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Abstract: Polypyridyl complexes of Co decorated with 350-Da polyether chains (Cosso?*) form molten phases
of nucleic acids when paired with DNA counterions (CossoDNA) or 25-mer oligonucleotides. Analysis of
voltammetry and chronoamperometry of mixtures of these phases with complexes having ClO4~ counterions
(Co350(ClO4)2) and no other diluent provides charge transport rates from the oxidation and reduction currents
for the complexes. As the mole fraction of the Cosso(ClO4). complex in the mixture is varied from ca. 0.25
to 1, the physical diffusion constants derived from the Co""" wave increase from 1 x 107 cm?/s to 5 x
10719 cm?/s, and apparent diffusion constants dominated by the Co'" electron self-exchange increase from
1 x 1079 cm?s to 2 x 1078 cm?/s. Pure CossoDNA melts, containing no Cozso(ClO4), complex, do not
exhibit recognizable voltammetric waves; DNA suppresses the Co'' electron transfer reactions of Co
complexes for which it is the counterion. There are therefore two microscopically distinct kinds of Cosso
complexes, those with DNA and those with ClO,~ counterions, with respect to their Co'"' electron-transfer
dynamics, leading to percolative behavior in their mixtures. The electron-transfer rates of the Co'"' couple
are controlled by the diffusive relaxation of the ionic atmosphere around the reaction pair, and the inactivity
of the bound Co complexes can be attributed to the very low mobility of the anionic phosphate groups in
the DNA counterion. Substitution of sulfonated polystyrene for DNA produced similar results, suggesting
that this phenomenon is general to other polymer counterions of low mobility. We conclude that the measured
Co'"" charge transport and electron-transfer rate constants reflect more the diffusive mobility of the perchlorate
counterion than the intrinsic Co'" electron hopping rate.

Studies of mass and electron transport in semisolids provide prompted us to develop DNA molten séls a step toward
fundamental information about electron-transfer reactions. achieving guided functions within the ionically and electroni-
Liquid and glassy phases that are suited for such investigationscally conductive melt environment. We desired to demonstrate
can be obtained through synthetic addition of short polyether electronic communicatiénwith the DNA as well as to arrive
tails to redox-active moleculés? Because these phases are at a fuller understanding of the influence of the DNA on the
comprised wholly of redox-active molecules, mass and electron physical and electronic properties of the materials. Our initial
transport in them are most readily evaluated electrochemically. publicatior? briefly addressed both of these topics. We now
The possibilities for using DNA’s molecular recognition proper- describe the influence of the DNA on the electrochemical
ties for self-assembl§y,computing® and wiring has recently properties of the materials.

A redox active DNA melt can be comprised of polyether-
decorated metal trisbipyridine cations and nucleic acid anions.
Other anions and poly-anions can also be employed. The
compounds in Figure 1 are room-temperature molten%salts
composed of a Co(ll) tris-bipyridine complex in which the
ligands bear oligomeric methyl-terminated poly(ethylene glycol)
chains (“PEG tails”). “X” represents the counterion of the metal
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pair for Cas)DNA, Y = 2 sulfonate groups of sulfonated polystyrene for k (\’ %7] L"LH
CossPSS. 2~ ;
o =ClOo, Faster Ionic Relaxation
complex and can be as follows: (a) two perchlorate anions, (b) k- «ky <k

two phosphate anions of a highly polymerized DNA molecule
or of selected 25-mer oligonucleotides, or (c) two sulfonate

groups of sulfonated polystyrene (PSS). These highly viscous,
semisolid materials are succinctly abbreviated as follows: (a)

Co35((ClOy)2, (b) CassdDNA, and (c) CasdPSS, respectively.
Using microelectrodes, it is possible to carry out voltammetric
experiments in the undiluted molten salts 0&§4C104),, Cosso-
DNA, Cos5PSS, and their mixtures, according to previously
reported method%:*

Figure 2. Cartoon of the effects of counterion relaxation on electron
hopping in a mixture of C&DNA and Cas(ClO4)2. Two microscopically
distinct Casospecies are observed experimentallyzggoations with mobile
perchlorate counterions are active in electron-hopping transport, whereas
Cossp cations having DNA phosphates as counterions are relatively inactive.
ki andk- are the forward and reverse electron-transfer rates for the reaction
of Co'* with Co?*. k; is the rate of diffusive counterion motion, which for

Co complexes with DNA counterions is insignificant comparel-tg and

less than or comparable tk; for Co complexes with Cl® (@)
counterions. See eq 2.

