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ABSTRACT: We study the transport mechanisms of different
types of azurin (Az) monolayer heterojunctions with a variety of
metal substituents. The systems include Holo-Az (Cu-substituted),
Apo-Az (no metal), and Ni-, Co- and Zn-substituted azurins. Our
theoretical analysis is based on measurements of the voltage and
temperature dependencies of the current and attempts to
reproduce both dependencies using a common mechanism and
corresponding set of parameters. Our results strongly suggest that
for Holo-Az the transport mechanism depends on the protein
monolayer/heterojunction setup. In one type of heterojunction, transport is dominated by resonant incoherent hopping
through the Cu redox site, whereas in the other it is mediated by off-resonant tunneling. For the unsubstituted (Apo-Az) and
other metal-substituted azurins, the dominant transport mechanism at low temperatures is off-resonant tunneling, with an
average tunneling barrier that depends on the type of metal dopant, and at the highest temperatures, it is through-amino-acid
hopping. Our modeling results are relevant to the analysis of the current behavior over a range of temperatures for any
molecular heterojunction device.

1. INTRODUCTION

Biomolecular electron-transfer (ET) reactions participate in
many biological functions such as biological energy conversion
processes, biological signaling pathways, and disease-repair
mechanisms.1−10 Biomolecular ET reactions are often
components of ET chains that are hopping networks of
donor-to-acceptor charge-transfer rates.3 The electron/hole
donor (D) and acceptor (A) moieties in these chains are atom
or molecule dopants embedded in protein or DNA matrices
that act as the bridge (B) connecting donors to acceptors.5−7

Each D-to-A hopping step of the network involves through-
protein or through-DNA electron tunneling. The D-to-A
electronic couplings and D-to-A activation energies of each
step determine the magnitude of the corresponding D-to-A ET
hopping rate (kET).

11−14 Biological ET chains can operate over
a variety of length scales (from nanometer to over micrometer
distances).8,9

Over the past decades, experimental, theoretical, and
computational studies of ET molecules and ET proteins
(ETpr’s) have shown that it is possible to tune molecular ET
rates and the charge flow in biological ET chains by chemical
modifications of the donor, the acceptor, and the bridge by
changing the locations of the donor and the acceptor or by
modifying the solvent environment.4,7,11−18

ETpr’s are also of interest in molecular electronics.19,20

Because there is extensive knowledge of how to tune the
solution-phase through-protein ET mechanisms by chemical
modifications,7,11 an attractive idea is to use ETpr’s as the main

current-carrying material in hybrid electronic devices. Chem-
ical modifications of the ETpr’s in the device may enable
tuning the through-protein current and thus the functionality
of the device.21,22

Solution-phase ET reactions mediated by blue copper
proteins, (containing a Cu ion as the redox center) and, in
particular, azurin, have been studied thoroughly both
experimentally and computationally (e.g., refs 7, 16, 17, 23,
24 and references therein). In addition to the solution-phase
ET studies, there are several experiments that measure
transport (current) through azurin in different types of
molecular junction setups, for example, refs 25−28 are early
works.
This work focuses on two experiments29,30 that measure the

current−voltage and current−temperature characteristics of Az
monolayer heterojunctions. Reference 29 (also denoted exp. I)
reported current measurements for heterojunctions composed
of oriented Az monolayers sandwiched between an Si-oxide
substrate and a gold (Au) or mercury (Hg) macroscopic
LOFO (lift-off, float-on) contact31 with an area of 0.2 mm2. In
the present study, we focused on the experiments conducted
with the Au LOFO contact for comparison purposes with the
results of ref 30 (see below). The experiments in ref 29
observed temperature-independent transport across the Az
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monolayer (transport distance is ∼3.5 nm) for a wide range of
temperatures (T = 100−400 K) for Az molecules containing
Cu (Holo-Az). When the Cu atom is removed from Az (Apo-
Az), the current (I) through the monolayers is reduced by
more than two orders of magnitude as compared with Holo-Az
for T < 200 K. Also, for Apo-Az, the current becomes
temperature-dependent for T > 200 K. We summarize the
experimental results of exp. I in Figure 1.
An interesting observation in ref 29 is that substitutions of

Apo-Az with metals other than Cu show temperature
dependencies that are intermediate between Apo-Az and
Holo-Az (see Figure 2 below).
Reference 30 (also denoted exp. II) reported experiments on

oriented Holo-Az monolayers sandwiched between soft Au
microelectrodes using the “suspended-wire” technique.32,33

The currents measured in ref 30 are temperature-independ-
ent34 for a range of temperatures from 25 to 275 K (see Figure
3).
The above-mentioned experiments involve different num-

bers of proteins in the monolayer (Ncontact ≈ 107 to 109 for ref
29 and Ncontact ≈ 50−200 for ref 30). Furthermore, in the first
experiment,29 the proteins in the monolayer are covalently
bound to the P2+ Si/oxide Si substrate via the exposed cysteine
residue (Cys3 or Cys26) that binds to a (∼6 Å) 3-MPTMS
linker molecule. The other side of the monolayer is

physisorbed to the Au/Hg LOFO. In the second experiment,30

the proteins in the monolayer are covalently bound to both Au
substrates by an S−Au bond between the Au and one of the
relatively exposed Az cysteine thiolates.
Figure 4 is an example of the normalized current, on the

linear scale, as a function of voltage for the two experi-

Figure 1. (a) Experimental current density (current per unit area) versus temperature (ln(J) versus 1000/T) for Apo-Az at different bias voltages.
(b) Experimental ln(J) versus V for Apo-Az at T = 128, 148, 168, and 188 K. (c) Experimental ln(J) versus 1000/T of Holo-Az at different bias
voltages. (d) Experimental ln(J) versus V of Holo-Az junction at room temperature29 (exp. I).

Figure 2. Experimental ln(J) versus 1000/T of Holo-, Ni-, Co-, Zn-,
and Apo-Az junction at −50 mV bias29 (exp. I).
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ments.29,30 (The normalization is with respect to the current
value at 1.0 V.) Note that the normalized current in ref 29
grows slowly around V = 0, whereas in ref 30 it grows more
rapidly and almost linearly. Comparing the two graphs (Figure
4), the I−V values have very different shapes, especially in the
low voltage (V < 0.5 V) regime. Also, the current per molecule,
I = Itotal/Ncontact, at a constant voltage value seems to be very
different in the two experiments. For example, for V = 0.1 V
and using the above-mentioned and approximate coverages, I =
6.0 × 10−19 to 6.0 × 10−17 A in ref 29 and I = 1.5 × 10−12 to
6.0 × 10−12 A in ref 30. This difference is probably due to the
insulating layer added by the SiOx and a linker in the setup of
ref 29, which lowers the current by some orders of magnitude,
because I ≈ e−βR, where β is the tunneling decay parameter for
Az at the average injection energy and R is the molecular
bridge’s length.34 Therefore, even though the protein transport
medium in both experiments is the same (Az monolayers), the
transport mechanisms in the two systems seem to be different.
In the present work, we will study the I−V and I−T

behaviors reported in the experiments using different
phenomenological models that describe possible transport
mechanisms (see below). We will also attempt to explain the
changes in current behavior seen when the Cu ion is removed

from Az (see Figure 1a,b). To our knowledge, there is still no
comprehensive theoretical modeling of both experiments. Our
modeling results are relevant to the analysis of the current
behavior over a range of temperatures for any molecular
heterojunction device.

