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Control of the Current through a Molecule: The Role
of Conformation Transitions

M. V. Koval and E. G. Petrov
Bogolyubov Institute for Theoretical Physics, National Academy
of Sciences of Ukraine, Kiev, Ukraine

A model of conformation control of the current through a molecule embedded
between the electrodes is proposed, and the analytic expressions for the hopping
and the tunnel current components are derived for the case of two charged molecu-
lar conformations. It is shown that if one of the conformations provides the best
molecule-electrode contact, and if the energy position of this conformation is higher
of that for another contact conformation, then the contact conformation at the res-
onant regime of charge transmission governs the current formation only at slow
conformation transitions.

Keywords: current-voltage characteristics; electron transmission; molecular
conformations

I. INTRODUCTION

Experimental studies of conductivity of single molecules suggest that,
for a given molecule, the type of molecule-electrode contacts is the
most substantial factor controlling the current behavior (see, for
instance, [1-5]). It has been shown that the chemical contacts provide
a much more strong current through a molecule and molecular wires
as compared with the physical contacts (mainly of van der Waals type).
The reason is that the chemical bonds guarantee the best overlap of
electron wave functions among structure groups forming an “electrode
1-molecule-electrode 2” (1M2) device. But, despite the overlap of mol-
ecular orbitals (MOs) forming ¢-bonds is much more greater than that
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for n-bonds, the electron transmission along the n-bonds is much more
effective. This conclusion follows from the fact that the energy of an
electron (hole) occupying the empty (filled) 7-MO is positioned notice-
ably closer to the electrode’s Fermi-level. The analysis of molecular
current-voltage (I-V) characteristics shows that the formation of a
current in a 1M2-device is associated with two principally different
routes. One of them supposes a single-step inter-electrode tunnel
electron (hole) transfer with virtual occupation of the molecule by
the transferred charges. The second route is associated with charge
hopping between the molecule and the adjacent electrodes. This leads
to a real occupation of empty (filled) MOs by the transferred electrons
(holes) and, thus, to a molecular charging. Recent investigations show
a serious influence of molecular charging on the formation of not only
the inelastic hopping current component but the tunnel current
component as well [6-8].

In the present communication, we show that a molecular charging
can be responsible for a control over the current formation via transi-
tions between the charged molecular conformations.

Il. MODEL AND BASIC EXPRESSIONS FOR CURRENT
COMPONENTS

To clarify a role of molecular conformations in the current formation,
let us consider a model where the molecule embedded between two
electrodes has a single conformation in its neutral (ground) charge
state (denoted by symbol 0) and two conformations in the singly
charged state (these charged conformations are denoted by symbols
a and b). A single-charged molecular state is assumed to be formed
in the course of electron hopping transfer with participation of the only
active (frontier) MO. [Coulomb repulsion among extra (transferred)
electrons occupying the molecule is assumed to be too large to provide
the presence of more than one extra electron at the molecule.] In the
kinetic approach for the description of charge transfer in a 1M2-device
[7,8], the charge hopping processes are characterized by the forward
(electrode-molecule) contact rates y;; and yy;, as well as by the back-
ward (molecule-electrode) contact rates y_;; and y_y;, where the sym-
bol j(=a,b) indicates the charged conformations of the molecule.
Intramolecular rate constants characterizing the transitions between
the conformations are denoted as K,;, and K;,. The complete scheme
of kinetic processes is depicted in Figure 1. Owing to the noted trans-
fer processes, the molecule can be in one of three states (0, a, and b)
with the respective probabilities P(0,¢)), P(a,t) = Za:ﬂ/z P(aos,t),
and Py(t) =3, .15 P(bo,t). These probabilities satisfy a simple
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FIGURE 1 Scheme of charge hopping processes in the “electrode-molecule-
electrode” device (a), as well as the respective kinetic transitions (b). Rate con-
stants y,; and y_,; characterize the forward (electrode-molecule) and backward
(molecule-electrode) electron hopping processes, while the rates k., and i,
characterize inter-conformation transitions between the conformations ¢ and
b of a singly charged molecule. Transfer rates A; and B;, Eq. (2), are respon-
sible for discharging and charging the molecule, respectively.

normalization condition P(0,¢) + P(a,¢) + P(b,¢) = 1 and evolve in line
with the following closed system of kinetic equations:

P(0,t) = -2 BiP(0,t)+ > _ AP(j.2),

Jj=ab Jj=ab

P(j,t) = —(Aj+ Ky)P(j,t) + 2B; P(0,£) + KyP(j, 1), (J #J), (1)
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where
Aj = y1j+ 29, Bi = 1-1 + 195 (J = a,b), (2)

are the transfer rates responsible for a molecular charging.

