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T
he propensity of molecules to trans-
mit charge can be probed experi-
mentally by measuring unimolecular

charge-transfer rate constants, standard
electrochemical rate constants, and molec-
ular conductances. Unimolecular charge-
transfer across a bridge (B) is typically mea-
sured by appending electron donor (D) and
acceptor (A) groups to create a supermole-
cule (D-B-A), in which the charge transfer
between the discrete electronic states of
the donor and acceptor is triggered by
a light flash and monitored by transient
spectroscopy. In electrochemical charge
transfer, charge flows between discrete
electronic state(s) localized on themolecule
to/from a high density of electrode elec-
tronic states. In molecular conductance
measurements, the molecular bridge links
two electrodes, each containing a large
density of electronic states. Notwithstand-
ing differences in experimental setups (e.g.,
solvation, external electric fields, donor-
acceptor electronic states), all three types
of measurements described above report

the charge transmission characteristics of
the intervening molecular bridge. Thus, if
the electronic structure of the molecular
bridge is identical in the three experimental
setups (i.e., the different conditions in the
experiments does not significantly affect the
transmission characteristics of the bridge),
one intuitively expects that the (zero-bias)
molecular conductance, the electrochemical
rate constant, and the unimolecular charge-
transfer rates will be correlated. However, a
quantitative evaluation of the relationship
among rates and conductances is challeng-
ing to develop because neither the free
energy of the reactionnor the reorganization
energy are the same for the different mea-
surements. If these two quantities can be
controlled, or held constant, then measure-
ments on a homologous series of molecular
bridges can be compared and used to discern
how the electronic coupling changes for dif-
ferent classes of measurements. Indeed, each
of these quantities influences the bridge-
mediated electronic coupling and the charge
transfer kinetics.1 The experimental studies
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ABSTRACT This study examines quantitative correlations between molecular conductances and

standard electrochemical rate constants for alkanes and peptide nucleic acid (PNA) oligomers as a

function of the length, structure, and charge transport mechanism. The experimental data show a

power-law relationship between conductances and charge transfer rates within a given class of

molecules with the same bridge chemistry, and a lack of correlation when a more diverse group of

molecules is compared, in contrast with some theoretical predictions. Surprisingly, the PNA duplexes

exhibit the lowest charge-transfer rates and the highest molecular conductances. The nonlinear

rate�conductance relationships for structures with the same bridging chemistries are attributed to

differences in the charge-mediation characteristics of the molecular bridge, energy barrier shifts and

electronic dephasing, in the two different experimental settings.
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reported here compare the electrochemical charge-
transfer rate constant k0 and the molecular conduc-
tance G for chemically identical molecular bridge units.
Prior theoretical studies predicted a correlation

between molecular conductances and charge-transfer
rates. A decade ago, Nitzan proposed a linear relation-
ship between the unimolecular charge-transfer rate
for donor-bridge-acceptor (D-B-A) molecules and the
molecular conductance measured in metal-bridge-
metal (M-B-M) junctions for superexchange transport.2

That proposal stems from the similarities between
the expressions for the nonadiabatic donor�acceptor
charge-transfer rate kDA and the near-zero bias Land-
auer conductance across a molecular junction gMJ,
derived assuming weak nearest neighbor couplings
between the donor/acceptor/electrodes and the mo-
lecular bridge;2 namely,

kDA ¼ 2π
p
jVDBVABj2jGBj2F (1)

and

gMJ ¼ e2

πp
ΓLBΓRBjGBj2 (2)

Here V represents the electronic couplings between
the charge donor (D)/acceptor (A) and the molecular
bridge (B). The coupling between the two electrodes
(L and R) and the bridge is given by Γ. F is the
Franck�Condon weighted density of states, which in
the Marcus high temperature rate expression depends
on the reaction free energy and the reorganization
energy. The Green's functions of themolecular bridge in
the rate and conductanceexpressions,GB andGB, are dif-
ferent because in the latter case the bridge is coupled
to a continuum of electrode states, which can shift and
broaden the electronic states of the bridge. In the limit
that the effect of the electrode on the molecular bridge
is negligible, one can take GB ∼ GB (the bridge is the
same in the conductance and charge transfer setups)
and write gMJ � kDA. This analysis was subsequently
extended to treat hopping charge transfer.3 Nitzan
showed that the linear correlation between charge
transfer rates and molecular conductances is preserved
for a large number of bridging units, provided that the
tunneling barrier is sufficiently large. Berlin and Ratner
extended the hopping charge-transfer treatment to
more general bridge models, while retaining the high-
barrier condition.4 In an alternative approach, Lewis and
co-workers related nonadiabatic charge-transfer rates in
D-B-A molecules and metal-bridge-acceptor (M-B-A)
electrochemical systems to M-B-M molecular conduc-
tance junctions.5 These four theoretical approaches2�5

predict a linear relation between charge-transfer rates
and molecular conductances in the superexchange
regime and in the hopping regime, assuming high
barriers compared to kBT.
Do experimental rate data satisfy the predictions

of these models? Lewis and co-workers applied their

expressions to alkane and oligophenylethylene bridge
data and foundacorrelationamongmolecular resistances
(based on charge-transfer rates) and the inverse of the
experimental conductance.5 Amatore and co-workers6

recently studied the rate-constant/conductance relation-
ship for six molecules in the superexchange regime. They
found that high-conductance molecules had large elec-
trochemical charge-transfer rates. Here, the experimental
values of k0 for ferrocene-labeled PNA self-assembled
monolayers (SAMs) are compared with the single-
molecule conductances G of PNAs (with the same
sequence) that we measure by STM-BJ experiments.7

