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An oxo-bridged dinuclear iron(III) complex, {[Fe(phen)-
(H2O)3]2O}(SO4)2, was synthesized and the molecular struc-
ture was determined by X-ray crystallography. Cyclic vol-
tammetry shows that the complex has a cathodic peak at
+0.325 V and a pair of redox peaks at +1.011 V and +0.811 V,
respectively, which can be explained by an EC–C–EC
mechanism. The binding property of the complex to fish-
sperm DNA was investigated by electronic absorption spec-
trophotometry and electrochemical methods. The change in
the electrochemical behavior of the complex after treatment
with DNA shows that the oxo-bridged diiron(III) complex in-

Introduction

Studies on the interaction between DNA and small mole-
cules are central to probing the accurate local structures of
DNA,[1–5] and to understanding the natural DNA-mediated
biological mechanisms.[6] The fields of applied pharma-
cology, novel drug design[7–8] and chemotherapy[9] also em-
phasize the interactions of small molecules with DNA.
Among DNA-binding molecules, iron complexes with the
ligands 1,10-phenanthroline (phen) or modified phen are
particularly attractive because these metal complexes can
effectively bind to DNA through different modes[10–13] and
the iron ions and the ligands of these complexes can easily
be controlled to facilitate the clear study of the DNA-bind-
ing mechanism.[14–15]

A number of studies have addressed the synthesis of a
series of mononuclear iron-phen complexes and their inter-
action with DNA.[16–20] However, compared with the mo-
nonuclear iron complexes, the synthesis and interaction
with DNA of dinuclear iron complexes have received much
less attention.[21–24] Que Jr. et al.[22] have reported a dinu-
clear ferric complex, Fe2(HPTB)(OH)(NO3)4 [HPTB =
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teracts with DNA mainly through electrostatic binding, while
the electrochemical and chemical (EC–C) process product in-
teracts mainly by intercalation. This result is further sup-
ported by experiments examining the influence of ionic
strength. The difference in the binding modes of {[Fe(phen)-
(H2O)3]2O}(SO4)2 and its EC–C product, namely a mononu-
clear phen-ligated ferrous complex, to DNA implies that this
strategy can be used to distinguish single-stranded (ss-) and
double-stranded (ds-) DNA.
(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2006)

N,N,N�,N��-tetrakis(2-benzimidazolylmethyl)-2-hydroxy-
1,3-diaminopropane], and found that, in the presence of hy-
drogen peroxide or O2 and a reductant, this diiron complex
can promote the cleavage of plasmid DNA in a “hydrolytic
fashion”. This is similar to the DNA cleavage mediated by
the Fe–bleomycin complex and its mimetic compounds.[23]

Additionally, Xu et al.[24] have investigated the interaction
of DNA with a diiron complex Fe2(DTPB)(µ-O)(µ-Ac)-
Cl(BF4)2 [DTPB = 1,1,4,7,7-penta(2�-benzimidazol-2-yl-
methyl)triazaheptane, Ac = acetate] by spectroscopic meth-
ods. In addition, the hydrolytic cleavage of the supercoiled
and linear DNA by the diiron complex was supported by
evidence from anaerobic reactions, free-radical quenching,
high-performance liquid chromatography experiments, en-
zymatic manipulation, footprinting analysis, and so forth.

On the other hand, nonheme oxo-bridged dinuclear
iron() complexes have been extensively studied because of
their distinctive magnetic and spectroscopic proper-
ties.[25–26] Furthermore, the significant biological activity of
these kinds of dinuclear complexes has also attracted con-
siderable attention from researchers, as they can provide
structural models for diiron sites in nonheme proteins, such
as ribonucleotide reductase, which converts ribonucleotides
into deoxyribonucleotides in the first step in the biosynthe-
sis of DNA.[27–29] However, only a few crystal structures
of dinuclear iron() complexes with phenanthroline as a
terminal ligand have been reported to date.[30] Knowledge
of the exact molecular structure, and electrochemical and
DNA-binding properties of nonheme oxo-bridged dinuclear
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iron() complexes will be helpful for us to understand the
reaction mechanisms of these active models in cells and the
body.