In the most cases, the contacts are fabricated from noble metals
having wide conduction bands. This fact allows us to utilize the so-
called wide-band approximation [1,2,9,10]. For the contact rates, it
yields [6,7]

er = (Fr]/h)Frj7 X—rj = ereAErj(V)/kBTv (T‘ = 17 2; .] =a, b)? (3)
where T'); is the width parameter, and

Fyj =Y W) {uslve)*n(AEy(vj,v0; V)) (4)

Vjvo

is a factor associated with the electron-vibration interaction within
the molecule. This factor includes the distribution function W(v) =
exp|—hw(v +1/2))/kT]/ >, exp[-ho(v +1/2)/kgT] with o =w;
being the frequency of the respective vibrational mode, kg is the
Boltzmann’s constant, T is the absolute temperature. The quantity
(vjlvo) is the overlap integral between the vibrational functions related
to different electronic terms (one term belongs to the j th conformation
of the charged molecule, another term relates to a neutral molecule).
The quantity

n(AE,;(vj,00;V)) = [exp AEy;(vy,v0; V) /ksT) +1] (5)

is a Fermi-like distribution function associated with the electron-
vibrational transfer gap

AE,«J'(UJ', Vo; V) = AE,«j(V) + hcoj(vj + 1/2) — ha)()(v() + 1/2). (6)
Here, we have also introduced a pure electronic transfer gap
AE,;(V) = Ej(V) — (1, + Eo) , (7)

where E;(V) = E;(0) +en,V is the electronic energy for a charged mol-
ecule (1; is the voltage division factor for the j th conformation), Ey is
the electronic energy for an uncharged molecule, and g, is the chemi-
cal potential for the r th electrode. In what follows, we set y; = Er and
Uy = Ep + eV (the 1st electrode is assumed to be grounded).
Generally, before a steady state current is established in the 1M2-
device (with the characteristic time tz7), the transient currents
through the first and the second electrodes do not coincide, i.e.,
I;(¢) # Iy(t). The coincidence occurs only at ¢ > tgp. In line with the
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kinetic approach, we derive the following expression for the transient
current through the r th electrode:

L(t) = I (1) + 1197 (1), (r = 1,2). (8)

The component

1P () = (=11 ST P0,8) — (L2LPP(L] (9)

j=ab

includes the mechanism of current formation due to the hopping elec-
tron motion along the sequential route. The molecular occupancies
Py(t) and P;(t) give the probabilities to involve a specific electron route
in the formation of the current. This refers not only to the hopping
(sequential) route but for the tunnel route as well (see below). In the
case of a single frontier MO under consideration, the forward (0—)
and the backward (j—0) contact currents are exclusively defined
by the contact rates so that (I = |e|/nh ~ 77.6uA)

I = 2nhloy,;, 1MW) = 2nhloy ;. (10)

In contrast, the component

dir dir un un .
L) =1 () = I8 (1) = 3 [I((f(j) 'P(0,£) + 1" P( _],t)} (11)
Jj=ab

is formed owing to the transfer processes associated with distant elec-
tron jumps from one electrode to another one. These distant jumps are
achieved owing to the superexchange electron coupling between the
electrodes at which the transferred electron is virtually captured by
the molecule. When the tunneling occurs with participation of a neu-
tral molecule, then a virtual intermediate state of the 1M2-device
includes the j th charged molecular conformation state, and thus

+00 +oo
Iy =2IoTy;Ty / dE dE'

—00 —00

(volv)) (vjlvo)
X Z Z (E+E+ hwo(voo+ 1/2))

