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This paper describes redox chemistry in semisolid molten salts ionic liquids of DNA in which the counterions
of the phosphates are redox-active metal complexes with bipyridine ligands labeled with MW 350 poly-
(ethylene glycol) (PEG) “tails”, e.g., M(bpy350)3DNA (where M ) Co, Ni, and bpy350 ) 4,4′-(CH3(OCH2-
CH2)7OCO)2-2,2′-bipyridine). Other redox-active metal complexes are added to the M(bpy350)3DNA melt:
(a) the PEG-tailed metal bipyridine complexes Fe(bpy350)3(ClO4)2 and Ru(bpy350)3(ClO4)2 and (b) the nontailed
complexes Os(bpy)3Cl2 (bpy) 2,2′-bipyridine) and Os(bpy)2dppzCl2 (dppz) dipyridophenazine). In example
a, electrogeneration of the powerful oxidizers [Fe(bpy350)3]3+ and [Ru(bpy350)3]3+ gives microelectrode
voltammetry indicative of electrocatalytic oxidation of DNA base sites. Since physical diffusion of the metal
complexes is slow in the viscous semisolids (and that of DNA is nil), the rate of electron hopping between
the base sites of the DNA becomes a significant contributor to the overall charge transport rate, as deduced
from analysis of the voltammetry. DNA base site self-exchange rate constants of 1.1× 106 and 1.8× 106 s-1

are estimated from measurements using Fe(bpy350)3
3+ and Ru(bpy350)3

3+ oxidants, respectively. In example b,
a complex known to be a DNA intercalator in aqueous solutions is found to not be an intercalator in the
DNA molten salt environment, as deduced from measurements showing the physical diffusion coefficients of
aqueous nonintercalator Os(bpy)3Cl2 and aqueous intercalator Os(bpy)2dppzCl2 to be indistinguishable in the
M(bpy350)3DNA melt.

Introduction

Our laboratory has extensively investigated semisolid ionic
liquids (e.g., room-temperature molten salts, in classical,
conventional nomenclature) in which one ion partner of the melt
is redox-active and one partner is attached to one or more low
molecular weight, methoxy-terminated, poly(ethylene oxide)
chains, i.e., the ion has “PEG tails”.1-4 Such PEG labeling has
been effective in forming ionic liquids from substances as
chemically diverse as ferrocyanide5 and DNA.6,7 Because
physical diffusion in these viscous materials is very slow,
voltammetrically initiated charge transport tends to be dominated
by electron hopping in the mixed-valent phase generated around
the working electrode. This property makes these novel phases
attractive media in which to study the fundamentals of bimo-
lecular self-exchange electron transfers in semisolid molecular
environments and is used in the present study to estimate base-
base electron-transfer rates along DNA chains.

We recently described6 molten salts of DNA in which the
DNA polyanion had metal complex counterions bearing bipy-
ridine ligands labeled (Figure 1) with MW 350 poly(ethylene
glycol) (PEG) tails, e.g., Co(bpy350)3DNA (where bpy350 ) 4,4′-
(CH3(OCH2CH2)7OCO)2-2,2′-bipyridine). Numerous electron-
transfer schemes have been suggested for using DNA base pairs
as templates for self-assembly,8,9 computing,10 wiring,11 and
analytical measurements9,12-15 and deploying such guided
functions within an ionically and electronically conductive
medium containing DNA is an intriguing goal. However, central
to such ideas is an understanding of how fast, mechanistically
and dynamically, electrons can flow in an assembly based on
DNA as a structural element.16,17,18For electron transport within

a DNA duplex to be apparent, the other alternative modes of
electron transport (i.e., by physical diffusion) must be slowed,1-4
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Figure 1. Structures of M350
2+ (M ) Co, Fe, Ni, or Ru) molten salts

where the counterion, Y, can be two ClO4
- or two nucleotide phosphates

of a DNA molecule. All DNA molten salts discussed here contain
defined added equivalents of M350(ClO4)2 (M ) Co, Fe, or Ru).
Structures of Os(bpy)3

2+ and Os(bpy)2dppz2+ where Cl- is the
counterion.
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suggesting that semisolid media containing DNA would allow
evaluation of the base-base electron transport.