2. THEORETICAL METHODS
We will present and discuss results for current−voltage and
current−temperature measurements as reported in both
experiments29,30 using different basic models that relate to
different transport mechanisms. These include the one-site
hopping model,13,14,20,35,36 the Landauer off-resonant tunnel-
ing and resonant tunneling models,13,14,19 multisite extensions
of these models, the extended fully adiabatic Newns−Anderson
model,37−40 and the two-step ET model (2sETm).41,42 These
models are motivated by the experiments29,30 and are
described in full detail below.
For all models, in the schematic representation (Figure 5),

L(R) denotes the left (right) electrodes, where the protein

azurin and the binding ligands are placed between them. For
the experimental setup of ref 29, R represents the LOFO (Au
or Hg) and L represents the substrate (Si/oxide Si). It is
believed that on average Cu is closer to the R electrode.
However, in our modeling, we do not make any assumptions
about orientation. For the experiments of ref 30, R and L
represent Au electrodes.

Figure 3. Experimental current−voltage curves via Holo-Az: (a) I versus V (−1 ≤ V ≤ 1), with current plotted as log(I), at different temperatures.
(b) Current at 0.1 and 0.5 V, indicating the same temperature-independent behavior at different bias voltages30 (exp. II).

Figure 4. Comparison of current−voltage behaviors in experiments I
(ref 29) and II (ref 30). Each current is normalized by its value at 1.0
V, and the temperature is 200 K.

Figure 5. Schematic representation of the layout used for the
description of some theoretical models to describe the experiments. M
denotes metal dopant (e.g., Cu) and HL and HR are the protein-
mediated tunneling matrix elements between L and R electrodes.
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For an Az monolayer of Ncontact molecules, the total current
is approximated by Itotal = NcontactI, and below we describe
several models for I. The experiments measure a current
density J = Itotal/A, where A is the total contact area. It should
be noted that the effective number of contacts (molecules) in
these experiments is to some extent an uncertain variable due
to the complexity of the heterojunctions. Also, the effective
number of contacts will depend on the extent of intermolecular
interactions,43 which is also unknown. Thus, in our fitting, we
probe a range of Ncontact values, and we place more importance
on modeling the experimental temperature and voltage
dependencies rather than the absolute current values.
The first set of models used describes coherent transport

and is based on the Landauer formalism.13,14,19 The current
per molecule is given by

∫ π
= −

ℏ
[ + − − ]I V e E T E V f E eV f E eV( ) d

1
( , ) ( /2) ( /2)

(1)

where

ε
=

Γ Γ
[ − ] + [Γ + Γ ]

T E V
E V

( , )
4

( )
L R

0
2

L R
2

(2)

is the transmission probability, V is the voltage bias across the
junction, −eV/2 = μL (the Fermi energy of L electrode), and
+eV/2 = μR (the Fermi energy of R electrode) (see Figure 6).

Here ε0(V) is a molecular level energy, which acts as a
transmission channel

ε ε α= + −V( ) ( 1/2) eV0 0 (3)

The dependence of the level energy on bias enters via a
parameter α. For example, if α = 0.5, then the level energy is
independent of voltage. For ε0 = 0 and α = 0, it is pinned to μL,
and for ε0 = 0 and α = 1, it is pinned to μR. Moreover, ΓL(R) are
the level broadenings associated with the level couplings HL(R)
to the L(R) leads (see Figure 5)

π ρΓ = HL(R) L(R)
2

L(R) (4)

where ρL(R) are the electronic densities of states of the L(R)
leads. These broadenings are related to the Fermi Golden rule
rates, γL(R), for ET from the level to the leads γL(R) = (2/
ℏ)ΓL(R). The main parameters of this model are ε0(V) and
ΓL(R) (see Figure 6).
The Landauer model, summarized in eqs 1−4, is used in two

ways. Reference 29 observed that upon the extraction of the
Cu atom from Az (Holo → Apo), the current is reduced by

two orders of magnitude for a large range of temperatures (see
Figure 1). Thus for Holo-Az, Cu seems to provide the most
important transmission channel. For this reason, when
modeling Holo-Az via eqs 1 and 2, the level energy ε0(V)
will be interpreted as a Cu state energy. HL(R) will be
interpreted as the through-Az tunneling matrix elements
between the Cu level and the L(R) electrodes. In this case,
eqs 1 and 2 describe an (off-) resonant tunneling model
(through Cu).
For the case of Apo-Az, the Az/ligand supramolecule seems

to be a deep tunneling barrier for a wide range of temperatures
(thus the current reduction in Figure 1a,b). Because Apo-Az
contains many amino acids with several levels providing
tunneling transmission channels, ε0(V) cannot be interpreted
as a single Az protein (amino acid) electronic level. Therefore,
in eq 3, ε0(V) is taken to be an effective parameter that
modulates the overall tunneling barrier provided by the
molecule. When ε0(V) ≫ μL(R), the model describes an off-
resonant tunneling mechanism through the Az amino acids.
When ε0(V) ≈ μL(R), the model describes a resonant tunneling
mechanism through the Az amino acids. We will also consider
generalizations of the Landauer model that incorporate single
and multiple fluctuating resonances. These more general
models may be collectively described as descriptions of
thermally modulated coherent tunneling.44−46 They will be
used to explore mostly the high-temperature regime of the
Apo-Az experiments.29

Because for Holo-Az the Cu atom plays a central role for the
transmission, we also need to consider the possibility that Cu
provides a fully incoherent transmission channel. The length of
the molecular bridge (30 Å) gives us the right to consider the
ET as a hopping process, involving reversible transitions
between the two oxidation states of the bridge (oxidized and
reduced Cu electronic states) (see Figure 7) and the L(R)

electrodes. Thus an alternative model used for Holo-Az is the
one-site hopping model (incoherent model), where the
hopping site is a Cu level. For the case of the hopping
model, Cu acts as a redox site with reorganization energy λ
(see Figure 7). This means that when the electron reaches the
Cu atom, it remains there for sufficient time to reorganize the
Cu-Az ligands. The steady-state current per molecule is given
by

= −
−

+ + +

→ → ← ←

→ ← → ←I V e
k V k V k V k V

k V k V k V k V
( )

( ) ( ) ( ) ( )
( ) ( ) ( ) ( )

L R L R

L L R R (5)

Figure 6. Schematic representation of the basic parameters used in
the Landauer models (ε0 (V), ΓL(R)).

