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ABSTRACT: Redox-DNA layers have recently demonstrated unique properties, such as reorganization energy of electron
transfer that can be tuned with DNA length or hybridization, and completely suppressed under nanoconfinement. These
discoveries, attributed to the changes in the solvation of the redox marker and/or fast chain dynamics, provide a unique
opportunity to use electrochemical measurements as a tool to address open questions in ion solvation and to clarify the
origin of low reorganization energies reported in protein electron transfer. Here, high-scan-rate, variable-temperature cy-
clic voltammetry, analyzed using the Marcus formalism and molecular dynamics simulations, reveals that the total free
energy barrier of electron transfer consists of two additive elements: the reorganization energy of the partially desolvated
redox marker and the energy cost for solvation changes of the redox marker at the solid/liquid interface. These results may
have profound implications for our understanding of electron transfer and solvation effects in fast-moving molecules,
providing opportunities for better design of artificial photosynthetic systems, biosensing, and energy conversion devices.

Electron transfer (ET) reactions are at the heart of the energy-
generating processes of life, through photosynthesis and mi-
tochondrial respiration. They are also ubiquitous in chemistry
and central to a myriad of applications, ranging from batteries,
sensors and solar cells, to hybrid quantum devices. The main
parameter that determines the rate of electron transfer is its
activation barrier which is largely controlled by the reorgani-
zation energy of the medium.'3 For electron transfer reactions
between small molecules in aqueous media, reorganization
energy values are typically in the range of one eV.3

To increase electron transfer rate and efficiency in energy
transport chains, Nature minimizes reorganization energy by
fine-tuning the structures of redox proteins. Energy values as
low as 0.2 - 0.3 eV have been reported for electron transport
proteins such as cytochrome C,4¢ or azurin.7® The exact
mechanism responsible for such reorganization energy reduc-
tion is still under debate; it may notably involve the low die-
lectric permittivity of the hydrophobic core of proteins+9 or
their internal fluctuation dynamics.7o"

For engineering applications, however, fine control over reor-
ganization energy is generally lacking. The adjustments are
typically restricted to modifying the solvent nature, the size,
or the structure of the redox species. 274

Therefore, finding new ways to significantly reduce the activa-
tion energy of electrochemical reactions would not only ad-

vance the fundamental understanding of electrochemical pro-
cesses but also have far-reaching implications for the develop-
ment of innovative energy conversion technologies.’>'

In a recent study, we shed light on an unconventional avenue
to achieve this goal: we discovered that the reorganization en-
ergy of ferrocenyl (Fc) redox groups can be reduced to a few
tenths of eV by attachment to DNA strands end-grafted to
electrode surfaces.’> Moreover, we showed that this effect can
be further enhanced by confining the DNA in electrochemical
nanogaps, ultimately leading to almost complete suppression
of the reorganization energy.'

Specific to this system are the DNA chains moving on the na-
nosecond timescale, and the associated inertial and solvation
effects at the solid/liquid interface.” Therefore, these well-
controlled redox-DNA layers could be considered as ideal ar-
chetypal systems to address open questions regarding solva-
tion mechanisms at interfaces and to understand the reduced
ET reorganization energies observed for the redox proteins
and enzymes that are part of the photosynthetic and respira-
tory energy chains. In addition, understanding these interfa-
cial effects for redox-DNA layers could lead to optimized de-
sign rules of E-DNA- sensors, which use such layers as sensing
elements.’®24 Indeed, we have shown that modulation of the
reorganization energy by the hybridization state of the DNA
underlies the signaling mechanism of these sensors.s
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Herein, we propose the first systematic study of the energetics
of electron transfer in redox-DNA layers, focusing on the de-
pendence of reorganization energy and kinetic parameters on
both the driving force of ET (overpotential) and temperature.
We investigate the electrochemical behavior of a series of
model ferrocene - end labeled oligo-dT terminally attached to
gold electrodes, using high-scan-rate cyclic voltammetry
(CV), complemented by molecular dynamics simulations us-
ing the Q-Biol software we are developing. Q-Biol is based on
the OxDNA package? and enables the complete dynamics of
the anchored DNA to be numerically reproduced and resolved
in time. The CV behavior of Fc-DNA is analyzed based on the
Marcus-Hush-Levich-Chidsey (MHLC) electron transfer ki-
netic model, yielding values for the rate constant, ko, and re-
organization energy, A, of ET. The dependence of these pa-
rameters on DNA chain length, hybridization state, and tem-
perature is studied. We evidence that the overall free energy
barrier of ET for Fc-DNA actually consists of two additive
components. The first is the classical Marcus term, which de-
pends quadratically on the electrode potential and on the re-
organization energy, A. The second component does not de-
pend on the electrode potential, but only on the hybridization
state of the DNA chain. Its dominant contribution to the total
energy barrier explains the observed independence of k, on A.
We assign this additional energy barrier for ET and the accom-
panying suppression of A to the fast and inertial motion of the
chain near the interface which imposes a dynamical re-
striction on ET and also likely promote partial desolvation of
Fe.

