THE JOURNAL OF

PHYSICAL CHEMISTRY

pubs.acs.org/JPCC

Cooperative Effects Enhance Electric-Field-Induced Conductance

Switching in Molecular Monolayers

José A. Manzanares, Javier Cervera, and Salvador Mafé*

Department de Termodinamica, Facultat de Fisica, Universitat de Valencia, E-46100 Burjassot, Spain

ABSTRACT: The anchoring of molecules with functional
groups at surfaces permits information processing based on
two stable molecular states that can be tuned externally by light
irradiation and external fields. By using a molecular model that
incorporates the essential characteristics of the problem, we
show that the local interactions between adjacent molecules in a
densely packed monolayer can stabilize domains with the same
molecular state because of cooperative processes, enhancing
significantly the switching properties between the molecular
states. The case of electric-field-induced conductance switching
is exploited in two possible applications: the design of a logic
gates system and the operation of a sensing layer based on the
modulation of the monolayer conductance by a ligand from an
external solution. Extensions to other experimental systems
(electrical and optical switches based on nanoparticles with
ligand shells, molecular dipoles, and nanomagnets) where
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collective effects should be present can also be considered on the basis of the proposed concepts.

B INTRODUCTION

Switching and sensing in molecular monolayers are central to
biology and nanoelectronics. The anchoring of molecules with
functional groups at surfaces allows implementing information
processing based on two stable molecular states that can be tuned
by light irradiation and external fields.'~” Applications concerning
data storage devices, sensors, and molecular machines require
significant changes of a measurable property in response to an input
stimulus. Because molecules show weak electrical and optical signals,
experimental methods to enhance the system response are needed.
An obvious choice is to exploit the collective effects characteristic of
densely packed molecules.”® The local interactions between adja-
cent molecules may stabilize domains with the same state, enhan-
cing switching and sensing because of cooperative processes. We
explore theoretically the essential characteristics needed to exploit
cooperativity in monolayers with a finite number of molecules.
Electric field-induced conductance switchingsf6 is analyzed, but
extensions to other experimental systems (e.g., optical switchesl’z’s)
should also be possible using similar concepts. Since digital informa-
tion processing requires switching between two high (H) and low
(L) conductive states separated by a narrow transition region, our
results may assist in the development of nanostructures with collec-
tively enhanced switching properties.

High-resolution theoretical methods have been considered to
describe particular molecules and surfaces,””'® but phenomen-
ological models emphasizing the collective effects useful for practical
applications are lacking. These models should compare the char-
acteristic energies of the molecule—surface, molecule—molecule,
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and molecule—external field interactions with the thermal energy
kT (where k is Boltzmann’s constant and T is the temperature)
because it is the balance between these terms that determines the
monolayer response to the electric field E. In particular, E can
trigger a L == H transition in the monolayer if the molecules have
large electric dipole moments p or polarizabilities so that the
change in dipolar energy (p;, — pp)E may exceed the transition
barrier energy (&, —¢y) between two molecular states of low and
high conductances.’ > In the absence of intermolecular interac-
tions (isolated molecules in monolayers with low molecular
density), the competition between the energies kT, (p;, — pu)E,
and (¢, — &y) dictates the switching between two monolayer
conductance states.'' Remarkably, in densely packed monolayers
the local interactions between adjacent neighbors can stabilize a
finite number (domain) of molecules predominantly in the same
state over a few tens of nanometers, and this cooperative process
enhances switching.” The collective behavior requires the intro-
duction of additional interaction energies to describe the emer-
ging cooperative phenomena.'” We address this question here
using fundamental concepts that should find application in
molecular electronic switches based on nanoparticles with ligand
shells,"® molecular dipoles,lz’14 and immobilized molecules in
self-assembled monolayers."