Figure 7. Reorganization energy, λ, distributions Wox and Wred at
equilibrium (left) and after application of a cathodic overpotential.
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where kL(R)
→ and kL(R)

← are hopping rates to Cu from L(R) leads
and from Cu to L(R) leads. When the Az−electrodes
couplings are weak, so that the time scale for ET is long
relative to that of thermal relaxation, each hopping step is
associated with a rate obtained with the framework of the
Marcus heterogeneous ET theory13,14,20,35,36

∫

∫

∫

∫

μ ε μ

μ ε μ

μ ε μ

μ ε μ

⃗ =
Γ
ℏ

−

⃖ =
Γ
ℏ

−

⃖ =
Γ
ℏ

[ − − ]

⃗ =
Γ
ℏ

[ − − ]

k V E f E W V

k V E f E W V

k V E f E W V

k V E f E W V

( ) 2 d ( ) ( ( ), )

( ) 2 d ( ) ( ( ), )

( ) 2 d 1 ( ) ( ( ), )

( ) 2 d 1 ( ) ( ( ), )

L
L

L ox 0 L

R
R

R ox 0 R

L
L

L red 0 L

R
R

R red 0 R

(6)

In the equations above, Wox(ε0(V), μL(R)) and Wred(ε0(V),
μL(R)) are distribution functions35 for Cu oxidation and
reduction, respectively (see Figure 7) and are given by

ε μ
πλ

ε μ
πλ

=

=

λ μ ε λ

λ μ ε λ

− − + +

− + + −

W V
k T

W V
k T

( ( ), )
1

4
e

( ( ), )
1

4
e

E V k T

E V k T

ox 0 L(R)
B

( ( ) ( )) /4

red 0 L(R)
B

( ( ) ( )) /4

L(R) 0
2

B

L(R) 0
2

B

(7)

The chemical potentials of the L(R) electrode are set to μL =
−eV/2 (μR = +eV/2).
The main parameters used in this model are Cu’s site

energy, ε0(V), and the reorganization energy, λ, for the
oxidation/reduction of Cu and ΓL(R) arising from the
electrodes to Cu tunneling couplings through Az amino acids
(see Figure 7).
We will also consider generalizations of the above

incoherent hopping model to multisite hopping through the
Az monolayer. This generalization will be necessary for
describing the temperature dependence of Apo-Az in the T
> 200 K region (see Figures 1a and 8). In addition to the
above simplest models that represent the extremes of coherent
and incoherent transport, we have also tested models

describing intermediate regimes and containing relatively few
parameters. These are the extended fully adiabatic Newns−
Anderson model37−40 and the two-step vibrationally coherent
ET model (2sETm),41,42 and they are described in the
Supporting Information.

3. RESULTS AND DISCUSSION
3.1. Modeling of Holo-Az Heterojunctions in Experi-

ments I and II. 3.1.1. Experiment on Si-Oxide Substrate−
Az−Au LOFO Heterojunctions (Exp. I). Figure 1a,c shows the
temperature dependence of ln(J) (J = Itotal/A) for Apo-Az
(Figure 1a) and Holo-Az (Figure 1c) for a wide range of bias
voltages. In the case of Apo-Az, the current decreases with
decreasing temperature for T > Tc (Tc = 200 K) and then
becomes temperature-independent. Tc remains the same for all
voltages. Transport via Holo-Az is orders of magnitude greater
than that via Apo-Az (apart from the highest temperatures,
when the Holo- and Apo-Az currents are similar).
Furthermore, the Holo-Az current is temperature-independent
for all temperatures (T = 100−400 K) and all voltages (|V| =
0.05 to 1.0 V).
Figure 8 is an example comparison of the Holo- and Apo-Az

currents as a function of temperature for a specific voltage
value (V = +50 mV). This figure shows the switch at T > 200
K from temperature independence to temperature dependence
(activated transport) in the case of Apo-Az. The activation
energy for thermally activated transport is Ea ≈ 250−255 meV.
The large enhancement of the current due to the addition of

Cu (Apo → Holo) observed in ref 29 (Figure 8) indicates that
Cu is the most important transmission channel for Holo-Az.
Thus for Holo-Az, Cu is likely to act as a near-resonant/
resonant tunneling or incoherent hopping site. In the
following, we attempt to fit the temperature and voltage
dependencies of the Holo-Az current using the simplest one-
level coherent model (eqs 1−4) and the one-level incoherent
hopping model (eqs 5−7). The best-fit parameters for both
models are derived from the low-bias regime for which we do
not expect the electric field to perturb the structures of the
proteins in the monolayer.
Figures 9 and 10 show representative simultaneous fits of the

temperature and voltage dependencies of the current measured
in ref 29 using the coherent tunneling model (eqs 1−4) with a
common set of parameter values. Figure 9 shows the ln(J)−T
fitting for V = ±50 and 250 mV, and Figure 10a shows the
ln(J)−V fitting at T = 300 K. The common parameter values
derived from these fits are ε0 = 0.03 eV, α = 0.75, ΓL = 3.3 ×
10−5 eV, and ΓR/ΓL = 10−1000 (the Fermi level at zero bias is
0 eV). We find that there is not much flexibility in the ε0 value,
which affects both the voltage and temperature dependence.
There is more flexibility in the ΓL(R) values due to the
uncertainty about the exact number of proteins in the system,
Ncontact. Thus the best-fit of the coherent tunneling model
predicts a very low tunneling barrier at zero bias, as expected
by the large enhancement seen in the current for Holo-Az as
compared with Apo-Az.
Figure 9 shows that the current can be near-temperature-

independent for the resonant tunneling regime. This is an
expected feature of this regime,19 only if kBT ≤ ΓL + ΓR, ε0(V),
which turns out to be the case for the experimental
temperature range and for the above-mentioned best-fit
parameters. Figure 10a shows that the resonant tunneling
channel that reproduces the low-bias experimental results
cannot reproduce the high-bias current. This feature is

Figure 8. Experimental ln(J) versus 1000/T of Apo- and Holo-Az
junction at +50 mV bias.29
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expected for a single-channel resonant tunneling current, which
tends to saturate at high enough voltages.
Although it is tempting to adopt an off-resonant tunneling

model (high ε0 in eq 3), which is known to give temperature
independence,19 such a model completely fails to predict the
low-bias voltage profile of the experiments in ref 29. A
representative example is shown in Figure 11, which shows a
typical ln(J)−V best fit for a one-level coherent tunneling
model, where the level energy is high (ε0 = 0.8 eV), such that
the current is temperature-independent at all voltages. Figure
11 clearly demonstrates that such a model can reproduce the
experimental results only at very low voltages.
Figures 12 and 13 are representative simultaneous fits of the

temperature and voltage dependencies of the current measured
in ref 29 using the incoherent one-site hopping model (eqs
5−7) with a common set of parameter values given by λ = 0.2
eV, α = 0.75, ε0 = 0.01 to 0.03 eV, ΓL = 1.0 × 10−5 to 1.0 ×
10−3 eV, and ΓR/ΓL = 10−1000. Figure 12 shows ln(J)−T fits

for V = ±50 and 250 mV, and Figure 13a shows the ln(J)−V
fitting at T = 300 K. The range of values of our fit parameters is
due to the uncertainty about the exact number of proteins in
the system, Ncontact. The one-site hopping model thus predicts
a near-resonant Cu level at zero bias that enters the Fermi
window at nonzero bias. It also predicts a low reorganization
energy for the Cu redox site, which is consistent with inner
sphere redox reorganization energies in azurin.47 Both of these
features are necessary to give a near-temperature-independent
current at the various voltages36 (Figure 12). The model
simultaneously reproduces the ln(J)−V behavior for bias values
up to ±250 mV (Figure 13a). Beyond the ±250 mV bias, the
one-level hopping current saturates (Figure 13b), as expected.
A comparison of the ln(J)−V fits obtained using the

coherent resonant tunneling (Figure 10a) to the fits obtained
from the resonant single-channel hopping model (Figure 13a)
shows that the one-site hopping model gives a better fit for a
wider range of bias voltages; however, both models fail to

Figure 9. Experimental ln(J) versus 1000/T of Cu-Az (Holo-Az)29 for different bias voltages versus theoretical predictions (eqs 1−4). (a) Bias
voltages of −50 and −250 mV and (b) bias voltages of +50 and +250 mV. Parameter values of eqs 1−4 for all graphs: ε0 = 0.03 eV, α = 0.75, ΓL =
3.3 × 10−5eV, and ΓR/ΓL = 1000.