— (Ej(V) + haj(vj + 1/2)) +i1(I'yy) + I'y;)/2
X [W(wo)f1(E)(1 - f2(E") — W(vg) (1 — f1(E))f2(E")]
X O(E — E' + hawo(vo — vp)). (12)
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[/+(E) and J(¢) are the Fermi distribution function and the J-function,
respectively.] If the molecule is already charged, then the formation of
the superexchange interelectrode coupling occurs with participation of
a virtual state corresponding to the charge neutral molecular state 0.
Consequently,

+0o0 +o0
Iy =217y Ty / dE dE'

—00 —00

(vilvo)(volv))
x Z Z V) 1 hoy(0; + 1/2))

— (E/ + Ey +hw0(vo + 1/2)) - i(l“lj) + sz)/2
x [W)AE)A - f(E) - WL - AE)fE)]
x 8(E — E' + haj(v; — ). (13)

J

The above expressions for the current components allow us to analyze the
formation of the current at different regimes of electron transfer through
the conformationally flexible molecule. It is important to note that the
evolution of the current to its steady state value is completely defined
by the evolution of the probabilities P(v,¢). In line with the solution to
system (1), the probabilities (molecular occupancies) evolve as

P(v,t) = Py(v) + Coae /51 + Cpe /%1, (v=0,a,b).  (14)
Here, the stationary probabilities read
1
Py (0) = D (AdAp + AcKpy +ApKap),

Pu(@) = 5 [AsBo + (B + By)Kyo), (15)

Pulb) = 5 (AuBy + (B + By)Kus),

where D =A,Ap +A.(2By +Kb,(,1) +Ay(2B, + K%, )+ 2(By + Bp)(Kap+
Kp,). The characteristic times 1, = K;! and 1, K 2 that specify
the adaptation of molecular occupanc1es to thelr statlonary values are
determined through the overall transfer rates (s = 1,2)

Ky = gl + 2 — (1 (o1 — 20 + 4615, (16)

where o1 =A, + 2B, + Kup, 00 = Ap + 2B + Ky, Bl =2B, — K;,, and
Bo = 2By — Kap
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lll. RESULTS AND DISCUSSION

In the present communication, we discuss only the stationary regime
of the current formation. This means that the above expressions for
the probablhtles (molecular occupancies) are estimated at ¢ > rfEle
where P(v,t > rfET)) = Py (v) [cf. Eq. (14)]. During the steady regime
of charge transfer, the number of outgoing electrons (leaving the 1st
electrode at V > 0) is exactly coincide with the number of incoming
electrons (arriving at the 2nd electrode at V > 0). Therefore,
Ii(t > tgr) = Is(t > tgr) = I. The total steady state current

I= Ihop +Idir (17)

contains the hopping and the direct (tunnel) components. The hopping
current component can be found from expression (9) if one sets r = 1 or
r = 2. This yields

gy = > ISP Py (0) — (1/2)11 P Py (). (18)

Jj=ab

Analogously, the form of the direct current component follows from
Eq. (11) so that

Igir = >[I0 Pat(0) + 1o P (). (19)

j=ab

To have a more clear analytic results, we restrict ourself by a coarse-
grained description, by ignoring, thus, a fine vibrational structure of
I —V curves. (The details concerning the fine vibrational structure
can be found in Refs. [6,7,11-13]) In the framework of the coarse-
grained description, one has to set (vo|v;) ~ dy,,,- This reduces the
contact rate constants, Eq. (3), to a much simpler form

Loy = (Lo /R)n(AE;(V)), 1y = (Tr/R)[1 = n(AE;(V))]. (20

As to the tunnel currents, Eqgs. (12) and (13), they do not differ from
each other and appear in the following well-known Landauer—
Biittiker form:

=1 =14

'y { <2AE2‘(V)> <2AE1‘(V)

2ly—" \arctg| —2L-2L | —arctg| —L—) |.
Ty + Ty g Iy + Ty g Iy + Ty

(21)

Note that the pure electronic transfer gaps AE;(V) and AEy(V)