In this paper, electron-transfer reactions of DNA are observed
in an electrocatalytic scheme where PEG-tailed metal bipyridine
complexes Fe(bpy350)3(ClO4)2 and Ru(bpy350)3(ClO4)2 (M350) are
added to Co(bpy350)3DNA melts. The strongly oxidizing M3+

states of the Fe and Ru complexes are electrochemically
generated (with heterogeneous electron-transfer rate constants
k°, eq 1) and react with DNA base sites (Scheme 1, guanine
and adenine, with rate constantsk1, eq 2) according to the
electrocatalytic scheme

In such a scheme, the electrochemical currents for waves
described by eq 1 become enhanced by the recycling of M350

2+

produced in eq 2, and the electrochemically detected supply of
M350

3+ is accordingly diminished according to well-established
principles.19 In conventional electrocatalysis, the electron donor
(DNA in this case) continues to diffuse toward the electrode,
replenishing its oxidizable components. However, in the present
case, the physical diffusion coefficient of DNA (DPHYS,DNA) is
nil, so any experimental indication that DNA “diffuses” must
be interpreted as an ability of the DNA to transport charge within
itself, namely by site-site electron self-exchange between
mixed-valent base pair sites.16-18 Evidence for this process is
furnished by an analysis of the electrocatalytic currents.

A second purpose of the present investigation was to ask
whether metal complexes that are aqueous DNA intercalators
(such as Os(bpy)2(dppz)Cl2, Figure 1) could be so in the
semisolid Co(bpy350)3DNA environment. Intercalated metal
complexes have been useful in studying electron transfers along
the DNA helix.17 We therefore introduced the non-PEG-tailed
complexes Os(bpy)3Cl2 (a nonintercalator) and Os(bpy)2(dppz)-
Cl2 into the Co(bpy350)3DNA melt. Voltammetry of these
complexes, which are soluble in the melts up to about 5%,
demonstrates their diffusive mobility, which in turn estimates
whether they are complexed with the immobile DNA chains.20

The two complexes give equivalent diffusivities, indicating that
intercalation is weak or absent in the semisolid melts.

Experimental Section

Synthetic reagents (Sigma Aldrich) were purified before use.
Millipore ultrapure water was used in all experiments. Herring
testes DNA (Sigma) was used unless otherwise noted. Elemental
analysis was performed by EAI Co. Aqueous molar concentra-
tions were calculated from optical absorbances on the basis of
the following molar absorbances:ε306 ) 31 700 M-1 cm-1 for
Co350(ClO4)2, ε548 ) 16 200 M-1 cm-1 for Fe350(ClO4)2, ε327 )
27 800 M-1 cm-1 for Ni350(ClO4)2, ε468 ) 25 800 M-1 cm-1

for Ru350(ClO4)2, ε490 ) 12 900 M-1 cm-1 Os(bpy)3Cl2, ε476 )
16 900 M-1 cm-1 for Os(bpy)2(dppz)3Cl2, andε260 ) 6600 M-1

cm-1 for herring testes DNA, where the concentration of nucleic
acids is expressed in nucleotide phosphates. Os(bpy)3Cl2 and
Os(bpy)2(dppz)3Cl2 were prepared according to published
procedures.20,21 Co350DNA was prepared as described previ-
ously;7 Ni350DNA was prepared by an analogous procedure.

The bpy-tailed complexes Co350(ClO4)2, Fe350(ClO4)2, and
Ni350(ClO4)2 (Figure 1) were prepared as previously described.4

Ru350(ClO4)2 was prepared with a slight modification to the
previous procedure,3 as follows: 1 equiv of RuCl3 was added
to 3.5 equiv of the tailed bpy-ligand in a minimal amount of
ethylene glycol. Then 3.1 equiv of AgClO4 was added to the
mixture along with 1 equiv of benzoquinone, and the mixture
was refluxed under Ar for 1.5 h, forming a dark red solution
that was filtered through Celite to remove AgCl and then
dialyzed for 48 h in a 1000 MW (cutoff) membrane to remove
ethylene glycol and other small-molecule impurities. Repeated
extraction with diethyl ether removed excess tailed ligand from
this product; another brown-colored impurity was removed using
a 13 in. Brockman I basic alumina column, eluting with
acetonitrile.

Molecular melts containing mixtures of M350DNA (M ) Co,
Ni) and M350(ClO4)2 (M ) Co, Ni, Fe, Ru) were prepared by
mixing aqueous solutions of the indicated components, deter-
mining their actual concentrations by absorption spectropho-
tometry. After thorough mixing, water was removed under
vacuum. Electrocatalysis experiments were conducted on Co350-
DNA melts containing equimolar quantities (in metal ion) of
Co350(ClO4)2 and either Fe350(ClO4)2 or Ru350(ClO4)2 (i.e., the
ratio Co350DNA to Co350(ClO4)2 to M350(ClO4)2 (M ) Fe, Ru)
was always 1:1:1). Pycnometry gave a density of 1.25 g/mL
for this melt, which corresponds to a total metal complex
concentration [M350

2+]Total ) 0.40 M. Ni350(ClO4)2 was added
to Ni350DNA melts in a 3:1 mole ratio.