These data for PNA are combined with rate-conductance
experimental data reported earlier for alkane8,9 and
DNA10,11 bridges to provide a quantitative examination
of thecorrelationbetweenelectrochemical charge-transfer
rates and STM-BJ conductances. The data are examined as
a functionof thebridge length, chemical structure, and the
charge-transfer mechanism (superexchange or hopping).
The rates and conductances vary considerably over

the sequences of the single stranded (ss) and
double stranded (ds) PNA used in our experiments.
Our earlier studies indicated that charge transfer through
PNA is hole mediated and can occur by tunneling
or hopping, depending on the length, sequence, and
strand hybridization (single versus double stranded
PNA).12�16 In particular, experiments focused on the
presence of a guanine nucleobase in the nucleic acid
sequence.10,17�20 A nucleobase with oxidation poten-
tial lower than others in the sequence can stabilize
positive charges (holes), lower the barrier for hole
injection/tunneling, and thus facilitate charge trans-
port.21 Hence, charge-transfer rates can be enhanced
by increasing the guanine content of a nucleic acid or
by replacing adenine in thymine-adenine (TA) base
pairs with 7-deazaadenine19 or diaminopurine.18,19

Finally, charge transfer through nucleic acids can be
limited by base pair (bp) mismatches,22�26 abasic
sites,22 and methylated or oxidized nucleobases.27

We explore the dependence of charge-transfer proper-
ties on (i) the length of the PNA (7 bp TA versus 10 bp
TA), (ii) the guanine content (7 bp TA versus 7 bp 1 GC
and 7 bp 2 GC), and (iii) the presence of mismatches
(10 bp 4 GC(AT) versus 10 bp 4 GC(AC)); see Table 1. For
the ss PNA with three to six thymines and the ds PNAs
with seven or ten base pairs, the electrochemical charge-
transfer rate constants k0 were reported earlier.14,15 Data
(k0 and G) for 7 bp duplexes and rate data (k0) for 10 bp
duplexes appear elsewhere.15,16,28 The other conduc-
tance data for PNA are newly reported here.

RESULTS

Electrochemical Charge-Transfer Rate Constants. For elec-
trochemical studies, duplexes are assembled on gold
electrodes using cysteine (Cys) to bind one of the
strands to the electrode. Ferrocene (Fc) is used as the
redox reporter and it is attached to the other end of the
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duplex, on the same strand that contains the Cys.
Figure 1A shows a schematic representation of the ds

PNA SAM assemblies that are used to measure the
electrochemical charge-transfer rate constants. Oxida-
tion and reduction peaks of ferrocene are clearly visible
in voltammograms at various scan rates (see Figure 1B
and Supporting Information). The voltammograms
indicate that the ferrocene redox couple is quasi-
reversible. The scan rate dependence of ferrocene's
oxidation and reductionpeaks ismodeledwell byMarcus
theory (Figure1C), consistentwith earlier studies in ss and
dsPNA.13�16 The charge-transfer rate constants for theds
PNA SAMs appear in Table 2.

The data in Table 2 indicate that charge-transfer
rate constants change when adenine-thymine (AT) bps
are replaced with guanine-cytosine (GC) bps in pure 7
and 10 bp PNA, which is a clear signature of bridge
mediated electron transfer. Because guanine has the
lowest oxidation potential of the four nucleobases,21

GC base pairs are expected to stabilize hole states
and thus reduce the hole injection barrier and lower
the tunneling barrier. For 7�10 bp PNA duplexes, prior
theoretical studies16 found that conformational fluc-
tuations induce a mixture of superexchange and hop-
ping hole transfer mechanisms. In this mixed-transport
regime, thermal fluctuations lead to transient energy

TABLE 1. Sequences of ss and ds PNAsa

a For electrochemistry experiments: X = Y = Fc and Z = Lys. For STM-BJ experiments: Y = (no linker), and X = Z = Cys.

Figure 1. (A) Schematic representation of Fc-terminated
PNA SAMs on gold electrodes used in cyclic voltammetry
studies. (B) Voltammograms are shown for 7 bp 1 GC SAM
measured in 1 M NaClO4 solution at scan rates of 10 (black),
20 (red), and 30 (blue) mV/s. (C) Anodic peak potential shifts,
ΔE are plotted versus the normalized scan rate (v/k0) in which
v is the scan rate and k0 is the standard heterogeneous rate
constant; the Marcus theory fit appears in red.

TABLE 2. Electrochemical Rate Constants k0 for ds PNA

SAMs

7 bp 10 bp

sequence k0/s�1 sequence k0/s�1

TA 0.25 ( 0.05 TA 0.09 ( 0.0215

1 GC 0.63 ( 0.14 4 GC(AT) 0.23 ( 0.07
2 GC 0.58 ( 0.20 4 GC(AC) 0.05 ( 0.02
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matching between donor and bridge states, and a GC
base pair could either increase or decrease the hole
transfer rate.16 The charge-transfer rates of the mixed
sequences in Table 2 reflect this complexity. Indeed,
the successive addition of more than one GC base pair
to either the 7 or 10 bp ds PNA sequences does not
cause a significant increase in the charge-transfer rate.