The collective transition of a molecular domain involves local
changes that can be induced by irradiation, heating, change in the
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Figure 1. Schematic monolayer of molecules in two conformational states L and H with effective dipole moments p;, and py; (pr. > prr) (). The
molecules can switch conformation because of the dipolar electrical energies ¢ and €gg (b). When two neighboring molecules change their states as
shown in (c) the energy change due to the local interactions is equal to the exchange energy Ae.

chemical environment, or external fields. Designing a switch based
on a domain of the monolayer can eliminate the need for access to
individual molecules. The control of single molecules and connec-
tion to the external environment is difficult, and in addition,
nanoscale building blocks can show large variability in their
individual properties."* On the contrary, small domains of molecules
could still be used as reliable switches because of the averaging effect
of many units interacting cooperatively.” Collective effects should be
enhanced at the nanoscale because the state of a given molecule in a
densely packed domain is influenced by the states of the nearest
neighbors (cooperative electronic phenomena are characteristic of
two-dimensional molecular arrangements, enabling detection of
different physicochemical effects)."®"”

Previous studies emphasizing collective phenomena have been
focused on the stability and phase separation in multicomponent
systems of mixed monolayers,'® the effects of the electrical field
and molecule polarizability on bistability,'® and the case of mixed
parallel and antiparallel dipole monolayers."” We describe the
monolayer conductance switching using a phenomenological
model for cooperativity without specificity to any particular
molecular system. As possible applications that exploit the
switching characteristics, we consider the cases of a logic gate
and a sensing layer based on the modulation of the conductance
by a ligand from an external solution. Although electric field-
induced conductance switching is emphasized, extensions to
other experimental systems (electrical and optical switches based
on nanoparticles with ligand shells, molecular dipoles, and
nanomagnets) where collective effects should be significant
could also be considered on the basis of the proposed concepts.

B MODEL

Mechanisms proposed to explain the changes observed in the
conductance of molecules include different electron tunneling
rates due to the different molecule lengths in two states, changes
in the electronic structure of the molecule —surface junction, and
reversals in the relative orientation of the internal dipole field and
the external field. Following previous phenomenological models," "
we assume that the monolayer can show two macroscopic con-
ductances g and gy (g << gur) associated with two molecular
states that differ in molecule—substrate, molecule—molecule, and

molecule—field interaction energies (Figures la—1c). The mono-
layer conductance is gr, (grr) when all the molecules are in the L (H)
state. In general, however, g is intermediate between g;, and gi; and
determined by the states of the individual molecules. Because these
states can be tuned externally by means of an applied voltage,
switching between g;, and gy is possible.

We use the statistical thermodynamics formalism by Hil
and Ben-Naim,*! who studied dipole cooperativity in biological
membranes and macromolecules, to obtain the average numbers
of molecules in each state as a function of the external conditions
(temperature and voltage). The model is based on the following
experimental facts:">*~ 9%14161722 (i) molecular monolayers
that respond to changes in the external electric field and other
environmental conditions are available; (ii) molecular engineer-
ing of the dipole moments by selecting the appropriate chemical
groups and their subsequent assembly into approximately de-
fined architectures has been demonstrated; (iii) local interactions
between molecular dipoles are responsible for the observed
cooperative phenomena; and (iv) promotion or suppression of
electron transfer in dipole monolayers is due to changes in the
locally high dipolar field. Theoretical studies have also shown
significant dipole moment variation and tuning of the molecular
conduction with the field.”'%'**?

A molecular description is complicated because not only the
electrical dipole—dipole and dipole—field interactions are important
but also other effects such as the molecule—surface coupling,' >’
field-induced elastic deformations,® > polarizability phenomena,"
and the spatial packing of the molecules™>>'*'”*® should be of
relevance. (In particular, while neighboring dipoles may be
oriented in a stable antiparallel pair state canceling out the total
dipole, the dipole immobilization on surfaces and some particular
packing structures can also stabilize the parallel orientation.'*)