DNA molten salts containing Os(bpy)3Cl2 and Os(bpy)2-
(dppz)3Cl2 were also prepared by mixing aqueous solutions and
drying. To prepare, for example, 3 mM Os(bpy)3Cl2 in the melt
Ni350DNA + 3Ni350(ClO4)2, 209µL of 3.83 mM Ni350DNA (0.8
µmol), 198µL of 12.1 mM Ni350(ClO4)2 (2.4 µmol), and 292
µL of 0.082 mM Os(bpy)3Cl2 (24 nmol) were mixed, and the
water was removed under vacuum.

Electrochemical Experiments.The melts were studied as
films that had been cast onto a three-electrode (wire tips)
platform as previously described.1-4 The films were predried
under vacuum at 70°C for at least 12 h and were maintained
at 67°C and 10-3 Torr vacuum during voltammetry, which was
performed with an in-house-built low current potentiostat and
software. The working microelectrode was a 5.3µm radius Pt
disk. The reference electrode was a quasireference silver wire
tip unless otherwise noted. Diffusion coefficients for Os(bpy)3Cl2
and Os(bpy)2(dppz)3Cl2 in the melts were determined by
chronoamperometry, using potential steps from the foot to the
plateaus of the Os3+/2+ oxidation waves and plotting current-

SCHEME 1: Electrocatalysis in DNA Molten Saltsa

a The electrocatalytic cycle is initiated with oxidation of the M350
2+

mediator at the electrode surface having a rate constant ofk°. The M350
3+

subsequently oxidizes a guanine or adenine base in DNA with rate
constantk1. The electron hopping among the DNA bases replenishes
the oxidized base site, giving aDAPP for DNA and associated rate
constant for electron hops ofkEX.

M350
2+ f M350

3++ e- (1)

M350
3+ + DNA f M350

2+ + DNA+ (2)
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time data according to the Cottrell equation.19,22All results are
averages of at least three measurements on independent films.

Digital Simulations. Simulations of voltammetric responses
were carried out using the DigiSim software package (BAS).23

Microelectrode areas were determined from steady-state currents
for ferrocene oxidation in an acetonitrile/Bu4NClO4 solution.
The DNA employed (herring testes) contained equal populations
of the four nucleotide bases, but only guanine and adenine were
oxidizable by Fe350

3+, as determined separately by stopped-flow
absorption spectrophotometry as described below. Simulations
therefore used one-half of the actual DNA concentration in the
melt to reflect the concentration of redox-active bases (guanine
and adenine). The concentration of the electrocatalytic oxidants
[Fe350(ClO4)2 and Ru350(ClO4)2] was lower than the percolation
threshold for M3+/2+ hopping, so these species transported
charge solely by physical diffusion. The physical diffusion
coefficient of PEG-tailed metal complexes used in all simula-
tions was measured from the Co350

3+/2+ wave; the result, 1.7×
10-10 cm2/s, agreed with a previous measurement in Co350DNA
+ 2Co350(ClO4)2 (1.7× 10-10 cm2/s).7 Melt ionic conductivity,
F-1, was measured with ac impedance, and melt uncompensated
resistance (RUNC) was calculated24 from the microdisk equation
RUNC ) F/4πr, whereF-1 was 5.54× 10-6 and 1.21× 10-5

S/cm andRUNC ) 27.1 and 12.4 MΩ for the Co350DNA +
2M350(ClO4)2 melt and the undiluted M350(ClO4)2 melt, respec-
tively. Apparent heterogeneous electron-transfer rate constants
for the Fe350

3+/2+ and Ru350
3+/2+ complexes were determined

by fitting cyclic voltammograms in pure Fe350(ClO4)2 and Ru350-
(ClO4)2 melts, givingk° ) 3.3 × 10-4 and 2.1× 10-4 cm/s,
respectively. These fits also took account of a parasitic reaction
in the melts that reconverts M3+ to M2+ (known to also occur
in solution):13

with a rate constantkf ranging from 0.08 to 0.3 s-1. These values
for k° andkf were assumed to be the same in melts containing
DNA. The rate constant for DNA oxidation (eq 2,k1) and the
apparent DNA diffusion coefficient were the only adjustable
variables in the simulations shown in the figures.