The reduction in rate that is caused by base mis-
matches is consistent with previous observations of
Barton and co-workers on the effects of amismatch in a
15 bp DNA duplex,25 and provides additional evidence
for bridge mediated transfer. When an AC mismatch
is introduced into a 10 bp PNA duplex contain-
ing 4 GC pairs, the rate of charge-transfer decreases
five-fold relative to that of a 10 bp duplex with no
mismatches (see Table 2, compare 10 bp 4 GC(AT) and
10 bp 4 GC(AC)).

The new data provided here and the data from
our previous reports correspond to bridge-mediated
charge transfer for both ss PNA and ds PNA systems,
and they all use a cysteine linker group and a ferrocene
reporter group.13�16

Single-Molecule Conductance. In single-molecule STM-
BJ conductance measurements,7 a gold STM tip acts as
one electrode and a gold substrate modified with
loosely packed PNA molecules is the second electrode

(Figure 2A). The PNA duplexes are linked to the elec-
trode by a cysteine (Cys) on the C-terminus. The
tunneling current is measured at a constant bias
voltage as a function of the distance during retraction
of the tip from the substrate electrode. Whenever PNA
molecules are trapped in the junction, step-like fea-
tures in the current-distance profile arise from conduc-
tion through the molecules (see Figure 2B,D).

Figure 2 shows conductance distributions that are
obtained by analyzing current-distance profiles for
many different events. The distributions are reported
for ss PNA (T6 in Figure 2C) and ds PNA (7 bp TA in
Figure 2E and 10 bp TA in Figure 2F). The distributions
for the other ss thymine PNAs and ds PNAs listed
in Table 1 appear in the Supporting Information. The
conductance distribution for the T6 PNA shows one
strong conductance peak with a shoulder on its high
conductance side. Fitting of these data by a sum of two
Gaussians provides conductance values that differ by
a factor of two. The smaller conductance value, which
corresponds to the maximum of the major peak in the
distribution, is assigned to a single molecule in the
junction. The higher conductance value, which corre-
sponds to the maximum of the second broad peak
(shoulder), is assigned to the conductance for two
molecules in the junction.

Figure 2. Results of STM-BJ measurements of single-molecule PNA conductance at a 0.4 V bias potential. Panel A shows a
cartoon representation of the STM-BJ experiment. Panels B and D show current-distance profiles recorded for T6 and 7 bp TA
sequences, respectively. The plateaus indicated by black arrows correspond to the conduction through the PNA duplexes.
Panels C, E, and F show probability distributions of the conductance values measured for the T6 (C), 7 bp TA (E), and 10 bp TA
(F) PNAs. The total number of counts was normalized to unity. Arrows indicate the most commonly observed conductance
values. Red arrows indicate fundamental conductance values, which are attributed to the presence of a singlemolecule in the
junction during measurement.
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The conductance distributions for the duplexes are
more complicated. The conductance distribution for
the 7 bp TA displays two characteristic regions (see
Figure 2E): a high probability, narrow region with G

values between 3 � 10�4 G0 and 2 � 10�3 G0 and
a broad region with G between 2 � 10�3 G0 and
15 � 10�3 G0. A possible explanation for this observa-
tion is the presence of molecules with two different
conformations and/or contact geometries, for which
the higher molecular conductance range corresponds to
geometries more favorable for charge transport.9,29�32

Each of the two regions includes several conductance
peaks that are integral multiples of a fundamental
conductance value. These multiples are assigned to
more than onemolecule trapped in the junction.7 Only
the fundamental conductance value for a single mo-
lecule trapped in the junction is used in the further
analysis. The conductance distribution for the 10 bp
TA duplex shows only one region with G between
3 � 10�4 G0 and 12 � 10�3 G0. Thus, two single-
molecule conductance values are assigned for the 7bp
TA sequence and one for the 10 bp TA sequence.

The ss PNA�Tn sequences' fundamental conduc-
tance values are shown in Table 3, and those for ds
PNAs are presented in Table 4. Up to three fundamen-
tal conductance values are determined for each PNA
sequence, with other peaks corresponding to their
harmonics or linear combinations. Assuming that
each fundamental value (marked with red arrows in
Figure 2C,E,F) represents the conductance of a single
molecule, the histograms suggest that no more than
four molecules are present simultaneously in a junc-
tion. Following the approach of others, the different
fundamental conductances, classified as low (L), med-
ium (M), and high (H),9 are assumed to arise from
different geometries for the molecule (thiol-Au con-
tact) in the junction. For most of the ds PNA se-
quences shown in Table 4, two fundamental conduc-
tance values (medium and high) are determined.
For the 7 bp 1 GC PNA, three fundamental conduc-
tance values (low, medium, and high) are identified in
the Table.

Analysis of either the high or the medium group of
single-molecule conductances shows a trend similar to
that observed for the electrochemical charge-transfer
rates of the molecule. That is, (i) sequences containing
GC base pairs have higher conductance than those
built entirely of AT base pairs, and (ii) an AC mismatch
lowers the conductance of a PNAduplex, whichmaybe
caused by changes in the helical base stacking of
the duplex induced by the mismatch. The attenuation
observed here in conductance is smaller than the
attenuation reported earlier for an AC mismatch in ds
DNAs.23,24,26

DISCUSSION

A linear relationship between the charge-transfer
rate constant and the molecular conductance is not
consistent with the corpus of G and of k0 values
described here. In the high barrier limit, the depen-
dence of the conductance G and of the electrochemi-
cal rate constant k0 on the length, L, of the molecular
bridge can be described approximately by a decaying
exponential function, namely,

