quartz cell by adding
ncreasing amounts of CT DNA to a solution of Nd(III) of a fixed con-
entration, and recording the UV-Vis spectrum after each addition.

ith increase in the concentration of CT DNA, there is a substan-
ial increase in the peak intensities of 4f–4f transition bands of

d(III), as shown in Fig. 2. The increase in intensity (absorbance) i.e.
yperchromism is observed but no shift in wavelength. This hyper-
hromism can be attributed to the electrostatic interaction between
he metal ion with the phosphate backbone of the DNA thereby
ausing the stabilization of the DNA double helix by decreasing
MF — —; (B) CH3CN · · ·; (C) CH3OH – – –; (D) Dioxane - - -.

the repulsion between the negatively charged phosphate moieties
[38].

Considering the variations of absorbance of the hypersensitive
transition, 4I9/2 → 4G5/2, the intrinsic binding constant (Kb) for the
interaction of Nd(III) with CT-DNA is determined from a plot of
A0/(A − A0) versus 1/[DNA] using the following equation:

A0 εN εN 1

A–A0

=
εN–D − εN

+
εN–D − εN Kb [DNA]

(12)

where “A0” and “A” are the absorbance of Nd(III) in the absence
and presence of DNA, εN and εN–D are their absorption coeffi-
cients respectively. N and N–D represents the Calf-thymus DNA
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ig. 2. Changes in the absorption bands of Nd(III), 4I9/2 → 4G52 upon addition of calf
hymus DNA. [Nd(III)] = 20 �M and [DNA] = 0–80 �M in aqueous medium.

nd Nd(III)–DNA species. The result of fitting the experimental data
ith Eq. (12) is shown in Fig. 3. From the plot of A0/(A–A0) versus

/[DNA], the ratio of intercept to the slope gives the binding con-
tant, 9.59 × 102 L mol−1 at 25 ◦C.

.2. Viscosity measurement

It is known that viscosity measurement is sensitive to the change
n the length of the DNA double helix. In the absence of NMR

nd X-ray crystallographic data, viscosity measurement is consid-
red as one of the most unambiguous methods to determine the
ode of binding in solution [39]. The classical intercalation mode

emands that the DNA helix lengthens as base pairs are separated to
ccommodate the bound ligand, leading to the increase of DNA vis-

ig. 3. The plot of (A0/A − A0) versus (1/[DNA]). Conditions: Tris–HCl buffer
0.01 mol L−1, pH 7.4), [DNA] = 2 × 10−4 mol L−1.
Fig. 4. Effect of increasing concentrations of metal ion on the relative viscosity of
DNA in aqueous medium. [Nd(III)] = 1 × 10−4–5 × 10−4 mol L−1.

cosity. The value of relative specific viscosity (�/�0)1/3 of DNA in the
presence of Nd(III) are plotted against the concentration of metal
ion (Fig. 4). We see that specific viscosity of DNA decreases with
increase in the concentration of Nd(III), which is not similar to that
of the classical intercalation [40]. From this measurement we can
suggest that the metal Nd(III) is not bound by classical interaction
but bound electrostatically to the phosphate group which causes
the stabilization of the DNA double helix by decreasing the repul-
sive forces between neighbouring negatively charged phosphate
group that tend to unwind the helix thereby reducing its effective
length, concomitantly. This is in agreement with our absorption
experiments.

3.3. Determination of Thermodynamic parameters

Considering the dependence of binding constant on tempera-
ture, a thermodynamic process was considered to be responsible
for the formation of a complex. Therefore, the thermodynamic
parameters dependent on temperature were analysed in order
to further characterise the interaction forces between Nd(III) and
DNA. The interaction forces between a small molecule and macro-
molecule mainly include hydrogen bonds, van der Walls force,
electrostatic force and hydrophobic interaction force. The thermo-
dynamic parameters of binding reaction are the main evidence for
confirming the binding force.

If the enthalpy change (�H◦) does not vary significantly over
the temperature range studied, then its value and that of entropy
change (�S◦) can be determined from the Van’t Hoff equation:

lnK = −�G
RT

= −�H
◦

R

(
1
T

)
+ �S◦

R
(13)

where K and R are binding constant and gas constant respectively.
The binding studies were carried out at 293, 298, 303, 308, 313 and
318 K. The enthalpy change (�H◦) and entropy change (�S◦) were
obtained from the slope and intercept of the linear Van’t Hoff plot
based on ln K versus 1/T (Fig. 5). The free energy change (�G◦) is
estimated from the following relationship:

�G◦ =�H◦ − T�S◦ (14)

The values of �H◦, �S◦ and �G◦ are listed in Table 4. The
positive enthalpy and entropy values indicates that the mode of
binding is an endothermic and entropy increasing process. Because

T�S◦ >�H◦ and the entropy increasing effect result in �G◦ < 0,
the mode of binding is an entropy driven process. This can be
explained as follows: the hydrated metal ion should lose some
water molecules when they approach to the binding sites and
simultaneously, the hydration layer of the DNA molecule at the
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Fig. 5. Van’t Hoff plot for the interaction of Nd(III) with CT-DNA in aqueous medium.

Table 4
Thermodynamic parameters of the interaction of Nd(III) with DNA in aqueous
medium, at different temperatures.

T (K) �H◦ (kJ mol−1) �S◦ (J mol−1 K−1) �G◦ (kJ mol−1)

293 −16.08 ± 0.01
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[
[

298 −17.22 ± 0.01
303 50.74 ± 0.01 228.05 ± 0.01 −18.36 ± 0.01
308 −19.50 ± 0.01
313 −20.64 ± 0.01

inding sites should be partly destroyed. Both dehydration pro-
esses are endothermic and increase the entropy. On the other
and, small magnitude of equilibrium constant indicate that the
d(III) only interact with phosphate moiety on the surface of

he macromolecules without entering their internal cores. The
nteraction might include electrostatic forces and intermolecular
ydrogen bonds which decrease enthalpy and entropy. The posi-
ive enthalpic and entropic changes might be overall result of the
ydrogen bonds, electrostatic interaction and solvent effect [41].
vidently in these types of binding process, the dehydration of both
etal ion and DNA give rise to the positive values of enthalpic and

ntropic changes. Overall speaking, the negatively changes of stan-
ard Gibbs energy indicates that the mode of binding process is
pontaneous processes and Nd(III)–DNA complex can form in the
queous buffer solution.

. Conclusions

The binding interaction of Nd(III) with DNA has been exam-
ned by absorption spectroscopy and viscosity measurements. The

inding constants of Nd(III) complex with DNA were measured
t different temperatures and found to be 9.59 × 102 M at 25 ◦C.
hermodynamic parameters indicate that the mode of binding is
ntropy driven process i.e. the Nd(III) ion can only interact with
he phosphate group moiety on the molecular surface of the DNA.
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[
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