This paper describes the transport and electron-transferson MwaG-Biotech, Inc. “G oligo” refers to the following sequence:

properties of mixtures of Gey(ClOg), with CozsgDNA and with
Cos5PSS. The voltammetry involves oxidation and reduction
of the cobalt complex. Voltammetric reduction of 'Cm Cd
initiates charge transport by electron hopping (bimolecular
electron self-exchang@).The rate of physical diffusion is
assessed by voltammetric oxidation of''Cio Cd"; electron

hopping between these oxidation states is very slow. The two
transport rates have allowed us to dissect and fully describe

transport in DNA melts. An important conclusion is that on the
microscopic level of electron hopping between"Gmd Céd,
there are two kinds of Co complex in a matixtureof Cossg
(ClOg)2 and CascDNA (or CozsgPSS): complexes that have
immobile DNA counterions and those that have mobile £10
counterions (Figure 2). The former are relatively electroinactive
and do not support charge transport by€electron hopping,
owing to the slow time constant of relaxation of their ionic
atmosphere. A percolation effect in theg£ClO,), and Caso
DNA mixtures therefore arises. Ultimately, the results extend
our understanding of these materials in regard to possible us

in molecular electronic environments that incorporate nucleic bag slowly enough that th

e

3 G-A-T-G-A-A-G-T-G-T-G-A-T-G-T-A-G-A-A-G-A-T-G-T-G 5 and

“A oligo” is as follows: 3 C-A-C-A-T-C-T-T-C-T-A-C-A-T-C-A-C-
A-C-T-T-C-A-T-C 5. Highly polymerized DNA from calf thymus (CT
DNA) was twice phenol-extracted before use. 70 000 MW sulfonated
polystyrene (sodium salt) from Aldrich was purified in a 5000 MWCO
dialysis membrane as described previoudlglemental analyses were
performed by EAIl Co. The metal complex molten saltz&10,),
(Figure 1) was prepared as previously describ&tbs)DNA was
prepared as described previodslyith the modifications described
below. A value of = 6600 Mt cm™ at 260 nm was used to determine
DNA concentration. Aqueous solutions containing 1.6 equivalents of
Coss(ClO4)2 and 2 equivalents of nucleotide were mixed in a 1000
MWCO dialysis tube. The dialysis was intended to remove the
perchlorate counterions of the metal complex:4g€10,), and the
native sodium cations of the nucleotide; these small ions cross the
membrane more rapidly than does the 2800 molecular weight metal
complex. The tubing was placed in a 1-L water reservoir for 96 h at 4
°C. The water was changed every 24 h. The quantity of the Co complex
(Caoss0) that exits was monitored spectrophotometrically by measuring
the reservoir absorbance at 306 nm using the determined absorbance
coefficient (31 700 M* cm™). The Co complex leaves the dialysis

e maximum quantity of sodium ions exit

acid sequence programming. The present results are consisterefore equilibrium is reached (equilibrium being when the Co complex

with recent result® on CQy-plasticized Co complex melts, and
with the notion that immobilization of counterions can produce
a large impediment to electron transfér.

Experimental Section

All reagents for synthesis were purchased from Sigma Aldrich Co.
and purified before use. Millipore ultrapure water was used for all
experiments. DNA from herring testes (Sigma) was used for all

ceases to enter the reservoir because there are no longer any perchlorate
counterions to accompany it in permeation). At this point, the dialysis
bag contains Co complex and nucleotide in a nearly stoichiometric 1:2
ratio, from which the CgDNA melt is obtained following removal
of the water in a vacuum. Elemental: theory fors6DNA, C 52.2; H
6.87; N 5.45; Co 1.73; P 1.82; Anal.: C 50.33; H 6.92; N 4.79; Co
2.06; P 1.29; Na 0.016; Cl 0.03.

The Caso melt of sulfonated polystyrene (g@PSS) was prepared

experiments unless otherwise noted. Oligonucleotides were obtainedaccording to the method just described forz§gONA. An average

(10) Lee, D.; Hutchison, J. C.; Leone, A. M.; DeSimone, J. M.; Murray, R. W.
J. Am. Chem. So002 124, 9310-9317 (b) Lee, D.; Harper, A. S;
DeSimone, J. M.; Murray, R. WJ. Am. Chem. SoQ002 125 1096—
1103.

(11) Marcus, R. AJ. Phys. Chem. B998 102 10 07+10 077.

polymer molecular weight of 70 000 g/mol was assumed to quantify
anionic sulfonate groups from mass measurement. Elemental: theory

(12) Majda, M.; Faulkner, L. RJ. Electroanal. Chem. Interfacial Electrochem.
1984 169, 77—-95.
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for CossgPSS, C 55.1; H 7.1; N 2.7; Co 1.9; S 2.0; Anal.: C53.7; H
7.1; N 2.7; Co 1.9; S 1.29; Na 0.016; Cl 0.05.

