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Electron transfer at thermally heterogeneous molecule-metal interfaces
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The rate of electron transfer between a molecular species and a metal, each at a different local
temperature, is examined theoretically through the implementation of a bithermal (characterized by
two temperatures) Marcus formalism. Expressions for the rate constant and the electronic contribution
to a heat transfer mechanism which is induced by the temperature gradient between a molecule and
metal are constructed. The system of coupled dynamical equations describing the electronic and
thermal currents are derived and examined over diverse ranges of reaction geometries and temperature
gradients. It is shown that electron transfer across the molecule-metal interface is associated with heat
transfer and that the electron exchange between metal and molecule makes a distinct contribution
to the interfacial heat conduction even when the net electronic current vanishes. Published by AIP

Publishing. [http://dx.doi.org/10.1063/1.4971293]

l. INTRODUCTION

Molecular electronics'™ provide a general platform to
realize atomic-scale electronic and energy conversion devices
through the control of electric currents and thermal currents
at molecule-metal interfaces. Electronic transport through
molecular junctions®> is a process in which electrons move
through the molecular network while interacting with the
underlying nuclear environment.”~'# The latter process give
rise to inelastic effects in molecular electronic transport that
may lead to heating and structural instabilities. The two
extreme limits of this motion are, on one hand, elastic (tunnel-
ing and resonance) transport through the molecular electronic
manifold in the absence of appreciable interaction with the
nuclear environment, and on the other, a sequence of hopping
processes through one or more intermediate redox sites on
which the electron can be transiently localized by distorting
its local nuclear environment.

The interplay between electronic and nuclear motions
in controlling charge and energy transport through molecu-
lar junctions has been an active area of research for some
time.>!>!7 Junction heating (and its impact on junction sta-
bility) and heat transport'®?’ is one focus of these stud-
ies.®71728-30 Thermoelectric energy conversion has been
another.%3! Nonlinear effects such as heat current rectifica-
tion3?73¢ and negative thermal resistance have been demon-
strated,>’° and possible ways to control heat transport in
molecular junctions have been discussed.***! In addition to
these advancements in charge transfer reactions across molec-
ular junctions, emergent experimental and theoretical methods
examining the possibility to control electron transfer (ET) in
specific vibrational modes*>~** have also been developed.

Most studies of electron-vibration interaction in molecu-
lar junctions use the elastic transport as a starting point and treat
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inelastic effects as perturbations.*>*° In the opposite limit,
which describes electronic transport in redox molecular junc-
tions,*® electron transport can be described by a sequence of
Marcus-type® '3 ET processes between the metal and molecu-
lar sites, and among molecular sites. While nuclear motion and
reorganization are at the core of this ET mechanism, the effect
of thermal gradients, more generally thermal inhomogeneity,
is not usually addressed for such processes. Similarly, while
the implication of electron transport across interfaces on heat
conduction in such systems has been often discussed,>® such
considerations are not usually made in the hopping transport
limit.

Recently, we have evaluated the effect of temperature dif-
ference between donor and acceptor sites on the rates of ET
between them, as well as the contribution of the interfacial
electron exchange to the interfacial heat transport.’® Electron
transfer was found to induce heat transfer between the donor
and acceptor sites, and the ET rate was found to depend on
both temperatures. This analysis can be generalized to consider
the effect of thermal inhomogeneity in complex multithermal
molecular reaction networks.>’

In this article, we analyze a similar situation for ET
between molecule and metal, and between two metal elec-
trodes through a molecular bridge, in an electrochemical junc-
tion, generalizing the Marcus theory of ET between a metal
electrode and a redox species in the adjacent solution to the
case where the temperatures in the metal and molecule envi-
ronments are different. It is relevant to thermoelectric transport
in the hopping limit of molecular conduction, where the elec-
tron hops between different locations assumed to be in their
own thermal equilibrium at their local temperatures. While
hopping conduction is often invoked to describe electronic
transport, its implications for thermoelectric junctions have not
yet been addressed. The theory presented here provides a first
step in this direction by providing a framework for describing
electron transport across thermal gradients. At the same time,
it advances our previous work on bithermal ET*%7 to include
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reactions at thermally heterogeneous electrode interfaces,
allowing implementation of the results in the design of general
molecular-scale electronic components such as molecular
wires and junctions.