RESULTS

Fc-DNA layers assembly and characterization

3'-ferrocene-labeled oligo (dT)n chains of various lengths (N =
10-50) were 5’ thiol end-anchored into ultra-flat template-
stripped gold surfaces (TS-Au), together with 6-Mercapto-1-
hexanol (MCH) used as a surface diluent (see Supporting In-
formation). The resulting diluted Fc-ssDNA layers were char-
acterized by cyclic voltammetry (CV), in a high ionic strength
electrolyte (pH 7, buffered 1 M NaClO,), at various tempera-
tures ranging from 10°C to 45°C. The surface-attached Fc-dTy
was then hybridized by exposing the electrode to fully com-
plementary dAn chains, and the response of the hybridized Fe-
(dT.dA)n layer was characterized again by CV throughout the
whole temperature range. In all cases, at slow enough scan
rates, v, well-defined surface signals were recorded, such as
exemplified in Figure 1a and Figure 1b, for Fc-dTs, and Fc-
(dT.dA)so, respectively.

The slow scan rate voltammograms exhibited all the charac-
teristics of ideal signals resulting from a surface-limited redox
species reversibly exchanging an electron at the electrode.
These characteristics include peak current proportional to
scan rate, peak-to-peak separation close to zero, and peak full
width at half maximum close to the expected value of 3.52
F/RT.?¢ Integration of the background corrected signal yielded
the molar amount of Fc on the electrode, N,. Knowing the
electrode geometric surface area, S, the DNA surface coverage
ensued: I'= No/S. The values obtained for I" were typically of 2
- 3 pmol/cm?, corresponding to an average interchain dis-
tance, d = 1/(Na')V2 ~7-9 nm (N, is the Avogadro constant).

Fc-dTy, Fc-(dT.dA),

i(uA) ajd i{nA)
0.01 0.01

0.00 --/\“- 0.00

-0.01 -0.01
0.05 V/s 0.05 Vis
20{i (uA) b|e i(pA)
0.1
10
0 .J’\. IO SR 0.0
-10
-20 100 Vis 0.5 Vs [0-1
20017 (nA) c| f i(pA)
1.0
100
0.5
0 e
0.0
-100 05
-200 1000 Vis 5Vis| 49
00 02 04 06 00 02 04 06
E (V vs. SCE) E (V vs. SCE)

Figure 1. Cyclic voltammograms at a TS-Au electrode bearing a dilute
layer of Fc-DNA chains. (a,b,c): Single stranded Fc-dTs,, (d,e,f) Dou-
ble-stranded Fc-(dT.dA)so. Both raw and background-corrected sig-
nals are shown. Back lines are background correction lines. Dotted
curves are theoretical CVs calculated using: (a,d) Laviron’s expression
for ideal diffusion-less surface signals, (b,c,e,f) the MHLC model. Scan
rates are indicated. I" = 2.7 pmol/cm®. Phosphate buffered, 1 M NaClO,
aqueous electrolyte, pH = 7. T= 25°C.

By comparing this distance to the typical size of the end-
grafted chain, either the coil size of the flexible Fc-ssDNA or
the contour length of the rigid Fc-dsDNA, one reaches the
conclusion that lateral interactions between neighboring
chains are negligible for the two shortest DNA lengths consid-
ered here (N =10, 20), but possibly more present for the longer
ones (N = 35, 50) (See Table S1 and related discussion).

Temperature dependence of the electron transfer ther-
modynamics.

The first parameter characterizing the electrochemical re-
sponse of the Fc-DNA layers we recorded was the standard po-
tential, E°, of the DNA-bond Fc head. Its value was given by
the peak potential of the slow scan rates CVs. For Fc-dTx, E°
values in the range of 0.170 - 0.190 V vs. SCE were found at 25
°C, which is typical of Fc attached to DNA via an alkyl chain.??
We observed that E° values actually displayed a consistent
chain length dependence, decreasing by 0.5 mV per unit in-
crease of N (Figure S1a). This could be the consequence of the
oxidation of the Fc head (Fc*) being favored by the microen-
vironment prevailing inside the chain coil. This falls in line
with the fact that the E° for the rod-like hybridized chain was
found to be practically independent of N and around ~0.165 V
vs. SCE, Figure Sib.