Molten salts that are mixtures of g@NA and Caso(ClOy), were
prepared by mixing solutions of the respective species in molar ratios
of 1:0.35, 1:0.6, 1:1, 1:2, 1:3, 1:4, and 1:10. The concentration of the
cobalt complex was determinedfx = 306,¢ = 31 700 Mt cm™?)
by UV spectrophotometry in solutions of &gDNA and Caso(ClOy)..

After thorough mixing of the solution, the water was removed in a
vacuum. Molten salts that were mixtures of:6BSS and Cg«ClOy).

were prepared analogously, by mixing solutions of the respective species
in molar ratios of 1:1, 1:2, 1:3, 1:10, and 1:20.

Electrochemical experiments were performed by casting films of

the melts onto a three electrode platform as previously desctibid.
film was dried at 70C under vacuum for at least 12 h prior to analysis
and was kept at 67C and under 1€ Torr vacuum during voltammetry,
which was done with an in-house built low current potentiostat and . . . . . -
software. The working microelectrode was a 5/68-radius Pt disk, 0 -0.5
and the reference a silver quasi-reference unless otherwise noted. Potential (V) (AgQRE)
Diffusion coefficients in the melts were determined chronoampero- Figure 3. Cyclic voltammetry of (A) pure Ceo(ClO4), and of mixtures
metrically. The currenttime data resulting from potential steps from  of CozsdDNA and CasdClOs)2 in mole ratios (B) 1:0.6, (C) 1:2 and (D)
the foot to the plateaus of the aeduction and CH" oxidation waves 1:4, at 10 mV/s at 67C under vacuum on a 5.68m radius Pt disk
were plotted according to the Cottrell equatiéa? microelectrode.

—_—

0.1 nAI J

=
2 - 1 1 1 . |

5 0.8 0.6 04 02 0 -0.2-0.4
© 0.5 nA

Results and Discussion Cd'"" self-exchange, and C anilare concentration (M) and

We have previously shown that samples of heterogeneousmetal center to center distances (cm), respectively, in thg,Co
DNA, 100-1000 base pairs in length, form molten salt phases melt. o is taken as the average or equilibrium center-to-center
of nucleic acids when the native sodium cation is replaced with separation between metal complexes and is calculated from melt
a polyether-decorated catiitt was demonstrated that the DNA  density*®In contrast, C/! electron self-exchange is extremely
in the melt remains double stranded. Metal complexes can beslow, so that the oxidation currents are determined solely by
chosen according to their redox potentials to selectively oxidize physical diffusion of the Cb complex;’ and provide a
nucleotide basek!s and can display electrocatalytic currents measurement oDpnys in eq 1. The peak current for the
in melt phases containing both DNA and a suitable metal reduction of Ceso(ClOs), is over 6-fold larger than that for
complex (Fe, Ru). This paper describes a quantitative study of oxidation; since peak currents scale widh'? this means that
the charge and mass transport properties oA and of Dapp for the Cd"' wave is nearly 40-fold larger theDpyys for
mixtures of Caso(ClO,), and CasdDNA, along with the effect the Cd""" wave in this semisolid melt. Slow physical diffusion
of nucleic acid size, structure, and base content. Note that with Of redox polymer hybrid metal complexes is typical in these
Co complexes, no redox chemistry of the DNA bases is highly viscous materials and the electron hopping pathway
observed; we are therefore studying only the effects of the DNA frequently dominates charge transport for thé/Ceouple? as

medium on the Co electrochemistry.
A cyclic voltammogram (Figure 3A) of undiluted G-
(ClOy), exhibits two waves. The currents for the'€oeduction

it does in Figure 3A.
We did not succeed, on the other hand, in observing cyclic
voltammetry in the undiluted GgDNA melt. This melt

wave €y, = —0.79 V vs AgQRE) are larger than those for the apparently has an extremely low ionic conductivity, and only

Cd'"" oxidation wave Ei», = 0.21 V vs AgQRE), because highly resistively distorted responses are seen in its voltammetry.
electron hopping reactions augment the rate of charge transporfThis was not entirely surprising since the counterions of the
during the reductio:1®17The rate of charge transport during Co complexes are the DNA phosphate sites. At 100 kDa, the

the Cd” reduction is a summation of the rates of physical
diffusion of the Co complex and of electron hopping, or self-
exchange, between €and Co states of the complex, according
to the Dahms-Ruff relatids

Dapp= Dprvs t kEX62C/6 1)

whereDappis the experimentally measured diffusion coefficient
for the reduction wavekgy is the rate constant (M s™1) for

(13) Bard, A. J.; Faulkner, L. RElectrochemical MethodsSecond ed.; John
Wiley and Sons: New York, 2001.