Stopped-Flow Spectrophotometry.The rates of oxidation
of the individual nucleotides in acetonitrile solutions were
determined for comparison to the melt results. The free acid
mononucleotides of dGMP, dAMP, or TMP were neutralized
with 2 equiv of Bu4N+OH- to solubilize them in acetonitrile,
as previously described.25

Stopped-flow experiments were carried out at 25( 1 °C out
using an On Line Instrument Systems OLIS RSM-1000 ac-
cording to the methods of Weatherly et al.,25 where the reaction
was monitored atλmax ) 540 nm of the Fe350

2+ form of the
metal complex. The oxidized complex, Fe350

3+, was freshly
prepared for each experiment by bulk electrolysis in a 0.05 M
LiClO4/CH3CN solution. The (Bu4N+)2dGMP solution was 1
mM in 0.05 M LiClO4/CH3CN. Ru350

3+ was too unstable for
these measurements. The second-order reaction rate constants
for

were determined by global analysis.26

Results and Discussion

Molten salts of Co350DNA in which the populations of DNA
base pairs and Co complex are stoichiometrically equal (and

no other mobile ions are present) exhibit extremely low ionic
conductivity and no useful voltammetric responses.7 This
situation exists because the physical diffusivity of the DNA
(average molecular mass 70 kDa) is nil, which imposes an
electroneutrality constraint on electrochemical reactions. There-
fore, the M350DNA (M ) Co, Ni) melts discussed here always
contain some added quantity of the ClO4

- salt of one or more
PEG-tailed metal complexes, M350(ClO4)2 (M ) Co, Ni, Fe,
Ru, Figure 1).

Electrocatalytic Oxidation of DNA in PEG-Based Molten
Salts. The formal potentials of the Fe350

3+/2+ and Ru350
3+/2+

couples in acetonitrile, 1.1 and 1.5 V vs Ag/AgCl, respectively,
are sufficiently positive that these M350

3+ complexes oxidize
guanine and (more slowly) adenine sites in DNA. Electrocata-
lytic waves have been observed in both melt6 and dilute aqueous
solution12,27 mixtures of such metal complexes with DNA.
Figure 2 shows voltammetry of the 1:1:1 (mole ratio) melt Co350-
DNA + Co350(ClO4)2 + Fe350(ClO4)2. The first oxidation step
is for the Co350

3+/2+ oxidation; note that the Fe350
3+/2+ currents

for the second wave at 1.3 V are 3-fold larger, even though
this complex is at one-half the concentration of the Co complex.
In contrast to our earlier experiment,5 the Fe350(ClO4)2 complex
was employed at a concentration much lower than the percola-
tion threshold for significant charge transport by electron
hopping between Fe350

3+ and Fe350
2+. The percolation threshold

was established as ca. 0.4 mole fraction of the Fe350(ClO4)2

complex [in Co350(ClO4)2 or Ni350(ClO4)2] in previous2 work.
To emphasize this point, Figure 3 shows voltammetry of a 2.4:1
(mole ratio) melt mixture of Co350(ClO4)2 + Fe350(ClO4)2 that
contains no DNA. The Fe350

3+/2+ wave in this mixture is smaller
than the Co350

3+/2+ wave by roughly a factor of 2, as expected
for purely physical diffusion transport of the former.

The 6-fold enhanced current (relative to Co) at+1.3 V in
Figure 2 is therefore attributed to electrocatalytic recycling of
Fe350

2+ due to the oxidation of DNA (eq 2). Consistent with
this interpretation, the reverse wave for reduction of Fe350

3+ is
less than one-half as large as the oxidation current. Figure 4
shows an analogous experiment at a 1:1:1 (mole ratio) melt
Co350DNA + Co350(ClO4)2 + Ru350(ClO4)2, using now the more
oxidatively potent12,27,28Ru350(III/II) couple. The enhancement
of Ru350

2+ oxidation current at+1.4 V is now 10-fold (relative
to Co), and the reverse Ru350

3+ reduction wave is almost absent.
The electrocatalytic currents of Figures 2 and 4 diminish upon

repeated scans over the same potential intervals, although they

M350
2+ f M350

3++ e- (3)

Fe3+ + DNA f Fe2+ + DNAox (4)

Figure 2. Cyclic voltammetry (solid) and digital simulations (dashed)
of Co350DNA + 1 equiv each of Co350(ClO4)2 and Fe350(ClO4)2. [Co350

2+]
) 0.27 M, [Fe350

2+] ) 0.13 M, and [DNA]) 0.26 M. Voltammetry
measured at 67°C on 5.1µm radius Pt microelectrode at scan rate)
10 mV/s. Digital simulation parameters wereRUNC ) 27 MΩ, CDL )
30 pF,R ) 0.5,k° ) 3.3× 10-4 cm/s,kf ) 0.1 s-1, k1 ) 500 M-1 s-1,
DPHYS ) 1.1 × 10-10 cm2/s, DNA DAPP ) 5.3 × 10-9 cm2/s.
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remain larger than the original Co350
3+/2+ currents (Figure S-1).