G ¼ G(L¼ 0) exp[�βG � L] (3)

and

k0 ¼ k0(L¼ 0) exp[�βk0 � L] (4)

where 1/βG and 1/βk0 are the characteristic decay
lengths (see Figures 3 and 4, and Table 5); `beta' param-
eters are useful to characterize the charge trans-
port.7�9,11,15,32�34 G(L=0) is the conductance at zero
bridge length and k0(L=0) is the rate constant at zero
bridge length. Combining eqs 3 and 4, we find

G ¼ [G(L¼ 0) � (k0(L¼ 0))
(�βG=βk0 )]� (k0)(βG=βk0 ) (5)

A linear correlation between G and k0 is expected from
eq 5 only when βG = βk0.
Figure 3 shows the dependence of k0 on bridge

length for alkanes,8 ss PNA,14,15 and ds PNA.15 In each
case, the bridge is tethered through a Au�S linkage to

TABLE 3. Single-Molecule Conductance Values GMeasured

for ss PNA by the STM-BJ Methoda

G /G0

sequence (L)b (M)b (H)

T3 (3.0 ( 0.8) � 10�5 (1.5 ( 0.5) � 10�4 (3.8 ( 1.3) � 10�4

T4 (5.6 ( 1.4) � 10�6 (2.9 ( 1.3) � 10�5 (9.0 ( 2.1) � 10�5

T5 - (1.8 ( 0.5) � 10�6 (5.4 ( 2.9) � 10�6

T6 - - (1.7 ( 0.6) � 10�6

a The conductances are classified into three groups: low (L), medium (M), and high
(H). b Because of the characteristics of the preamplifier used in the measurements
of ss PNA conductance, it was not possible to resolve conductance values below
5 � 10�7 G0 (see Methods).

TABLE 4. Single-Molecule Conductance ValuesGMeasured

for ds PNA Duplexes by the STM-BJ Method

G/10�3 � G0

sequence (L)a (M)a (H)

7 bp TA - 0.8 ( 0.2 4.4 ( 1.5
1 GC 0.5 ( 0.1 1.8 ( 0.6 8.5 ( 0.8
2 GC - 1.1 ( 0.2 6.2 ( 2.2

10 bp TA - - 1.9 ( 0.5
4 GC(AT) - 0.8 ( 0.3 3.2 ( 0.3
4 GC(AC) - - 1.8 ( 0.5

a Because of the characteristics of the preamplifier used in the measurements of
ds PNA conductance, it was not possible to resolve conductance values below
3� 10�4 G0 (see Methods); hence, only the high single-molecule conductance was
observed for the less conductive sequences, such as 10 bp TA and 10 bp 4 GC(AC).
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the electrode (cysteines for the PNAs and thiol for the
alkanes) and has a ferrocene redox reporter on the

opposite end of the bridge (note that the linkers were
not included in the estimation of molecular bridge
length, seeMethods). The dashed lines represent fits of
the data to eq 4. For ss PNA, the data are fit separately
for short and long distance ranges. The βk0 parameters
are similar for short ss PNAs and alkanes.8 This similarity,
together with the fact that charge-transfer in alkanes
occurs by superexchange,8,35,36 suggests that charge-
transfer in short ss PNAs alsooccurs via a superexchange
mechanism in this energy regime. For ss Tn PNAs with
more than seven bases, and for PNA�(TA)n duplexes
(with g7 base pairs), k0 decreases weakly with bridge
length.15 The small values of βk0 for these longer bridges
(see Table 5) suggest that charge transfer in these
structures occurs by hopping or by near-resonant
charge transfer.16,37�39 The change in mechanism from
superexchange to hopping, which is observed during
the transition from short to long Tn ss PNA, is similar to
that previously reported for ds DNA.40,41 The change in
mechanism can be explained by the fact that tunneling
decreases exponentially with distance, while hopping
drops as the inverse of the bridge length.15

The dependence of single-molecule conductance
G on bridge length for ss PNA�Tn, ds PNA�(TA)n,
alkanes,9 ss DNA,10 and ds DNA11 is presented in
Figure 4. Alkane and DNA conductance data are taken
from the literature and are included for comparison.
The single-molecule conductance is well described by
an exponential function of bridge length in all cases
(because of the limited sensitivity available in our con-
ductance measurements, we were not able to deter-
mine whether a transition to a more shallow length
dependence occurs for longer chains, as observed in
the electrochemical experiments). The βG parameters
for the short ss-PNA�Tn and for alkanes are similar;
however, these decay factors are smaller than the
values found for the rate constant (see Table 5). The
conductances found for ss PNA are smaller than those
found for ss DNA of similar length and sequence, and
the conductance of ss PNA decreases more rapidly
with bridge length than is found in ss DNA. The
conductances of ds-PNA�(TA)n, ss DNA�Gn,

10 and ds
DNA�(GC)n

11 decay much more weakly with length
than is found for ss PNA and for alkanes. Although the
k0 and G data for each molecular type are well de-
scribed by functions that decay exponentially with
length, the fittedβk0 andβGparameters are all different.
The single-molecule conductance measurements

and the electrochemical rate experiments were per-
formed in distinctly different settings. For example, G
was measured on a single-molecule level, whereas k0

was determined for an ensemble of molecules in
closely packed self-assembledmonolayers. In addition,
the solvent conditions are different for the two types of
measurements. While the electron tunneling is con-
trolled by the properties of the molecular bridge, the
measured electrochemical rate constant depends on

Figure 3. The electrochemical charge-transfer rate constant
k0 between a Au electrode and a ferrocene reporter group is
plotted as a function of the bridge length for alkanes of `n'
methylene groups (n=5, 6, 8, 9 and11, red circles), ss PNAof
`n' thymines (n = 3�10, green squares), and ds PNA of `n' TA
base pairs (n = 7�10, 15) (dark blue squares). Data for
alkanes is adapted from ref 8. Data for both ss-, and ds PNA
is taken from ref 15. Dashed lines represent least-squares
fits to an exponential function. Error bars are smaller than
the size of the symbols. This plot demonstrates that the
bridge-mediated charge-transfer rates can be described by
an exponential decay, over a limited length range, for the
different molecular bridges.

