
Electrochimica Acta 160 (2015) 363–375

Contents lists available at ScienceDirect

Electrochimica Acta

journa l homepage: www.e lsevier .com/ locate /e lectacta
Irreversibility in redox molecular conduction: single versus double
metal-molecule interfaces

Agostino Migliore a,b,*, Abraham Nitzan a

a School of Chemistry, Tel Aviv University, Tel Aviv 69978, Israel
bDepartment of Chemistry, Duke University, Durham, NC 27708, USA
A R T I C L E I N F O

Article history:

Received 14 October 2014
Received in revised form 23 January 2015
Accepted 26 January 2015
Available online 29 January 2015
Keywords:
cyclic voltammetry
molecular conduction junctions
metal-molecule interfaces
charge transport
hysteresis
* Corresponding author at: Department o
NC 27708, USA. Tel.: +1 919 6601633.

E-mail addresses: agostino.migliore@du
nitzan@post.tau.ac.il (A. Nitzan).

http://dx.doi.org/10.1016/j.electacta.2015.01
0013-4686/ã 2015 Elsevier Ltd. All rights
f Chemist

ke.edu (A.

.174
reserved.
A B S T R A C T

In this workwe analyze the onset andmanifestation of irreversibility phenomena in the charge transport
at single and double metal-redox molecule interfaces, with special emphasis on the role of the nuclear
system reorganization energy in causing the distortion of cyclic voltammograms in the first case and the
occurrence of hysteresis phenomena in the second case. Under physical conditions for which two states
of the molecular system come into play, effects of irreversibility increase with the reorganization energy
at a single interface, while an opposite trend is seen in the conduction through a molecular junction. The
apparent contradiction between these two behaviors, which was raised in a previous work (Migliore, A.;
Nitzan, A., J. Am. Chem. Soc. 2013, 135, 9420–32) is here resolved through detailed investigation of the
connections between molecule reorganization energy, bias-dependent population of the molecular
redox site(s), and threshold voltage scan rate for the onset of irreversible behavior. Moreover, our
investigation of the effects of the reorganization energy on the voltammogram peaks proposes a strategy
for extracting the value of the reorganization energy of the molecular system from the experimental
behavior.

ã 2015 Elsevier Ltd. All rights reserved.
1. Introduction

Redox molecules have been subject of intensive and extensive
experimental investigations in the last few decades, with special
focus on electrochemical measurements that are able to detect
their properties as systems of biological relevance [1–4] and of
great potential in nano-electronics applications [2,5–9]. Properties
such as reorganization energy of the redox molecular system and
relative alignment between molecular redox levels and metal
Fermi levels play a crucial role in a large variety of observed
electron transfer (ET) and transport phenomena. For example, the
ability of redoxmolecules to be reversibly oxidized and reduced, in
conjunction with the mentioned level alignment, allows for
electrochemical gate control of the conductance through single
redoxmolecules, in analogy with themechanism operating in field
effect transistors [6]. Noticeably, technological advance has
allowed to track clearly the connection between improvement
in junction conductance and metal-molecule level match [9]. As
ry, Duke University, Durham,

Migliore),
another example, the localization of the transferring charge around
the molecular redox center and its stabilization by suitable
polarization of the surrounding environment can account for
observed behaviors of nonlinear charge transport, such as negative
differential resistance (NDR) and hysteresis, that we have recently
analyzed [10,11].

Redox molecular conduction junctions are junctions in which
the molecular bridge connecting the metal electrodes can operate
in more than one redox state. Such behavior requires that at least
two conduction channels coexist: a fast channel that carries most
of the observed current and a slow channel whose occupation
determines the junction redox state and influences the conduction
through the first channel. These junctions are often characterized
by irreversible behavior, i.e., at common voltage sweep rates the
current response may be decoupled from the voltage change
(hence, the current does not follow adiabatically the voltage), thus
leading to memory effects (thermodynamic irreversibility) that
appear as hysteresis over bias cycles. A similar mechanism
underlies irreversibility in cyclic voltammetry of redox molecules
under diffusionless [12] conditions. However, studies in the areas
of voltammetry and molecular conduction junctions have mostly
progressed separately so far. Connections between these two fields
of study were proposed in a recent work [11] using a simple two-
state molecular model (which corresponds to the slow charge-
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transport channel in the case of a junction). The analysis in Ref. [11]
led us to an apparent contradiction: In cyclic voltammetry the
threshold voltage scan rate for the onset of irreversible behavior is
lower for larger reorganization energy of the redox molecular
bridge. Therefore, given two systems with reorganization energies
l1 and l2, and l2 >l1, the metal-molecule interface with
reorganization energy l1 will behave ideally at voltage sweep
rates for which the other interface shows already a distorted
voltammogram. In general terms, the distortion of the voltammo-
gram at a given scan rate increases with the reorganization energy.
In contrast, the irreversibility in the response of a redox junction to
a bias cycle, as measured by the maximumwidth of the hysteresis
loop, appears to decrease with increasing reorganization energy of
the (solvated) redox molecular bridge. Resolving this apparent
contradiction is crucial to the understanding of the common
mechanism for irreversibilitywithin the two contexts. The solution
of this issue is presented in this work (Section 4), after relating the
mechanisms of charge transport through single and double metal-
molecule interfaces (see Section 2) and after further investigating
(compared to Ref. [11]) the onset of irreversibility in the charge
flow through a single metal-molecule interface (Section 3). The
reorganization energy of the redox molecular system generally
plays a crucial role in determining the conditions for the onset of
irreversibility, and the analysis of Section 3 leads to a procedure for
estimating the reorganization energy from scan data of irreversible
voltammetry.

2. Comparing the charge flow through single and double
interfaces.

The Gurney [13]-Marcus [14,15]-Hush [16] theory of heteroge-
neous ET has beenwidely used both in the study of electrochemical
reactions [17,18] at a metal electrode (where kinetic models based
on Marcus charge transfer rates have been used in place of the
traditional Butler–Volmer equations [1,18–21]) and in the context
of “underwater” redox molecular junctions [10,22,23]. In both

[(Fig._1)TD$FIG]

Fig.1. (a) Voltammetric three-electrode configuration. Theworking electrode (L) is coate
in cyan (its contact with the metal can be compared with the semi-junction in panels c).
due to ET at the metal-molecule interface is continued by electrolyte (depicted as yellow
voltammogramwith equal anodic and cathodic peaks, for slow enough overpotential sca
chemical potential m (yellow dash) and the overvoltage-dependent molecular ener
overpotential. The peak in the current occurs when e=m (see Eqs. (4b) and (7
molecular level may be shifted by the gate voltage Vg relative to the left (L) and r
respect to each other by a bias voltage Vb. The rate constants for the interface ET
the junction in panel c corresponds to the passage of the molecular level acro
electrodes. I is measured between the L and R electrodes. (e) I vs. Vb. The high-V
window, which grows with Vb. (For interpretation of the references to colour in
contexts, the solvation/reorganization energy of the redox
molecular system plays a key role in determining the interfacial
ET rate as well as in assisting charge localization and electrochem-
ical gating [24,25]. In addition to the reorganization energy, the ET
rate also depends on the electrode-molecule electronic coupling
and on the minimum energy that is needed (at a given nuclear
configuration) for electron transfer between the molecule and the
metal, i.e., the energy offset between the metal Fermi level and the
effective molecular energy level (the latter is a measure of the
energy difference between the two charging states of the redox
molecular system [26]).

In Figs. 1a–e, we compare current measurements in molecular
junctions and in voltammetric setups with strong molecular
adsorption on the electrode, disregarding possible effects of
diffusion, adsorption and desorption kinetics [27]. Fig. 1a depicts
a three-electrode voltammetric configuration. The working
electrode is coated with a layer of redox molecules. Under the
assumed strong-adsorption conditions, the current across the
surface of the working electrode is produced by charging or
discharging the adsorbed molecular layer. Continuity is assured by
inter-phase transport via transfer of some charged component to
the solution phase [28,29]. This concomitant mechanism is here
assumed to be efficient enough that the Marcus-type ET rate
processes at the metal-molecule interface determine unambigu-
ously the measured current.