The drop in the electrocatalytic currents is expected given the
insignificant DNA physical diffusion rate and that fact that the
oxidation of its nucleotide sites is ultimately an irreversible
process. The observation that the electrocatalysis is somewhat
persistent over multiple scans indicates that in some manner
the DNA base sites are becoming replenished. The Co350

3+/2+

wave is suppressed upon continued potential scanning, which
suggests that some reaction products foul the Pt electrode
surface. Because of these effects, analyzing the voltammetry at
a wide variety of potential scan rates was not feasible,29 and
we relied instead on simulations of the electrocatalytic volta-
mmetry and comparative stopped-flow spectrophotometry to
evaluate the electrocatalytic processes.

A stopped flow spectrophotometric evaluation of Fe350
3+

oxidation of Bu4N+ salts of dilute solutions of the deoxyribose
nucleotide monophosphates in acetonitrile is shown in Figure
5. In this case, the absorbance band for Fe350

2+ at 544 nm
increases as Fe350

3+ oxidizes (Bu4N+)2dAMP. Fitting of the
kinetic trace produces electron-transfer rate constants for one-
electron oxidation25 of guanine and adenine of (1.7( 0.3) ×
104 and (1.0 ( 0.2) × 103 M-1 s-1, respectively. Similar
experiments with Fe350

3+ and the pyrimidine bases (Bu4N+)2-

dCMP and (Bu4N+)2TMP showed no appreciable reduction of
the Fe350

3+ on a time scale comparable to the (Bu4N+)2dGMP
and (Bu4N+)2dAMP experiments. Guanine and adenine can
therefore be regarded as the reactive species. Since the DNA
employed in the molten salt experiments contained equimolar
quantities of the four native nucleotides, the concentration of
reactive DNA sites was taken as one-half the actual concentra-
tion of DNA nucleotides for the purpose of the voltammetric
simulations.

Electron-transfer rates in molten salts are intimately connected
with rates of physical diffusive transport and have been
hypothesized to be limited by the rate of ionic atmosphere
relaxation.7,30 It would not be surprising then to find that the
M350

3+ + DNA electron-transfer rate in the molten salt (eq 2)
is slower than the rate in fluid solution determined by stopped-
flow, since DPHYS is approximately 5 orders of magnitudes
smaller in the melt. The stopped flow data can therefore be
regarded as the upper limit of the rate constant of eq 2 in the
melt.

The voltammetric simulations employed independent initial
estimates of all of the parameters that should influence the
electrocatalysis. These include the electrode area, the M350

2+

and DNA concentrations, the metal complex physical diffusion
coefficients (M350

2+ DPHYS ) 1.1 × 10-10 cm2/s),7 the hetero-
geneous electron-transfer rate constants (k°) for the one-electron
oxidations of the Fe350

2+ (3.3× 10-4 cm/s) and Ru350
2+ (2.1×

10-4 cm/s) complexes, the rate constant of the parasitic reaction
(kf) that consumes some of the electrogenerated M350

3+ (0.085
and 0.34 s-1, respectively, for Fe and Ru), andk1 for eq 2

Figure 3. Cyclic voltammetry of a Co350(ClO4)2 and Fe350(ClO4)2

mixture. [Co350
2+] ) 0.31 M, [Fe350

2+] ) 0.13 M. Voltammetry
measured at 67°C on 5.1µm radius Pt microelectrode at scan rate)
10 mV/s.

Figure 4. Cyclic voltammetry (solid) and digital simulations (dashed)
of Co350DNA + 1 equiv each of Co350(ClO4)2 and Ru350(ClO4)2.
[Co350

2+] ) 0.27 M, [Ru350
2+] ) 0.13 M, and [DNA] ) 0.26 M.

Voltammetry measured at 67°C on 5.3µm radius Pt microelectrode
at scan rate) 10 mV/s. Digital simulation parameters wereRUNC )
27 MΩ, CDL ) 30 pF,R ) 0.5, k° ) 2.0 × 10-4 cm/s,kf ) 0.1 s-1,
k1 ) 700 M-1 s-1, DPHYS ) 1.1 × 10-10 cm2/s, DNA DAPP ) 9.0 ×
10-9 cm2/s.