Herein we report the synthesis, crystal structure, and
electrochemical property of a new oxo-bridged dinuclear
iron() complex with the ligand phen, {[Fe(phen)-
(H2O)3]2O}(SO4)2. Additionally, we paid particular atten-
tion to the binding properties of this dinuclear iron() com-
plex to DNA by using absorption spectroscopic and vol-
tammetric methods. The notable phenomenon is that the
dinuclear iron complex, and its EC–C mononuclear product
(EC and C mean electrochemical process and chemical
dissociation process, respectively), bind to DNA through
different modes under the same conditions. This suggests
that, on the basis of its electrochemical behavior, the com-
plex could be an effective recognition probe for dsDNA and
ssDNA. We also hope that this investigation is of value for
the understanding of the biological mechanism in nonheme
protein–DNA interactions and of the structure–activity re-
lationship of nonheme oxo-bridged dinuclear iron() com-
plexes in biological processes.

Results and Discussion

Crystal Structure of the Title Oxo-Bridged Diiron(III)
Compound

The crystal structure of the title compound consists of
discrete molecules in which all the atoms lie on general po-
sitions. The molecular structure of the complex is illustrated
in Figure 1. The cationic complex of {[Fe(phen)-
(H2O)3]2O}4+ has a C2 symmetry axis through the bridging
O(6) atom. The two sulfate anions are present in the lattice
to balance the charge. The iron atoms are surrounded by
two nitrogen and four oxygen atoms to form a distorted
octahedral geometry. The two parts of the dinuclear iron()
cation complex are bridged by the O(6) atom. Three water
molecues coordinate to the FeIII ion, with Fe–O distances

Figure 1. Perspective view of {[Fe(phen)(H2O)3]2O}(SO4)2 showing
the atom labeling scheme.
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of 2.004(4) Å, 2.019(4) Å, and 2.153(4) Å for Fe(1)–O(5),
Fe(1)–O(7), and Fe(1)–O(8), respectively. The Fe–O–Fe
linkage is nonlinear, exhibiting an angle of 163.9(4)° for
Fe(1)–O(6)–Fe(1A). The Fe–µ-O(6) distance [1.7877(12) Å]
is in accordance with those previously reported for
(FeL)2O (1.76–1.82 Å).[31] The combination of the nonlin-
ear bridge and the strong Fe–µ-O bonding produces an in-
termetallic spacing of 3.5417 Å. The bond lengths of C–N
and C–C in the phenanthroline all fall within the range of
the literature values,[32] and the two aromatic ring systems
in each phen are coplanar within the experimental error.

Studies on the Electrochemical Behavior of {[Fe(phen)-
(H2O)3]2O}4+

The cyclic voltammetry (CV) of {[Fe(phen)(H2O)3]2O}4+

in a 0.01  NaOAc/HOAc solution at a gold electrode was
investigated, and the results are shown in Figure 2. It is
found that the complex has a cathodic peak (p1) at
+0.325 V and a pair of redox peaks (p2 and p2�) at +1.011 V
and +0.811 V, respectively. From Figure 2b, the formal po-
tential (E0�) of the redox peaks (p2 and p2�) was calculated
to be +0.911 V, with the formula E0� = (Ep2

+Ep2�)/2. This
potential is consistent with that reported for the conversion
of ferrous complexes to ferric complexes,[33] and suggests
that this pair of redox peaks may be attributed to the elec-
tro-oxidation and electro-reduction of the mononuclear
iron complex. The ratio of the peak height of p2� to that of
p2 is much smaller than that for the complex FeIII/II-(tris-
phen); this may result from the lack of phen coordinating
to the iron atom.[34] The electron transfer number (n) of
the irreversible reduction peak p1 was calculated to be 2
according to the formula |Ep–Ep/2| = 47.7/nα (mV, 25 °C)
when α is assumed to be 0.5,[35] (Ep and Ep/2 are the peak
potential and the half-peak potential, respectively, α the
electron transfer coefficient). This indicates that the two tri-
valent iron atoms in the title complex have been reduced to
a diferrous analog. The peak potential of p1 (+0.325 V) is
almost the same as the reduction potential reported for sim-
ilar diiron() complexes.[36] According to these results, we
speculate that the electrode reaction of the title diiron()
complex may involve an EC–C–EC process, which is de-
scribed in Scheme 1.