Figure 10. (a) Experimental ln(J) versus voltage of Cu-Az29 at T = 300 K and theoretical best fit using the single-channel resonant-tunneling model
(eqs 1−4) with the best-fit parameter values of ε0 = 0.03 eV, α = 0.75, ΓL = 3.3 × 10−5 eV, and ΓR/ΓL = 1000, as in Figure 9. The fit fails for bias
voltages beyond 250 mV. This is because the current of a single resonant tunneling channel will saturate at higher bias voltages. (b) Theoretical
resonant tunneling J versus voltage of Cu-Az at T = 300 K showing the saturation of the current at higher voltages for the best-fit parameters.
Because the resonant tunneling current in this parameter regime is largely temperature-independent for T = 100−400 K, the shape of the J−V curve
will not be altered within the experimental temperature range.
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reproduce the high-bias currents because both predict current
saturation. We were also not able to reproduce the
experimental results by global fitting using more complex
models such as Newns−Anderson37−40 or 2sETm.41,42 (See
the Supporting Information for a description of these models.)
The conclusion that a through-Cu resonant hopping model

(with a low reorganization energy of 0.1 to 0.2 eV) can
reproduce the low-bias Holo-Az currents of ref 29 is consistent
with previous modeling of EC-STM experiments on Holo-Az
molecular junctions.28 Furthermore, the reorganization energy
values predicted by our fitting using the through-Cu hopping
model are consistent with ab initio and molecular dynamics
computations of inner-sphere reorganization energies for the
Cu ion in blue copper proteins.17,47,48 (The systems we study
are not in aqueous environment, so we expect the
reorganization energy to be inner-sphere.) Recent experiments
on small-molecule systems49 clearly demonstrate transport via
a hopping mechanism. A very recent experimental work on
azurin-based molecular junctions50 showed that by weakening
the coupling between the protein and the gold electrodes the
amount of inelastic current increases. This trend clearly

suggests that in experiments like those of ref 29, which involve
linkers that weaken the Cu−electrode couplings, the current
may well proceed incoherently through the molecules.
The analysis in Figures 9−13 shows that the high-bias

current observed in ref 29 cannot be due to a single resonant
ε0(V) transport channel. Because the current does not saturate,
additional resonant ε0(V) channels in the protein monolayer
must come into resonance at higher voltages.36 In the
monolayer, different proteins are expected to have slightly
different orientations, conformations, and local environments.
Therefore, the Cu energy levels of the different Holo-Az
proteins at zero bias will have a range of values (which are
expected to be closer to the Fermi level as compared with the
amino acids; see Table 1). Figure 14a illustrates this idea,
where ε0,k refers to the zero-bias Cu-level energy of protein k in
the monolayer. Given the fact that we were able to fit the
voltage dependence of the current for the lower bias voltages
with single-channel (single ε0 value) models (Figures 9, 10, 12,
and 13), a fraction of the energies {ε0,k} should be quasi-
resonant with the Fermi level at zero bias. However, because
ε0,k(V) = ε0,k + (α − 1/2) eV, for high-enough bias, more Cu
levels in the monolayer ensemble will enter the Fermi window
(Figure 14b), providing the monolayer with additional
transport channels and avoiding a saturation of the monolayer
current at high voltages (Figure 14b).
To test in the simplest manner this multichannel hypothesis

for both the resonant tunneling and hopping mechanisms, we
describe the monolayer (ensemble) current in terms of the
following formula

∑ε ε ε ε= + >
≠

≠´ ≠ÖÖÖÖÖÖÖÖÖÖÖÖ ÆÖÖÖÖÖÖÖÖÖÖÖÖJ J V P J V( ( )) ( ( )),
k

k k kmulti 0,1

low bias channel 1
0, 0, 1 0,1

(8)

On the right-hand side of this equation, the J values are current
densities that are computed by either eqs 1−4 (coherent
tunneling) or eqs 5−7 (incoherent hopping). The subscript
“multi” means multi-ε0(V) sum. The first J(ε0,1(V)) is
computed using the zero-bias ε0 value and the other parameter
values that produce the low-bias fits in Figures 9 and 10 (for
the coherent model) or Figures 12 and 13 (for the incoherent
model). The remaining J values are computed by using a range

Figure 11. Experimental ln(J) versus voltage of Cu-Az29 at T = 300 K
and theoretical best-fit using the off-resonant tunneling model (eqs
1−4) with the best-fit parameter values of ε0 = 0.8 eV, α = 0.5, ΓL =
3.3 × 10−4 eV, and ΓR/ΓL = 1000.

Figure 12. Experimental ln(J) versus 1000/T of Cu-Az (Holo-Az)29 for different bias voltages versus theoretical best-fit using the one-site hopping
model (eqs 5−7). (a) Bias voltages of −50 and −250 mV. (b) Bias voltages of +50 and +250 mV. The parameter values of eqs 5−7 for all graphs
are λ = 0.2 eV, α = 0.75, ε0 = 0.01 eV, ΓL = 1.0 × 10−4 eV, and ΓR/ΓL = 1000.
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of higher zero-bias-level energies ε0,k≠1 = 0.1 to 0.5 eV, with all
other parameters fixed to the values of the low-bias channel.
The prefactors, Pk, are calculated from fitting to the
experimental ln(J)−V for the whole range of experimental
voltages using multiple regression analysis. Pk can be
interpreted as the zero-bias ratio of population of proteins in
the ensemble with a given ε0,k≠1 to the population of proteins
with ε0,1.
Figure 15 shows the individual J values in eq 8 for the

coherent (Figure 15a) and the incoherent hopping (Figure

15b) models for a similar range of ε0,k values. The bias
saturation behaviors of the current in the two mechanisms are
very different. Figure 16 shows the monolayer (ensemble)
current obtained from eq 8 for both mechanisms using the
identical zero-bias-level energies, ε0,k≠1. Figure 16a is a
representative fit of the ln(J)−V dependence measured in ref
29 using the incoherent multichannel hopping model, and
Figure 16b shows the fit results using the coherent multi-
channel tunneling model. The hopping model of eq 8 gives a
much better fit for a wider range of bias voltages, up to V =
±0.75 V, after which saturation starts. (To avoid saturation,
more ε0,k≠1 should be added.)
On the contrary, the tunneling model of eq 8 begins to

saturate at much lower voltages and also shows an asymmetry
when reversing the voltage, not consistent with the
experimental results. Both models give approximate temper-
ature independence of the multichannel current (similar to
Figures 9 and 12). We conclude that the dominant mechanism
of Holo-Az transport in ref 29 for the whole range of bias
voltages probed in the experiments is resonant through-Cu
hopping.