In Sec. II the bithermal ET rate between a molecule and
metal is derived, and we show how alteration of the temperature
gradient between redox molecule/metal combinations affects
the interfacial thermoelectric properties. Section III contains a
derivation of the interfacial heat current between molecule and
metal. In Sec. IV we combine the thermoelectric properties
derived in Secs. II and III in order to describe the electric
current and Seebeck coefficient in a prototypical model of a
single molecule junction between two metal electrodes which
are held at different temperatures.

Il. BITHERMAL ELECTRON TRANSFER
AT A MOLECULE-ELECTRODE INTERFACE

A. Electron transfer rates

We consider a two-state (a and b) ET process between a
molecular species and a metal electrode. For specificity, state
a corresponds to the molecular species being in a reduced
state S, and state b corresponds to the molecular species being
in an oxidized state S*. The metal is assumed to be in its
own electrochemical and thermal equilibrium characterized
by the electrochemical potential ¢ and temperature Ty;. The
electronic population on the molecule interacts with its own
equilibrium thermal environment, taken to be at a different
temperature 7s which is the temperature of the nuclei in
the molecular environment. The corresponding inverse ther-
mal energies are s = 1/kgTs and By = 1/kgTwm, where kg is
Boltzmann’s constant. Upon insertion of the electron into the
metal, the free energy of the metal increases by an amount p.

If nuclear relaxation effects are ignored, the ET rates can
be written as®®

kasp = /R (1 =f(Bm, ©)I'(e)o(€ — AEy) de

= (1 = f(Bm, AE))T(AEq), )

for the molecule to metal electron insertion process, and

kp—a = /Rf(BM, e)l'(e)0(AEy, — €)de

= f(Bm, AEG)T(AEy), 2

for metal to molecule electron extraction, where f(Bu,€)
=(exp [Bm(e — w)] + 1)™' is the Fermi-Dirac distribution
characterizing the (assumed free-electron) metal and AE,,
=E,—E], with E;, €{a,b} being an electronic occupation
energy. The integration interval R denotes integration over
the region (—oo, o). The single electron density of states in
the metal py and the tunneling coupling for electron transfer
between molecule and metal V, ;, are both functions of €, and

r© = (EVaslou) - 3)

€

With the inclusion of nuclear relaxation effects, the
description of heterogeneous ET is fundamentally different.
This process is described below by adopting the Marcus
formalism in which the energy surface representing each
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state is parabolic in a collective reaction coordinate x that
characterizes the nuclear degrees of freedom of the molecular
species and its solvent environment. In state a, the underlying
potential surface is

1
Eq(x) = Sk(x =)’ + E, )
and in state b,
1 7’
Ep(x) = k(x - M)+ Ej, )

where A, : m € {a, b} are shifts in the configuration associated
with the two redox molecular states. This general formalism
allows the accommodation of a multitude of reaction geome-
tries through variation of the occupation energies and force
constants.”®~%% The reorganization energy of the ET reaction,
which is independent of reaction direction, is

1
Er = Sk(ho - )2 (©6)

It has been observed that in molecule-metal ET reactions, e.g.,
in transition metal complexes, the energy surfaces of the oxi-
dized and reduced species can have different curvatures.®!-63-63
We ignore these asymmetric effects but note that the general
formalism developed here can be modified to satisfy these
physical situations through alteration of the underlying energy
surfaces.