There are similar mechanisms in the literature. Walczak
et al. have studied the electrochemical behavior of the oxo-
bridged diiron-phen complex [Fe2

III,IIIO(phen)4(H2O)]4+

and reached the conclusion that the complex undergoes a
2e reduction to an oxo-bridged diferrous-phen complex
[Fe2

II,IIO(phen)4(H2O)2]2+, which is unstable and quickly
decomposes by a fast chemical reaction to form its mono-
nuclear ferrous complex.[36] The electro-redox processes of
the FeII/III complex result in a pair of redox peaks. Chen[37]

and other authors[38–39] have also studied the electrochemi-
cal behavior of oxo-bridged diiron complexes under dif-
ferent conditions and have obtained similar results. Namely,
the electrochemical processes of these species appear as
an irreversible reduction peak, corresponding to the re-
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Figure 2. Cyclic voltammograms of 0.01  NaOAc/HOAc solution,
pH 6.8, without (a) and with 4.00×10–4  {[Fe(phen)(H2O)3]2O}4+

(b). Rest time: 2 s. Scan rate: 100 mV/s.

Scheme 1. Electrochemical mechanism of the complex {[Fe-
(phen)(H2O)3]2O}4+. The italic font of [Fe2

II,IIO(phen)2(H2O)6]2+

implies that this intermediate product is unstable.

duction of diiron() complex, and a pair of redox peaks
with the formal potential (E0�) at approximately +0.911 V,
which is ascribed to the redox of the mononuclear iron()/
() complex. Thus, the electrochemical behavior of the title
complex reported here is very similar to those described in
the conclusions in the literature.

The influence of the initial potential (Ei) on the cyclic
voltammetric behavior of the title complex was studied to
further prove the above theory involving the EC–C–EC
mechanism of the diiron() complex. The results are shown
in Figure 3. When the cyclic voltammogram was recorded
in the potential range 0.400–1.200 V with an Ei of 0.400 V,
there were no longer any electro-redox peaks (Figure 3a),
suggesting that no mononuclear iron complex was present
in the solution. If Ei was set to +1.000 V, and the potential
was scanned in the negative direction towards 0 V and then
back to +1.200 V, the reduction peak (p2�) for the mononu-
clear ferric complex still does not appear; while at +0.325 V,
there is an obvious reduction peak (p1) that corresponds to
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the reduction of the title diiron() complex. There is a well-
defined oxidation peak corresponding to the oxidation of
the mononuclear divalent iron complex to the trivalent
form (Figure 3b). If Ei was set to 0 V, which is more nega-
tive than the reduction potential of the title complex, and
the cyclic voltammogram ranging from 0 V to +1.200 V was
recorded, all the peaks appear (Figure 3c). This experiment
demonstrates that the prerequisite for the formation of the
mononuclear ferrous complex is the electro-reduction of the
title oxo-bridged diiron() complex, which is consistent
with the proposed EC–C–EC mechanism.

Figure 3. Dependence of the cyclic voltammograms of 4.00×10–4 
{[Fe(phen)(H2O)3]2O}4+ in 0.01 NaOAc/HOAc solution (pH 6.8)
on the initial scan potential (Ei, represented by �). (a) Ei = 0.400 V,
a cyclic scan in the potential range from 0.400 to 1.200 V; (b) Ei =
1.000 V, the scan from 1.000 to 0 V, followed by a positive scan
from 0 to +1.200 V; (c) Ei = 0 V, the scan from 0 to +1.200 V, and
then scanned reversibly to 0 V. Scan rate: 100 mV/s.

In the following electrochemical studies, only the cath-
odic peak p1 and the anodic peak p2 are considered, as they
represent the different species involved in the electrochemi-
cal processes and are more sensitive than the cathodic peak
p2�.