In the setup of Fig. 1a, the voltage between the working and
counter electrodes is kept constant, and the current between them
is measured as a function of the potential difference between the
working and reference electrodes. This so-called overpotential
changes the alignment between the molecular electron level and
the Fermi energy, and is therefore equivalent to a gate potential in
transistor physics. The ideal behavior of the current–voltage
response under reversible conditions (that is, when the potential
scan rate is low enough for the concentrations of oxidized and
reduced molecules to satisfy the Nernst equation) shows no
separation between the anodic and cathodic peaks (Fig. 1b). Then,
dwith amonolayer of strongly adsorbed redoxmolecules. Amolecule is highlighted
An overpotential E is applied between L and a reference electrode S. The charge flow
circles) in solution to the counter electrode R (this current I is measured). (b) Ideal
n rate and after subtracting the baseline [1]. The relative alignment of the electrode
gy level (cyan dash) eðEÞ ¼ EB � EA � eE is shown at different values of the
)). (c) Schematic view of a metal-molecule-metal redox junction, where the
ight (R) metal Fermi levels or the electrode Fermi levels may be shifted with
processes are described in the main text. (d) A peak in the I–Vg response of

ss the Fermi window, at a fixed bias voltage Vb ¼ ðmL �mRÞ=e between the
b plateau is attained once the molecular level is sufficiently inside the Fermi
this figure legend, the reader is referred to the web version of this article.)
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for the case of one-electron transfer between the lead and the
redox species, the peak potential is simply the reduction potential
of the redox couple [1,11]. The current falls off as the redox layer is
fully reduced or oxidized. Denoting by P the probability that a
molecule is in a given oxidation state, dP/dt is the (dimensionless)
charge flow at the interface on a per molecule basis. Changing the
overpotential E [30], this current reaches amaximum at the E value
for which P has an inflection point, and vanishes when
P approaches unity or zero. In contrast, in a junction P is a
steady-state property and dP/dt is the rate of total charge exchange
between the molecular bridge and both electrodes (see Section 4).
In fact, the inter-phase transport that intervenes in the
voltammetric context marks a significant difference with the
redox junction context, although the current across the working
electrode surface shares important features with that across
each electrode-molecule interface in a junction (in particular,
the mechanism underlying irreversibility that is discussed in
Sections 3 and 4).

In the caseof Fig.1a–b, the adsorbed redoxmolecule is chargedat
high enough interfacial voltage, an equivalent charge moves in the
adjacentbulkphasetothecounterelectrode(e.g.,whenquinonesare
the adsorbed redox species, changes in their oxidation states are
accompanied by simultaneous hydrogen ion transfer to the bulk
electrolyte phase [28,31]), and afterwards that redox molecule no
longer contributes to the current, unless it can be reversibly
discharged in the downward potential scan and thus contributes to
the negative current peak in Fig.1b. In a junction, changing the gate
voltage Vg as shown in Fig.1c, themolecular level is moved relative
to the left and right electrodes (between which the current is
measured) similarly to Fig. 1b, and one obtains the I–V curve of
Fig. 1d. However, the same molecule can be repeatedly charged by
the left electrode and discharged by the right one at gate voltages
such that themolecular level is inside the electrodes Fermiwindow
at a fixed bias voltage (with clear implications on the evolution and
maximumvalue of the occupation probability P as a function of the
gate voltage). The current vanishes as the molecular level exits the
Fermiwindowat sufficientlysmall or largegatevoltages.Adifferent
behavior is seenwhen the bias voltage, Vb, is changed in a junction,
as shown in Fig. 1c, thus producing I–V responses such as in Fig. 1e.
The resulting potential difference across a given (e.g., the left)
electrode-molecule interfaceshifts themolecular levelwith respect
to the electrode Fermi level, similarly to what occurs in the other
twocases.However, the shiftwith respect to the other Fermi level is
in the opposite direction compared to the case of Fig.1d. In fact, the
molecular level enters and remains inside the Fermiwindow, as the
latter grows with the applied bias voltage, and the current
correspondingly levels off at its high-voltage value in the
represented two-state model [11].

The description of the I–V response in terms of amolecular level
is complicated by the presence of the reorganization energy in the
hoppingmodel of Fig.1c. In thismodel, A and B denote the oxidized
and reduced states of the (solvated) redox molecule and have
equilibrium energies EA and EB, respectively; RL

AB is the rate
constant for the forward electron injection from the L electrode
that reduces the molecule (A!B); RR

BA is the rate of the electron

delivery to the Rmetal that oxidizes the molecule (B!A); RL
BA and

RR
AB are the backward ET rate constants, which rapidly decrease for

increasing Vb >0 . When Vg is increased, the energy of the electron
localized on the bridge goes down by �eVg. The injection rate RL

AB

becomes significant for [10] Vg>�
ðlþ EAB �mLÞ=e, namely, when

EAB � eVg<�
mL � l, with EAB � EB � EA. �Vg is the potential differ-

ence between the molecular redox center and the R electrode.
Therefore, RR

BA decreases with Vg and is appreciable [10] for
�Vg>�

ðl� EAB þmRÞ=e, that is, as long as mR þ l<
�
EAB � eVg . The
current through the junction modeled in Fig. 1c is appreciable only
if both RL

AB and RR
BA are such. Hence, the molecular reorganization

energy l, the redox state energy difference EAB, and the fixed bias
voltage Vb ¼ ðmL �mRÞ=e need to satisfy the double condition
mR þ l<

�
eðVgÞ � EAB � eVg<�

mL � l over a finite range of Vg in order

to attain a maximal peak current in a Vg sweep. For sufficiently
smalll, the optimal value of Vg for electron conduction through the
redox molecule is given by the relationship eðVgÞ � ðmL þmRÞ=2.
For zero l and negligible inner-shell electronic relaxation in the
molecule after its charging, e(Vg) is the Vg-dependent molecular
electronic level, and the maximum current through the junction is
achieved when the molecular single-electron energy is exactly at
the middle of the electrode Fermi window.

When the bias voltage is changed, the forward ET rate with
larger threshold (interfacial) voltage for its increase determines the
bias needed for the current rise to its high-voltage value. For
EAB > mL, R

L
AB is the limiting ET rate and the current significantly

increases when eðVbÞ � EAB � eVb=2>�
m� l, where m is the

unbiased chemical potential of the L metal. For negligible l and
inner-shell electronic relaxation, this condition describes the
crossing of m and the molecular energy level.

Despite the differences among the three situations described
above, the underlying mechanism for the onset of irreversible
behavior in the current–voltage response is similar. Charge
localization on the redox molecular system slows down the
heterogeneous ET rates so that the ET time scale becomes
comparable to the measurement time scale under changing
external conditions. Irreversibility in the system response reflects
its inability to instantaneously adjust to the changing external
conditions, and was investigated in Ref. [11] for both the
voltammetric and redox junction systems. The detailed behavior
is however different in the single electrode case and in the
junction, as discussed in the next sections using a simple two-state
redox system.

3. Sweep rate-dependent effect of themolecular reorganization
energy on the cyclic voltammograms of diffusionless redox
adsorbates.

The discussion in the introduction and Ref. [11] has pointed out
the importance of the coexistence of at least two transport
channels for the realization of significant redox behavior in
molecular junctions. However, the analysis of the conditions for
irreversible behavior is most easily performed by using a simple
two-state model of the molecular system for both the single and
double metal-molecule interface systems. In fact, these two states
correspond to the slow transport channel in themulti-statemodels
of Ref. [11], and this channel is responsible for the switching of the
other faster channel between two different conduction modes and
for the occurrence of hysteresis inweakly coupled redox junctions.
Thus, we use a two-statemodel to describe both single (Fig.1a) and
double (Fig. 1c) metal-molecule interfaces. For the transitions
between these states we adopt a classical rate picture (diagonal
density matrix) with nuclear reorganization occurring in a time
scalemuch faster than the average time between different ETsteps.
Therefore, the electronic dynamics consists of ET processes that
connect different charging states of the molecule at the respective
equilibrium nuclear coordinates. The single metal-molecule
interface is studied in this section