Figure 5. (A) Results of stopped-flow spectrophotometry for the
reaction of 500µM (Bu4N+)2dAMP with 20 µM Fe350

3+ in 50 mM
LiClO4 acetonitrile solution. (B) Fe350

2+ absorbance at 544 nm vs time
data (solid curve) from part A and fit (dashed curve). Data fits provided
average rate constants of 1.0( 0.2 × 103 M-1 s-1 and 1.7( 0.3 ×
104 M-1 s-1 for one-electron oxidation of dAMP and dGMP (not
shown), respectively.
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estimated by stopped-flow measurements. The values ofk° and
kf were obtained by fitting cyclic voltammograms of the pure
M350(ClO4)2 molten salts. In these initial simulations, the
diffusivity of the DNA was the only parameter not measured
independently, and from previous voltammetry14 it was expected
to be very small.

Figure 6 shows a voltammogram calculated using the above
parameters and assuming that the physical diffusion rate of the
DNA was extremely slow (DPHYS,DNA ) 1 × 10-20 cm2/s). The
value used fork1 was varied from 10 to 104 M-1 s-1 with little
effect on the simulation. The simulation atDPHYS,DNA ) 1 ×
10-20 cm2/s did not produce significant electrocatalytic current
enhancement;31 the calculated Fe350

2+ oxidation current is even
smaller than that for the Co350

2+ oxidation and lacks the
irreversible features characteristic of an electrocatalytic process.
The absence of significant electrocatalysis in this simulation is
due to depletion of reactive base sites in DNA lying within the
Fe350

3+ diffusion layer; the specification ofDPHYS,DNA ) 1 ×
10-20 cm2/s prevents the diffusive replenishment of unoxidized
bases and hence an increased oxidative current.

The absence of electrocatalytic current suggested a nonzero
flux of unoxidized DNA base sites toward the electrode surface.
Figure 6 shows that assuming much higherapparentdiffusivities
for DNA, up toDAPP,DNA ) 9 × 10-9 cm2/s, does in fact produce
electrocatalytic currents that are multiples of the Co350

2+

oxidation currents, resembling the voltammetry of Figures 2
and 4. The dashed, simulated voltammograms in Figures 2 and
4 were obtained by varying the apparent DNA diffusion
coefficientDAPP,DNA and the rate constant for the M350

3+ + DNA
reaction (eq 2). The former has the predominant effect on the
electrocatalytic oxidation current, as in Figure 6. The results
obtained for the combined best fit to the electrocatalytic
oxidation current and the reverse reduction wave were, for the
Fe350

3+ reaction (Figure 2),DAPP,DNA ) 5.3 × 10-9 cm2 s-1

andk1 ) 500 M-1 s-1, and for the Ru350
3+ reaction (Figure 4),

DAPP,DNA ) 9 × 10-9 cm2 s-1 andk1 ) 700 M-1 s-1.
The major result of Figures 2 and 4 is that one must assume

that DNA is capable of transporting charge at a much faster
pace than it can physically diffuse. This process can occur by
electron self-exchange reactions between adenine or guanine
radical cations along the DNA duplex. Apparent diffusion
coefficients on the order of 10-9 cm2/s are typical in the PEG-

based molten salts, where contributions to charge transport from
electron hopping are common.1-4 It is therefore possible to make
a crude estimate of the DNA electron hopping rate constant
kEX (s-1) from the DAPP,DNA results, using the relation for
diffusion in one dimension,32

whereδ is the average hop length. If one assumes that G’s and
A’s can exchange electrons only between themselves and each
other, then statistically two of the four sites in a two base pair
sequence are reactive. Assuming that the hop can be along a
chain or diagonally across the helix,33 we choose an average
hop distance ofδ ) 7 Å based on 3.4 Å base separation and 20
Å helical diameter. This produced estimates (at 67°C) of kEX

) 1 × 106 s-1 and 2× 106 s-1 from the Fe and Ru data in
Figures 2 and 4, respectively. These estimates of the rate
constants for electron hopping along the interior of the DNA
stack are several orders of magnitude larger than the value of
k1, which is the reason for the large effect ofDAPP,DNA on the
voltammetric simulations, relative to that ofk1.

Substantial variation16,17exists among the literature rate data
on DNA base-base electron transfers, ranging from 106 to 1011

s-1. Molecular dynamics,18 DNA base sequences, and structure
fluctuations34 are widely accepted to impact the rate. The DNA
used here, while known to retain double helical structure,6 is
comprised of large heterogeneous sequences and is otherwise
ill-characterized. It is additionally possible that ionic atmosphere
relaxation35 phenomena influence the DNA electron hopping
rate. We have shown that ionic atmosphere relaxation can
dominate electron-transfer rates in semisolid media;7,30,36such
control in the present case would mean that thekEX results above
are lower limits of the intrinsic electron-transfer rate. Measure-
ments given below show, however, that the physical diffusion
of dilute, nontailed metal complexes in a 1:3 (mole ratio) Ni350-
DNA + Ni350(ClO4)2 melt at 67°C is about 10-8 cm2/s. This
result is probably a lower limit for the value of the ClO4