Studies on the Interaction of the Iron-Phen Complex with
DNA

UV/Vis Spectroscopy

As shown in Figure 4a, the complex has a broad absorp-
tion band and a sharp peak in the spectral region 200–
320 nm, and a weak absorption band in the range 380–
520 nm, which is magnified in the inset of Figure 4. From
comparison with the spectral data from the paper by Que
Jr. et al.[40] and with those from previously studied oxo-
diiron() complexes,[41] it is known that the lower energy
band is assigned to a phenolate-to-FeIII charge-transfer
transition, and the higher energy band has been attributed
to both phenolate- and oxo-to-FeIII charge-transfer transi-
tions. While, the 300–400 nm region is featureless in Fig-
ure 4, the broad and weak absorption peak around 500 nm



Binding of an Oxo-Bridged Dinuclear Iron() Complex to DNA FULL PAPER
is probably related to a small amount of phen-ligated fer-
rous complex, as the dinuclear unit is somewhat oxidative
under the present conditions. After the addition of dsDNA
to the diiron() complex solution, it is clearly observed that
the absorption peaks in the 200–300 nm region undergo a
significant decrease in molecular absorption (the hypochro-
mism effect) and no detectable shift in wavelength (Fig-
ure 4b–c).

Figure 4. UV/Vis spectra of 4.00×10–4  {[Fe(phen)(H2O)3]2O}4+

in the absence (a) and the presence of 3.69×10–6  (b) and
7.37×10–6  (c) DNA.

Similarly, the broad absorption band around 500 nm, as-
cribed to the charge transfer transition of the ferrous com-
plex, decreases gradually and is accompanied by a weak red
shift (�2 nm) from 507.7 nm to 509.6 nm, as shown in the
inset in Figure 4. In the case of 1,10-phenanthroline metal
complexes, some authors have pointed out that these species
interact with dsDNA mainly by the outside-binding
mode,[42] while other authors suggest that the binding mode
is through intercalation, which involves a stacking interac-
tion of the aromatic chromophores with the base-pairs of
the dsDNA duplex.[43] In this paper, according to the rule
that when small molecules interact with dsDNA differences
in binding mode are reflected by spectral changes,[44] we can
speculate that the original diiron() complex interacts with
dsDNA mainly through external electrostatic binding, while
a small amount of the ferrous complex probably binds
through intercalation. This rationale is plausible because
the size of the ferrous complex is much smaller than that of
the diiron() complex. This difference in binding mode will
be tested by the following electrochemical experiments.

Electrochemical Recognition of dsDNA and ssDNA

Figure 5 shows the cyclic voltammetric behavior of
{[Fe(phen)(H2O)3]2O}4+ after reacting with dsDNA and
ssDNA. From Figure 5b, it is observed that the currents of
both p1 and p2 decrease significantly in the presence of
dsDNA, which proves that both the original oxo-bridged
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diiron complex and its EC–C product can interact with
dsDNA. Nonetheless, it is interesting that the potentials of
p1 and p2 shift in different directions after reacting with
dsDNA. Bard et al. have pointed out that the shift direction
of the electrochemical potential of a small molecule, after
reacting with DNA, is related to its binding mode with
DNA. A positive shift of the peak potential indicates an
intercalative interaction between the small molecule and
DNA, and a negative shift is characteristic of an electro-
static interaction.[45] Therefore, according to this rule, we
can conclude that {[Fe(phen)(H2O)3]2O}4+ may interact
with dsDNA through an electrostatic interaction, while its
EC–C product interacts by intercalation. It is noticeable
that when varying the pH values of the NaOAc/HOAc solu-
tion, the current difference of p2 (∆Ip2

) and p1 (∆Ip1
) reach

maximum values at pH 6.8 and pH 5.5, respectively, after
reacting with dsDNA (data not shown). Since pH 6.8 is
closer to natural biological conditions, and hence can avoid
the denaturing of dsDNA, which occurs at high or low acid-
ity, a NaOAc/HOAc solution at pH 6.8 was chosen as the
supporting electrolyte.