(14) Laitinen, H. A.; Kolthoff, I. M.J. Am. Chem. Sod 939 61, 3344 (b)
Laitinen, H. A.Trans. Electrochem. So&942 82, 289.

(15) Weatherly, S. C.; Yang, |. V.; Thorp, H. H. Am. Chem. So@001, 123
1236-1237.

(16) Kaufman, F. B.; Engler, E. Ml. Am. Chem. S0d.979 101, 547-549.

(17) Buttry, D. A.; Anson, F. CJ. Am. Chem. Sod.983 105 685-689.

(18) Majda, M. InMolecular Design of Electrode Surfacedlurray, R. W.,
Ed.; John Wiley and Sons: New York, 1992; p 159 (b) Dahms].HPhys.
Chem.1968 72, 362 (c) Ruff, I.; Botar, LJ. Chem. Physl985 83, 1292.
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massive and relatively inflexible DNA counterion is assumed
to be diffusively immobile, so that the phosphates are essentially
fixed charged site¥) The result is a rigid structure unable to
support voltammetry. On both traditional macroscépiand
microscopic (ionic relaxatio®) grounds, electroneutrality con-
straints require physical displacement of the counterion of the

(19) ¢ is ordinarily taken as the distance between redox reactants at the instant
of electron transfer, which can be less than the equilibréurilowever,

the Co-Lig-tailed complexes may have microscopic motion within the
polyether tail shell that achieves close contact between the metal complexes
on atime scale shorter than that of the electron-transfer reaction. Thus, the
rate constankex in these melts may represent a contact reaction. The
equilibrium¢ is however, the appropriate distance to represent the overall
diffusive charge displacemerdtis calculated based on a cubic lattice model.
Density p, metal complex concentration C, and center-to-center metal
spacingo for 2 arep = 1.12 g/em3, C= 0.327 M, andd = 17.2 A,
respectively.

Polyether segmental motions however, do not seem to be affected. DSC
provides identical glassing temperatures-&2.4°C for all of the materials
studied here. This glassing temperature is characteristic of ethylene oxide,
but is surprising given the obvious differences in rigidity of the materials.
They range from a soft plastic like material fdto a viscous liquid forl.

(20

=
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Table 1. Summary of Charge Transport and Composition of Cozs0DNA and Coss0(ClO4)2 Melts and Their Mixtures

melt mole ratio CossoY: Dphys [Colrora Dpyvs [Colwe Dapp(2/1) Kex mass % mass % [DNA]
Cas0(ClO4), (cm?ls)? (™) (cm?/s)° (M) (cm@/s)° (M~ts7t)e DNA PEG (bases, M)
pure Casy(ClOa)2 5.3x 10710 0.44 5.3x 10710 0.44 2.1x 10°8 1.2x 107 N/A 70
1:10, Y=DNA® 45x 10710 0.43 5.5x 10710 0.39 1.3x 1078 7.2x 10° 1.94 69 0.08
1:4, Y=DNA 4.7 x 10710 0.41 7.2x 10710 0.33 8.5x 1079 4.8 x 100 4.20 68 0.16
1:3, Y=DNA 3.5x 10710 0.40 6.2x 10710 0.30 6.8x 10°° 4.0x 108 5.22 67 0.20
1:2, Y=DNA 1.1x 1010 0.40 2.5x 10710 0.27 2.8x 1079 1.7x 10° 6.88 66 0.27
1:1, Y=DNA 24 x 101 0.39 9.6x 10711 0.195 7.6x 10710 49x 10° 10.1 65 0.39
1:0.6, Y=DNA 1.0x 1071t 0.37 7.1x 1071 0.14 2.8x 10710 1.7x 10° 12.4 64 0.46
1:0.35, Y=DNA (1.0 x 1071 0.35 (£1.5x 10710y 0.09 (£1.5x 10719d N/A 14.4 63 0.52
pure CascDNA N/A 0.33 N/A 0 N/A N/A 18.8 61 0.65
1:2,Y=SSGoligh 84x101 0.40 1.9x 10710 0.27 1.7x 1079 1.0x 108 6.88 66 0.27
1:2, Y= SS A oligd 8.8x 10711 0.40 2.0x 10710 0.27 1.7x 107° 1.0x 108 6.88 66 0.27
1:2, Y=CT DNAf 1.3x 10710 0.40 2.9x 10710 0.27 1.9x 10°° 1.1x 108 6.88 66 0.27

aCalculated from Cottrell slope using total [C&] ([Co]mci+ [Co]rcy). P Calculated from Cottrell slope using [Ga].. ¢ kex calculated fronDapp(2/1)
— Dpnys using eq 19 Diffusion coefficients measured at 82.5 €The nucleotide is Herring Testes DNA unless otherwise ndtéde nucleotide is SS-
single stranded; CF Calf Thymus.