3.1.2. Experiment on Au Microelectrode−Az−Au Micro-
electrode Heterojunctions (Exp. II). Reference 30 reported
temperature-dependent current−voltage (I − V) measure-
ments on Au(substrate)−Holo Az−Au (nanowire) junctions
with a small number of proteins (nominally ∼50). The
currents were approximately temperature-independent (Fig-

Figure 13. (a) Experimental ln(J) versus voltage of Cu-Az29 at T = 300 K and theoretical best fit using the one-site hopping model eqs 5−7
(parameter values: λ = 0.2 eV, α = 0.75, ε0 = 0.01 eV, ΓL = 1.0 × 10−4 eV, and ΓR/ΓL = 1000). (b) Theoretical single-channel resonant hopping J
versus voltage of Cu-Az at T = 300 K for the same parameter values, showing saturation behavior of the current. The behavior does not qualitatively
change with temperature because the model predicts temperature-independent transport for T = 100−400 K (Figure 12).

Table 1. Conversion of Reduction Potentials versus SHE
(mV) into Electronic Energies with Respect to Vacuum
(eV) for Metals Relevant to Experiments I and II and for
Some Amino Acids50,54−58

reactions
reduction potential
ΔGX

0 vs SHE (mV)
reduction potential ΔGX

0 with
respect to vacuum (eV)

Cu2+/Cu+(azurin) 310 −4.75
Cu2+/Cu+ 160 −4.6
Ni2+/Ni −257 −4.18
Co2+/Co −277 −4.16
Zn2+/Zn −760 −3.68

Amino Acids (at pH 7)
Gly 1225 −3.215
Trp 1250 −3.19
Cys 1300 −3.14
Tyr 1350 −3.09

Figure 14. Schematic representation of the Cu-level multichannel hypothesis.
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ures 3a,b). The I−V curves are symmetric in contrast with the
J−V curves in ref 29.
We find that the I−V experimental results of ref 30 can be

reproduced by a single-channel coherent tunneling model (eqs
1−4), where the level energy is off-resonant to the Fermi level,
ε0, at zero bias. Typical ln(I)−T and ln(I)−V experimental and
modeling plots are shown in Figures 17 and 18. The coherent
tunneling model (eqs 1−4) parameter values that reproduce
the experimental results are α = 0.470, ε0 = 0.70 to 0.80 eV, ΓL
= 1.1 × 10−5 to 2.5 × 10−5 eV, and ΓR/ΓL = 100−1000.
In conclusion, the Holo-Az transport mechanisms differ in

the two experiments,29,30 as suggested by Figure 4. For the
Holo-Az heterojunction in ref 29, the best low-bias fits to
experiment are obtained by a one-channel resonant hopping
model. To reproduce the high-bias currents, multiple resonant
Cu-hopping channels must be introduced. For ref 30, a single-
channel off-resonant tunneling model adequately describes the
experimental results. These results are not that surprising given
the structural differences between the heterojunctions in the
two experiments. In the experiment of ref 30, the proteins in
the monolayer are covalently bound to both leads. In the
experiment of ref 29, the proteins in the monolayer are only

Figure 15. Theoretical J versus V of Cu-Az at T = 300 K using a range of energy levels, ε0,k≠1 = 0.1 to 0.5 eV (a) for the coherent resonant
tunneling model (parameter values: ε0,1 = 0.03 eV (best-fit at low-bias regime), α = 0.75, ΓL = 3.3 × 10−5 eV, and ΓR/ΓL = 1000) and (b) for the
incoherent hopping model (parameter values: ε0,1 = 0.01 eV (best-fit at low-bias regime), λ = 0.2 eV, α = 0.75, ΓL = 1.0 × 10−4 eV, and ΓR/ΓL =
1000).

Figure 16. Experimental ln(J) versus voltage of Cu-Az29 at T = 300 K and theoretical fits using the multichannel hypothesis of eq 8 using (a) the
incoherent hopping mechanism (coefficients derived from multiple regression analysis: P1 = 0.35, P2 = 0.50, P3 = 3.14, P4 = 4.68, and P5 = 13.01)
and (b) the coherent tunneling mechanism (coefficients of multiple regression analysis: P1 = 0.06, P2 = 6.84, P3 = 7.77, P4 = 3.21, and P5 = 7.68).

Figure 17. Experimental ln(I) versus 1000/T of Cu-Az30 at +500 and
+100 mV bias versus theoretical fits (eqs 1−4) using the parameter
values: α = 0.470, ε0 = 0.80 eV, ΓL = 1.15 × 10−5 eV, and ΓR/ΓL =
1000.
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covalently bound via a linker molecule to the substrate and are
physisorbed to the Au LOFO. Thus, in the latter
heterojunctions, there is much more disorder and weaker
coupling of the metal to the leads (as compared with ref 30)
both due to the physisorption and due to the linker molecule
that increases the molecular bridge by ∼6 Å.
3.2. Modeling of Apo-Az Heterojunction Experiments

(Exp. I). The modeling of Apo-Az experiments29 is more
involved. This is because two behaviors of the current as a
function of temperature are observed. For T < 200 K, the
temperature dependence of the current is largely flat, and for T
> 200 K, the dependence is activated. It is notable that for the
highest temperatures in the experiments (i.e., T = 400 K) the
current for Apo-Az approaches the current for Holo-Az.
3.2.1. Low Temperatures (T < Tc). We find that the

experimental results for the Apo-Az heterojunction in the
temperature-independent regime (T < 200 K) can only be
described via eqs 1−4 using an off-resonant tunneling model.
Example comparisons of experiment and theory are shown in
Figure 19. The parameter values employed for the fit are α =
0.50, ε0 = 0.60 to 0.70 eV, ΓL = 1.0 × 10−3 to 2.5 × 10−3 eV,
and ΓR/ΓL = 1. The off-resonant tunneling behavior may be

interpreted as a consequence of the fact that the proteins are
missing the metal ion capable of localizing the charge (in a
locally stable state).
In contrast with the case of Holo-Az, where ε0 in eqs 2 and 3

was interpreted as a Cu-level energy, in the case of Apo-Az, ε0
should be interpreted as an average amino-acid tunneling
barrier.

3.2.2. High Temperatures (T > Tc). To reproduce the
experimental results for the Apo-Az heterojunctions (ref 29,
Figures 1a,b and 2) in the thermally activated transport regime
(T > 200 K), we need a mechanism that shows activated
current behavior and produces Apo-Az current for the highest
temperatures that approach the Holo-Az currents (see Figure
8). This last observation implies that at the highest
temperatures the protein (amino acids) provides channels
(resonances) that are either within the Fermi window or can
easily be accessed thermally. These resonances will be accessed
by transferring charge either coherently or incoherently.
We find that the simple coherent transport model of eqs

1−4 cannot reproduce both the flat and the activated
dependence of the Apo-Az current. The simplest generalization
of this coherent model that incorporates a fluctuating

Figure 18. Experimental ln(I) versus voltage of Cu-Az30 at (a) 275 and (b) 25 K versus theoretical fits (eqs 1−4) using the parameter values: α =
0.470, ε0 = 0.80 eV, ΓL = 1.15 × 10−5 eV, and ΓR/ΓL = 1000.