The model of Figure 1 incorporates the basic features needed
for switching while keeping the complexity to a minimum. The
monolayer is composed of N molecules on a lattice, and there are
three contributions to the molecular energies. The molecule—surface
interaction makes the molecular state L more stable than the H
state (the difference in the adsorption energies &5 — &1, > 0 can be
considered as a transition energy barrier). Allowing for molecu-
le—molecule interactions restricted to the ¢ nearest neighbors,
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Figure 2. Monolayer [—V curve and rectification characteristics (inset in logarithmic scale for (ef;— €7)/kT = S) at T = 300 K and different values of (&
— &1)/kT with g, = 10 pS. The noncooperative behavior (T, = 0, dashed curves) is shown for comparison. The broadening of the curves, which is
represented by the thin lines, is due to the thermal noise (a). The I—V curve at different T/ T, for (ef; — €1.)/k = 1500 K (b). {xg1) vs V for (ef; — 1) /k =
1500K at T/T. = 0.8, 1.0,and 1.2, and the noncooperative behavior (dashed line) at 300 K. The inset shows {xy;) vs V for N = 10, 50, and 1000, T = 200K,
and (& — €1)/k = 1500 K (c). Contour plot of {xgy) as a function of T/T.and (V — V; ,)(pr. — pu)/(kTd) =In s. The contours shown are {xg) = 0.1,
0.2, .., 0.9 (d). The curves have been colored according to the {x;;) values as shown in (d) and calculated for N = 200 (except for the inset in (c)).

where ¢ is the coordination number of the lattice, the molecular
energy in a “pure” monolayer in state L (H) is & = &1, + c€11./2 <
0 (&51 = &n + cepn/2 < 0). Although the repulsive interactions
between molecules in like states may render the effective energy
barrier €y — & > 0 somewhat lower than &y — &, > 0, the
molecular state L is stable in monolayers when no electric field is
applied (Figure la). The molecules also switch conformation
under the influence of an external field E = —V/d, where V'is the
applied voltage across the electrode separation d (Figure 1b). At
low V, the molecular state L is still stable because of its low energy
compared to state H. As the voltage V'is increased, however, the
molecule—field interaction energy promotes an electric field-
driven molecular transition from state L to H. Note that the
energy barrier (¢f; — €7) and the difference in the dipole—field
interaction energies (pr, — ppr)E should be at least of the order of
the thermal energy kT to avoid random changes in the molecular
states caused by thermal fluctuations (stochastic switching
should be avoided for the voltage-triggered switching to be
efficient).>*** Finally, the monolayer can exhibit phase separa-
tion phenomena (i.e.,, formation of molecular domains) if the
exchange energy A& = 2&1 4y — €11 — Eppyis positive (Figure 1c);
contrarily, mixing of molecules in different states is promoted if the
exchange energy is negative, and the monolayer shows then a single
phase of uniform composition under equilibrium conditions.

In the presence of an electric field E, the monolayer energy is
&(E) = £(0) — (Nppy + Nupu)E, where £(0) = N &g + Nyey +
Nirer + Nunéun + Nogéon = Neer + Nuep + (Noa/2) Aceis
the energy in the absence of field; ¢; < 0 is the molecule—surface
interaction energy; &; is the molecule—molecule interaction
energy; N; is the number of molecular dipoles in state i; and
Nj; (i,j =L, H) is the number of ij nearest-neighbor interactions.
In evaluating £(0) we employ the usual relations Ny = <Ny, —
2Ny, = <Ny — 2Ny, which neglect boundary effects when N is
finite. The canonical partition sum of the monolayer is

7 i Zefe(E)/kT

Ny =0Npy

(1)

where the second sum considers all possible values for the
number of LH pairs. Taking the monolayer in the state L (N,
= N) as the reference state, Z| = e(PLE—ERIN/ kT, and using the
mean-field approximation,””*' £(0) ~ Np&f + Nuey +
(cNuNL/2N)Ag, the partition sum can be evaluated as