(cf. Fig. 1) are identical for both the hopping and tunneling electron
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routes. When the gap AE,;(V) becomes negative, the resonant regime
of charge transfer is opened for the pathway associated with the r th
molecular conformation. The opening of the resonant transfer occurs
at V>Vy (at V>0) and V < -Vy; (at V < 0). The form of each res-
onant voltage V,; is derived from the condition AE,;(V) = 0. It yields
[AEJ(O) = EJ(O) — (Eo —|—EF)]

Vi = AE;(0)/[eln;, Vi = —AE;(0)/lel(1 - ny). (22)

For the sake of definiteness, we set AE;(0) > AE,(0) below so that
Vip > Vg > 0 and Vg, < Vo, < 0. To consider the off-resonant, single-
resonant, and double-resonant regimes of charge transfer in the 1M2-
device, we note that, for a number of organic molecules, the ratio of
rate constants characterizing the conformation transitions within
the molecule satisfies the condition K, /Ky, = exp[—(Ep(V) — E.(V))/
kpT] =1 irrespective of the applied voltage V. Thus, one can set
K. =0 and Ky, = K # 0. The current-voltage characteristics of the
molecule with a single frontier MO and with two conformations (for
a charged molecule) are depicted at Figures 2 and 3. Now we discuss
the current formation during three above-noted transfer regimes.

(A). Off-Resonant Transfer Regime

This regime exists in the voltage region 0 <V < V3, (0 >V > Vy,),
where each transfer gap AE,;(V) remains positive. Therefore, at low
and room temperatures, one can set n(AE,;(V)); 0. This yields y,; ~ 0,
%—rj = ([yj/R). The evolution of initial molecular occupancies, Pgu, 0),
(v =0,a,b), to their steady state values, Py (v) = P(v,t > rg%, r%%} is
described by Eq. (14) with the characteristic times TE; =
h/(T1q + 1) and o) = h/(Taq + Top + AK). But, due to the activation
character of the hopping process, a difference between the initial and
the steady state occupancies remains minor so that Pgy(0)~
P(0,0) = 1, Py(j) ~ P(j,0) =~ 0. This is a reason why the hopping
component of the current is too small. It is clearly seen from
Figures 2 and 3 at |V| < |V,q].

(B). Single-Resonant Transfer Regime

When the applied voltage is in the region Vi3, <V <Vy,
(Voo =V > Vy), the gap AE1,(V)(AE3,(V)) becomes negative, while
the gap AE1;(V) (AEg(V)) remains positive. Therefore, with a
high accuracy, one can set n(AE,(V))~=1, n(AE(V)) =0,
n(AE2(V)) =0, n(AE%w(V))~0 (at V>0) and n(AE,(V)) =0,
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FIGURE 2 Current-voltage characteristics of a molecule with two charged
conformations at slow (a) and fast (b) inter-conformation transitions.
Symmetric coupling of the molecule to electrodes 1 and 2. Diode properties
are absent, —I(—V) =1(V). The calculations are performed at I'y, = I'g, =
2-107"eV, T =T9=5-10%eV, AE,(0)=0.30eV, AE,(0)=045¢eV,
Ho =1p = 0.5; Kap =0, hkpq =hic=10"%eV (panel a), hxp, =hx = 10"%eV
(panel b).
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e =108V, Ty, =2-1077eV, I';; =5-105%eV, 'y, =-10%eV, AE,(0) =
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n(AE (V) = 0, n(AE%(V)) = 1, n(AE%(V)) = 0 (at V < 0). Now the
electron hopping from electrode 1 to the molecule (at V > 0) or from
electrode 2 to the molecule (at V < 0) does not require a temperature
activation so that one can say about the resonant electron hopping to
the molecule. Due to the resonant hopping, the molecule occurs in the
a th charged conformation. Adaptation of the occupancies to their
steady state values is carried out with the characteristic times
t) = /(2T + Ty) and tie = A /(Tgq + gy + Axc), while

2rm

rr’a
P R
t(a) 2rr/a + rra 9

Pu,0)~x —————
St( ) 21—‘ra+1—‘r’a7 :

Py (b) =~ 0. (23)
[One hastosetr=1,r=2atV>0andr=2, r=1atV <0.]