Figure 5. Cyclic voltammograms of 2.00×10–4  {[Fe(phen)-
(H2O)3]2O}4+ in 0.01  NaOAc/HOAc solution at pH 6.8 (a), and
after the addition of 2.68×10–7  dsDNA (b) and 2.68×10–7 
ssDNA (c). Rest time: 2 s, scan rate: 100 mV/s.

The change in the cyclic voltammetric behavior of
{[Fe(phen)(H2O)3]2O}4+ after reacting with ssDNA con-
firms the above conclusions. As shown in Figure 5c, both
the peak current and the peak potential of p1 change rela-
tive to those in Figure 5b, illustrating that the electrostatic
binding between the diiron() complex and ssDNA still ex-
ists. However, the inconspicuous changes in both the peak
current and the peak potential of p2, relative to those in
Figure 5a, indicate the disappearance or weakness of the
intercalation of the mononuclear ferrous complex into
ssDNA. This can be ascribed to the uncoiling of the double
helix structure because of the denaturing of the native
DNA. According to the above experiments, we can con-
clude that the oxo-bridged diiron complex and the mononu-
clear ferrous complex bind to DNA through different
modes. In other words, the diiron() complex can recognize
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dsDNA and ssDNA on the basis of the two steps of the
electrochemical process on a gold electrode. To further con-
firm the above conclusions on the binding modes of
{[Fe(phen)(H2O)3]2O}4+ and its mononuclear product to
DNA, the influence of ionic strength on their interactions
was investigated, and the results are reported in the follow-
ing section.

Figure 6 shows the effect of the ionic strength (µ) on the
peak potential of p2. The change in the ionic strength was
controlled by the addition of different concentrations of
KCl. In the absence of dsDNA, the shift in the anodic peak
potential (∆Ep2,a

) induced by the addition of KCl is ob-
tained by the relation ∆Ep2,a

= Ep2,a
– Ep2,a,µ = 20

, where Ep2,a

and Ep2,a,µ = 20
represent the peak potentials of p2 in the pres-

ence and absence of KCl in solution, respectively.

Figure 6. Effect of ionic strength (µ) on the shift in the anodic peak
potential (∆Ep2

) of the EC–C product of 4.00×10–4 
{[Fe(phen)(H2O)3]2O}4+, in the absence (a) and the presence of
7.40×10–6  dsDNA (b). Curve (c) is the plot of ∆Ep2

° versus µ,
where ∆Ep2

° = ∆Ep2,b
– ∆Ep2,a

.

The subscript “a” and “µ = 20” in the formula indicate
that DNA is absent from the solution and that the original
ionic strength calculated for the 0.01  NaOAc/HOAc elec-
trolyte is 20 m, respectively. Analogously, when DNA is
present in solution, the shift in Ep2

caused by the ionic
strength is denoted as ∆Ep2,b

, and its value is obtained by
the formula ∆Ep2,b

= Ep2,b
– Ep2,b,µ = 20

. Curve a and b in
Figure 6 are the plots of ∆Ep2,a

versus µ and ∆Ep2,b
versus

µ, respectively. From the two curves, it is found that both
∆Ep2,a

and ∆Ep2,b
are negative on the time scale of CV mea-

surements. Furthermore, the values of ∆Ep2,a
and ∆Ep2,b

de-
crease gradually with an increase in µ, which suggests that,
whether DNA exists in solution or not, the oxidation po-
tential of the phen-ligated ferrous complex shifts to more
negative values after the addition of KCl. Nonetheless, the
values of ∆Ep2

° reveal the real effect of the ionic strength
on the binding of Fe(phen)2

2+ to dsDNA, and are positive
on the time scale of the CV measurements and increase with
an increase in µ, as shown in Figure 6c. According to the
literature,[46] the positive shift in ∆Ep2

° induced by the in-
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crease in the ionic strength demonstrates the intercalative
binding mode of the mononuclear iron complex to dsDNA.
This result is also consistent with the hypothesis drawn
from Figure 5 with regard to the binding mode of the EC–
C product to dsDNA.