Figure 19. (a) Experimental ln(J) versus voltage of Apo-Az29 at T = 128 K and theoretical fits using eqs 1−4. Because for 100 ≤ T ≤ 200 K the
current is temperature-independent, the fit does not change with temperature. (b) Experimental ln(J) versus 1000/T of Apo-Az as a function of
temperature at V = 0.05 and 0.10 V and theoretical fits using eqs 1−4. For both panels a and b, the parameter values in eqs 1−4 are α = 0.50, ε0 =
0.70 eV, ΓL = 1.0 × 10−3 eV, and ΓR/ΓL = 1.
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resonance is a thermally modulated tunneling model.44−46 In
this model, the level energy, ε0, in eqs 2 and 3 is a stochastic
variable with a Gaussian probability density

ρ ε
π σ

= ε ε σ− − ̅
T

( )
1

2 ( )
e T

0
( ) /2 ( )0 0

2 2

(9)

where σ λ=T k T( ) eff B . (λeff is an effective reorganization
energy that characterizes the dependence of ε0 level
fluctuations as a function of temperature.) The measured
mean current is an average over level fluctuations

∫ ε ρ ε ε⟨ ⟩ = Ι
−∞

+∞
I V V( ) d ( ) ( , )0 0 0 (10)

where Ι(V, ε0) is the current per molecule based on the
Landauer formalism (eqs 1−4). This model can partially
reproduce the temperature dependence of the current in the
thermally activated and the thermally independent regions for
λeff ≈ 1.1 eV and ε0 = 0.60 eV and only for low-voltage values
(V ≤ 0.250 V) (see Figure 20a). However, the parameters that
give the temperature dependence in Figure 20a cannot
reproduce the experimental voltage dependence in the
different temperature regimes (Figure 20b for T = 128 K
and Figure 20c for T = 308 K).

As an alternative to the above model for the behavior of the
Apo-Az currents at high T, we have also tested a multisite
incoherent hopping model. To describe incoherent transport
through the amino acids, we use a generalization of the one-
site hopping model to N sites, where N is a parameter to be
determined by fitting. This model51,52 is schematically
represented in Figure 21, where L(R) denotes the left

(right) electron reservoirs (electrodes) and the Bi correspond
to the different incoherent sites, each of which should be
interpreted as an electronic level of energy, εi(V) , delocalized
over one or more amino acids. The different ki→j in this figure
corresponds to the different (forward and backward) ET rates
between these levels.
To determine the steady-state current in this model, we

need to compute the stationary occupations ̇ =P( 0)i
(ss) in the

Figure 20. (a) Experimental ln(J) versus 1000/T of Apo-Az29 as a function of temperature at V = −0.05 V versus theoretical fits (eqs 9 and 10).
(b) Experimental ln(J) versus voltage of Apo-Az at T = 128 K (low-temperature regime) and theoretical fits using eqs 9 and 10. (c) Experimental
ln(J) versus voltage of Apo-Az at T = 308 K (high-temperature regime) and theoretical fits using eqs 9 and 10. For all graphs, the parameter values
are λ = 1.1 eV, α = 0.50, ε0 = 0.60 eV, ΓL = 1.0 × 10−3 eV, and ΓR/ΓL = 1.

Figure 21. Schematic representation of the hopping model where a
molecular bridge with N = 3 incoherent sites is coupled to the left (L)
and right (R) electrodes.
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different sites (e.g., N = 3 below) by solving the corresponding
kinetic equations

− ⃖ + + + ⃗ =

− + + =

− + ⃗ + ⃖ =

→ ←

→ ← → ←

→ ←

k k P k P k P

k P k k P k P

k P k k P k P

( ) 0

( ) 0

( ) 0

L 1 2 1
(ss)

2 1 2
(ss)

L L,R
(ss)

1 2 1
(ss)

2 1 2 3 2
(ss)

3 2 3
(ss)

2 3 2
(ss)

3 2 R 3
(ss)

R L,R
(ss)

(11)

The steady-state current per molecule (evaluated at the left
interface) is simply given by

= − ⃗ − ⃖I V e k P k P( ) ( )L L,R
(ss)

L 1
(ss)

(12)

To specify the voltage dependence of the molecular levels
(εi(V)), we will assume that a portion αL,R of the bias voltage
drops at the left and the right metal−molecule interfaces, and a
portion aM drops along the molecule such that aL + aM + aR =
1.
For simplicity, we will assume that all of the forward rates

are equal, ki→i+1 = kf. The same is true for the backward
intramolecular rates, ki←i−1 = kb. The rates are given by

= ε ε λ λ λ λ
→

− − + + +k kei j
V V k T( ( ) ( ) ) /4 ( )i j i j i j

2
B

(13)

and they satisfy the detailed balance equation

=→ + ← −
−Δ → +k k/ ei i i i

G k T
1 1

/i i 1 B (14)

For the voltage-dependent rates involving charge transfer to
the electrodes, we shall use the typical expressions taken from
heterogeneous ET theory13 in eqs 6 and 7. For hopping rates
from/to the L(R) electrode, we use the molecular level
coupled to the L(R) electrode, ε1(Ν)(V).
The main parameters used in this model are N (number of

incoherent hopping sites), λ (reorganization energy), ε (the
one-site energy of the molecular level at zero bias, assumed to
be equal for all of them), k (zero-bias intramolecular transfer
rate), αL,R (parameters describing the voltage drop at the
metal−molecule interfaces), and γL(R) = (2/ℏ)ΓL(R) (Golden
rule rates).
We find that to reproduce the activated behavior of the Apo-

Az current for T > 200 K, we need at least N = 3 incoherent

sites in the molecular bridge (amino acid centers). An example
comparison of experiment and N-site hopping theory is shown
in Figure 22. Figure 22a compares the experimental ln(J)−V
curve (black square) to a theoretical fit using the N = 3
hopping-site model (red circle). Figure 22b compares the
experimental ln(J)−T curve to a theoretical fit using the same
model (magenta triangle). The hopping model parameter
values are λ = 0.3 eV (typical for amino acids53), αL = αR =
−0.40, ε0 = 0.40 eV, ΓL = 1.0 × 10−8 to 3.30 × 10−8 eV, ΓR/ΓL
= 100, and Γ = 1.0 × 10−7 to 3.30 × 10−7 eV.
Because the N = 3 hopping-site model is not relevant to the

low-temperature behavior, Figure 22b also shows a theoretical
fit of the low-temperature regime using the off-resonant
tunneling model (eqs 1−4) (blue triangle).
The fitting results suggest that the Apo-Az current at low

temperatures is mediated by tunneling and that at high
temperatures by through-amino-acid hopping. The simplest
interpretation of the above is that the ensemble (monolayer)
current density is described by the following simple relation-
ship

= + −J pJ T p J T( ) (1 ) ( )total Hopp. Tunn. (15)

where JHopp.(T) is the current density through the N = 3
hopping sites at the high-temperature regime and JTunn.(T) is
the off-resonant tunneling current density. A good fit of eq 15
to the experimental temperature dependence for the whole
range of temperatures is also shown in Figure 22b (red line).
If we consider that every protein in the ensemble may

transport charge via two dominant channels, hopping and
tunneling, then the prefactor p could be interpreted as the
probability of hopping and 1 − p as the probability of
tunneling. However, this probabilistic interpretation of the
parameter may be an oversimplified picture given the
approximate nature of the models. Equation 15 could also be
interpreted as a result, emerging from a more complete,
rigorous theory that reduces to the two limiting cases
(tunneling, hopping) at different (low, high) temperatures.