1 N
Z(T)N) ==~ Y
1, Ny =0

N

N

N
NicNu(1 — Nug/N)
(NH > s (2)
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where s = e E/KTimp)V/IT) 4 g 5 = o= A/2KT When s = 1,

the distribution of the statistical weights for the different values of
Ny contributing to Z is symmetric around Ny = N/2. Therefore,
s = 1 corresponds to a situation where, on the average, the
fraction of molecules in the state H is {xy)|s=; = 1/2; however,
the monolayer may still have two phases of different (xyy) at

subcritical temg)eratures. It is then convenient to rewrite s =
e(V_Vl/l)(PL_PH) (kTd) where

Vi = (& —&)d/(pL — pu) 3)

is the switching voltage. This is the applied voltage that makes
equal the energies of the two (pure) molecular states, &1, — p E =
en1 — puE (Figures laand 1b). In the noncooperative case, 0 = 1
and Zyc = (1 + 5), the average fractions of dipoles in the states
L and H satisfy the relation s = {xy)/{x.), and then s is the
equilibrium constant for the L ==H transition. In the cooperative
case with Ae > 4kT/c, the molecular interactions make the L =
H molecular switching a first-order phase transition.

The average fraction of molecules in the high conductance
state can be calculated as a function of the monolayer character-
istics (dipole moments, interaction energies, and total number of
molecules) and the external conditions (temperature and
voltage) as

- N Nir(1 — Nyg/N)
Z_ NH NHSN (o2

N (4)
sNi gNu (1 — Nu/N)

which requires the numerical evaluation of the sums. The
approximation of the partition sum in eq 2 by its largest term
leads to the alternative expression

() — oll — 2em)
Gy )

which resembles the Frumkin—Fowler—Guggenheim isotherm.
Equations 4 and S clearly show that (xy) is a function of the
variables s and o that monotonously increases with s; {xy;) in eq 4
depends also on N. The conditions (9s/(xy)), = 0 and (3%s/
82<xH>)U =0 allow us to determine the critical temperature from
eq S as T, = cAe/4k, which is the well-known mean-field result
for alattice binary system. When the L == H molecular switching
is a first-order phase transition at T < T, and N — oo, the binodal
curve can be obtained by imposing s = 1 in eq S. Note, however,
that for finite-size systems the L == H transition at T < T is not
abrupt (it occurs over a temperature range that narrows with
increasing N), and we study it making use of eq 4.

B RESULTS AND DISCUSSION

The monolayer conductance can be estimated as'' g = (1 —
(e g, + (xﬂ? 1 where (xpy) is evaluated from eq 4 as a function
of s = eV Vi) mp)/(KTd) 3 g the cooperativity parameter 0 =
e 2T/T We introduce the following system parameters N = 200
(unless otherwise stated), c=4, T.=250K, p, — py=10D (1D
=3.3x 10 ** Cm),and d = 3 nm. The transition energy barrier’
en1 — €1, = SkT at 300 K corresponds to a switching voltage V; /,
= (exs — €1)d/(pL — pu) = 1.86 V (Figure 2a). The value of p;, —
pu has been deliberatel;r chosen in the high range of typical
dipole moments'"'*'%!” to better show the concepts involved.
We take gi3/g1, = 50 and a typical electric field |E| = |V|/d ~

1V/3 nm =3 x 10% V/m so that the electrical energy is several
times the thermal energy, (p, — pu)V/(kTd) =~ 3 for V=1V at
300 K, which can be considered as realistic values.>>° 13