-

counterion diffusion coefficient in the Co350DNA + Co350-
(ClO4)2 + Fe350(ClO4)2 melts, meaning that the ClO4- diffusivity
exceeds that of electron hopping in the DNA stack (DAPP,DNA

above), making an ionic atmosphere effect less plausible. On
balance, the rates suggested here are in good agreement with
those determined for related electron hops in well-defined
oligonucleotides.37

It is interesting to consider how far electron hops proceed
along a DNA strand. In a 1:1:1 (mole ratio) melt Co350DNA +
Co350(ClO4)2 + Fe350(ClO4)2, the total population of A+ G
sites equals that of the Fe (or Ru) complexes. The positive
potential scan during a voltammogram like Figure 2 takes ca.
35 s, so for a M350

2+ with DPHYS of 1.1 × 10-10 cm2/s, the
diffusion layer developed would beδ ) (Dt)1/2 ≈ 1 µm. This
distance from the 10µm diameter working electrode would
encompass 10 fmol of Fe or Ru complexes and an equal amount
of base sites, which can be compared to the charge under the
electrocatalytic wave of 4.2× 10-9 coulombs or 44 fmol of
electrons. This simple calculation shows that while the elec-
trocatalytic wave is collected, all of the DNA base sites within
a 1 µm profile (entire DNA strands of 1000 BP) can be
consumed and each metal complex M350

3+/2+ couple involved
can turn over an average of three times. In addition, a
considerable amount of DNA chains lying outside the profile
can become oxidized by the base-base electron hopping
process, which proceeds at a rate substantially greater than
M350

3+ physical diffusion. Note that the above analysis assumes
one-electron base oxidations, although multielectron oxidations

Figure 6. Digital simulations illustrating the influence of DNADAPP

on Ru3+/2+ voltammetric response. All simulation parameters were, for
consistency, the same as in Figure 4m except for the DNADAPP,DNA,
which was varied from 1.0× 10-20 cm2/s to 9.0× 10-9 cm2/s. Digital
simulation parameters wereRUNC ) 27 MΩ, CDL ) 30 pF,R ) 0.5,k°
) 2.0 × 10-4 cm/s,kf ) 0.1 s-1, k1 ) 700 M-1 s-1, DPHYS ) 1.1 ×
10-10 cm2/s.

DAPP,DNA ) kEXδ2 (5)
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of DNA can occur in aqueous solution;12-14,38 these multielec-
tron reactions require exchange of protons, while the melts are
relatively water-free.

We next return to the cyclic voltammetry of Fe350(ClO4)2 and
Ru350(ClO4)2 melts from which the values ofk° and kf used
above were obtained through simulation fitting. These results
are shown in Supporting Information (Figures S-2 and S-3).
Figure S-2 shows observed and calculated voltammetry for the
Fe350(ClO4)2 complex (taken at a 5.1µm radius Pt microelec-
trode at 67°C) at two different potential scan rates of 75 and
50 mV/s. TheDAPP was measured by chronoamperometry and
a value ofRUNC ) 12.4 MΩ from ac impedance measurements
of melt ionic conductivity was used. The heterogeneous electron-
transfer rate constant,k° ) 3.3× 10-4 cm/s and the rate constant
for eq 4,kf ) 0.085 s-1 produced excellent fits at both scan
rates. A similar analysis for Ru350(ClO4)2 providedk° ) 2.1×
10-4 cm/s andkf ) 0.34 s-1 in Figure S-3. The similarity of
the heterogeneous rate constants is unsurprising given that the
DAPP values (8× 10-9 and 6× 10-9 cm2/s for Fe and Ru,
respectively) are also similar and reflect mainly the rates of
homogeneous M350

3+/2+ electron self-exchanges. The fasterkf

in Ru350(ClO4)2 is also unsurprising given its higher oxidizing
potential.