3.3. Modeling Heterojunction Experiments of Zinc-,
Cobalt-, and Nickel-Substituted Azurins (Exp. I). In
addition to the Apo- and Holo-Az heterojunction experiments,

Figure 22. (a) Experimental ln(J) versus voltage of Apo-Az29 at T = 308 K and theoretical fits (eqs 11−14). (b) Experimental ln(J) versus 1000/T
of Apo-Az at V = 0.50 V over the entire temperature range and theoretical fits (using eqs 11−14 at high temperatures, eqs 1−4 at low temperatures,
and eq 15 for both temperature regimes). Model parameter values of eqs 11−14: N = 3, λ = 0.3 eV, αL = αR = −0.40, ε0 = 0.40 eV, Γ = 3.30 × 10−7

eV, ΓL = 3.30 × 10−8 eV, and ΓR/ΓL = 100. Model parameter values of eqs 1−4: α = 0.50, ε0 = 0.70 eV, ΓL = 1.0 × 10−3 eV, and ΓR/ΓL = 1.
Parameter value of eq 15 (red line): p = 0.3.
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ref 29 reports the temperature and voltage dependencies of the
current for Zn-, Ni-, and Co-substituted azurin heterojunc-
tions. Figure 2 compares the current temperature depend-
encies of Apo-Az and Holo-Az to those of Zn-, Co-, and Ni-Az
at a voltage of −50 mV. The current temperature dependencies
all exhibit a temperature-independent region (T < Tc) and
temperature-dependent (activated) region (T > Tc). The
shapes of the ln(J) versus 1/T plots for Zn-, Co-, and Ni-Az are
intermediates between those of Apo-Az and Holo-Az. The Zn-
Az and Apo-Az heterojunctions have similar current temper-
ature dependencies, and so do the Holo-Az and Ni-Az
heterojunctions. The Co-Az current temperature dependence
is approximately intermediate between the Apo-Az and Holo-
Az extremes. As the medium is changed from Apo-Az to Zn-,
Co-, Ni-, and Cu-substituted Az, the trend in the temperature
dependence of the current is a reduction of the total current
enhancement in the thermally activated region, that is, a
reduction of ΔJact = ln(Jmax) − ln(Jmin) ≈ ln(J(Tmax)) −
ln(J(Tmin)), with a simultaneous increase in the minimum
current, ln(Jmin) ≈ ln(J(Tmin)), in the temperature-independ-
ent region. This trend seems to be correlated with the
reduction potentials versus SHE of the substituted metals and
of some common amino acids (Table 1). The last column in
Table 1 converts the reduction potentials versus SHE to an
absolute energy scale (in electronvolts) with respect to
vacuum,50,54−58 to be compared with the Au Fermi level59 of
−5.1 eV. It is obvious from the table that the barrier ΔGX

0 for
the reduction of a metal or of an amino acid (AA) X from Au
follows the same trend as ΔJXact, that is, ΔGCu

0 < ΔGNi
0 < ΔGCo

0 <
ΔGZn

0 < ΔGAA
0 and ΔJCu−Azact < ΔJNi−Azact < ΔJCo−Azact < ΔJZn−Azact <

ΔJApo−Azact .
Therefore, we expect that in going from Zn to Ni the

ensemble-averaged barrier for tunneling through Az is
progressively lowered if the metal participates in transport.
Figure 23 shows fits of the experimental results for the cases of
Ni-, Co-, and Zn-Az heterojunctions in the temperature-
independent regime (T < 200 K) using the tunneling model
(eqs 1−4) with different values of ε0 that follow the trend of
ΔGX

0 in Table 1. An example comparison of experiment and
theory is shown in Figure 23. The parameter values employed

for the fit are ΓL = 1.0 × 10−3 to 2.5 × 10−3 eV, ΓR/ΓL = 1, α =
0.50, and ε0 = 0.2, 0.22, and 0.55 eV for Ni-, Co-, and Zn-Az
heterojunctions, respectively (eqs 1−4).
In the cases of Ni-Az and Co-Az heterojunctions, we can

reproduce the experimental results both in the temperature-
independent (T < 200 K) and thermally activated regimes (T
> 200 K) using the Landauer model (eqs 1−4) with ε0 = 0.2
eV (Ni) and ε0 = 0.22 eV (Co). In the case of the Zn-Az
heterojunction the current−temperature dependence resem-
bles very much that of Apo-Az. This is reasonable because the
reduction potential of Zn (E0 = −760 mV vs SHE)54 is
relatively close to that amino acid redox potentials (e.g., Tyr,
Cys, Trp, Gly) (see Table 1). Therefore, Zn does not provide a
much better transport channel than the amino acids in azurin,
and to explain the temperature behavior, we can adopt the
same modeling as in Apo-Az. Figure 23 shows that the Zn-Az
current in the temperature-independent region (T < 200 K) is
reproduced by a tunneling model with ε0 = 0.55 eV, but this
model cannot reproduce the current in the thermally activated
region (T > 200 K). For this region, we use the N-site hopping
model, and as in the Apo-Az case we can reproduce the current
for N ≥ 3 (Figure 24).

As in the case of Apo-Az, the hopping and tunneling
currents can be combined to reproduce the Zn-Az current in
the whole temperature range via eq 15. Figure 24 (red line)
shows the monolayer Zn-Az current computed from eq 15 and
compared with the experimental results of ref 29.
It should be noted that the temperature dependencies of the

activated currents in Figure 2 for Ni-Az and Co-Az can also be
reproduced by a through-amino-acid hopping model, as is the
case of Apo- and Zn-Az. Given the fact that at the highest
temperatures all currents in Figure 2 converge to similar values,
the best interpretation of the activated region is that the
current is dominated by through amino-acid hopping in all
cases.

Figure 23. Experimental ln(J) versus 1000/T of Ni-, Co-, and Zn-
Az29 at −50 mV bias and theoretical best-fit using the off-resonant
tunneling model (eqs 1−4) with the best-fit parameter values of ΓL =
1.0 × 10−3 eV, ΓR/ΓL = 1, α = 0.50, and ε0 = 0.20, 0.22, and 0.55 eV
for Ni-, Co-, and Zn-Az heterojunctions, respectively.