The temperature dependence of the E° of the Fc-DNA, for all
the chain lengths, are presented in Figure 2a and Figure 2b, for
2
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Fc-dTw and Fe-(dT.dA)w, respectively. Note that due to its low
melting temperature Fc-(dT.dA),, was not considered. One
observed that in all cases, E° decreased linearly with T.
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Figure 2. Temperature dependence of the electron transfer thermo-
dynamics. Top: Temperature dependence of the standard potential
of Fc-DNA chains of various length N, as color coded. Red lines are
linear regressions of the data. Bottom: Reaction entropy AS:, de-
rived from the slopes of the regression lines in (a) and (b), as a func-
tion of N. Horizontal lines are N-averaged values. (a,c) Fc-dT, (b,d)
Fc-(dT.dA).

Since these measurements were conducted in non-isothermal
conditions (see Supporting Information), the slope of the E°
vs. T'variation was related to the reaction entropy AS,, i.e., the
difference in absolute entropies of the reduced and oxidized
form of DNA-attached Fc, by: AS,. = dE°/dT.2829 The AS,. val-
ues thus derived for Fc-dTxn and Fc(dT.dA)x are presented in
Figures 2c and 2d, respectively. It is seen that in both cases
AS;. values are negative and do not markedly depend on the
DNA chain length. However, the exact value of AS,. is ob-
served to depend on the hybridization state of the DNA chain:
For Fc-ssDNA AS,. = - 0.4 = 0.1 meV/K, whereas for Fc-dsDNA
AS;c = - 0.2 + 0.05 meV/K, (Mean + SD). These values would
suggest that the extent of local solvent polarization around the
Fc head is sensitive to the hybridization state of the DNA
chain. Electron transfer to Fc-DNA is seemingly associated
with less change in entropy for dsDNA than for ssDNA.

The above AS,. values are close to those reported for ferrocene
in aqueous solution, either freely diffusing, -0.2 meV/K;3° or
surface immobilized, -0.5 meV/K.3' For a better comparison,
we also determined herein AS,. for ferrocenedimethanol
(FcdiOH), a close model of the actual DNA Fc head, in the
same 1 M NaClO, aqueous electrolyte as used for Fc-DNA
measurements (Figure S2). We found AS;. = -0.60 + 0.1 meV/K,

which is close to the value measured for Fc-ssDNA. This result
suggests that attachment of the Fc head to the single-stranded
DNA by itself only has a minor effect on AS,.. To the best of
our knowledge, it is the first time that reaction entropies of
redox-labeled DNA are measured.

Temperature dependence of the electron transfer kinet-
ics

In order to access the kinetic parameters describing the rate
of electron transfer between the electrode and the Fc head,
CVs were recorded at increasingly high scan rates, reaching a
few 1000 V/s. For every chain length, hybridization state and
temperature considered, the CV behavior was as exemplified
in Figure 1. Upon increasing the scan rate, the peak separation
increased, and the peaks became broader and proportionally
less intense, until they were eventually lost in the capacitive
background at very high scan rates. This behavior was quanti-
fied by measuring the forward (anodic, Ep,) and return (ca-
thodic, Epc) peak potentials, and also the anodic peak current,
ipae, of CVs recorded for a wide range of scan rates. The experi-
mental values of Ep, -E°, E,c —E° and of the ip, / v and ip, / Vv
normalized ratios were then plotted as a function of v. Figure
3 shows the superimposition of two sets of such data recorded
at 10°C and 45 °C, both for Fc-dTs, (parts a,b,c) and Fe-
(dT.dA)s, (parts d,e,f).
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Figure 3. Dependence of the CV characteristics on scan rate, v, at T
=10°C (cyan and pink symbols) and T = 45°C (blue and red symbols)
for Fc-dTso (left), and Fc-(dT.dA)so (right). Variations of (a,d) the an-
odic, Epe, and cathodic, E,., peak potentials, (b, e) the normalized an-
odic peak current ip/v , and (c, f) ipa/\/D, ratios. Solid lines are fits to
the data using the MHLC model, yielding the best-fit values of k, and
Avalues indicated in (b) and (e).
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Figure 4. Analysis of the temperature-dependent reorganization en-
ergy. Top: temperature dependence of the reorganization energy, A,
for DNA chains of various lengths, N, as color-coded. Red lines are
linear regression fits. Bottom: dependence of the temperature deriv-
ative of &, dA/dT, on N. Red lines are N-averaged values (data point
in brackets excluded). (a,c) Fc-dTx, (b,d) Fc-(dT.dA)n.