During the single-resonant transmission regime, the hopping
current component reads

2P,(0) if V>0

Thop; tloT1a { ~Py(a) if V<O (24)

As to the direct (tunnel) component, the latter is defined by the
expression

Ly 195 + 117 P, (0). (25)

[It has been taken the fact into account that, during the single-
resonant transmission regime, the normalization condition reads
Py (0) + Py(a) = 1.] In Eq. (25), only the first term reflects the res-
onant character of transmission via the creation of the a th molecular
conformation. The contribution of the second term to the direct current
component is governed by the weight of the ground (charge neutral)
molecular state.

(C). Double-Resonant Transmission Regime

This regime works if only V>V or V<V, Setting
n(AE1j(V)) = 1,n(AE9(V)) =0 (at V >0) and n(AE(V))=0,
n(AE9(V)) =~ 1 (at V < 0), we obtain

Py (0) = = LoDy + A),

o =

PSt(a) ~ S [rrarr’b + hK(Fm + rrb)]v

o g

Pst(b) ~ =1,
D =T,qlpy + Trg (204 + Ax) + 2040y 4+ 28K(Trg + Thp).  (26)

>
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The adaptation of initial occupancies to the steady-state occupancies
is characterized by the overall transfer rates (16), where oy =
(2Tq + Do) /Ry 09 = (2006 + Tpp) /B + 16, By = 2000 /h — K, By = 21 /A
[Here and in Eq. (26), one has to set r=1r =2 if V> 0;
r=2,r =1 if V <0.] The hopping and direct current components
are given by the analytic expressions

2(I'1q +T'13)Py(0) ifv>0

Ihop ~ TCI() X (27)
—(T1wPs(a) + TPy (b))  if V <0,

and

Liir ~ I 5[Pst(0) + Pyy(a)] + I 5 [Pyt (0) + Py (b)), (28)

respectively. One can see that, during the double-resonant regime of
transmission, both the hopping and direct current components are
formed with participation of two charged molecular conformations, a
and b. Therefore, the I — V characteristics of the molecule becomes

0.5 N a2 aaaal 2 s a2 aaal M W |
1o I
a ™. 1
T 08 ™\ P\ @
0.4 4 g 06 \\ ; : 5
_ 2 /
< 8 A
0.4 N\
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§ 0.3 - N i
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FIGURE 4 Dependence of the current through a molecule with two charged
conformations on the efficiency of inter-conformation transitions. The mole-
cule in the charged conformation b is assumed to be more strongly coupled
to the electrodes, and the transferred electron in this conformation has a
higher energy in comparison to that for the conformation a. The calculations
with the parameters as those for Figure 3.
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dependent not only on the transmission gaps and the character of
electrode-molecule couplings (via the width parameters I';) but also
on the efficiency of inter-conformation transitions (via the transfer
rate k), cf. Figure 4.

IV. CONCLUSION

It follows from the results of the present communication that, under
the conditions when a flexible molecule participates in the formation
of an inter-electrode current, the character of the current formation
depends strongly on the efficiency of conformation transitions within
the charged molecule. Thus, if the contact of the molecule to the elec-
trodes is strong in the b th and weak in the a th charged molecular
conformations, the hopping and direct (tunnel) components becomes
large (small) at the slow (fast) inter-conformation transfer rate . It
is well seen from comparison of Figures 2a,b which present the
I — V characteristics of the molecule with identical coupling to the
adjacent electrodes. The effect is strongly manifested in the case of
asymmetric coupling to the electrodes, cf. Figures 3a,b. Figure 4 indi-
cates that the effect of the conformation control over the charge trans-
mission is more significant for a direct (tunnel) component of the
current. The comparison of the insets to Figures 3a,b shows that such
a difference is associated with the probability P(b,¢) which has a non-
zero value at slow inter-conformation transitions in the case of double-
resonant regime of the transmission.

The results of the present work make it possible to conclude that the
activation of one or other conformation either by the charge transfer
through the molecule or via the light illumination of the molecule
can be one of the effective mechanisms of the current control in the
“electrode—molecule—electrode” device.
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