Figure 4. The single-molecule conductance versus the
bridge length is shown for ss PNA of thymine units (ss
PNA�Tn; n = 3�6), ds PNAs of TA base pairs (ds PNA�(AT)n;
n = 7, 10), alkanes (with 6, 8, 9, and 10 methylene units),9 ss
DNA of thymine (ss DNA�Tn; n = 3�5) or guanine (ss
DNA�Gn; n = 3�5) nucleotides,10 ds DNA of GC base pairs
(dsDNA�(GC)n;n=8, 10, 12, 14) orwith varyingnumber of AT
base pairs between GC stretches (ds DNA�(GC)4(AT)n(GC)4;
n=0, 2, 4).11 For clarity, only thehighest conductance values
(of a set of three values)9 are shown for alkanes, ss-PNA�Tn,
and ds-PNA�(AT)n. Dashed lines represent least-squares fits
to an exponential function. For DNA data, no information
about the experimental error was available from the litera-
ture reports. This plot demonstrates that the molecular
conductance can be described by an exponential decay,
over a limited length range, for the different molecular
bridges.
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the quality of the monolayer14,42 and is affected by
intermolecular interactions.42�45 In addition, the mo-
lecular conductance can be affected by the solvation
conditions46�48 and local environment.49 Therefore,
the differences in the local environment of the mol-
ecules must be accounted for when comparing the
experiments and drawing conclusions from them.
The electrochemical rate data on the ss PNAs15 and

alkanes8 were shown to be bridge mediated in the
original reports. The bridge-mediated character of the
charge transfer in theDNA and ss PNAs is substantiated
by the similar conductance values determined in dif-
ferent environments. For example, Van Zeling et al.

measured similar conductances for ss and ds DNA in air
and in an aqueous electrolyte.10 We measured a very
similar conductance for ss PNA in mesitylene and in
aqueous electrolyte (phosphate buffer pH = 7, data not
shown). Although we did not perform the measure-
ments on the ds PNA in different environments, the
bridge-mediated character of the charge transfer is
evident from the length and sequence dependence of
the duplexe's conductances. Tao and co-workers29 and
Wandlowski, Evers and co-workers9 found similar con-
ductances for the alkanedithiols in the same solvent as
used in our studies (mesitylene), but with different
arrangements of the molecules, specifically with the
molecules randomly oriented on the surface, and with
molecules in well-packed, self-assembled monolayers.
These facts;the bridge-mediated nature of the charge
transfer, and no distinct influence of the solvent or
surface arrangement of themolecules on themeasured
conductance;motivated the selection of these mole-
cules for drawing comparisons of the experimental
k0 and G values.
Figure 5 shows a plot of the single-molecule con-

ductance G versus the rate constant k0 for a subset of
the systems shown in Figures 3 and 4, namely, the

alkane, ss PNA, and ds PNA bridges. These systems are
selected because the electrochemical rates and con-
ductances for these bridges were measured with the
same linker groups and the same redox reporter. Good
least-squares fits by a power law, G = A � (k0)B, are
found for B values in the range 0.58�0.86. For alkanes
and ss PNA, the fitted B values are in good agreement

TABLE 5. The Decay Constant Values Obtained by the Least Linear Squares Exponential Fits to the k0 and G Length

Dependences and Exponent of the Power Law Fit to the G�k0 Relationships

molecular bridge βG (Å
�1) βk0 (Å

�1) βG/βk0 B experimental method for determining k0

ss PNA Tn n = 3�6 (H) 0.54 ( 0.13 0.94 ( 0.3014,15 (H) 0.57 ( 0.27 (H) 0.63 Cyclic voltammetry
(M) 0.63 ( 0.20a (M) 0.67 ( 0.32 (M) 0.71

Tn n = 7�10 - 0.10 ( 0.0715 - - Cyclic voltammetry
ds PNA Sequences listed in Table 1,b N/Ad N/Ad N/Ad (H) 0.69 Cyclic voltammetry

(M) 0.71
(AT)n n = 7�10c 0.12 ( 0.09 0.07 ( 0.0315 1.7 ( 1.3 0.82

ss DNA Tn n = 3�5 0.21 ( 0.4010 - - - -
Gn n = 3�5 0.10 ( 0.0810 - - - -

ds DNA (GC)n n = 8,10,12,24 0.06 ( 0.0211 - - - -
(GC)4(AT)n(GC)4 n = 0,2,4 0.43 ( 0.1011 - - - -

Alkanes (CH2)n n = 6,8,9,10 (H) 0.67 ( 0.279 0.91 ( 0.178 (H) 0.74 ( 0.33 (H) 0.85 indirect, laser-induced, temperature jump8

(M) 0.70 ( 0.309 (M) 0.77 ( 0.36 (M) 0.86
(L) 0.28 ( 0.369 (L) 0.31 ( 0.40 (L) 0.58

a Length dependence is provided in the Supporting Information. b High conductance (H) data is based on all the ds PNA sequences listed in Table 1; medium conductance (M)
data is based on all 7 bp PNAs and 10 bp 4GC(TA) (for 10 bp TA and 10 bp 4GC(CA) medium conductance was not determined; see Table. 4). c Conductance data is limited
to 7 bp TA and 10 bp TA duplexes. d Length dependences are irrelevant.