Of particular importance is the observation that, upon in-
creasing the scan rate, E,q and E. shifted by as much as hun-
dreds of millivolts away from E°, while the normalized ipa/v
ratio concomitantly decreased several folds. In parallel, the iy,
/v ratio tended to level off, or eventually passed through a
peak value, at high enough scan rates (Figure 3f). This behav-
ior indicates that, as the scan rate is raised, the rate of the elec-
tron transfer of the Fc head at the electrode sets the CVs char-
acteristics.

As shown in our previous works, the DNA chain motion is in-
finitely fast as compared to the scan rate, as evidenced by mo-
lecular dynamics simulations of anchored DNA which re-
vealed that the collision frequency of the Fc-head with the
electrode was in the GHz range.'>7 As a result, the CV re-
sponse corresponds to that of a thin-layer cell 263> which is it-
self formally similar to that of a diffusion-less surface-confined
redox species. The electron transfer (ET) obeys Marcus-Hush-
Levich-Chidsey (MHLC) kinetics.>3334 This model describes
the ET rate on the basis of two independent parameters: ko,
the apparent standard electron transfer rate, and A, the reor-
ganization energy, being four times the intrinsic activation en-
ergy of the electron transfer reaction. Theoretical CVs of a sur-
face-attached species obeying MHLC kinetics were numeri-
cally calculated, as described previously,’s for any set of k, and
A values. The theoretical variation of the peak positions with

scan rates depended mostly on the k,value, and only weakly
on A.3473¢ Fitting of the Epe-E° and Ej-E° vs. v data was thus
carried out using k, as a single adjustable parameter. A was
then used as the sole fitting parameter to reproduce the ipq /
vvs. v dependency. Variations of the CV characteristics with
scan rate were perfectly reproduced using the derived set of
best-fit k, and A values, as exemplified in Figure 3 where solid
lines are calculated curves. Importantly, the complete shape
of the anodic CV wave was also well reproduced (see theoret-
ical signals in dotted lines in Figure 1). This good agreement
between theory and experiment was observed for all of the
chain lengths, temperatures, and hybridization states of Fc-
DNA. A values thus obtained are plotted versus T in Figures 4a
and 4b, for single-stranded and duplexed DNA, respectively.

Upon examining these plots, one can see that the absolute
value of A seems to depend on N, being higher for longer Fc-
ssDNA chains and non-monotonously correlated to N for Fe-
dsDNA. However, these variations are rather to be attributed
to the previously identified trend of 4 to linearly increase with
the relative chain coverage (i.e., chain crowding).’s What we
specifically explore here is the dependence of the experi-
mental A values on temperature. One can observe from Figure
4a and 4b, that, for all Fc-DNA systems, A systematically
showed a small, but consistent linear increase with tempera-
ture. The slope of this linear variation, d4/dT, is plotted as a
function of the chain length in Figure 4c and 4d, for Fc-dTx
and Fc-(dT.dA)n, respectively. No clear N dependence of
dA/dT was observed for either the single-stranded or duplexed
chains. A common mean value of +0.8 + 0.2 meV/K was found
for this parameter.

The dependence of k, on temperature was also carefully stud-
ied, for all DNA systems considered, Figure 5a and 5b. As pre-
viously observed,’s k, values were higher for the shorter chains
and for single-stranded Fc-DNA.

For the sake of simplicity, we first carried out a simple Arrhe-
nius analysis of the data, by plotting In(k,) vs. 1/T. This treat-
ment assumes that k, is related to the activation energy of the
electron transfer step, E4, by the simple expression:

ko = A exp[-Ea/RT] (1)
where A is a pre-exponential constant (in s?).

Hence, E4 values were obtained from the slope of the nicely
linear experimental In(k,) vs. 1/T plot, while A values were ob-
tained from the origin. E4 was found to be independent of the
chain length, Figure 5c and 5d. Average E values of 0.26 + 0.05
eV and 0.54 * 0.05 eV were found for the single-stranded and
duplexed Fc-DNA, respectively.

At this stage, one should recall that the Fc-head of the end-
attached DNA strands statistically explores a few tens of na-
nometer radius hemispherical domain over the surface, de-
fined by the chain length and stiffness.’>'7 The electron trans-
fer can efficiently occur over a distance of a few angstroms
away from the electrode surface. As a result, k, is jointly mod-
ulated by the presence probability of the Fc head at the elec-
trode (), averaged over 10 ps in Q-biol simulations, and the
integrated (heterogeneous) standard ET rate constant (ks): ko
= pe ks. We previously showed that p. displayed a marked
chain length and hybridization state dependence.’s To take
this into account, one needs to consider ks instead of k, for

4
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Figure 5. Arrhenius analysis of the temperature dependence of k, for
Fc-DNA. Top: In[ko] vs. 1/T plots for various DNA chain lengths, N, as
color coded. Bottom: DNA chain length dependence of (c,d) the ac-
tivation energy, Ea, and of (e,f) the pre-exponential factor, Z. (a,c,e):
Fc-dT, (b,d,f): Fe-(dT.dA)x. Red lines in (c,d,f) are N-averaged values

and red line in (e) is a guide to the eye.

data analysis, which is to be carried out on the basis of the
following equation, replacing equation (1):

ks = Z exp[-Ea/RT] (2)

with Z = A /p., a prefactor having the dimension of a hetero-
geneous electron transfer rate constant (cm/s).