We denote by PA and PB the probabilities that the active
adsorbed (and solvated)molecule is in the A and B oxidation states,
respectively. The corresponding equilibrium values are denoted
PA,eq and Peq. Since PA + PB=1, we often use a single variable
P = PB =1� PA to describe these variables. The rate constants for

anitzan
Oval

anitzan
Text Box
<
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Fig. 2. J/u plotted against V, using Eqs. (1–2) with model parameters: T =298K,
EAB�m=0.15 eV, l = 0.25 eV, g =102 s�1 and the overpotential scan rates in V/s
indicated near the voltammograms. The upward and downward voltage sweeps are
represented in black and red, respectively, except for the case in which the sweep
rate is u = 0.01V/s (green and blue) to distinguish from the case u = 0.001V/s. The
vertical dashes locate the peak potentials predicted by Eq. (13). The same diagram is
obtained by scaling g and u by the same factor (e.g., for g =106 s�1, the largest scan
rate is 2�105V/s, which would amount to ultrafast cyclic voltammetry [35]). (For
interpretation of the references to colour in this figure legend, the reader is referred
to the web version of this article.)
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electron injection (A!B) and removal (B!A) are denoted RAB �
RA!B and RBA � RB!A, respectively. These rates are related to the
equilibrium probabilities by the detailed balance condition
PA;eqRAB ¼ PeqRBA. Clearly, PA þ PB ¼ PA;eq þ Peq ¼ 1. These rates
are obtained [10] from the Marcus theory for heterogeneous ET
[14,15] in the forms

RAB ¼ g
4
Sðl; T;aÞexp �ða� lÞ2

4lkBT

" #
;

RBA ¼ g
4
Sðl; T;aÞexp �ðaþ lÞ2

4lkBT

" #

with

a � m� EAB þ eV; (1b)

Sðl; T;aÞ ¼
XN
n¼0

1
2n

Xn
j¼0

ð�1Þj n
j

� �
hjðl; T;aÞ þ hjðl; T;�aÞ
h i

; (1c)

hjðl; T;aÞ ¼ exp
ð2jþ 1Þlþ a½ �2

4lkBT

( )
erfc

ð2jþ 1Þlþ a

2
ffiffiffiffiffiffiffiffiffiffiffi
lkBT

p
" #

; (1d)

where V is the overpotential [30,32], N truncates the otherwise
infinite sums, g is the coupling strength to the electrode and is here
assumed to be a constant, kB is the Boltzamann constant, T is the
temperature,m is the chemical potential of the electrode (for V =0),
l is the reorganization energy of the molecular system, and
EAB � EB � EA, where EA and EB are the energies of states A and B,
respectively. Since the transferring electron charge localizes at the
redox site, the ET between the molecule and the electrode (or each
of the two electrodes in a junction) is described by assigning
effective (average) electrostatic potentials to the corresponding
regions [10]. However, the main conclusions of our study do not
depend on the detailed spatial distribution of the voltage across
the molecule (either in the single molecule-electrode interface or
in the junctions of Section 4). The overpotential V is assigned as
positive when the electrostatic potential on the molecule is higher
than that in the metal [10], which amounts to the negative of the
traditional definition of overpotential. These rates, within a simple
kinetic scheme [11,19,27], yield the current expression [11]

J � I
e
¼ dPðVðtÞ; tÞ

dt
¼ 1� Pð ÞRABðVÞ � PRBAðVÞ ¼ �rQ (2)

where e is the magnitude of the electron charge, r is the effective
relaxation rate, given by

r ¼ RAB þ RBA (3)

and Q is the departure of P from Peq, given by

QðV; tÞ ¼ PðV; tÞ � PeqðVÞ ¼ PA;eqðVÞ � PAðV; tÞ (4a)

with

PeqðVÞ ¼ RABðVÞ
RABðVÞ þ RBAðVÞ

¼ 1

1þ exp EAB�m�eV
kBT

� � (4b)

Q depends explicitly on the time t and incorporates all thememory
effects in the response of the system to the external voltage V. In
Ref. [11], we showed that under reversible conditions (that is,
when the voltage change is much slower than any other process in
the system) Eq. (2) becomes

J ¼ u
dPeq

dV
¼ �rðP � PeqÞ (5)

where u =dV/dt is the rate of the voltage sweep (Q vanisheswith u).
In this slow u limit, the charging state of the adsorbed redox
molecular layer adapts quasi-statically to the changing voltage.
That is, a very small (virtually infinitesimal) deviation Q = P�Peq is
produced by the voltage change dV and, at any V, the interfacial
electron transitions, with an overall rate r(V), are able to restore
the equilibrium value of P at V+ dV, Peq(V+ dV). Thus, the departure
Q of P from Peq(V) remains infinitesimal during a voltage scan,
namely, there is no appreciable accumulation of the spurious,
time-dependent component Q(V,t) of P. In fact, in Ref. [11], the
range of sweep rates that lead to this reversible behavior was
derived from

jQ j
Peq

� jP � Peqj
Peq

¼ u
rPeq

dPeq

dV
¼ dPeq=dt

RAB
<< 1 (6)

(at any voltage that produces appreciable current). Conversely, the
failure of this condition was used to formulate a threshold V-scan
rate for the first appearance of irreversibility over a voltage sweep
or cycle. The last ratio in Eq. (6) was absent in Eq. (7) of Ref. [11] and
is derived from Eqs. (3) and (4b). This ratio compares directly the
interfacial ET rate, RAB, and the rate of change in molecular
occupation, dPeq/dt, that needs to be sustained for reversibility.

Since dPeq=dt ¼ udPeq=dV , the most stringent test for the
validity of Eq. (6) is around the voltage

V0 ¼ ðEAB �mÞ=e (7)

that corresponds to crossover of the forward and backward ET rates
(RAB =RBA) and hence to maximum dPeq/dV, namely, to the
maximum per-molecule current edPeq/dt across the interface
under reversible conditions. So, if Eq. (6) is satisfied aroundV =V0, a
reversible current-voltage response is expected over the whole
overvoltage scan. At V =V0, Eq. (6) implies that the voltage change
over the characteristic time (for the interfacial ET dynamics) 1/r,
dV=u/r, is negligible compared to the thermal voltage kBT/e. More
precisely,

dV
dPeq

dV
jVg¼V0

¼ e
4kBT

dV << Peq V0ð Þ ¼ 1
2
) dV � u

r
<<

2kBT
e

(8)

which is a consequence of the thermal equilibrium inherent in
Eq. (4b). Eq. (8) imposes the following upper bound for the
reversible scan rate [11]:

u << ulðV0;g;l; TÞ � 2
kBT
e
rðV0;g;l; TÞ (9a)
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Fig. 3. J/u versus V from Eqs. (1–2), with the indicated sweep rates, in V/s, and themodel parameters: T =298K, EAB�m =0.15 eV, and (a) l = 0.5 eV, g =103 s�1, (b) l = 0.75 eV,
g =104 s�1. Color code as in Fig. 2. The vertical dashed lines locate the peak potentials predicted by Eq. (13). ulffi0.15V/s and ulffi0.12V/s in panels a and b, respectively (ul
decreases with l despite the increase in g).
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with

r V0;g;l; Tð Þ ¼
g ðl ¼ 0Þ
g

ffiffiffiffiffiffiffiffiffiffiffiffi
pkBT
l

r
exp � l

4kBT

� �
l >> kBTð Þ

8<
: (9b)

Conversely, for u0ul, P cannot adapt to the changing overvoltage
so as to satisfy Eq. (6). The consequent delay in the evolution of P
over a voltage cycle leads to a peak potential Vup

peak > V0 in the

upward sweep and Vdown
peak < V0 in the downward sweep. The peak

potential separation under irreversible conditions has beenwidely
studied [1], but the focus has not been on the hysteresis in P, which
is indeed a source of both the distortion from ideal (reversible)
voltammogram shape and the hysteretic current–voltage response
in molecular conduction junctions.