However, the change in the reduction peak potential of
{[Fe(phen)(H2O)3]2O}4+ (Ep1

) with an increase in the ionic
strength is much more complicated. As shown in Figure 7a,
the difference (∆Ep1,a

) between Ep1
at µ � 20 and that at µ

= 20 in the absence of dsDNA is negative and decreases
with an increase in the ionic strength. This indicates that
the reduction peak potential of {[Fe(phen)(H2O)3]2O}4+

also shifts negatively with an increase in the ionic strength
in the absence of dsDNA. After binding to dsDNA, the
plot of ∆Ep1,b

versus µ has a turning point at µ = 24 m

with an increase of the ionic strength, as shown in Fig-
ure 7b. For µ � 24 m, ∆Ep1,b

decreases with an increase in
µ and then increases for µ � 24 m. The plot of ∆Ep1

°
(∆Ep1

° = ∆Ep1,b
– ∆Ep1,a

) versus µ shows the real effect of µ
on the binding of {[Fe(phen)(H2O)3]2O}4+ to dsDNA and
is presented in Figure 7c. The dashed line divides the plot
into two regions corresponding to ∆Ep1

° � 0 and ∆Ep1
° �

0. This also demonstrates the change in the nature of the
interaction between dsDNA and {[Fe(phen)(H2O)3]2O}4+

from electrostatic to an intercalative mode with an increase
in the ionic strength. At ∆Ep1

° = 0, the electrostatic interac-
tion is equal to the intercalative interaction in strength, and
the corresponding value for the ionic strength (µ = 29 m)
is called the critical-ionic strength (CIS).[46]

Figure 7. Effect of the ionic strength (µ) on the shift in the re-
duction peak potential of {[Fe(phen)(H2O)3]2O}4+. The conditions
are the same as those in Figure 6.

From electrostatic considerations, ∆Ep1
° should vary lin-

early with µ1/2 according to Debye–Hückel theory.[47] Fig-
ure 8 illustrates the dependence of ∆Ep1

° on µ1/2. It is ob-
served that the plot is linear for µ up to 28 m, with an
intercept of –38 mV and a slope of 7 mV/mmol1/2, which
suggests that electrostatic interactions play a dominant role
in this ionic strength range. For values of the ionic strength
above 28 m, ∆Ep1

° deviates from a straight line. These ob-
servations also prove the results mentioned above with re-
gard to the change in binding mode of {[Fe(phen)-
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(H2O)3]2O}4+ to dsDNA, that is, from electrostatic binding
to intercalative binding with an increase in the ionic
strength. In addition, from the value of the intercept of
–38 mV, a limiting ratio (KO�/KR�) from the binding con-
stants for the oxidized (KO�) and reduced (KR�) forms
({[Fe(phen)(H2O)3]2O}4+ and {[Fe(phen)(H2O)3]2O}2+,
respectively) can be estimated. A value of 19 is found for
the ratio with the equations ∆E0� = ∆E1

0� + Bµ1/2 (for CKCl

�� 1 )[46] and ∆E1
0� = (–RT/nF)ln (KO�/KR�),[45–48] where

∆E1
0� is the limiting difference in the formal potential at µ

= 0; B is a constant which depends on the valences of the
ions, the dielectric characteristics of the environment sur-
rounding the ions , temperature, and the density of the sol-
vent. This result suggests that the electrostatic interaction
between the diiron() complex and DNA is significantly
more dominant than the intercalative interaction.[45–46]

Figure 8. Dependence of ∆Ep1
° on µ1/2. The conditions are the same

as those in Figure 6.

The effect of the ionic strength on the difference in peak
currents before and after the addition of dsDNA was also
investigated. It was found that both the cathodic and anodic
peak current difference (∆Ip1

and ∆Ip2
) decrease with an in-

crease in the ionic strength, as shown in Figure 9a and Fig-
ure 9b, respectively. This suggests that the extent of the
binding of both the diiron() complex and its EC–C prod-
uct to dsDNA becomes weaker at high ionic strength.