The value of p., can be obtained for any DNA chain length,
temperature, and hybridization state using the Q-Biol molec-
ular dynamic software we developed earlier.”7 We verified that,
within the temperature range we explored, p, was largely tem-
perature-independent, Figure S3. Hence A values were con-
verted into Z values using the value of p.(N) derived from Q-
Biol at 25°C.

The dependence of Z on chain length and hybridization state
is presented in Figures 5e and sf. Z is seen to decrease with
increasing N for Fc-dTn, while being N-independent for Fc-
(dT.dA)n.

DISCUSSION

Activation energies from the driving force dependence of
the ET reaction

We showed here that the complete scan rate dependence of
the CV response of Fc-DNA can be perfectly well reproduced
by considering the MHLC model of electron transfer kinetics.
This implies that the dependence of the electron transfer rate

on overpotential (i.e., ET driving force) is correctly captured
by the parameter A. However, a remarkable feature, which we
discovered in our previous contribution and confirmed here,
is the unusually low A values (0.05 to 0.35 eV) required to de-
scribe the response of the Fc-DNA systems, Figure 4a and 4b.
This is much smaller than the reorganization energy value of
~0.85 eV usually reported for ferrocene in solution or immo-
bilized on surfaces via rigid alkyl thiol chains.3337-39 It is im-
portant to note that in the latter case, reorganization energies
were preferably determined from the temperature depend-
ence of k, on T rather than by analysis of the CV response.

The reason was that the CVs of such layers often displayed
non-ideal characteristics, even at slow scan rates, being
broader than predicted by Laviron's model.384° Similarly, non-
ideal, i.e., non-monoexponential, chronoamperograms were
frequently reported.384-4> This was regarded as resulting from
a dispersion in standard potentials and/or electron transfer
rate constants in the Fc population.3842-44 It was thus con-
cluded that, because of such artifacts, CV analysis was unsuit-
able and potentially led to underestimated A values.

However, we emphasize that, for Fc-DNA layers, the slow scan
rate signals we recorded could be perfectly fitted with Lavi-
ron’s model, corresponding to a single population of non-in-
teracting ferrocene heads located outside the double layer and
undergoing rapid electron transfer (dotted signals in Figure 1a
and 1b). Besides, as a control, we also recorded chronoam-
perograms at Fc-DNA layers, and they displayed the single
mono-exponential decay expected for a single, kinetically
well-defined, Fc population, Figure S4. These two last results
rule out thermodynamic or kinetic dispersion as the reason for
the low A values derived here. We thus claim that low reor-
ganization energies do correspond to an intrinsic property of
Fc-DNA.

The fact that the CV behavior of Fc-DNA could be well de-
scribed by the MHLC model implies that the overall activation
energy of the electron transfer (AG*) contains a contribution
of AGE, which displays the classical quadratic dependence on
the driving force of the reaction, -F (E-E°):45

AGE = AGH[1 - F(E — E°)/(a06E)]

With AG} the intrinsic free energy of activation (the intrinsic
barrier, i.e., AG% for E = E°), which is related to A by: AGf; =
/4. Classically A equals the sum of the internal bonds and
solvent reorganization energies.

The intrinsic barrier can be decomposed into its enthalpic,
(AHﬁ) and entropic (AS?,) components as:

AGy = AH} — TAS} 3)
As a result, the slope of the experimental A vs. T variations
(Figure 4a and 4b), is: d1/dT = —4 AS}. The positive dA/dT
values obtained for all chain lengths and hybridization states
thus first show that AS} is negative. More quantitatively d/dT
plots yielded AS} = -0.2 + 0.05 meV/K for both Fe-dTy and Fe-
(dT.dA)w.

For a species such as Fc, which a priori exhibits a symmetrical

ET energy barrier, a coarse estimate for the activation entropy
can be obtained from the value of the reaction entropy, AS,.,

by :46-48 ASH = 0.5 AS,..
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From the here-determined AS,.. values, ASE is thus predicted
to be in the order of around -0.20 meV/K and -0.1 meV/K for
Fc-ssDNA and Fc-dsDNA respectively.