Typical voltammograms calculated from Eq. (2), using the
finite-difference procedure described in Ref. [19] with ET rate
constants expressed as in Eq. (1), are shown in Figs. 2 and 3. The
observed behavior can be interpreted using Eq. (9). The physical
parameters used in Fig. 2 give ul�0.2V/s. This threshold value
agrees with the ideal peaks obtained for u =0.01V/s and the onset
of peak distortion for u comparable to ul (in particular, see
voltammogram for u = 0.1V/s). Note that current-overpotential
responses of the type shown in Figs. 2 and 3 are observed
experimentally [33,34]. Furthermore, as predicted by our theoreti-
cal analysis for a wide range of chemical–physical parameters, the
deviation of cyclic voltammograms from the ideal shape is
appreciable for overvoltage scan rates on the order of 0.1V/s or
larger.
[(Fig._4)TD$FIG]

Fig. 4. log10(ul/u), with u/g =1V, versus V, according to Eq. (10). The interface was
modeled using the same parameters as in Fig. 2. The quantity log10(u/u) is also
represented, for u = 0.001V/s (grey solid line), 0.01V/s (grey dash) and 20V/s (black
dash).
The reversible behavior for u<<ul is characterized by Eqs. (4b)
and (7), and thus does not depend on the reorganization energy l,
while the irreversible behavior and its first appearance near V=V0

for u0ul strongly depend on l, as shown by comparing Figs. 2 and
3a–b. This dependence is also related to the voltage range inwhich
the system is operating. Thus, it may be relevant to establish a
limiting scan rate ul (which separates the u regimes of reversible
and irreversible current–voltage response) at each V [11]:

ul ¼
rPeq

dPeq=dV
¼ 2

kBT
e

~rðV;g;l; TÞ (10a)

where

~rðV;g;l; TÞ ¼ e
2kBT

Peq
dPeq=dV

rðV;g;l; TÞ

¼

g ðl ¼ 0

g
Sðl; T;aÞ

8
1þ exp � a

kBT

� �� �2

�exp �
l� aþ 2

ffiffiffiffiffiffiffi
al

p� �
l� a� 2

ffiffiffiffiffiffiffi
al

p� �
4lkBT

2
4

3
5

ðl 6¼

8>>>>>>>>>>>><
>>>>>>>>>>>>:

(10b)

From the comparison of Eqs. (9a) and (10a) ~r is seen as an effective
relaxation rate of the molecular system that characterizes its
response to changing overvoltage. ~r takes into account the actual
ET rates throughr and the rate of the relative change in Peq through
d ln Peq/dV. The smaller the sensitivity of P to the changing V
(around a given value), the larger the effective relaxation rate (or, in
other words, the smaller the actual ET rates needed to assure
reversibility). For example, for large enough V, themolecular redox
site is permanently occupied by the transferring charge (Peq = 1),
hence ~r ! 1.

The limiting sweep rate in Eq. (10) is plotted against the
overvoltage V in Fig. 4, where it is compared with three of the
sweep rate values used in Fig. 2, for a system characterized by the
same parameters. u = 0.001V/s is much smaller than ul, thus
yielding a reversible peak in Fig. 2. u = 0.1V/s is close enough to ul to
produce hysteresis over the V range spanned by the reversible
peak. Only the tail of the current peak appears in this range for
u =20V/s (cf. peaks for u = 0.001V/s and u=20V/s in Fig. 2),
because of the significantly delayed evolution of P compared to
that of Peq for u > >ul.

The shapes of voltammograms such as those in Figs. 2 and 3,
and their dependence on the scan rate, have been studied by using
both the Butler–Volmer equations and the Marcus theory of
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interfacial ET [1,18–21,27,36–38]. In Ref. [37] experimental cyclic
voltammograms were modeled reasonably well in terms of the
Marcus theory and, to a lesser extent, in terms of the empirical
Butler–Volmer model. Conversely, Ref. [38] observes a better
performance of the Butler–Volmer approach, compared to the
Marcus model, to describe cyclic voltammetry in solution-phase
systems whose transfer coefficients [17] deviate significantly from
1/2. However, the Butler–Volmer equations are empirical and are
given theoretical justification for a transfer coefficient of 1/2
because of the exponential behavior of the Marcus ET rates at low
values of the overpotential [1]. Whatever the model used, the
analysis of the peak position as a function of the voltage is less
sensitive to the choice of the baseline than the peak shape analysis,
and thus is preferred to the latter to determine the standard rate
constant [1], namely, the common value of the two ET rate
constants at zero driving force, for which the reorganization
energy l is the only free energy parameter involved in the Marcus
formulation.

The great mechanistic importance of the reorganization energy
hasmotivated several strategies for the estimation of its value from
cyclic voltammograms [1]. Indeed, l measures the ability of the
solvated molecular system to stabilize the transferring excess
charge at the redox center, thusmaking the interfacial ET rates (and
hence the effective relaxation rate in Eq. (10b)) small enough for
the appearance of significant irreversibility at common sweep
rates. Therefore, while the above analysis focused on the
l-dependence of the threshold sweep rate for the occurrence of
A ¼ 1þ 6p2
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irreversibility, the remaining part of this section is dedicated to the
relationship between the appearance of the irreversibility (as
A ¼ ð1þ 6p2ÞDþ ða1 � 6Þp2 � 2
p½�ð3þ 2p2ÞDþ 2ð3þ p2Þ�
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(13d)
described and measured by the shift in peak potential) and l,
which also results in a procedure to evaluate l.

The analysis of the interfacial ET dynamics needed to relate l to
the peak potential Vpeak is simplified over V ranges where one of
the two interfacial ET rates is negligible, so that the ET event is
irreversible. In particular, Fig. 5 and its comparison with Fig. 2
show that, for large enough u, the peak in the current takes place at
voltages well above V0, where RAB >>RBA and the molecule-to-
metal ET process is suppressed. In this limit of irreversible
electrode reaction [39], when the voltage scan rate is such that P(V)
substantially fails to follow Peq(V) (which remains close to unity),
dP=dt ffi dQ=dt and Eq. (2) gives approximately

dQ
dt

¼ �RABQ (11)

Using the Hale approximation [17,40] to RAB, taking the time
derivative of Eq. (11) and considering that at the peak voltage Vpeak
it is d2Peq=dt2 ffi d2Q=dt2 ¼ 0, one obtains

erfc2ðxÞ ¼ 2eu

g
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
plkBT

p expð�x2Þ (12a)

where

x � lþ EAB �m� eVpeak

2
ffiffiffiffiffiffiffiffiffiffiffi
lkBT

p (12b).

Eq. (12)was similarly derived in Ref. [19] from the rate equation for
the mole fraction of oxidized adsorbate. However, although the
critical role of the peak positions in determining free energy
parameters such as redox potentials and reorganization energies,
the analytical solution of Eq. (12) is missing in the literature. Here,
we extend the treatment of Ref. [19] by providing an analytical
solution for the peak potential as a function of l, g , and u. The
resulting expression for the peak potential is (see Appendix A):
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h ¼ �1
3
A2 þ B

n ¼ 2
27

A3 � 1
3
ABþ C
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where
or
with the dimensionless constant

D ¼ e2u2

4plkBTg2

� �1
4

(13e)

and a1 = 0.3480242, a2 =�0.0958798, a3 = 0.7478556 (notice that
a1 + a2 + a3 = 1) and p= 0.47047. Eq. (13) is valid in the thermody-
namically irreversible limit of Eq. (11) and under the condition
D<

�
1, which holds, e.g., for all cases represented in the above

figures. Eq. (13) gives a good approximation to the peak potential
over a significant V range (compared to the overpotential ranges
generally spanned in cyclic voltammetry) that encompasses the
threshold voltage [10] (l + EAB�m)/e for the rise of RAB. The voltage
range in which the approximation is valid increases with l and T.

The dashed lines in Figs. 2 and 3 mark peak potentials obtained
by using Eq. (13). The midpoint of the V range of applicability of
Eq. (13) is out of the spanned overpotential range in Fig. 3b, but
Eq. (13) can be still applied to current peaks of appreciable
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Fig 5. Y =RBA/g (red), RAB/g (blue) and Peq (black) plotted against V, modeling the
interface with the same physical parameters as in Fig. 2. The dashed line marks the
overvoltageV0, where RAB =RBA. (For interpretation of the references to colour in this
figure legend, the reader is referred to the web version of this article.)
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magnitude. Moreover, the analytical derivation of Eq. (13) given in
the Appendix A ensures its validity, within the Marcus [14,15]–
Chidsey [18] model, also over overvoltage ranges where the
localization of the flat current peaks is otherwise difficult, or
unfeasible, and yet of theoretical interest, for example for the
estimation of reorganization energy [1,19,41].

It is worth noting that Eq. (12) also yields the asymptotic
behavior of Vpeak for very large scan rates in the form
(see Appendix A)

Vpeak ffi lþ EAB �m
e

þ 2
e

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
lkBTln

e

2g
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
plkBT

p u

 !vuut (14)

This asymptotic behavior differs from the constant value for the
peak potential as a function of the scan rate u that is guessed in Ref.
[19] (within the same Marcus–Chidsey framework) based on the
trend in Fig. 2 therein. Eq. (14) also differs from the logarithmic
dependence of the peak potential on u that was obtained by
Laviron [27] using Butler–Volmer equations. Since a Taylor
expansion of Eq. (14) over a relatively small u range yields a
linear dependence of Vpeak on ln(u), the relative applicability of
Eq. (14) and Laviron’s method can be judged by fitting experimen-
tal data over sufficiently large scan rate ranges. For example, it
would be desirable to investigate the applicability of Eq. (14) to the
cyclic voltammograms on cytochrome c and hemin-doped human
serum albumin in Ref. [34], where Laviron’s theory was used to
extract protein-metal ET rate constants from voltammetric
measurements over relatively small u ranges.