This can be explained by the fact that the excess posi-
tively charged K+ ion binds to negatively charged dsDNA
phosphatediester backbone, which results in an inhibition
in the binding of the cationic complex to dsDNA.[49]

The dependenc of the cyclic voltammetric behavior of
the dinuclear iron() complex in the absence and presence
of dsDNA on the scan rate (ν) are shown in Figure 10(A)
and Figure 10(B), respectively. It is found that both Ip1

and
Ip2

vary linearly with the square root of the scan rate (ν1/2)
both in the absence and presence of dsDNA, as shown in
the insets of Figure 10(A) and Figure 10(B). This is as ex-
pected for a diffusion-controlled process.[50]

Furthermore, the slopes of both plots (Ip1
versus ν1/2 and

Ip2
versus ν1/2) decrease after the addition of dsDNA, which

indicates a reduction in the apparent diffusion coefficient
of the complex in the presence of dsDNA.We can therefore
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Figure 9. Influence of ionic strength (µ) on ∆Ip1
(a) and ∆Ip2

(b).
The conditions are the same as those in Figure 6.

Figure 10. Dependenc of cyclic voltammetric behavior of
4.00×10–4  {[Fe(phen)(H2O)3]2O}4+ on the scan rate (ν), in the
absence (A) and the presence (B) of 7.37×10–6  dsDNA. Inset:
plots of the peak current of p1 and p2 versus the square root of the
scan rate (ν1/2).
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interpret the change in current upon dsDNA addition in
terms of the diffusion of an equilibrium mixture of free and
dsDNA-bound complex to the electrode surface.[46]

The relationship of both ∆Ip1
and ∆Ip2

to the concentra-
tion of dsDNA (CDNA) was also studied. From Figure 11a,
it can be seen that the relationship between ∆Ip1

and CDNA

is linear in two CDNA ranges corresponding to 9.36×10–7–
9.36×10–6  and 9.36×10–6–7.49×10–5 , with correlation
coefficients of 0.985 and 0.998, respectively. ∆Ip2

becomes
constant when the CDNA is larger than 1.87×10–5  (Fig-
ure 11b), which demonstrates that the intercalation between
the ferrous complex and dsDNA is saturated when the con-
centration of dsDNA is over 1.87×10–5 .

Figure 11. Plots of ∆Ip1
(a) and ∆Ip2

(b) versus the concentration
of dsDNA (CDNA).

Conclusions

In summary, a new dinuclear iron() complex
{[Fe(phen)(H2O)3]2O}(SO4)2 was synthesized and charac-
terized by X-ray crystallography. The electrochemical be-
havior of the diiron() complex indicated an EC–C–EC
mechanism at the gold electrode, and the binding mode of
the diiron() complex and its final mononuclear product
to dsDNA was studied in detail. The results indicate that
{[Fe(phen)(H2O)3]2O}(SO4)2 interacts with dsDNA mainly
through electrostatic binding, while the mononuclear EC–
C product interacts mainly by intercalation. On the basis of
its electrochemical behavior, the complex may be an effec-
tive recognition probe for dsDNA and ssDNA.

Experimental Section
Chemicals and Measurements: Native double-stranded fish sperm
DNA (dsDNA) from Beijing Baitai Biochemistry Technology
Company (China) was used as received. The ratio of the ab-
sorbance at 260 and 280 nm (A260/A280) was checked to be 1.89,
which indicates that the DNA was sufficiently free from protein.[51]

The concentration of dsDNA (per nucleotide phosphate) was deter-
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mined spectrophotometrically using the known molar-extinction
coefficient value of 6600 –1 cm–1.[52] Denatured single-stranded
DNA (ssDNA) was produced by heating a dsDNA solution in a
water bath at 100 °C for 5–6 min, followed by rapid cooling in an
ice bath.[46] The other chemical reagents used in the synthesis of
the title complex were all of analytical reagent grade, purchased
commercially, and used without further purification. The electro-
chemical and spectroscopic assays were all carried out in 0.01 

NaOAc/HOAc medium. Double-distilled water was used for pre-
paring all the solutions. Elemental analyses were measured with a
Perkin–Elmer 1400C analyzer. Voltammetry was performed with a
CHI 832 electrochemical analysis system (CHI Instrument, China).
A three-electrode system was used which consisted of a gold elec-
trode (Φ = 3 mm) as the working electrode, a saturated calomel
electrode (SCE) as the reference electrode, and a platinum wire as
the auxiliary electrode. All the electrochemical measurements were
carried out in a 10 mL electrolytic cell. UV/Vis absorption spectra
were recorded on a Cary 50 probe spectrophotometer (Varian, Aus-
tralia).