Figure 5. The single-molecule conductance G is plotted
versus the standard electrochemical charge-transfer rate
constant k0 for alkanes (red symbols), ss PNA constructed
of thymine nucleotides (ss PNA-Tn; n = 3�6) (green symbols),
and ds PNAs (blue symbols). Lines represent the least-squares
fits in the form G = A � (k0)B, where A and B are fitting
constants (see text). Electrochemical rate constant values
are adapted from ref 8 for alkanes, and refs 14 and 15 for ss
PNAs. Conductance values for alkanes are adapted from ref
9. The Supporting Information shows additional plots that
contrast the power law fits with linear fits. Note that the
same type of linker was used to attach the ss- and ds PNA
molecules to the gold surface (Cys), whereas the alkyl chains
are directly coupled to gold with thiol groups, rather than
cysteines. While this difference may affect comparisons
between the different systems (alkane versusPNA), it should
not affect the correlation of G and k0 for a particular
molecular bridge.
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with the βG/βk0 ratios obtained from the length de-
pendences of k0 and of G (see Table 5). For ds PNA,
the power law exponent B is smaller than the βG/βk0
value obtained from the length dependence data (see
Table 5); however, the smaller β values have a larger
relative error and this differencemay not be significant.
Overall, the nonlinearity of the G�k0 relationship
correlates with differences in the distance dependenc-
es of k0(L) (measured using electrochemistry) and G(L)
(measured with STM break junctions). Below, we dis-
cuss the charge-transport parameters and the under-
lying mechanisms that can create these differences in
the distance dependence of charge-transfer rates and
conductances.
Previous theoretical studies,2�5 which relate unim-

olecular, electrochemical, and break-junctionmeasure-
ments and suggest a linear rate-conductance relation-
ship, assume that (i) the tunneling/charge-transfer
barriers are the same for the different experiments
on the same bridges, (ii) the charge-transfer mechan-
ism is either pure superexchange or pure hopping, and
(iii) either no dephasing occurs (pure superexchange)
or completedephasingoccurs (pure incoherenthopping).
Does relaxing any of these assumptions lead to differ-
ences in thedistancedependenceof charge-transfer rates
andmolecular conductance, thusexplaining theobserved
nonlinearity of the rate-conductance relationships? In-
deed, all models of coherent charge transfer indicate that
lower tunneling barriers produce a softer distance depen-
dence and lower β values.50 As the distance decay softens
with bridge length, charge transport occurs by a mixture
of coherent and incoherent mechanisms. For superex-
change or hopping transport, the distance dependencies
are very sensitive to the charge tunneling or injection
barriers. In particular, the observed rate-conductance
power lawwithβG/βk0 < 1 can beexplained if the energy
barrier for charge transport is lower in experiments that
measure conductances versus those that measure rates.
What underlying factors could produce such differ-

ences in energy barriers for the same chemical
bridges? Polarization of the electrodes when charges
are injected into a molecular bridge creates a stabiliz-
ing image charge.51,52 The work function of the elec-
trodes in the STM-BJ experiments and the redox
potentials of the charge donor/acceptors in electro-
chemical experiments need not be equal, leading to
different barriers for both charge tunneling and injec-
tion in the two cases. The solvation environment for
molecular bridges in the electrochemical experiments
(dense monolayers) differs from that in the STM-BJ
experiments (sparse monolayers with molecules close
to solution). Finally, in molecular junctions, charging of
the molecular bridge as well as the molecule-metal
contact is possible. All of these effects can lead to
different charge transport energy barriers. In our anal-
ysis, as in the earlier studies, we are comparing trans-
port through the same chemical bridges. We are

developing a theoretical model to account for these
effects and it reveals that system dependent energy
barriers and dephasing, arising from the interaction of
the electronic states of the bridge with the solvent
environment, influence the distance dependence of
rates and conductances (vide infra).

Breakdown in the Correlation between G and k0 among
Different Chemical Species. A power law correlation be-
tween G and k0 is found for each of the molecular
bridge types: alkanes, ss PNA, andds PNA (see Figure 5).
When the data for all three species are considered
together as a single data set, however, the G�k0

correlation is lost. For example, the ds PNAs have the
smaller electrochemical rates, but they have the high-
est conductances, relative to most of the ss PNA
sequences. Can this loss of correlation be understood
in terms of changes in the nature of the molecule-
electrode coupling in the electrochemical and STM-BJ
experiments? The experimental design used in this
study compares molecules with the same linker group
(cysteine for the PNA and thiol for the alkane) to min-
imize differences arising from the molecule-electrode
contact. The different conductance groups (H, M,
and L) in Tables 3 and 4 are attributed to different
types of electrode contact geometries for the molecu-
lar bridges. From the analysis (see Table 5), it is clear
that each of the conductance groups displays a power
law correlation but the absolute values of the con-
ductance are shifted with respect to each other (see
Figure 5); however, these shifts are less than a factor
of 10, whereas the shift between the ss PNA and the ds
PNA is 10 000 times. To explain the differences in the
conductance versus rate constant correlation, one
would need to require that the duplex PNA has a
dramatically stronger Au-cysteine contact than does
the ss PNA in the conductancemeasurements, but that
they have similar Au�cysteine contacts in the electro-
chemical measurements. Given that two conductance
groups can be identified for ss PNA and ds PNA and
that their features are similar to those found for other
thiol�Au systems that have been studied by the STM-
BJ method,9 it seems improbable that the electrode-
molecule linkage accounts for the entire shift in con-
ductance (see Figure 5).