A strategy to evaluate l is suggested directly by Eq. (12) or (13),
noting that for x = 0, namely, for

Vpeak ¼ e
pkBT

2u
g

� �2

þ EAB �m
e

(15)

Eq. (12a) or Eq. (13) yields

l ¼ 1
pkBT

2eu
g

� �2

(16)

In fact, when the Marcus–Chidsey model can be employed, one
can obtain l by means of the following procedure: (i) the energy
gap EAB �m is determined from the value of the peak potential at
lowenough sweep rate (i.e., in reversible conditions); (ii) sweeps at
different u values are performed and, once Vpeak has the value
resulting from Eq. (15), the reorganization energy is given by
Eq. (16). However, a direct use of Eqs. (15) and (16) to obtain the
reorganization energy requires a previous separate estimate of the
electrode-molecule coupling strength g , which is the high-V
plateau of RAB (see Fig. 5). Proceeding in this way onemay incur the
complication that the interfacial ET rate is limited by a process that
is distinct from ET, so that the leveling off of the resulting apparent
ET rate is wrongly interpreted as the achievement of the high-V
plateau of RAB and l is overestimated, which is a common problem
in the interpretation and use of voltammetric data to determine
the reorganization energy [1,19,37,41]. As an alternative, one may
use two measured Vpeak values and the corresponding u values to
obtain g andl fromEq. (12) ormore simply fromEq. (13). Note that
g is also related to the plateau current that is approached for
sufficiently high bias in a metal-solvated redox molecule-metal
junction where the same type of metal-molecule interface and
molecular conduction channel are involved [11].

4. Reorganization energy effects on the hysteretic response of a
redox junction.

In this section we clarify an apparent contradiction that was
raised inRef. [11] andplays an important role in relating the current–
voltageresponsesofvoltammetryand junctionsetups thatuseredox
molecules: When two molecular redox states are involved in the
conduction, the distortion of cyclic voltammograms at a given
overpotential sweep rate is larger for larger reorganization energyof
the adsorbed redox layer; instead, the maximum width of the
hysteresis loop obtained from a fast bias cycle on a junction is larger
for smaller reorganization energy of the redox molecular bridge.
Understanding the physical reasons for these contrasting irrevers-
ible effects of the l value in the two cases is important for
connecting the different ideal or non-ideal behaviors observed in
voltammetry and redox molecular junction experiments. Under-
standing how redox properties that are precisely measured via
voltammetry are expressed in junction setups is important for the
design of redox molecular junctions with desired memory
properties.

In Section 3, the irreversibility in the response of the system to a
changingexternalpotentialdifferencewasintroducedintheanalysis
byexpressingthecurrentintermsof themetal-moleculeETratesand
the probabilityP of the redox systemoccupation by injected charge,
and inspecting the departure of P from its equilibriumvalues while
the overpotential is changed. This analysis led to a measure for
overvoltage scan rates thatmayormaynot produce irreversible I–V
response. In this section, we use the same type of approach to
investigate the connections between the redox probability P, the
interfacial ET rates, and the current in a junction, emphasizing
similaritiesanddifferenceswith thecorrespondingconnections ina
single metal-molecule interface of a voltammetric setup. Through
this analysis, we explain the relation between l value and
hysteresis in metal-molecule-metal junctions.

The RK
AB and RK

BA rates are described by Eq. (1), except that a is
replaced by aK � m� EAB � efK (K¼L, R), where fK denotes the
potential of the K (= L, R) electrode relative to the molecule redox
site. Without loss of generality for our conclusions, we assume
symmetric molecule-electrode contacts, with coupling strength g
and symmetric potential drops across the two interfaces, so that
fR ¼ V=2 ¼ �fL [10]. The L- and R-terminal currents are

JL � IL=e ¼ ð1� PÞRL
AB � PRL

BA ¼ JAB � ðRL
AB þ RL

BAÞQ (17)

and

JR � IR=e ¼ PRR
BA � ð1� PÞRR

AB ¼ JAB þ ðRR
AB þ RR

BAÞQ (18)

where the steady-state current

JAB ¼ RL
ABR

R
BA � RR

ABR
L
BA

RAB þ RBA
(19)
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is clearly the same through both interfaces. Away from steady-
state, the L- and R-terminal currents are in general not equal and
the net (average) charging on the molecular bridge is given by [42]

JL � JR ¼ �ðRAB þ RBAÞQ ¼ dP=dt (20)

Here Q is still defined by Eq. (4a), but Peq is replaced by Pss, that is
the (nonequilibrium) steady-state probability tofind themolecular
system in state B. With this replacement, the relationship between
Pss and Q during reversible voltage sweeps is again described by
Eqs. (5) and (6). However, in the junction, both interfaces
contribute to the redox transitions of the bridge: RAB ¼ RL

AB þ RR
AB

and RBA ¼ RL
BA þ RR

BA. This fact causes important differences
between the charge transport across single and double metal-
molecule interfaces.

A main difference lies in the connection between population of
the redox system and current through the interface(s). In the
voltammetric setup, the current through the surface of the coated
electrode results from charging the adsorbed redox molecules (see
Sections 2 and 3). Consequently, the current vanishes for large
enough overvoltage, when P ¼ Peq ¼ 1. In a junction, where the
same redox system participates in ET with source and drain, the
rate of charge accumulation in the molecular bridge, dP=dt,
amounts to the difference in the L- and R-terminal currents. Thus,
the relation between molecular charge and current under
reversible conditions, which was provided by Eq. (5) for the single
interface, is now described by the steady-state regime condition

�rQ ¼ u
dPss

dV
¼ JL � JR (21)

with exact steady-state achieved for u =0, and hence JL ¼ JR.
Steady-state and reversibility conditions are equivalent in a two-
state model. Indeed, the comparison of Eq. (20) with Eqs. (17) and
(18) shows that the steady-state operation, which is defined by
jJL � JRj=JAB ffi 0, is a sufficient condition for reversibility, since it
implies that the last terms in Eqs. (17) and (18) are negligible
compared to the respective currents. In other words, under
reversible conditions, the rate of charge storage in the redox
system is seen as a peak in the current that decreases
proportionally to the scan rate u in a voltammogram [36,43],
while its effect on the conduction is disregarded in a junction.

The differences in the behaviors of Peq (molecular average
occupation in the single interface) and Pss (in a double interface)
during a potential sweep are noteworthy, and are reflected in the
corresponding currents (see also Eq. (25)). For V 
 0, RR

AB is
negligible and the connection between Pss and Peq can be
written as

[(Fig._6)TD$FIG]

Fig. 6. Voltage dependence of the interfacial ET rates normalized to the coupling

strength g: RL
AB=g (gray solid line), RL

BA=g (gray dash), RR
AB=g (black dash), and

RR
BA=g (black solid line). The following parameters are used: T =298K,

EAB�m = 0.15 eV, l = 0.25eV. The vertical line indicates the voltage 2V0, with
V0 given by Eq. (7).
PssðVÞ ¼ PeqðV=2Þ
1þ sðVÞ (22a)

where V=2 represents the potential drop across each semi-junction
in Pss. In Eq. (22a), it is

sðVÞ ¼ RR
BAðVÞ

RL
ABðVÞ þ RL

BAðVÞ
(22b)

For large enough V, the rate RL
BA of ET to the Lmetal is negligible and

Pss approaches the value 1/2. This stands in contrast to the fact that
Peq approaches unity at high overpotential in the voltammetric
setup [44]. It is important to understand the behavior of Pss at
V ¼ 2V0 (with V0 given by Eq. (7)). The interface potential
difference V0 determines the condition RL

AB ¼ RL
BA that marks the

most rapid dependence on the voltage of the electron exchange at
the injection contact (as discussed in Section 3, V0 has a critical role
in the single interface, where, under reversible conditions, it
corresponds to themaximum of dPeq=dV , that is, of the current as a

function of the overvoltage). For V ¼ 2V0, the inequality RR
BA >>

RL
AB ¼ RL

BA holds, hence s >> 1 for typical values of l and EAB �m,

because the threshold voltage for the growth of RR
BA is smaller than

that for RL
AB (see Fig. 6 and Supporting Information). Therefore,

electrons aremuchmore efficiently delivered from themolecule to
the R contact than injected into the molecule by the L electrode, so
that the population of the molecular bridge by excess charge
is quenched.