The Marcus formalism describes the inelastic limit of
electron transport in which relaxation of the nuclear environ-
ment to a transient distorted state induced by electron localiza-
tion occurs on a faster time scale than the electronic transition
rate between molecule and metal sites, which is characterized
by I'. The strength of interaction between an electron and the
nuclear environment of the solvent is characterized by the reor-
ganization energy. When Er = 0, the transport is elastic and
the electrons do not interact with the nuclear environment. In
the opposite inelastic limit, the energetic contribution of the
reorganization energy to the transfer rate depends on its rela-
tive weight which is dependent on the thermal energy of the
molecular environment kg 7.

The transition under consideration is between the a and
b states of the molecule/metal. Transfer can occur at all posi-
tions of the collective nuclear coordinate x weighted by their
thermal probability and subjected to the energy conservation
constraint

8c(x,€) = Ep(x) — Eqx(x) + € =0, @)

where € is the energy of the electron inserted to the metal. The
corresponding ET rates are: from molecule to metal (a to b
transition),

g
Koy = / / [1—f<ﬂM,e>]r<e>eXp[§—fE"(x”
R? x

a

X |Vgel 6(ge(x, €)) dx de

_ [ Bs _
_ /m /R [1 - /By, ©]T(€)

—AEg + € + ER)?
X exp [_ ,BS( ab4E§ R) de.

®)
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and from metal to molecule (b to a transition),

— BET
kb—>a=// f(ﬁM,E)r(f)M
R? Z

b
X |Vge| 6(ge(x, €)) dxde

_ | Bs
=4/ nEx /Rf(ﬁM,e)F(e)

(AE,, — € + Er)?

X — _—
cxp [ Ps 4ER

where the factor |Vg.| = |k(h, — Ap)| is the derivative magni-

tude of g. that removes ambiguity in the 6-function constraint.
The function

de, C)

EX(x) = En(x) —E., : m € {a,b) (10)

is the energy above the corresponding minimum and

2
Bsk

is the configuration integral associated with the molecule/
solvent motion which depends on the temperature of the
molecular environment. In the standard single temperature
case (I = Ts = T), the results in Egs. (8) and (9) reduce
to the traditional Marcus-Hush-Chidsey rate expressions for
heterogeneous ET38>9:64.66-68 (¢f Eqs. (17.11) and (17.12) in
Ref. 58).

Shown in Fig. 1 are the rates k,—, computed for an
example system over variation of the temperature of the metal
Tv and temperature of the molecular environment 7', with all
other parameters held constant. Asillustrated in Fig. 1(a), vary-
ing Ts with T held constant results in exponential dependence
(linear on the semi-log scale) in the low-temperature (relative
to the temperature of the metal) regime of the molecular envi-
ronment followed by crossover to nonlinear behavior in the
logarithmic scale in the high-temperature regime. The results
of varying Ty with Ts held constant are shown in Fig. 1(b).

Comparing Figs. 1(a) and 1(b), it can be observed that
changing the temperature of the metal results in a different
functional form than variation of the temperature of the molec-
ular environment (solvent). In this case, the rate constant can
be altered over orders of magnitude through a relatively small
variation of the metal temperature. This effect is particularly
prominent for larger reaction free energies. Examining the
functional form in Eq. (8) and the corresponding results in
Figs. 1(a) and 1(b), it can be seen that the reaction rate does
not depend only on the magnitude of the temperature differ-
ence between molecule and metal, but instead is a function of
the specific temperature values.