Co complex for any significant electrochemistry and charge discussed below.) Table 1 shows tliat,ys varies relatively
transport, respectively, to occur (Figurek2; > k). little at higher added proportions of g@ClO,), , but falls

In our previous stud§the CasgDNA melt that was prepared  sharply for CgsgDNA:C0z5¢(ClO4)2 mole ratios lower than 1:3.
contained excess G£f(ClO,4), due to use of a 100 MWCO  The main effects thus seem to be operative at lower proportions
dialysis bag that did not allow permeation of the Co complex of Cozso(ClOs),; there are plausibly three effectsi) Adding
(see the Experimental Section). The resulting increment of mobile CIQ;~ counterions to the GedDNA melt allows ionic

mobile ions remaining in this less p8i€os)DNA melt allowed current between the electrodes, and relaxes electroneutrality
observations of voltammetric behavior that proved not to be constraints on oxidizing Coto Cd" (through CIQ™ transport
possible in the present, more highly purified g®NA melt toward the working electrode). lonic migration enhancement

material. To observe voltammetry in the present studies, we of Dpyys may also occur; this would have the largest relative
added controlled amounts of ggClO,), to the purified Ceso- effect onDppys at low proportions of added G&y(ClOa),. (i)
DNA melt. Adding Caso(ClOy)2 to the Cas)DNA melt also adds PEG
Addition of 0.35 equivalents of Gey(ClO4), to the Caso content, which should plasticize physical diffusion as seen before
DNA melt (1:0.35 CgsgDNA:Co350(ClOy), ) provided a suf- in Co poly-pyridine-PEG molten salf.This effect should be
ficient increment of ionic conductivity to support voltammetry minor, however, because the increase in mass percentage of PEG
(see the Supporting Information), at least at temperatures(Table 1) is only from 63 to 65% as the mole ratio changes
exceeding 8CC. The physical diffusivity of the Co complex  from 1:0.35 to 1:1.i{(i) Although the DNA strands are massive,
was estimated é8pnys < 1.0 x 10~ cn?/s. With higher added  the molar volume of aindizidual base pair is less than one-
increments of Cg(ClOy),, voltammetry was achievable at 67  third of that of the Co complex (PEG tails included). The Co
°C, such as in Figure 3B where 0.6 equiv 0f:6Cl0,), have concentration is thus only modestly diluted by the DNA as seen
been added to the GRDNA melt. Two changes, relative to by examining the [CalraL column in Table 1. The DNA
Figure 3A (also measured at 8T), are seen. First, oxidation  macromolecule undoubtedly nonetheless provokes some tortu-
and reduction currents in Figure 3B are both smaller than thoseosity-based depression of the Co complex diffusion rate, and
in Figure 3A, that is, the charge transport rates obtained from this should occur for the melt mixtures with the largest mole
the oxidation Dpxys) and reduction Dapp) Waves are both  fractions of DNA polyanions, which is where the largest
smaller in the 1:0.6 GgDNA:Coz5¢ClO4), mixture, as com- variations inDpnys in fact occur.
pared to the pure GeyClO4), melt. Second, the effect onapr The pattern of variation dbapp for the Cd"' reaction (labeled
is much larger than oDpnys; Figure 3, parts A and B, show  Dppp(2/1) in Table 1) with Cas(ClO4), content in CaseDNA:
1:6 vs 1:2 ratios of the oxidation and reduction currents. Cozso(ClO4), melt mixtures differs from that ddpyys Although
Voltammograms for addition of further increments of 36 Dphys changes most strongly with @g(ClO,), content at low
(ClOq), to the CascDNA melt, up to a mole ratio of 1:4 Ger proportions of Ces(ClO4),, the changes iMDapp(2/1) values
DNA:Co3s5(ClO4)2, are shown in Figure 3, parts C and D. are largest athigh proportions of Ceso(ClOs), (Table 1).
Values of Dprys and Dapp measured by chronoamperometry Between pure C¢(ClO4), and mixtures with a 1:4 mole ratio
for the mixtures of Cegso(ClO4)2 and CascDNA are given in of CossdDNA: Coss0(ClOs)2, Dapp(2/1) falls 3-fold; Dphys
Table 1. The data show a steady increase in Iithys and changes by<10% over that rangéDapp (2/1) decreases140-
Dapr (read the table from pure GDNA upward to pure Cgo fold from pure C@so(ClOy), to 1:0.35 mole ratio CgDNA:
(ClOq)2), as greater quantities of €4(ClO4); are added to the  Cos5((ClOy4),). That is, the rate constantkeg in Table 1) of
CozsDNA. 2L Co'"" electron hopping transport become substantially depressed
Consider the variations iDpysfirst. (Ignore for the moment  when the Co complex counterion is changed from £I@
that Table 1 shows two sets Dbys results; this is associated  DNA. How does DNA so profoundly suppress the'Celectron
with what is used for the concentration of diffusing'Cas hopping flux andkex? The electron hopping rate should be
slowed by lowered Co complex concentrations, but the overall