Preparation and Crystallographic Study of {[Fe(phen)(H2O)3]2O}-
(SO4)2: 1,10-phenanthroline (0.35 g, 2.0 mmol) was dissolved in
ethanol (15 mL), and a 10 mL solution of iron() chloride hexahy-
drate (0.28 g, 1.0 mmol) was then added while stirring. The mixture
was adjusted to a pH of 1.0 with a dilute sulfuric acid solution and
sealed in a 50 mL stainless-steel reactor with Teflon liner. The reac-
tor was heated at 100 °C for 72 h, which resulted in the formation
of red crystals. C, H and N contents were determined by elemental
analysis. C24H28Fe2N4O15S2 (788.32): calcd. C 36.53, H 3.55, N
7.10; found C 36.16, H 3.30, N 6.82.

The X-ray diffraction data for the crystal-structure determination
was collected using graphite-monochromated Mo-Kα radiation (λ
= 0.71073 Å) and ω-scans with θ limits 2.04° � θ � 27.52°. An
empirical absorption correction was carried out with the SADABS
program.[53] The structure of {[Fe(phen)(H2O)3]2O}(SO4)2 was

Table 1. Crystal data and structure refinement for {[Fe(phen)-
(H2O)3]2O}(SO4)2.

Empirical formula C24H28Fe2N4O15S2

Formula weight 788.32
Temperature [K] 293(2)
Wavelength [Å] 0.71073
Crystal system, space group Orthorhombic, P21212
Unit cell dimensions
a [Å] 17.650(4)
b [Å] 8.5133(17)
c [Å] 9.971(2)
Volume [Å3] 1498.2(5)
Z, Calculated density [Mg/m3] 4, 1.748
Absorption coefficient [mm–1] 1.189
F(000) 808
Crystal size [mm] 0.20 × 0.20 × 0.30
θ range for data collection [°] 2.04–27.52
Limiting indices –22 � h � 22

–11 � k � 11
0 � l � 12

Reflections collected/unique 5376/3101[R(int) = 0.0618]
Completeness to θ = 27.53 [%] 93.7
Refinement method Full-matrix least-squares on F2

Data/restraints/parameters 3101/0/214
Goodness-of-fit on F2 1.010
Final R indices[ I � 2σ(I)] R1 = 0.0558, wR2 = 0.1338
R indices (all data) R1 = 0.0762, wR2 = 0.1417
Extinction coefficient 0.0081(18)
Largest diff. peak and hole [e Å–3] 0.551 and –0.448
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solved by direct methods and refined by least-squares on Fobsd.

2 by
using the SHELXTL software package.[54] All non-H atoms were
anisotropically refined. The hydrogen atoms were located by differ-
ence synthesis and refined isotropically. The final conventional
R indices were R(F) = 0.0601 and wR(F2) = 0.1496 for 2391 reflec-
tions I � 2σ(I) with weighting scheme, w = 1/[σ2(Fo

2) + (0.0905P)2],
where P = (Fo

2 + 2Fc
2)/3. The molecular graphics were plotted

using SHELXTL. Atomic scattering factors and anomalous disper-
sion corrections were taken from the International Tables for X-ray
Crystallography.[55] A summary of the key crystallographic infor-
mation is given in Table 1. CCDC-227065 contains the supplemen-
tary crystallographic data for this paper. These data can be ob-
tained free of charge from The Cambridge Crystallographic Data
Centre via www.ccdc.cam.ac.uk/data_request/cif.
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