In Fig. 1(c), the reaction rate is plotted over vari-
ation of AE,, for Twyy<Ts, Tm=Ts, and Ty >Ts. For
AE,, < ER + u, increasing the temperature of the metal
results in an increase in the reaction rate, which is the expected
result. This dependence changes at the point AE,, = FR + u,
where k,_,, becomes independent of Ty;. A reaction-rate
turnover occurs for AE,, > Er + u in which the rate slightly
increases with decreasing metal temperature. Thus, in this
limit, although this effect is small, the rate constants for
systems of lower metal temperatures are larger than that of

VAR / exp [~ BsEE(x)] dx = :m€fa, b} (11)
R
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FIG. 1. Reaction rate k,_,; as a function of (a) Ts with Ty = 300K held
constant and (b) Ty with Ts = 300 K held constant. Each curve is calculated
for a different value of AE,;, shown in the legend of (a) in units of eV. The
dashed vertical lines denote the unithermal (75 = T\p) points. (c) Reaction
rate as a function of AE,, for different values of T\ shown in the legend with
Ts = 300K held constant. Parameters in all panels are u = 0, ER = 0.1¢eV,
and T = 100ps~.

systems with higher metal temperatures. Note that this is not
the standard Marcus inverted regime (which is in fact absent in
molecule-metal electron transfer),%’ and it is unique to bither-
mal ET reactions because the turnover occurs with respect to
variation of the temperature of the metal, not variation of the
free energy of the reaction. In the limit AE,;, — oo, the reac-
tion rate approaches an asymptotic value that does not depend
on the temperature of the metal.

To explain the turnover behavior in the reaction rate with
respect to variation in the metal temperature, consider the two
oxidation states of the molecule: S (electronic state a) and
S* (electronic state b) and the energy difference between the
Marcus parabolas describing them,

Eap(x) = Eq(x) = Ep(x)

1 1
= k(v — ho)x + Ekkg - Ekxg +AEy,  (12)

which is linear in x and AE,;.%° The energy differences at the
two stable nuclear configurations of the system are E,;(),) and
E.»(\p). In the regime AE,;, < ER + u, the transfer of an elec-
tron from E,;(),) into the metal is energetically unfavorable
and increasing the metal temperature results in an increase in
vacancy probabilities of the metal at energy levels below the
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Fermi level and about E,;(A,). This increases the probabil-
ity for transfer into the metal, and hence in this regime we
observe the expected behavior that the reaction rate increases
with increasing metal temperature. After the turnover point,
AE,, > ERr + u, and electron transfer from level E,;(A,) into
the metal is an energetically favorable transition. Increasing
the metal temperature decreases the number of vacant elec-
tronic states in the metal above energy u and about E,; (M),
which results in a decrease in the reaction rate.

The occupation probabilities for each state (P, and Pp)
obey the kinetic equations

Pa = ~kassbPa + kp—aPp,

. (13)
P}; _kb—mpb + ka_>b'Pa.

At steady-state (ss), P, =0and P, = 0, and in this limit

(ss)
'P;SS) kb—)a

_ kap

(14)

In the absence of nuclear motion, K = exp[—Bm(u — AE)]
is simply a ratio of Fermi distributions. With the inclusion
of nuclear effects from the solvent environment, K will depend
on system parameters associated with the nuclear motion
(Ts and ER). The probability for the electron to occupy the
molecule species is

kb—)a

P = 1P (15)

ka—)b + kh—m .

The steady-state occupation probabilities for a bithermal
heterogeneous ET reaction are shown in Fig. 2 over varia-
tion of Ts with Ty held constant at different values. For high
metal or molecule temperature (kgTs or kgTy > ER, AEy),
the molecular electronic population depends weakly on the
temperature, however, at low temperatures, this population is
strongly affected by either Ts or Tyy. This stands in contrast to
the corresponding effect in the case of molecule-to-molecule
ET electron transfer examined in Ref. 56 where we have
observed that when the two donor-acceptor sites are identi-
cal in energy and local vibrations, but differ in temperatures,
interchanging temperatures of the sites does not affect the
probability of occupation. We next expand on the nature of
this thermoelectric effect.

0.5r ' ' ' ' ' E

0.4 e

—~ 0.3F .

%5 0.2 r —_ ;I\I:SOK Ty =250K ]
M=100K = T3;=500K

0.1 .