(21) The fact that the C'6 waves exhibit significantly greater radial character
as the proportion of Ggy(ClO,), increases, illustrates the role of diffusion
in affecting the observed current changes of Figure 3. (22) Crooker, J. C.; Murray, R. WAnal. Chem200Q 72, 3245-3252.
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Figure 4. Dependence of Rp — Dpryson (@) the mole fraction of Ceo

(ClO4)2 in mixtures of CasgDNA and Casd(ClOa)2, and @) on the mole
fraction of Caso(ClO4)2 in mixtures of CasgPSS and Cgo(ClO4),, where
PSS is sulfonated polystyrene.

dilution by the DNA is modest, as noted above. For the same
reason, and especially when the proportions ofs€6104), in
the mixture melt are high, electron tunneling-based slowing of

electron transfers by DNA-enforced separations between the Co

complexes should be minor.

It is in fact difficult to rationalize the strong variation of o
electron hopping rates, especially at high mole fractions g§&o
(ClO4)2 unlessnot all of the Co complex centers participate in
electron transport by CH self-exchange reactiong/e propose
that the portion ofCo complexes that he fixed-charged site
DNA phosphate counterions are inagj or effectively inactive,
in transport by C#' electron hopping. There is a sound b#is
for this hypothesis as explained below. The Co complexes
having more mobile CIQr counterions are active in transport.
Labeling these two different “kinds” of complexes g&pand
Cowmci, for “fixed” counterion and mobile counterion, respec-
tively, we define the mole fraction of the latter (relative to total
Co complex concentration in each mixture)X&s. Thus, in a
series of CesdDNA:Cos5¢(ClO.)> melt mixtures, the proposed
picture is that the electron transport-activeigocomplex sites
become replaced with electron transport-inactive-¢sites,
which act as transport-blocking sites.

The percolation effect (Figure 4) rationalizes the concentration
dependence of C'6 electron transport; we next address the
relative inactivity of Co complexes with DNA counterions in
electron transport. There are at least two possibilities. In one,
the Cd"" electron self-exchange is slowed by strong ion-pairing,
of phosphate relative to perchlorate. The second possibility is
less speculative, more likely, and consistent with other recent
results'® Any Cd'"" electron-transfer reaction in the semisolid
melt produces a local Coulombic displacement that requires a
preceding, or following microscopic displacement or reorganiza-
tion of ionic chargé! Said differently, the local ionic atmo-
sphere of the reaction pair must relax. The reaction can be
written as

— kl — k2 —

X~ C0'Cd «— X" CdCad' — CdCa'X 2)
-1

where the X counterion has a diffusive time constaki ()
that describes its microscopic displacement. When the counte-
rion is a DNA base pair, the counterion displacement time
constantk,~* will be very long (compared to that for ClO),
with the result that back reactiork;) of an electron hop
becomes important (Figure 2). That is, thé'Cback reaction
negates any contribution teetelectron transfer and to electron
transport We have previously discuss€dhe importance of
counterion mobility in Ceso(ClO4), melts that have been
plasticized by C@ showing that the experimental redectron-
transfer rate constant is proportional to the diffusion rate of
the CIQ;~ counterion, and that B~ Dcounterion'® There is
no reason to doubt that this control of the electron-transfer rate
by ionic atmosphere relaxation would be less important in the
present case of a PEG-tailed Co complex having DNA coun-
terions. A Cd" reaction pair with an immobile (DNA) coun-
terion should thus display a slow or negligible contribution to
electron transport. The slow electron hopping rate of thg&o
DNA sites relative to the faster rate of the 6CIO,), sites
create the percolation behavior of Figure 4. The Figure 4
decrease iDapp as Cas(ClOy), is added to the GgDNA:
Coss((ClO4)2 melt mixture does natequireany effect that slows
the intrinsic electron hopping rate for the e, species; the
decrease is solely explained by the percolative dilution with
inactive Cqc) sites.