The lack of correlation between G and k0 among
different chemical species may arise from different
charge-transfer regimes being operative (e.g., super-
exchange in alkanes versus near resonant charge-
transfer or hopping in ds PNA). Consequently, we
anticipate that the local molecular environment (bath
interactions) may affect the charge transport differ-
ently; bath interactions influence both the charge-
transfer barrier and electronic dephasing (loss of wave
function coherence arising from local fluctuations of
the environment/bath). The effect of dephasing on the
transport is more subtle than barrier height effects. For
hopping transport, an increase in the dephasing rate
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increases the resistance to charge transport because of
the increased probability to backscatter the charge.
In contrast, an increased dephasing rate broadens
the bridge energy eigenvalues and thus enhances
the charge-transfer rate in the superexchange limit.
Previous theoretical studies have found that dephas-
ing also affects the distance dependence of charge-
transfer kinetics. For example, dephasing effects can
make charge-transfer rates nearly distance indepen-
dent for long bridges.53,54 Previous work showed that
dephasing can differentially alter charge transfer rates
for ds PNAmolecular bridges with different sequences.16

Thus,modificationof energybarrier heights or of dephas-
ing rates can produce distinctive distance dependences
for very similar structures (compare Figures 3 and 4). A
more quantitative analysis of dephasing and energy
barriers effects on charge transfer is described in a
forthcoming paper.

CONCLUSIONS

This study explores the relationship between elec-
trochemical charge-transfer rates and molecular con-
ductances for alkanes, ss PNA, and ds PNA. A (nonlinear)

power law relationship was found between the elec-
trochemical rate constants and the single-molecule
conductances for each of the three molecular bridge
species. A loss of correlation between molecular con-
ductance and charge-transfer rates is found when
considering these data as a whole. In fact, the ds PNA
data exhibit the slowest charge-transfer rates and the
largest molecular conductances of the three molecular-
bridge species. We associate the source of the nonlinear
relation between the rates and conductances with differ-
ences in (i) charge-transfer energy barriers (i.e., the
energy gap between charge-carrying states on the
bridge and those on the donor/acceptor/electrode),
and (ii) bridge dephasing in the two experimental con-
figurations. In situations where multiple mechanisms of
charge transport arepossible, as in the caseof thebridges
discussed here, changes in charge-transfer energy bar-
riers and bridge dephasing can lead to differences
between thedistancedependenceof the charge-transfer
rates and the conductances. Thus, the relative propensity
of different chemical species to transmit charge, as
deduced from electrochemical measurements and from
molecular junction studies, may not be the same.

METHODS
PNA Synthesis. The synthesis of PNA oligomers with

C-terminal cysteine and N-terminal ferrocene moieties was
performed using solid phase peptide synthesis methods with
a Boc protection strategy,55�57 as reported in earlier studies.13,14

MBHA resin (Peptides International, Louisville, KY) with a load-
ing of 0.18 mequiv/g was down-loaded57 using Boc-L-Cys-(4-
MeOBzl)-OH (NovaBiochem/Merck Biosciences, Switzerland) to
an estimated loading of 0.04�0.06 mequiv/g. Thereafter, de-
pending on sequence, Boc-T-OH/Boc-(A-Z)-OH/Boc-(G-Z)-OH/
Boc-(C-Z)-OH (Applied Biosystems, Foster City, CA) or N-(2-Boc-
aminoethyl)-N-(methyl)-glycine were coupled using 1H-benzo-
triazolium 1-[bis(dimethylamino)methylene]-5chloro-hexafluoro-
phosphate(1),3-oxide (HCTU) (Peptides International) as a
coupling agent. Finally, ferrocene carboxylic acid (Aldrich)
was coupled to the N-terminus. This coupling was repeated
twice to increase the yield of ferrocene-conjugated PNA.
Oligomers were cleaved from the resin using trifluoroacetic
acid (TFA) and trifluoromethanesulfonic acid (TFMSA), pre-
cipitated in ethyl ether, and dried under nitrogen. PNA was
purified by reversed-phase HPLC using a C18 silica column
on a Waters 600 instrument. Absorbance was measured at
260 nm with a Waters 2996 Photodiode Array Detector.
Characterization of the oligomers was performed by MALDI-
ToF mass spectrometry on an Applied Biosystems Voyager
Biospectrometry Workstation with Delayed Extraction and an
R-cyano-4-hydroxycinnamic acid matrix (10 mg/mL in 1:1
water/acetonitrile, 0.1% TFA). PNA solutions were prepared in
deionized water, and the PNA concentrations were determined
by UV�vis spectrophotometry assuming ε(260) = 8600, 6600,
13 700, and 11 700 cm�1 M�1 for each T, C, A, and G monomer,
respectively.57 PNA solutions for electrode incubation were
typically 20 μM ss-PNA in 1:1 (v/v) acetonitrile/20 mM pH 7.0
sodium phosphate buffer.m/z for (MþH)þwere calculated and
found to be Cys-T3-Cys 1022/1024, Cys-T4-Cys 1288/1290, Cys-
T5-Cys 1555/1556, Cys-T6-Cys 1821/1822, Cys-T7 1984/1986, Cy-
A7 2047/2050, Cys-TTTGTTT 2009/2010, Cys-AAACAAA 2023/
2024, Cys-AAGTTGT 2052/2054, Cys-ACAACTT 1981/1983, Cys-
T10 2783/2785, Cys-A10 2873/2873, Cys-TCACTAGATG 2830/
2831, Cys-CATCTAGTGA 2830/2830, Cys-CATCCAGTGA 2815/