O' 1 1 3

0 200 400 600
T5(K)

FIG. 2. Molecular occupation probability P,ﬁss) at steady-state as functions
of Ts for various values of Ty shown in the legend. Parameters are
AE,;, =0.01eV,u=0,Egr =0.1eV,and " = 100ps‘1.

RIGHTS LI L)

J. Chem. Phys. 146, 092305 (2017)

B. Thermoelectric driving

In analyzing electron transfer between two molecular sites
of different temperatures, we have found that, while the elec-
tron transfer rates are affected by temperatures of both sites,
there is no thermoelectric effect in the sense that tempera-
ture difference by itself does not drive electron transfer in
a preferential direction. The reason for this behavior is that
temperatures in this system are attributes of the nuclear envi-
ronments, and in an otherwise symmetric system electron
transfer in either direction is equally affected by temperatures
of both sites. The present situation is different, because one
of the temperatures considered (the metal’s) reflects directly
the occupation of electronic states. Thermoelectric driving is
therefore expected. To see its manifestation at the electrode-
metal interface, we consider the electrode potential ® needed
to maintain zero-current (I = 0) as a function of the temperature
difference between metal and molecule.

To calculate the zero-current bias between molecule and
metal in the bithermal systems considered here, the system is
relaxed to the zero current state for particular values of AE,,
u — e®, Ts, Ty, and the needed voltage @ is calculated. This
is performed for different molecule and metal temperatures,
yielding ® as a function of these temperatures. This gives a
dependence of the resulting @ as a function of the tempera-
ture difference between molecule and metal, a thermoelectric
relation.

The resulting electrode potential ® needed to maintain
zero current between molecule and metal is shown in Fig. 3. In
Fig. 3(a) the molecular temperature is varied while the metal
temperature is held constant. In this case, the resulting @ is
linear in the temperature difference ATs = Ts — Ty over all
temperature variations. Figure 3(b) illustrates the thermoelec-
tric properties of the bithermal ET reaction over variation of
the metal temperature, with the temperature of the molecular

(a) T T T T T T ]
40 — T}, =200K Ty, =600K -
20- T =400K — T, =800K ]

=

=0

> |
20
-40
-100 50 0 50 100

ATy (K)

(b) T T T T T ]
40 — T, =200K T,=600K -
sl Ty=400K —— Ty=800K

2 of

> |
220
-40
-100 30 0 50 100

ATy (K)

FIG. 3. Electrostatic potential @ to maintain zero current as a function of AT
for (a) variation of Tg with Ty held constant and (b) variation of Ty with
Ts held constant. Parameters are AE,, = —0.25eV, u =0, Er =0.1eV, and
r=100ps~.
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environment held constant. Observe that over variation of
ATy = Tv — Ts, the resulting @ is nonlinear, a contrast to the
case of variation of Tg with constant Ty shown in Fig. 3(a).
Thus, and of significance, is the observation that the ® needed
to maintain / = 0 does not depend on the absolute tempera-
ture difference, but is instead a quantity that varies indepen-
dently with each temperature. Note that the slopes of these

curves are directly related to the Seebeck coefficient for the
system.6:31:47.70-79

lll. HEAT CURRENT

In bithermal heterogeneous ET reactions, the temperature
gradient of the system can induce an interfacial heat current Q
between molecular environment and metal. To derive this heat
current, consider the occupancy probability P, that the system
is in electronic state m € {a, b} and the conditional probability
that the nuclear environment is in a specific configuration x
given that the system is in state m,

Pximy = SR BB . SEnOL e

m

{a,b}, (16)

where E,ﬁ(x) and Z,i are given by Egs. (10) and (11), respec-
tively. We denote the joint probability distribution of these two
independent events as