Figure 2a shows the monolayer current (I)—voltage (V) and
rectification characteristics (inset) curves parametrically in the
ratio between the transition barrier and thermal energies. It
reproduces qualitatively the experimental trends shown in Figure
4 of ref 1 and Figure 2 of ref 8 for the case of light-induced
switching. The thermal noise, which is responsible for the
broadening of the curves, has been evaluated by substituting
(o) & o) in g = (1 — {x))gr + (wo)gr, where ofay) =
[(xr®) — (xi)*]"/? has been calculated from Z in eq 2. Figure 2b
shows the temperature dependence of the current—voltage
curve. It can be explained from the fraction of molecules in the
high conductance state of Figure 2c. The transition between the
monolayer low and high conductance states occurs around V =
Vi, when T < T.. Sharp transitions in the molecule isomeriza-
tion with the voltage have also been observed experimentally
(Figure 2 of ref 6). From the comparison with the noncoopera-
tive behavior also shown in Figure 2¢ we conclude that coopera-
tivity enhances the switching response by decreasing the width of
the voltage range where the transition between the high (gi;) and
low conductance (g;) states occurs. This voltage range can be
narrowed further by increasing the dipole moment difference (p,
— pu) and the critical temperature. Note that it is the sharp
increase in this fraction that causes the conductance switching
shown in Figure 2a. Finally, the contour plot of Figure 2d shows
the influence of the external parameters V and T on the
monolayer state. Below the critical temperature the switching
occurs as a first-order phase transition, and hence bit assignment
and data storage becomes possible. Above the critical tempera-
ture the fraction of molecules in state H changes smoothly with
increasing V, but the conductance change is still rather abrupt
(Figure 2a) because gi; > gL,l’S provided that T/ T is not so large
that cooperative effects become negligible.

For realistic values of the system parameters, T, = cAe/4k can
be relatively low, but significant cooperative effects due to dipole
interactions have been observed at ambient temperature for
some systems.”'®'” Interestingly, the microscopic details of
the local interactions are not essential provided that Ae > 0.
This could be the case for relatively high values of &y 5 due to the
increased electrical and deformation energies associated with the
charge and elastic mismatchings that occur when molecules in
states of different conformation and dipole moment coexist in
the monolayer domain.'*'” Note finally that approximately
defined molecular architectures®*'*'” are currently available.

One serious concern in experimental monolayers is the relatively
small number of molecules forming the domain. The finite-size
effects can also be analyzed with this model, as shown in Figure 2¢
(inset): a monolayer with only N = 50 dipoles at T/ T, = 0.8 shows a
transition region a few tenths of volt wide, which is much narrower
than that of the noncooperative case. Finite-size effects widen the
transition region, but the switching becomes practically independent
of N for just a few hundred dipoles.

Interestingly, because the dipole monolayer acts as an effective
nanodiode (Figure 2a), the logical gates OR and AND could be
implemented by exploiting the I—V curves of two monolayers, as
shown schematically in Figure 3a. The contour plot of Figure 3b
gives the applied voltage regions where the two gates should be
operative because of the electrical rectification characteristics of
the monolayers (Figure 2a). The voltages applied to the two
monolayers are the inputs, and the sum of the resulting currents I;
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Figure 3. Scheme of the OR and AND logic gates based on two monolayers arranged back-to-back (a). The contour plot of I, + I, vs V; and V, shows
the voltage regions corresponding to the 0 and 1 outputs of the logic gates (b). The boundaries delimiting the shading (dark gray, gray, and white)
regions correspond to the currents I; ;, = 0.475 nA and 4I; , = 1.90 nA. The contour lines correspond to the values I} + I, = 0.25, 0.50, .., 2.75 nA and the
dashed lines to V; =V, ,. The truth tables (c) are obtained with the monolayer potentials as the inputs and the current sum I; + I, as the output (cand d).
Two different current sums are used for logic output “1” in the OR and AND gates, as shown in the contour plot. The current uncertainties are estimated

from the noise in the respective IV curve (Figure 2a).

+ I, is the output in the truth tables of Figure 3¢ and 3d. The two
gates could be implemented with the same scheme by using two
different threshold currents for logic output “1”: I + I, > I, , in the
case of the OR gate and I; + I, > 4  in the case of the AND gate,
where I}, = (g1 + g1.)V1/2/2 is the current across a monolayer in a
state with {x;;) = 1/2. We have used &f; — &7 = SkT, T = 300 K, and
g = 50g;, = 500 pS in Figure 3b and 3d, so that V; ;, = 1.86 V and the
boundaries delimiting the shading regions (dark gray for outputs “0”
of the OR gate and “0” of the AND gate, gray for outputs “1” of the
OR gate and “0” of the AND gate, and white for outputs “1” of the
OR gate and “1” of the AND gate) correspond to the output
currents I; , = 0475 nA and 41;, = 1.90 nA.