The preceding paragraph describes a classical static percola- Comparison of the shape of Figure 4 would be desirable but

tion situation, and it would accordingly be expected that the
value of (Dapp — Dphys) O kex) should decrease with
decreasing{c, down to a critical percolation threshold, below
which the electron hopping reaction would be very slow. Figure
4 plots the results from Table 1 in this way, usiDgep values
calculated using the concentration [Gie] (®). Figure 4 in fact
illustrates typical percolation behavior, with a threshold near
0.5. Percolation behavior has been previously detéateedox
polyether hybrid melts, in which 8" PEG-tailed-polypyridine
complex sites, which are active toward electron hopping, were
replaced with inactive Cb ones, so it is known that these
materials are sufficiently rigid to display percolation propertfes.

(23) Blauch, D. N.; Saveant, J.-M. Am. Chem. Sod.992 114, 3332-3340
(b) Electron hopping percolation in redox systems has been maéeled
and a number of potentially complicating chemical features discussed.

is complicated by: (a) The blocker sites diked together,
which is an unusual percolation situation. Some computations
were done (see the Supporting Information) to compare blocking
by 3-mers with nonlinked blocker sites. Although the results
were similar, they were not identical. Both were roughly similar
to Figure 4. (b) Effects of migration on the curve shape have
been neglected; these may be significant at lows&610,),
concentrations. (c) Although electron tunneling effects on
electron transport are not a major factor, they may influence
the shape of Figure 4. A quantitative analysis of Figure 4 is
thus somewhat daunting.

We conclude this section with a necessary digression. The
Dapp Values and corresponding electron-transfer rate constants
in Table 1 were calculated using the concentrations afs&c0
(ClQOy), (i.e., [COJmci), rather than total Co concentration. In

Added to those in the present case is the fact that the DNA-associated calculating Dpnys, whether one uses [Gadi or [COlroTaL

inactive Co complexes are not randomly distributed, but will be present in
chains, organized by the polyanion (DNA in this case, or sulfonated
polystyrene in the CgdPSS case).
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depends on whether Co complexes associated with the DNA
phosphate counterions can exchange places witg@O4)2
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Table 2. Summary of Charge Transport and Composition of Cozs0PSS Melts
melt mole ratio Coss,PSS: Dphys [Colrora Dprvs [Cowcl] Dapp Kex mass mass %

C50(ClOs), (cm?/s)? M) (cm?/s)° (M) (cm?/s)° (M~ % PSS PEG

pure CasyClOa), 5.3x 10710 0.44 5.3x 10710 0.44 2.1x 10°8 1.2x 107 N/A 70
1:20 7.7x 10710 0.44 8.1x 10710 0.42 1.4x 1078 7.5x 10° 0.6 69.9
1:10 2.0x 10710 0.44 5.5x 10710 0.40 9.1x 107° 5.0x 10° 11 69.8
1:3 1.3x 10710 0.40 2.7x 10710 0.30 45x 10°° 2.7x 1P 3.0 69.1
1:2 1.0x 10710 0.37 2.1x 10710 0.25 1.8x 107° 1.1x 1C° 4.0 68.8
11 34x 1071 0.35 9.4x 10711 0.175 1.5x 10710 4.1x 10¢ 6.0 68.2

a Calculated from Cottrell slope using total [C&] ([Co]uci + [Co]rc). P Calculated from Cottrell slope using [G@]i. € kex calculated fronDapp(2/1)

— Dphys using eq 1.

complexes rapidly compared to the experimerphlysical
diffusion time scale. If not, then the concentrations [G€]
should be used to calculaBgnys from the Cottrell plot slopes
(see Table 1Dpnysmc). If, however, the exchange of G
with Coec is rapid on the experimentahysical diffusiortime
scale, the total concentration [Gefa. should be used (see
Table 1,Dppys column). We believe this latter picture is the
better choice and is supported by Figure 3 where both{Ga]
and the currents for the @@ waves are nearly identical in the
C%s({C'OOz and (1:4 C@sdDNAZCOgso(C|04)2) melts (Figure
3, parts A and D, respectively). Additionally, previous observa-
tions in analogous mek®f an EC reaction between DNA and
Fesso(ClO4)2 (Fe homologue of Cgo(ClOy4)2) indicate that
electrochemically generated'Feomplexes are transported to
DNA fixed counterion sites. This process is not accompanied
by preferential binding of the higher-valent metal complex
because there were no shifts Hy,» or differences between
anodic and cathodic peak currents for either of the Co wétves.
We argue accordingly thddpyys values based on [Cejra.
are more accurate.