The relatively good quantitative agreement between these
predictions and the measured AS} values indicate that the ac-
tivation energies measured here, and hence the A values, do
describe the energetics of the electron transfer reaction of Fc-
DNA at the electrode. Importantly, we note that a similar ac-
tivation entropy value of -0.1 meV/K was reported for the elec-
tron transfer reaction in self-assembled alkyl ferrocene lay-
ers.47

Because of the necessarily limited temperature range ex-
plored, AH (*, values could not be reliably obtained from the ex-
trapolation of d4/dT plot to zero Kelvin. Plotting A/T vs. 1/T
was found to be equally error-prone. However, AH} could be
estimated from equation (3), applied at T = 25°C, using the A
values determined for this temperature. This led to very small
AH:F) values, in the order of a fraction of meV, for all chain
lengths and hybridization states. By contrast, for alkyl-Fc lay-
ers, a much larger AHﬁ value of ~o0.2 eV has been reported.+7
Hence, it seems safe to consider that, for Fc-DNA, at accessi-
ble temperatures, AGfl ~—TASE, i.e., the entropic barrier de-
termines the value of A.

We can finally conclude that the origin of the particularly
lower A values measured for DNA than for alky-Fc layers lies
in the enthalpic component of the activation energy, being al-
most entirely suppressed in the case of Fc-DNA. On the oppo-
site, the activation entropy for Fc-DNA remains the same as
for Fc-alkyl layers.

Activation energy from the temperature dependence of
the ET reaction rate

The above Arrhenius analysis assumed that ks was related to
the activation energy via equation (2). Yet, a more general ex-
pression would be:

ks=Z exp[-AG:‘) /RT] with Z’ as a pre-exponential term dis-
cussed below.

As a result, from Equation (3), it is clear that E, is expected to
be the intrinsic enthalpy of the reaction, i.e., AHf,.

However, the E4 values derived from the Arrhenius analysis, ~
0.26 eV for Fc-ssDNA and o0.54 eV for Fc-dsDNA, are much
larger than the vanishingly low AHf, values estimated above
from A (and even larger than /4 altogether). These seemingly
conflicting results suggest that the activation energy for Fc-
DNA is much larger than what could be expected from A (and
for Fc-dsDNA is even twice as large as one-fourth of A for free
Fc). One thus needs to define a larger, overall, activation en-
ergy of electron transfer, AG#, which contains two unrelated
components: the driving force-dependent term, AG;, and a
driving force-independent term, AGhy ,:

AG} = AGE + MGy,

so that a general expression for the electron transfer rate at a
potential E is:

k(E) = Z' exp[-AG}/RT) exp[-AGhy,/RT]
thus:

ks = Z’ exp[-AGH /RT) exp[-AGH 4 /RT]

= 7’ exp[-A/(4RT)] exp[-AGE . /RT] (4)

As a result, the CV analysis of the driving force dependence of
ET kinetics yielded the value of 2 = 4 AGE, while the Arrhenius
analysis yielded Ex = AH}) + AHb .

Since, as seen above, AH 3 is around zero, while the values
found for E,4 are rather large and in the range of 0.26 - 0.54 €V,
we conclude that Ex ~ AH},, .

Overall, the total intrinsic free energy of activation is:

AGho = AGY + AGhy, = 1/4 + AGhy,

= A/4+ Ay, -TASHy

Hence, it appears that the rate of electron transfer to Fc-DNA
is jointly controlled by the kinetics of the electron transfer
step itself, featuring a small A value, and by a second thermally
activated process. This process is characterized by a relatively
large activation enthalpy, in the order of ~0.26 eV for Fc-
ssDNA and o0.54 eV for the duplex. Assaying its entropic com-

ponent requires that the value of the prefactor, Z, is examined
and discussed.

Analysis of the pre-exponential factor Z

Equation (4) can be written as follows, in order to detail the
entropic contributions to k:

ks = Z’ exp[- AGE/RT] x exp[-AGH,, . /RT]

=7’ expl- (AHb — TASE)/RT] x exp[-(AHE,y, ,-TASE ) /RT]
Since AH f, is negligible compared to TASf,:

ks =Z' exp[(AS§ + AShya)/R] x exp[-(AH Yy 1)/RT]

Hence, the origin of the Arrhenius plot actually yielded the
value of:

Z =7 expl(ASh + AShya)/R]

Consequently, the value of ASf, na €an be obtained from the ex-
perimental Z value (Figure 5), provided Z’ is known.

The MHLC model, refined by Feldberg and Sutin,4® predicts
the following equation for the integrated standard heteroge-
neous electron transfer rate constant ks, in the case a non-ad-
iabatic electron transfer :

e

ks = Zexp[-%] 5)
, _ _2m*pHy*

where 7' = i (6)

with A*= A/RT, pis the density of states in the metal electrode,
Bthe tunneling decay constant (~1 A1), H, the electronic cou-
pling term (at the closest approach distance from the elec-
trode), h the Planck constant.