Because molecular dipoles are characteristic of biophysical
structures, the results are also relevant for biological membranes
and biosensors.”®** In particular, the dipole monolayer could be
used as the active layer for a sensor immersed in a solution of a ligand
that binds to the molecular dipoles."*** If the ligand binds preferably
to the dipoles in one particular state, the ligand concentration (in
addition to the applied voltage) modulates the monolayer con-
ductance because it shifts the L == H equilibrium. Assuming that the
ligand binds only to the dipoles in the H state, the grand canonical
partition function of a monolayer in contact with a solution of ligand
molar concentration ¢ is' #2021

N
E(T,N, CI) = Z

Ny =0

N
( )SNH(l + KCI)NHOCNH(I — Nu/N) (6)
Nu

where K is the equilibrium binding constant for the ligand. The
product26 Kq is equal to Ajz; where 4; = ¢ /KT is the absolute

v
3
11l (nA)

20

0.5 1.0I ‘ 1.5‘
V(V)

25

V(V)

Figure 4. Relative conductance change Ag/g; vs V (a) and the -V
curves in logarithmic scale (b) for T=300K, (ef; — €7)/k=1500K, g =
10 pS, and different ligand concentrations given by Kc;. The curves have
been colored according to the (xy) values as shown in Figure 2d. The
inset shows the switching voltage V; /5(q) vs K¢ for (ef; — 1) /k = 1500
K and the temperature ratios T/ T, = 0.8, 1.0, 1.2 (b); the green curve in
the inset corresponds to T/T. = 1.2 and T = 300 K.

activity of the ligand (which is proportional to ¢ in a dilute
solution); 4 is the ligand chemical potential; and z is the
canonical partition function of the ligand bound to a molecular
dipole in state H. From eq 6, the average fraction of dipoles in
state H is given by eq 4 (or eq S) with s replaced by s(c;) = s(1 +
Kcp). Therefore, the presence of the ligand favors the molecular
state H. Moreover, since () = 1/2 corresponds to s(¢;) = 1, the
switching potential depends on the ligand concentration as
Viy(er) = Vi2(0) — [dkT/(pr — pr) ]In(1 + Kc,), where the value
V1/2(0) corresponds to the zero ligand concentration (eq 3).
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Figure 4a for the relative conductance increase Ag/g; =
49(xy;) shows that the presence of the ligand shifts the L = H
equilibrium favoring the molecular state H: {x;;) and the mono-
layer conductance at a given voltage V increase with the ligand
concentration. The resulting decrease in the switching potential
is shown in the inset of Figure 4b. This figure demonstrates also
that the monolayer rectification characteristics can be modulated
by Kq: the ligand concentration is responsible for the gating of
the monolayer, which acts then as an effective chemical transistor.
Note that the active layer where the ligand binding occurs could
also give a potentiometric signal (as opposed to the conductance-
based output of Figure 4). Indeed, the dipolar changes in the
monolayer should also produce measurable electric potential
changes®” because the binding of the ligands to the molecular
dipoles occurs with local charge redistribution or transfer.'®'”

Il CONCLUSION

Addressing a small domain of molecules anchored at a surface
not only avoids the need for accessing single molecules in a
reproducible manner””*® but also offers the possibility of using
the emerging cooperative properties in the design of switches
robust against the finite-size effects inherent to the nanoscale. As
a proof-of-concept, we show that the local interactions between
adjacent molecules in a densely packed monolayer can stabilize
domains of molecules predominantly in the same molecular state
enhancing field-induced conductance switching. This result
should be useful for bit assignment and data storage modes,
the implementation of logic gates, and the design of a sensing
layer. We note finally that small reshapes of the molecular
electron densities in the monolayer rather than conductances
could also be used as the output because of the cooperative action
of many molecules acting together to give an enhanced electrical
signal. These changes in the local electron density should
correlate with the average fractions of dipoles in the different
states.
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