We now consider how the above properties of Pss are reflected
in the voltage dependence of the bias scan rate u0 that separates
the regimes of reversible and irreversible system response, and in
the current over a V cycle. The aim of the analysis is to explain the
connection between the properties of the hysteresis loop and the
value of the bridge reorganization energy in terms of the
l-dependent evolutions of PssðVÞ and u0ðVÞ, by focusing the
discussion on V values of special physical relevance.

Inserting into Eq. (21) the expression for Pss in Eq. (22) and
writing the analogue of Eq. (6) for Pss, we obtain the condition on
the bias sweep rate u for producing reversible current–voltage
responses [11]:

u << u0 � rPss

jdPss=dVj ¼
RAB

jdPss=dVj ¼
r2

jRBA
RAB

dRAB
dV � dRBA

dV j
(23)

(to be satisfied at any bias voltage that produces appreciable
current). As shown in Fig. 7a, u0 decreases with increasing
reorganization energy of the redox molecular bridge at each V. In
particular, at V ¼ 2V0 one finds [11]

u0 2V0ð Þ ¼
g
e

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
plkBT

p
erfc2 l=2�eV0ffiffiffiffiffiffiffiffi
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� �
� exp � l=2�eV0ð Þ2

lkBT

h i (24)

which decreases rapidly with increasing l for l=2 > EAB �m. Thus,
one may expect to obtain I–V curves with more pronounced
hysteresis for largerl, inasmuch as the condition u << u0 becomes
farther from being satisfied at common sweep rates (similarly to
what happens in the singlemetal-molecule interface, forwhich the
limiting scan rate was denoted by ul). However, this is not the case.
Fig. 7a shows that the voltage sweep rate threshold for the onset of
irreversible I–V response decreases with increasing reorganization
energy l. Therefore, at a given scan rate, the effects of
irreversibility should be larger for larger l. However, in Fig. 8,
the hysteresis decreases with increasing l. In particular, Fig. 8b
shows that the maximum width of the hysteresis cycle (normal-
ized to the high-voltage plateau value of the current, which fixes
the order of magnitude for appreciable current in the explored V
range) decreases with increasing l.
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Fig. 7. (a) ln(u0/u) with u/g =1V versus the bias V for a two-state model of metal-molecule-metal junction with T =298K, EAB�m = 0.15 eV, and l =0 (solid grey line),
l = 0.25 eV (black solid line), andl = 0.5 eV (black dash). The threshold bias sweep rates are shown starting from0.01V; their divergent behavior in close proximity of zero bias
(see Supporting Information) is not shown. (b) JAB/g versus V, plotted for the respective cases in the left panel using the same color code.
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To resolve the apparent contradiction between Figs. 7a and 8we
need first to consider that the condition in Eq. (23) predicts the
reversibility/irreversibility of the I–V response over the V ranges in
which the same current is appreciable. A larger l entails a wider
bias range near 2V0 where u0 is smaller than commonly used scan
rates (and thus the system response should show irreversibility),
but also a higher threshold bias to obtain detectable current (and
therefore, the current is not appreciable for V values in the
proximity of 2V0, where u0 is small and irreversibility would
otherwise be noticeable; see Figs. 7b and 8a). The dependence of
the current at V ¼ 2V0 on the l value (for any significant l, that is,
l >> kBT) is easily obtained by considering the quenching of the
redox center population that results from Eq. (22):

JAB 2V0ð Þ ¼ 1� Pss 2V0ð Þ½ �RL
AB 2V0ð Þ � Pss 2V0ð ÞRL

BA 2V0ð Þ

ffi RL
AB 2V0ð Þ ffi g

2

ffiffiffiffiffiffiffiffiffiffiffiffi
pkBT
l

r
exp � l

4kBT

� �
(25)

and JL 2V0ð Þ, JR 2V0ð Þ are of the same order ofmagnitude as JAB 2V0ð Þ,
hence also vanish exponentially with l.

The growth of the current to significant values (namely, to an
appreciable fraction of the plateau value g=2) occurs at biases for
which electrons can be efficiently injected into the redox bridge.
The required increase in RL

AB, as V is changed, occurs with
maximum rate at the voltage VL ¼ 2 V0 þ l=eð Þ [10]. Now we
show that VL is a good approximation to the voltage at which the
maximum width of the hysteresis loop takes place (see Fig. 8b).
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Fig. 8. (a) JL/g plotted against V according to Eq. (17) for a two-statemodel junctionwith T
(forward and backward sweeps in grey and pink, respectively), l = 0.25 eV (black a
[11] (Copyright 2013 American Chemical Society). JL/g is here plotted over a large

the difference between the JL values in the upward JupL
	 


and downward Jdown
L

� �
vo

locate V =VL for the three l values. A similar analysis can be performed for JR. (Fo
referred to the web version of this article.)
Then, we will reconcile the l -dependencies shown in Figs. 8 and
7a, through the analysis of the limiting scan rate around V ¼ VL,
considering that in this voltage range the current is significant and
therefore Eq. (23) is the determinant condition to establish the
reversibility properties of the I–V response.

For V > 2V0, RL
BA and RR

AB are negligible, while RL
AB and RR

BA

determine the charge transfers between molecule and electrodes,
with charge accumulation on themolecular bridge and consequent
departure of JL from the steady-state current JAB for large enough u
(the analysis is carried out for JL, but similarly applies to the right-
terminal JR). Thus, inserting rQ from Eq. (20) into Eq. (17) and
using Eq. (22), one obtains

JL � JAB ¼ �RL
AB

r
JL � JRð Þ ¼ uPss

dP
dV

(26)

This departure from the steady-state conduction translates into
hysteresis over a voltage cycle (note that the sign of JL � JAB is
reversed at the turning point of the bias voltage) and vanishes with
decreasing u. For u << u0, P can be replaced by Pss and Eq. (26)
becomes

JL � JAB
u

¼ Pss
dPss

dV
(27)

(both numerator and denominator in the ratio of the left-hand side
vanish for u ! 0). For different bias cycles with increasing sweep
rate, Eq. (27) implies that the first onset of the JL departure from JAB
=298K, EAB�m= 0.15 eV, u=g ¼ 2
3 � 10�1V (e.g.,u =20V/s for g =300 s�1), and l = 0

nd red solid lines), l = 0.5 eV (black and red dashed lines) Adapted from Ref.
r V range. (b) Normalized width of the hysteresis cycle, which is obtained as

ltage sweeps divided by the JL plateau value of g/2. The vertical dashed lines

r interpretation of the references to colour in this figure legend, the reader is
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occurs over a bias range in which Pss is significant and experiences
fast evolution, so that P cannot follow Pss as the condition u << u0

begins to fail. Conversely, no hysteresis is expected at sufficiently
low and high voltages, for which Pss vanishes or is stationary
(dPss=dV ¼ 0) and thus is insensitive to V changes.

On the basis of the above arguments, we search for the bias
voltage that corresponds to the maximum width of the hysteresis
loop as the maximum of the function of V in the right side of
Eq. (27). To simplify the analysis, we consider that the growth of
RR
BA occurs around the bias [10] VR ¼ 2 �V0 þ l=eð Þ ¼ VL � 4V0, and

thus RR
BA � g in the voltage range where RL

AB grows if

V0 ¼ VL � VRð Þ=4 
 2s
ffiffiffiffiffiffiffiffiffiffiffi
lkBT

p
, where s is any positive real number

such that erf cðxÞ can be neglected for x 
 s (e.g., RR
BA=g ffi 1 for

V ¼ VL in Fig. 6). Assuming common V0 values, and therefore
channel energies, that are much larger than kBT=e [10,45], we can

write Pss ffi RL
AB= g þ RL

AB

� �
and

d
dV

Pss
dPss

dV

� �
¼
g g � 2RL

AB

� �
g þ RL

AB

� �4 dRL
AB

dV

 !2

þ gRL
AB

g þ RL
AB

� �3d
2RL

AB

dV2

¼ 0 (28)

Eq. (28) predicts the first departure of JL from JAB (which will
correspond to the maximum width of the hysteresis loop as u

approaches u0) at V ¼ VL, where RL
AB is g=2 and has the maximum

rate of change, so that d2RL
AB=dV

2 ¼ 0. This is a very good
approximation in all cases shown in Fig. 8. The occurrence of
maximum hysteresis at V ¼ VL is a direct consequence of the
predominant role of the charge injection rate RL

AB in determining
the evolution of Pss, and hence the transport-mediation properties
of the bridge.