Non-adiabaticity of the electron transfer is guaranteed here by
the presence of the MCH layer, which ensures weak electronic
coupling between the Fc head and the electrode.

Note that Z’ displays a temperature dependence through the
1+ 2*/m term at the denominator. However, within the nar-
row range of temperature explored, and due to the low A val-
ues found, this term remained approximately constant here.
This legitimates the use of the simple Arrhenius equation (2)
for data analysis.
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Figure 6. Chain length (N) dependence of (a,b) the DNA-specific
entropic term, AS, , and (c,d) the standard heterogeneous elec-
tron transfer rate constant, ks (at 25°C). (a,c): Fe-dTn, (b,d): Fc-
(dT.dA)x. The red lines are N-averaged values. The dotted lines in
(c) and (d) represent the ks value for FcdiOH at an MCH-coated TS-
Au electrode in 1 M NaClO,.

Applying equation (5) to the case of the model compound
FcdiOH, for which the values of ks and A were previously

2m?pHo® - .
measured,’s enables the term appearing in equation
(6) to be evaluated. This, in turn, allows Z’ values for Fc-DNA
to be estimated, see supporting information.

Knowing the values of Z, Z’and AS} for F-DNA enables AS}
to be derived for any chain length and hybridization state
from:

ASH . =RIn(Z/Z") — AS}

Figures 6a and 6b show AS}, , values thus calculated, for all
chain lengths and hybridization state. AS} , is found to be in-
dependent of N, but to depend on the hybridization state of
the chain, having values of ~ +0.36 * 0.05 meV/K and ~ +1.1 +
0.2 meV/K for the single-stranded and duplexed Fc-DNA, re-
spectively.

One can finally estimate the value of the driving-force inde-
pendent free activation energy, AGhy, = AHby, — TASH s
which is found to be worth 0.17 eV and 0.24 eV at T = 25°C, for
Fc-ssDNA and Fc-dsDNA, respectively. Note that Gy, is only
slightly higher for Fc-dsDNA than for Fc-ssDNA, despite a ~ 2
times larger AHEN a Value for the duplex than for the single-
stranded chain. This is due to mutual compensation between

the enthalpic and entropic terms, since AS EN a is also larger for
Fc-dsDNA than for Fc-ssDNA.

Importantly, AGEy, is found to be in any case much greater
than AG% = A/4, whose value was in the range of 0.025 - 0.1eV
for Fc-ssDNA and 0.0125- 0.05 eV for Fc-dsDNA ( Figure 4),
Hence, at E = E°, the overall intrinsic activation energy for Fc-
DNA, AG} o = AGY + AGhy, = A/4 + AGhy,, is largely set by

the driving-force independent barrier, AG%N A-

The standard heterogeneous ET rate constant of Fc-DNA

To determine the influence of the different components of the
activation energy for Fc-DNA on the absolute value of k; (at
T=25°C), we compared the k; values we obtained for Fc-DNA
(ks = kol pe) with those we determined for FediOH, Figures 6¢
and 6d. For Fc-ssDNA, ks was found to be around ~7 x 1073
cm/s for N =10 and ~ 3 x 103 cm/s for higher N values. For Fc-
dsDNA, the k; values were scattered in the 0.6-1.8 x 103 cm/s
range.

The first striking result is that ks values for Fc-DNA and for
FcdiOH are coarsely of the same order of magnitude. This re-
sult, we also obtained previously,'s seemed paradoxical, con-
sidering that A values for Fc-DNA were much smaller than that
characteristic of ferrocene species. Indeed, the exponential de-
pendence of the electron transfer rates on A should have re-
sulted in ks being orders of magnitude faster for Fc-DNA's.
The present study enables us to understand the reason behind
this paradox: the contribution of an extra thermally activated
process to the ET thermodynamics, which increases the acti-
vation energy by AG*DN 4 and consequently decreases the k;
value. Besides, the fact that AG}y, is much larger than the A
values found for Fc-DNA renders the ks value almost inde-
pendent of A. Additionally, the larger AGjy, value for the du-
plex than for the single-strand justifies the lower k; value for
Fc-dsDNA compared to Fc-ssDNA.

Origin of the extra free energy barrier and of the low A
values for Fc-DNA

We note that the existence of a component of the overall acti-
vation free energy, which does not depend on the electro-
chemical driving force (-F(E-E°)), is taken into account in the
full formulation of Marcus equation:?