Other Counterions to Co Complex.The above experiments
were expanded to include other &Y counterions where Y

polyanion is similar in size to DNA, but has a much less
complex structure. Faulkn€rstudied films of PSS as a water
swollen cation exchanger, to contrast their properties to those
of the more intricately structured Nafion filni§2526

Melts that are mixtures of GeoPSS and Cgi(ClO,), were
prepared and subjected to chronoamperometric determination
of Dprys (from the Cd"!" wave) andDapp (from the Cd" wave).
The results (Table 2) exhibit the same trends as thg/DNA
materials.Dppys changes most strongly at low €g(ClOs)2
content, wherea®app changes occur mostly at high ¢&e
(ClOg), content. If CasgPSS is inactive for CH electron
transport (like CescdDNA), then the CesdPSS:Caso(ClOy)2
mixtures should also display a static percolation behavior. Figure
4 (a) shows that this indeed occurs, with a threshold (ca. 0.5)
identical to that for the Gy DNA mixtures @). Further, the
numerical values oDapp — Dpnys are very similar in the two
different kinds of melts. The similarity implies that the ionic
atmosphere relaxation control of foelectron transfer for the
Coz50(ClOg)2, component of the melt mixture is relatively
indifferent to the nature of the inactive ¢g@ Y sites. The
sulfonated polystyrene and nucleic acid variation experiments
illustrate the pronounced influence of slow ionic atmosphere

was a nucleic acid varied as to size, base content, and structurerelaxation on electron transport characteristics in these phases.

and to a nonbiological example, sulfonated polystyrene. The

experiments with nucleic acids used melt mixtures containing
1:2 mole ratios of CgyY to Cosso(ClO4),—a proportion that
allows facile voltammetric analysis but retains a high nucleic
acid concentration. Two Gey counterions used were synthetic

Conclusions

Numerous studies of charge transport and electron transfer
have considered the effects of structural heterogeneity within
ion exchange polymer film32425containing ionic redox species.

25-mer oligonucleotides, one being a guanine-rich sequence,These films were contacted by fluid solvent containing a
“G oligo” and the other its complementary sequence, “A oligo” dissolved supporting electrolyte, so that the film could be
containing no guanines (see the Experimental Section for permeated by mobile electrolyte ions and swollen by the solvent.
oligonucleotide sequences). The charge transport results from  The present work shows that redox sites that have large
the two single stranded DNA melts €YSS G oligo and SS A counterions such as DNA or PSS are rendered inactive in
oligo) produced from these two short sequences are given ingjectron transport. This behavior seems to be a generic one given
Table 1 (bottom). DNA melts from highly polymerized calf  he similarity of results for nucleic acids and PSS and leads to
thymus (CT) DNA were also investigated. a static percolative behavior when the relative amounts of
DNA lengths from 0.025 to IkBP, both single and double-  perchlorate and Y present are varied. Based on other*fork
stranded DNA, and a strong variation in base content are Cosso(ClOs), melts, the net electron-transfer rates andCo
represented among the above materials. Despite these variationgy|ectron transport are controlled by a kind of solvent dynamics
Table 1 shows that all the materials give nearly identical results ¢onirol involving relaxation of the surrounding ionic atmosphere,
for Derys andDape, including the 1:2 CgsdDNA:C03so(Cl0,)2 notably by the rate of diffusive motions of the GIQcounterions
melt in the upper part of Table 1. This finding emphasizes that 54 thek, step in eq 2. Thus, the values ki cited in Tables 1
it is the immobile counterion aspect of DNA that defines the and 2 arenot the intrinsic electron self-exchange rate constants
E‘;Qiport characteristics of these materials, especiallipfer of the Co complex II/I couple, but are rather lower limits of
The theme of an immobile poly-counterion was extended to (25) Vining, W. J.; Meyer, T. . Electroanal. Chen.987, 237, 191208 (b)
polystyrene sulfonate (Figure 1, PSS). The 70000 MW PSS fiisor £, ¢ Blaueh, D. N.; Saveant, J. M.; Shu, CIFAm. Chem. Soc.
(26) Buttry, D. A.; Anson, F. CJ. Am. Chem. S0d.982 104, 4824-4829 (b)
Rubinstein, I.; Bard, A. JJ. Am. Chem. S0d.98Q 102 6641-6642 (c)

Rubinstein, 1.J. Electroanal. Chem1985 188 227—244 (d) Buttry, D.
A.; Saveant, J. M.; Anson, F. Q. Phys. Chem1984 88, 3086-3091.

(24) Carter, M. J.; Bard, A. . Am. Chem. S0d.987 109, 7528-7530 (b)
Carter, M. T.; Rodriguez, M.; Bard, A. J. Am. Chem. Sod.989 111,
8901.
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It is interesting that, in principle, one could employ patterns the Department of Energy Division of Basic Sciences (R.W.M.).
of poly-ions such as DNA to “write” nonconducting pathways  supporting Information Available: Voltammetry of undi-
in semisolid molecular melt materials. luted CascDNA and Caso(ClO4), in the mole ratio 1:0.35,
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