VL increases linearly with l: VL ¼ 2 V0 þ l=eð Þ. As a conse-
quence, while u0 decreases with l at any given V (Fig. 7a), u0ðVLÞ
increases with l. In fact, insertion of Pss ffi RL

AB= RL
AB þ g

� �
and

RL
AB VLð Þ ¼ g=2 into Eq. (23) gives

u0 VLð Þ ffi 9g
2e

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
plkBT

p
(29)

Indeed, the increase of u0ðVLÞ as
ffiffiffiffi
l

p
is essentially retained even if

RR
BA is appreciably different from g . In fact, a more accurate

expression for u0 near V ¼ VL is (see Supporting Information)

u0ðVÞ ¼
g
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ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
plkBT

p
2þ erfc e VL�V
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16lkBT

h i
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16lkBT

h i (30)
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Fig. 9. (a) JL/g plotted against V using Eq. (17) with model parameters T =298K, EAB�m
represented in black and red, respectively. (b) Dimensionless steady-state current JAB/g (p
dt =udP/dV (black dash) over the forward bias sweep. (For interpretation of the referen
article.)
which gives

u0 VLð Þ ¼
9g
e

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
plkBT

p
2� exp �e2V2

0
lkBT

h i (31)

The following picture emerges from the above analysis: if the
localization of the transferring charge in the redox bridge is
associated with a sufficiently large reorganization energy l, at
V ¼ 2V0 the electron injection rate RL

AB is much smaller than the

rate RR
BA of electron delivery to the R electrode. Hence, even though

RL
ABð2V0Þ ¼ RL

BAð2V0Þ, which is a critical condition for the voltage-
dependent charge dynamics at the L interface, population of the
bridge at this voltage is hindered by the high effective channel
energy determined by l. Therefore, no appreciable current is
obtained at this voltage, and thel-dependence of the limiting scan
rate u0ðVÞ below or near V ¼ 2V0 is not reflected in l-dependent
memory effects. At larger voltages, hysteresis occurs if u is close
enough to u0ðVÞ in the spanned bias range. The maximum
departure from steady-state conditions is seen near VL, where
RL
ABðVÞ, and hence the bridge population, experiences the maxi-

mum rate of change. The value of VL increases with l and the
evolution of PssðVÞ around V ¼ VL slows down with increasing l
[10]. Therefore, u0ðVLÞ increases with increasing l (see Eq. (23) or
(31), and Fig. 7a) and the condition u << u0 is better satisfied for a
given bias sweep rate u, which explains the smaller width of the
hysteresis loop for larger l in Fig. 8b.

This state of affairs changes for zero or negligible l. In this case,
assuming V0 >> kBT=e (so that the back ET rate RR

AB is negligible at
any V > 0, as is in all cases considered above), the scan rate
separating the reversible and irreversible regimes takes the simple
form (see Supporting Information) [46]

ul¼0
0 Vð Þ ¼ g

4kBT
e

1þ exp e
V=2� V0

kBT

� �� �
V > kBT=eð Þ (32)

In particular,

ul¼0
0 ð2V0Þ ¼ 8gkBT=e (33)

which is four times the value obtained from Eq. (10) for a single
interface in the voltammetric context [47]. At this voltage RL

AB ¼
RL
BA ¼ g=2 ffi RR

BA=2 (as is easily seen fromEq. (1) of Ref. [10]), so that

Jl¼0
L � Jl¼0

AB ffi g=4. Thus, for negligible reorganization energy,
hysteresis appears in the I–V response of a junction at sweep
rates comparable to those that cause irreversible behavior in the ET
dynamics at the single interface.
= 0.15 eV, l = 0.25eV, and u/g = 0.4V. The upward and downward bias sweeps are
ink), L terminal current JL/g, R terminal current JR/g (blue), and “leakage” current dP/
ces to colour in this figure legend, the reader is referred to the web version of this
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In concluding this section, we note that the charge accumula-
tion on the molecule during a fast voltage sweep (namely, u>

�
u0

over a significant voltage range) leads to transient NDR in the I–V
characteristic if dP=dt becomes comparable to the steady state and
terminal currents (see Figs. 9a–b). This is visible in Fig. 8a for l ¼ 0
and evident in Fig. 9a for l 6¼ 0 at a higher sweep rate. During the
forward sweep, the evolution of the redox site population P
accumulates a delay with respect to PssðVÞ; so,
Q ¼ P � Pss < 0:

The missing charge in the redox site quantified by Q

corresponds to a decrement ðRR
AB þ RR

BAÞQ in the R terminal current,
as expressed by Eq. (18). In contrast, the surplus of electronic
charge required from the L contact to establish the equilibrium
interfacial ET dynamics at a given V implies an additional current
�ðRL

AB þ RL
BAÞQ at the left terminal, as described by Eq. (17). The

resultant rate dP=dt ¼ �ðRAB þ RBAÞQ of population of the molecu-
lar redox site causes transient NDR during the forward voltage
sweep, while, as observed in various experiments (e.g., see Ref.
[48]), no transient NDR occurs during the backward sweep, where
Q > 0 (thereby, dP=dt < 0) amounts to JL < JAB rather than to an
overshoot of JL beyond JAB. The present analysis provides a simple
explanation of (transient) hysteretic NDR in terms of irreversible
charge storage in and release from the molecular bridge, without
additional assumptions [48] on the relative rates of molecular
reduction and oxidation in the forward and backward sweeps. The
quantitative results of our formulation (for example, the plateau in
the current response at high voltages) reflect the use of a two-state
hopping junction model, but the proposed basic mechanism for
hysteretic NDRmay be the one at play in experiments such as those
of Ref. [48].

Another irreversible behavior appears in the backward sweep: a
residual negative L-terminal current at V= 0, where P is still
appreciable and, since RL

BA >> RL
AB (for EAB �m >> kBT), Eq. (17)

leads to the current JL ffi �PRL
BA (i.e., the molecular bridge

discharges to the L electrode). The real experiment will measure
a current that may be neither JL nor JR, and will be closer to JL or JR
depending on the junction architecture. Yet even for cases inwhich
the current is well approximated by the average of eJL and eJR, the
non-steady-state terms in Eqs. (17) and (18) do not cancel each
other out, because RL

AB and RR
BA grow at different voltages.

Therefore, also in such cases the present model leads to the
occurrence of transient NDR.
Table 1
Summary of themain results of this work. The equations fromRe
redox molecule is modeled as a two-state system and cyclic volt
investigated. In the voltammetry setup, it is considered that t
unidirectional) electrode reaction for large enough scan rate [3

Single metal-molecule interface (voltammetric setup)
Condition on the scan rate for reversible/irreversible behavior
Upper bound for scan rates that lead to reversible behavior [1
Overpotential-dependent scan rate threshold for reversible/ir
Peak potential at large scan rates
Asymptotic expression for the peak potential
Strategy to find the reorganization energy from peak potentia

Double metal-molecule interface (junction)
Condition on the sweep rate for reversible/irreversible behav
Sweep rate threshold at the critical voltage for the electron in
Sweep-rate dependent deviation of the current from steady-s
Bias for hysteresis first-appearance and maximum
Sweep rate threshold at the voltage threshold of the injection
Bias-dependent sweep rate threshold for zero reorganization
5. Conclusions

In this work, we employed a two-state model of redox
molecules to build a consistent description and characterization
of different irreversibility effects such as the distortion and relative
shift [1] of the current peaks in cyclic voltammograms, and the
occurrence of hysteresis [49] and transient hysteretic NDR [48] in
the current–voltage response of redox molecular conduction
junctions. Table 1 summarizes the main results of this work,
which may be used to interpret electrochemical data and the
current-bias voltage responses of redoxmolecular junctions, under
conditions of reversible and irreversible operation.