2816. The mass spectrometry data are reported for Cys-Tn-Fc in
ref 15, and for the strands used for synthesis of ferrocenated
PNA duplexes: 10 bp TA in ref 15, 7 bp TA, 7 bp 1GC and 7 bp 2
GC in ref 16, 10 bp 4 GC(AT) and 10 bp 4 GC(AC) in ref 28.

Electrochemical Characterization of PNA SAMs. Gold ball electrodes
were prepared using the annealing procedure described
earlier.13�16 To summarize, 20 μM ds PNA solutions were
prepared in 1:1 (v/v) acetonitrile, pH 7.0/20 mM sodium phos-
phate buffer, and annealed in solution by heating at 90 �C for
10min, followed by slow (∼2 h) cooling to room temperature, in
order to ensure duplex formation. The electrodes were then
coated with PNA SAMs by immersion in the ds PNA solutions at
27 �C for 28�40 h. Following incubation, electrodes were
washed with deionized water and used directly in electroche-
mical experiments. Cyclic voltammetry was performed using a
CH Instruments 618B or CHI430 electrochemical analyzer. The
electrochemical cell was comprised of a Ag/AgCl (1 M KCl)
reference electrode, a platinum wire counter electrode, and a
PNA-modified gold wire electrode immersed in a 1 M NaClO4

(pH≈ 6�7) solution. Kinetic data were obtained by plotting the
peak separation versus scan rate and fitting the data by Marcus
theory43,58 with a reorganization energy (λ) of 0.8 eV.43

Single-Molecule Conductance (STM-Controlled Break Junction) Mea-
surements. All measurements were performed with an Agilent
5500 system with an environmental chamber. The STM head
was housed in a homemade acoustically isolated Faraday cage
and placed on an active antivibrational system (Table Stable) on
an optical table (vide infra). The STM-BJ technique7 is described
in the Supporting Information.

Sample Preparation. Gold films on mica (Agilent Technolo-
gies, Inc.) were coated with PNA molecules through cysteine
linkages. For the ss PNA samples, the electrode was immersed
in a 20 μM solution (1:1 mixture by volume of water and
acetonitrile) for 30 min at room temperature, which formed a
loosely packed layer of molecules. For the ds PNA samples, the
ds PNA was first hybridized by heating a mixture of comple-
mentary strands at 90 �C for ∼10 min, followed by slow (∼2 h)
cooling to room temperature. Subsequently, the electrode was
immersed in this solution for 30 min at room temperature to
form a loosely packed film. In all cases, the PNA-modified
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substrates were rinsed with ethanol and dried under an argon
gas stream prior to further experiments.

ConductanceMeasurements. Themolecular conductance of
the ss and ds PNA was measured using the STM-controlled
break-junction method.7 In this method, the molecules of
interest are occasionally trapped between the gold substrate
and an STM tip by periodic modulation of the tip�substrate
separation. The tunneling current is monitored as a function of
the tip�substrate distance under a constant bias voltage. When
a molecule is trapped in the junction, the current versus
displacement curve has step-like features; i.e., it deviates from
an exponential distance dependence (see Figure 2B,D). The
conductance is calculated from these current plateaus and the
applied bias for each event.7

Experiments were performed using freshly cut gold STM tips
(0.25 mm, 99.999% gold wire, Alfa Aesar). Typically, 5�10 tips
were used to collect sufficient data for a single PNA sequence.
All experiments were performed in bicyclohexyl in an argon
atmosphere. In the case of ss PNA, a 0.4 V bias voltage and a
10 nA/V preamplifier were used in the measurements. Curves
with current plateaus were selected manually for further anal-
ysis. ds PNA molecules were measured with a 0.4 V bias voltage
and a logarithmic preamplifier, which was limited to the
10 nA to 22 μA range. A semiautomated filtering procedure
(see Supporting Information) was performed to select current-
distance profiles with step-like features. These selected curves
(1�2% of the total data set) were inspected to reject unusually
noisy data. For both ss- and ds PNA, measurements were
performed on at least three independently prepared samples,
resulting in the collection of 20 000�30 000 current-distance
profiles for each type of PNA duplex. Measured conductances
were plotted in the form of normalized histograms, which were
then fit by a sum of Gaussian functions to assist in locating the
conductance peaks. All conductance results are expressed in
units of G0 = 2e2/h ≈ 77 μS, the quantum of conductance.

Molecular Bridge Length Calculations. End groups (thiol terminal
groups, cysteines, and ferrocene redox probes) were not in-
cluded in the calculation of the length of the molecular bridges.
Values of 1.28 Å permethylene unit, 3.5 Å per base, and 3.4 Å per
base pair were used to calculate the total length of the alkyl, ss
nucleic acids, and ds nucleic acids molecular bridges, respectively.
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