AGE = wy +3 (1~ [F(E —E9) +w, - w,)/A)° @)

This component, termed w;, is defined as the work to bring
the reactants to the ET distance. wp, is the equivalent term for
the products. These work terms can have an electrostatic
origin, and in that case, they represent the energy cost for a
(charged) redox species to approach the outer Helmholtz
plane, where electron transfer is expected to occur. The highly
charged nature of the DNA chain may suggest that such kind
of electrostatic effects could be at play here.5> However, the
ionic strength of the electrolyte used here (1 M) is high enough
for the interactions between the DNA and the electrode to be
effectively shielded.5' Besides, this scenario cannot justify the
low A values we obtained for Fc-DNA. Equation (7) with w;
= AGjy, and w, - w,. = 0 can still account for our results, pro-
vided it is complemented by a mechanism that justifies a re-
duction of .

Solvation effects at the solid/liquid interface come naturally
to mind as such a mechanism, for the following reasons.
Firstly, in this scenario, the Fc would undergo partial desolva-
tion near the interface, as reported for solvated ions near solid
interfaces,5>54 and this process would then be characterized
by an extra contribution to the overall energy barrier. Sec-
ondly, electron transfer between the partially desolvated Fc
and the electrode would then obviously be associated with a
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low solvent reorganization energy (which for Fc is the domi-
nant component of the overall reorganization energy).s
Desolvation would thus act as a pre-equilibrium to the elec-
tron transfer step itself, reducing its overall rate. Admittedly,
modulation of the activation energy by partial desolvation of
the ferrocene moiety has not been observed for ferrocene de-
rivatives in solution, nor for those attached to rigid alkylthiol
layers. Therefore, we can only assume that a specific factor,
unique to Fc attached to the surface via a flexible chain, is at
play here and makes desolvation effects perceptible. Such a
factor could be the spring-like or inertial behavior of the
chain,7 which could provide enough energy for Fc to pene-
trate deeper into the Stern layer where lowered reorganization
energies are expected.’® This phenomenon is expected to be
stronger for Fc-dsDNA than for Fc-ssDNA, which is consistent
with the lower A values we typically obtain for the duplex.

Another possibility is that the nanosecond timescale related
to the tethered DNA motion plays a role in the lowering of 7.
It is known that the dielectric constant of water follows a De-
bye distribution whose value drops above 15 GHz, an effect
that could be extended to lower frequencies near interfaces.5?

Finally, as has been proposed by Matsyushov et al., to explain
the low A values measured for redox proteins, chain dynamics
(i.e., relaxation time), in addition to the Gibbs energy, could
be modulating the electron transfer activation barrier.5859
Specifically, some parts of the configurational space of the sys-
tem could be unreachable due to dynamical restrictions, lead-
ing to a non-ergodic sampling. It is for example clear that ac-
cessible configurations may be restricted for the Fc (and its
molecular orbitals) when facing the surface, due to its attach-
ment to DNA. Regarding the characteristic time constants,
most chain configurations are reached on the microsecond
timescale, while the time frame for the electron transfer is in
the nanosecond time range, corresponding to the Fc/electrode
collision frequency. Desolvation of the Fc at the electrode
would amplify such an effect.

CONCLUSION

We reveal that the free energy barrier for the electron transfer
of Fc-DNA contains both a driving force-dependent compo-
nent, characterized by reorganization energy A, and a driving
force-independent component, term AGf, na- We confirm here
that A values for Fc-DNA are greatly reduced as compared to
free ferrocene and can be as low as a few tens of meVs. We
provide new insights in showing that such a reduction is actu-
ally due to an almost complete suppression of the enthalpic
component of A for Fc-DNA while its entropic component re-
mains largely unchanged. On the opposite, we have evidenced
that AG}y, is fairly large, in the order of 0.2 eV at 25 °C, so
that it dominates the overall activation energy for electron
transfer of Fc-DNA. This makes the standard heterogeneous
rate constant for electron transfer, ks, almost A independent
and explains why k; for Fc-DNA is not as high as could be ex-
pected from the low A values typical of Fc-DNA. Incidentally,
ks for Fc-DNA is actually comparable to that typical of free Fc,
because AGH,, is the same order of magnitude as the intrinsic
free energy barrier typical of Fc (~1/4 x 0.85 eV). We attribute
the additional energy barrier, AG) ,, and the lowering of A to

both the desolvation of Fc at the interface, induced by the in-
ertial motion of the DNA, and the non-ergodic sampling of the
configuration space of the system. Our findings also reveal the
similarity between electron transfer in redox DNA layers and
in redox protein layers, both exhibiting low reorganization en-
ergies associated to internal dynamic fluctuations. DNA layers
may thus prove to be ideal model systems for understanding
the dynamical effects in biological energy transfer processes.

MATERIALS AND METHODS

See Supporting Information.
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