The local stability of the states of a redoxmolecular system [49]
allows conduction regimes amenable to description in terms of
Marcus-type ET processes [14,15]. In such conditions, the
reorganization energy that characterizes the response of the
molecular environment to the ET plays an important role in
making the transitions between redox states slow enough that the
measured current does not follow adiabatically the external bias in
sufficiently fast voltage scans. This mechanism for irreversibility
operates in conduction systems with either one or two metal-
molecule interfaces. Therefore, before investigating the occurrence
of hysteresis in the current–voltage responses of metal-molecule-
metal junctions, we analyzed the charge dynamics at a single
interface. In this analysis, we related the reorganization energy to
the threshold scan rate for the onset of irreversibility, on the one
hand, and to the appearance of this irreversibility in cyclic
voltammetry, on the other.

Understanding the different appearance of irreversibility (that
is, memory effects) in the responses of single and double (junction)
metal-molecule interfaces to an external voltage requires under-
standing of the different voltage-dependences of the redox center
population in the two cases. In the junction, the adjustment of the
average redox state (i.e., the average occupation of the molecular
bridge by the excess transferring charge) to the changing bias
voltage is determined by the competition of the ET rates at both
interfaces, which are characterized by different threshold voltages
[10]. As compared to the case of a single interface, this translates
into a more involved dependence of the minimum bias-scan rate
for occurrence of irreversibility on the reorganization energy.
Investigating this dependence, we found that the potential
difference at the injection interface is determinant to produce
both appreciable current and memory effects.
f. [11] exploited in the present study are alsomentioned. The
ammetry of diffusionless [27,12] electrochemical systems is
he peak potential corresponds to an irreversible (namely,
9].

Equation

(Ref. [11] and this work) (6)
1] (9)
reversible behavior [11] (10)

(13)
(14)

l measurements (15,16)

ior [11] (23)
jection dynamics [11] (24)
tate (27)

(28)
rate (31)
energy (32)
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In particular, while larger l produces more significant
distortion of a cyclic voltammogram from its ideal shape, the
width of hysteresis loop in the current-voltage response of a
junction can even decrease with increasing l (e.g., see Fig. 8). This
results from the l-dependent mismatch between the bias ranges
where the current may not follow adiabatically the changing bias
at common sweep rates and where the electron injection rate, and
thus the current, becomes appreciable.

The expression of the threshold bias-sweep rate for
irreversibility (u0) shows that the metal-molecule coupling
strength g also plays a role in determining appreciable memory
effects at feasible sweep rates. Using sufficiently large redox
molecules, the electronic coupling between redox center and
electrode can be sufficiently small to lead to appreciable non-
steady state behavior at common sweep rates, but then an array
with many redox molecules may be needed to produce an
appreciable current. Ultimately, redox molecules whose operation
involves at least two charge-transport channels of different
efficiency appear to be a critical ingredient to implement single-
molecule devices, where significant current flows through an
efficient transport channel and reflects a redox state switching (the
other channel) on the time scale of the observation [11]. The
concept of two interacting transport channels has been used in
recent experiments to study the dynamics of the slowchannel [50],
which opens the way to direct experimental investigation of the
models studied in this work and in Refs. [10] and [11].

Recent experimental studies [51,34] show that currents
through some solid state molecular junctions are not consider-
ably affected by the presence or absence of redox centers. In
particular, it is shown that [34] the order of magnitude of the
currents via cytochrome c and human serum albumin–hemin
proteins does not change after removal of the iron, while the
porphin is found to be more critical for efficient conduction in
solid state conditions. However, it is important to note that: (a)
the current is reduced by a significant fraction of the observed
range after iron removal (for example, see Fig. 2b in Ref. [34]),
which points to possible significant interaction between the slow
transport channel (which involves Fe) and the efficient transport
channel that may involve the porphin in the system with Fe. (b)
The role of the Fe center may become very important in bias
sweeps sufficiently fast to produce memory effects in the
current–voltage response. Then, (e.g., if we suppose that the
conductance of the proteinwith Fe in one of the oxidation states is
similar to that of the Fe-free protein) significant hysteresis may be
determined by the Fe-involving slow transport channel under
irreversible operation conditions, that is, when the sweep rate is so
fast that the average redox state of Fe is not able to adapt quasi-
statically to the changing voltage. (c) The observed strong effect of
Fe removal on the cyclic voltammograms of Ref. [34] are not in
contrast with the preserved order of magnitude of the current,
because the latter is mainly determined by the fast transport
channel. (d) The interaction between the electrons involved in the
two channels may be screened and thus widely reduced in the
large molecular systems of Ref. [34] (x interaction parameter in
Ref. [11]), therefore not leading to significant effect of the Fe
(hence, of its oxidation state) on the threshold bias voltage for the
onset of significant current via the fast channel (yet, some small
effect may be present in Fig. 2 of Ref. [34]). (e) The apparent
discrepancy between the effects of the iron center on the cyclic
voltammograms and current–voltage characteristics of Ref. [34]
might be justified using the models presented in this work. In this
regard, we note that our theoretical analysis in this work was
applied to a range of reorganization energy values that overlaps
with that expected in the absence of bulk polar solvent. We think
that these considerations foster future experimental
investigations that can give great relevance to the present analysis
in the fields of electrochemical and molecular electronics.
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Appendix A. Analytical expression of the peak (over)potential
from Eq. (12)

To derive Eq. (13), wefirst notice that for x
0 the error function
can be written as [52]

erfðxÞ ¼ 1� a1u þ a2u
2 þ a3u

3
� �

expð�x2Þ þDðxÞ;

u ¼ 1
1þ px

jDðxÞj 	 2:5 � 10�5 (A1)

with the numerical coefficients a1, a2, a3, and p defined as above.
Neglecting the error D(x), inserting erfc(x) = 1� erf(x) into
Eq. (12a), taking the square root and multiplying by exp(x2), we
obtain

a1u þ a2u
2 þ a3u

3 ¼ a1p2x2 þ ð2a1 þ a2Þpxþ 1

ð1þ pxÞ3
¼ 2Dexpðx2=2Þ ffi Dð2þ x2Þ (A2)

for D<
�
1 given by Eq. (13e). In the rightmost side of Eq. (A2) we

neglected terms of forth and higher order in x, which is allowed for
x sufficiently smaller than unity [53]. Multiplying both sides of
Eq. (A2) by (1 +px)3, neglecting again terms of forth and higher
order in x and rearranging, we obtain the cubic equation

x3 þ Ax2 þ Bxþ C ¼ 0 (A3)

where A, B and C are given by Eq. (13c). Solution of this equation by
Cardano’s method [54] yields

x ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
�n
2
þ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
n2

4
þ h3

27

r
3

s
þ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
�n
2
�

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
n2

4
þ h3

27

r
3

s
� A

3
for

n2

4
þ h3

27

 0 (A4a)

as it is in the cases of Figs. 2 and 3, or

xk ¼ 2
ffiffiffiffiffiffiffi
�h
3

r
cos

1
3
arccos �n

2

ffiffiffiffiffiffiffiffiffiffi
�h

3

27

r !
þ k2p

3

" #

k ¼ 0;1;2; for
n2

4
þ h3

27
< 0 (A4b)

Eqs. (12b) and (A4a) lead to Eq. (13a) with the coefficients defined
in Eq. (13c). On the other hand, for x	0, we exploit the fact that erf
is an odd function of its argument; so in place of Eq. (A1) we write

erfð�xÞ ¼ 1� a1#þ a2#2 þ a3#3	 

exp ð�x2Þ þDð�xÞ;

q ¼ 1
1� px

; jDð�xÞj 	 2:5 � 10�5
(A5)

Inserting the corresponding expression of erfc(x) into Eq. (12a),
taking the square root of both sides of the equation, multiplying by
exp(x2), and neglecting terms of forth or higher order in x, we
obtain again Eq. (A3), but with the coefficients given by Eq. (13d).
Finally, the solution has the form of Eq. (A4).
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At sufficiently high scan rates, it is x<0 at the peak potential
and Eq. (12) yields

4D2 ¼ erfc2ðxÞexpðx2Þ ffi 4expðx2Þ (A6)

Inserting the expressions of D (here not limited to be less than
unity) and x, taking the natural logarithm and then the square root
of both sides, one obtains Eq. (14) fromffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

ln
e

2g
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
plkBT

p u

 !vuut ffi jlþ EAB �m� eVj
2

ffiffiffiffiffiffiffiffiffiffiffi
lkBT

p (A7)

from which Eq. (14).
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