Figure 24. Experimental ln(J) versus 1000/T of Zn-Az29 at V = −50
mV over the entire temperature range and theoretical fits (using eqs
11−14 at high temperatures, eqs 1−4 at low temperatures, and eq 15
for both temperature regimes). Model parameter values of eqs 11−14:
N = 3, λ = 0.3 eV, αL = αR = −0.40, ε0 = 0.20 eV, Γ = 1.0 × 10−12 eV,
ΓL = 3.30 × 10−8 eV, and ΓR/ΓL = 1. Model parameter values of eqs
1−4: α = 0.50, ε0 = 0.55 eV, ΓL = 1.0 × 10−3 eV, and ΓR/ΓL = 1.
Parameter value of eq 15 (red line): p = 0.3.
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4. CONCLUSIONS

The present theoretical investigation is motivated by experi-
ments29,30 that measure the current−voltage and current−
temperature dependencies of ETpr azurin monolayer hetero-
junctions. The experiments in ref 29 (exp. I) involve Si-oxide
substrate−Az−Au or Hg LOFO heterojunctions and compare
the voltage and temperature dependencies of Holo-Az (with
Cu as the redox site) and Apo-Az (with Cu removed). They
also measure the temperature dependencies of other metal-
substituted azurins (Ni, Co, and Zn). The experiments in ref
30 (exp. II) involve Au microelectrode−Az−Au micro-
electrode heterojunctions and measure the current−voltage
and current−temperature dependencies of Holo-Az. The
experimental results are very interesting because they enable
the analysis of transport through the same protein monolayer
medium as a function of the metal substitution, temperature,
and voltage.
In both types of heterojunctions,29,30 the Holo-Az current is

approximately temperature-independent, but the bias voltage
dependence of the Holo-Az current in ref 29 differs
considerably from that in ref 30. Furthermore, in contrast
with the temperature-independent Holo-Az, the Apo-Az
current in ref 29 shows activationless behavior at lower
temperatures (T < 200 K) and activated behavior at higher
temperatures (T > 200 K). The temperature dependencies of
the current for the other metal-substituted azurin monolayers
interpolate between the Holo-Az behavior and the Apo-Az
behavior. In the temperature-independent regime, the
magnitude of the current is the highest for Holo-Az and the
lowest for Apo-Az, with the other metal-substituted azurins
showing intermediate current values between the two extremes
(Cu-Az > Ni-Az > Co-Az > Zn-Az > Apo-Az). At the highest
temperatures, the current magnitudes of all azurin types are
similar.
The richnesss of the above phenomenology offers an

opportunity to explore transport mechanisms through the
azurin monolayers and to gain insight into the competition
between metal- and amino-acid-mediated transport in these
systems. In our work, we have attempted to fit the
experimental results using several standard models of coherent
and incoherent transport mechanisms. Importantly, for each
mechanism, we simultaneously fit both the voltage and
temperature dependencies of the logarithm of the current
using a common set of parameters. This approach turns out to
limit to a large extent both the type of transport mechanism
and its corresponding parameter set compatible with experi-
ment. Our results do not exclude the possibility that the
systems studied may operate in more complex, intermediate
regimes between the extremes of fully coherent and fully
incoherent transport. However, given the information we have
about the systems, it is impossible to determine more precisely
those regimes. Our results are summarized in Table 2.

We find that in the Holo-Az heterojunctions of ref 29
transport is mediated by through-Cu incoherent resonant
hopping with the possibility of through-Cu coherent resonant
tunneling also contributing for low-bias voltages. In contrast,
for the Holo-Az heterojunctions in ref 30, transport is
mediated by off-resonant tunneling. Our analysis also shows
that the Cu-level energies of the Holo-Az monolayers in ref 29
are much more disordered compared with the monolayers in
ref 30. These results explain the large differences in the low-
bias voltage dependencies of the current per azurin molecule
observed in the two experiments (Figure 4) and also are
consistent with the structural differences between the two
types of heterojunctions. The proteins in ref 29 are covalently
bound via a linker molecule to one lead and physisorbed to the
other. The proteins in ref 30 are covalently bound by S−Au
bonds to both leads. Thus each Cu metal in the
heterojunctions of ref 29 is on average much more weakly
coupled to the leads as compared with ref 30, and the protein
monolayer is much more disordered.
For the Apo-Az experiments,29 we find that the removal of

the Cu atom changes the transport mechanism to through-
amino-acid off-resonant tunneling in the lower temperature
(temperature-independent) regime and to through-amino-acid
hopping in the higher temperature, activated regime. For the
other metal-substituted azurins (Zn, Ni, Co), the off-resonant
tunneling model reproduces the currents in the temperature-
independent regime with average tunneling barriers that follow
the same magnitude trend as the redox potentials of the metals,
indicating that the metal type plays a role in influencing the
average tunneling barrier in these systems. For the high-
temperature, activated regime, through-amino-acid hopping
can reproduce the current behavior for all three metal
substitutions, although the off-resonant tunneling model can
also reproduce the activated region for Ni- and Co-substituted
azurins. The best self-consistent interpretation of the currents’
temperature dependence at the highest temperatures in Apo-,
Zn- Co-, and Ni-Az monolayers is a through-amino-acid
hopping mechanism.
The variability and mixing of transport mechanisms in the

protein heterojunctions (see Table 2) is consistent with our
current understanding of biomolecular ET. Even at the single-
molecule level, protein structural fluctuations can lead to
fluctuating molecular and metal electronic-level energies and
intralevel couplings, giving rise to a spread of ET rates/currents
and to ET mechanism switches.8,16,18,24,46,60 At the monolayer
level, the situation is even more complex because there is
additional static disorder. Furthermore, the dominance of the
through-Cu hopping mechanism for the Holo-Az hetero-
junctions with weak metal−lead couplings is not surprising
given the recent theoretical and experimental results on redox
molecular junctions.49,61,62 Our results show that when the
redox hopping site is near-resonant to or within the Fermi

Table 2. Transport Mechanisms for the Azurin Heterojunctions29,30 in the Different Temperature Regimesa

Holo-Az experiments29,30 Zn- and Apo-Az experiments29 Ni- and Co-Az experiments29

temp.-independent current temp.-dependent current: T > Tc current temp. dependence is intermediate between the Holo- and Apo-Az
behaviorstemp.-independent current: T < Tc

Exp. I29 through-Cu incoherent resonant
hopping (high disorder)

T < Tc: off-resonant tunneling T < Tc: near-resonant tunneling

Exp. II30 off-resonant tunneling T > Tc: through-amino-acid hopping T > Tc: both near-resonant tunneling and through-amino-acid hopping
are consistent with experiment

aTc ≈ 200 K remains the same for all azurin heterojunctions.
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window and the reorganization is small (as is the case of the
Cu level in the heterojunctions of ref 29), the hopping current
can be near-temperature-independent for finite bias voltages.
Therefore, a temperature-independent current does not
necessarily imply a coherent tunneling mechanism, nor does
it exclude a hopping mechanism. This conclusion is consistent
with other theoretical works on hopping transport,36 and it
implies that additional experimental probes of the current
(apart from the temperature and voltage dependencies) are
necessary to determine transport mechanism.
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(42) Arteś, J.; Loṕez-Martínez, M.; Giraudet, A.; Díez-Peŕez, I.; Sanz,
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