Mass Transport of Nontailed Metal Complexes in DNA
Molten Salts.As described in the Introduction, the interactions
of intercalators with DNA have been used as a means of
studying electron transport along the DNA helix.17 We therefore
added small concentrations (small because of the limited
solubility) of the metal complexes Os(bpy)3Cl2 and Os(bpy)2-
(dppz)Cl2 (Figure 1) to the DNA melts to determine whether
the dppz complex intercalated into DNA in the ionic liquid
environment. A dramatically slower diffusivity of the dppz
complex relative to the bpy complex would signal a strong
binding interaction as observed in dilute aqueous solutions.39

This binding difference has been observed electrochemically
by measuring differences in aqueous solution diffusion
coefficients of the two metal complexes in the presence of
DNA.39

Figure 7A shows the voltammetry of Os(bpy)3Cl2 dissolved
in a melt containing 1:4 (mole ratio) Co350DNA + Co350(ClO4)2.
The concentrations in the melt are 2.5 mM, 0.41 M, and 0.16
M for Os(bpy)3Cl2, Co350

2+, and DNA, respectively. The three
waves (right to left) correspond to the Co2+/1+ reduction and
the Co3+/2+ and Os3+/2+ oxidations, at-0.50, 0.50, and 0.85 V
vs AgQRE, respectively. As previously discussed, the currents
for the Co2+/1+ reduction are larger than those for the Co3+/2+

oxidation, because of rapid Co350
2+/1+ electron hopping that

augments the rate of charge transport during the Co350
2+/1+

reduction.4,40 The electron hopping rate for the Co350
3+/2+

reaction is too slow to enhance its charge transport diffusivity,
and the concentration of the Os(bpy)3

2+ complex is too small
for it to engage in significant electron self-exchange enhance-
ment of its charge transport. Also, the Os(bpy)3

3+ complex is
insufficiently oxidizing to react with the DNA bases. That is,
the currents due to the Os(bpy)3

2+ complex oxidation represent
solely that of physical diffusion (DPHYS) of that complex.

MeasuringDPHYS from Figure 7A is complicated by the
combination of the small currents and the overlap with the
Co350

3+/2+ reaction. We therefore prepared melts in which Co350-
(ClO4)2 was replaced with oxidatively silent Ni350(ClO4)2.

Voltammetry at 67°C of dilute Os(bpy)32+ in a 1:3 (mole
ratio) Ni350DNA + Ni350(ClO4)2 melt (Figure 7B) shows a two-
electron Ni350

2+/0 reduction41 at -0.65 V and a much smaller
but readily measured Os3+/2+ oxidation (see inset). The slightly

sigmoidal shape is attributed to partial radial diffusion at the
5.6-µm microelectrode.42 The voltammetry of an analogous
solution of Os(bpy)2(dppz)Cl2 in a 1:3 (mole ratio) Ni350DNA
+ Ni350(ClO4)2 melt is very similar to that in Figure 7B.
Chronoamperometrically measuredDPHYS values for Os(bpy)32+

and Os(bpy)2(dppz)2+ were practically identical: (1.8( 0.6)
× 10-8 and (2.3 ( 0.8) × 10-8 cm2/s, respectively. The
similarity suggests that the two metal complexes possess similar
DNA binding properties in the polyether environment. Undif-
ferentiated binding was considered to be the result of either (1)
an enhancement of the Os(bpy)3

2+ binding to DNA in the
polyether media relative to water or (2) loss of dppz intercalation
in the melt. Measurement of Os(bpy)3

2+ and Os(bpy)2(dppz)2+

DPHYS in the Co350(ClO4)2 melt (no DNA) showed that the
diffusivity of the small molecules was entirely uninterrupted
by the presence of the polyanion (Table S1 and Figure S4).
This result was used to dismiss the possibility that charge
interactions were predominant, and lack of intercalation was
concluded. DNA intercalation in aqueous solution is driven by
entropy and hydrophobic interactions; organized water mol-
ecules solvating the metal complex are freed while more
favorableπ-stacking interactions are realized when the ligand
intercalates between the DNA base stack.43 It appears that no
such thermodynamic advantage occurs in the PEG-based melt
environment.
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Figure 7. (A) Cyclic voltammetry of Os(bpy)2dppzCl2 in Co350DNA
+ 4 equiv of Co350(ClO4)2. [Os(bpy)2dppz2+] ) 2.5 mM, [Co350

2+]TOTAL

) 0.41 M, and [DNA] ) 0.16 M. (B) Cyclic voltammetry of
Os(bpy)3Cl2 in Ni350DNA + 3 equiv Ni350(ClO4)2. [Os(bpy)32+] ) 3
mM, [Ni350

2+] ) 0.4 M, and [DNA] ) 0.2 M. All voltammetry
measured at 67°C on 5.6µm radius Pt microelectrode at scan rate)
10 mV/s.
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Supporting Information Available: Undiluted voltammetry
of 3% Os(bpy)3Cl2 in Co350(ClO4)2, digital simulations of Co350-
(ClO4)2, Ru350(ClO4)2, and EC reaction in Co350DNA/Fe350-
(ClO4)2 melt mixture. This material is available free of charge
via the Internet at http://pubs.acs.org.
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