P(x,m) = P(x|m) Py, : m € {a,b}. 17

The energy difference between surfaces describing the two
electronic states is E4,(x) which by conservation of energy is
the energy at which the electron enters/exits the metal dur-
ing the ET process at a particular configuration x. After the
electron is transferred from molecule to metal (a — b) it equi-
librates in the electronic manifold of the metal depositing the
amount E,;(x) — w of heat in the metal. Similarly, for the metal
to molecule (b — a) transition the heat transfer is u — Egp(x).
The contribution to the heat current from a particular nuclear
configuration will depend on the distribution P(x, m), the occu-
pancy/vacancy probability of the metal at energy E ,5(x), which
is given by the Fermi distribution, and the ET rate at energy
E,(x). The total heat current can be expressed as a product of
these factors, taken as a sum over all configurations and over
all possible state transitions.
For the a — b transition the heat current of the metal is

Qb _ /R [1 = £ (Buts Eap(0)) | T (Eay (1))

X(Egp(x) — u) P(x, a) dx, (18)
and for the b — a transition
ol /R £ (Bt Ea ()T (Eap ()

X (= Eap(x)) P(x, b) dx. 19)

At steady state, P, = PO, and the number of @ — b and
b — a events per unit time are the same. The net heat transfer
for a pair of such transitions, a — b — a, is

> \(a—Db) N(b—a)

Om = QM + QM = _QS, (20)
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o) (eV/ps

FIG. 4. Heat current of the molecular environment Qg (solid) and the metal
O (dashed) at steady-state as functions of 7's with 7y = 300 K held constant.
Curves are shown for various values of AE,;, with colors corresponding to
values shown in the legend in units of eV. The circular marker denotes the
unithermal point where Ty = Ts. Parameters are u = 0, ER = 0.1eV, and
=100ps .

where
Ou = /R PO = (Bt Eap0) T (Eap ()

— i
) (Eap) — ) SRLZ AL

a

+ /pr(ss)f (Bm, Eap(0))T (Eqp(x))

xp [ - BsE; (x)] i o

X(ﬂ - Eah(x)) :
Zb

The relation Qy + Qs = 0 (which is conservation of energy)
is shown explicitly in the Appendix.

The steady-state heat currents induced by the temper-
ature difference between molecule and metal are shown in
Fig. 4 over variation of Ts with Ty held constant. When the
temperature of the molecular environment is less than the
temperature of the metal, Ts < Ty, the heat current into the
molecular environment is positive, Qs > (0, and the heat cur-
rent of the metal is negative, Owm < 0. This is the expected
result in which heat moves from the hot environment into
the cold environment. At the unithermal point (T = Ts) the
heat current vanishes. When T > Ty, the directionality of the
heat current is reversed. The same results for the heat currents
can also be obtained using expectation values for the amount
of heat transferred by a single electron moving between
molecule and metal. See the Appendix for details of this
calculation.

IV. ELECTRIC CURRENT AND THERMOELECTRICITY
A. Electric current

To see the implications of the above considerations on
the transport properties of a redox molecular junction, we
consider a junction in which a molecular species with two elec-
tronic states (a and b) is in contact with two metal leads. The
left (L) electrode has temperature T\, the right (R) electrode
has temperature Ty, and AT = Ty; — T. The temperature of
the molecular species is taken to be Ts = (T + Tyv)/2, which
is an assumption that arises from the postulate that the tem-
perature gradient between the two metals is linear and that the
redox molecular site is seated a uniform distance from each
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electrode. The chemical potentials of the metal electrodes are
pup = p—ed/2and ur = u+ ed@/2.

In this single-molecule two-electrode system, an electron
whose charge is localized on the molecule can be transferred to
either electrode, and the forward and backward rate constants
for these processes are given by evaluating Egs. (8) and (9) at
the corresponding temperatures and chemical potentials. For
the left electrode k5_> b and k;;a are evaluated at Ty; = TL, and
for theright electrode k® |, and k| _areevaluated at Ty = Tpy.
The kinetic equations describing the occupation probabilities
of states a and b are

Pa = _(kcl;—>b + kcl}—>b) Pa+ (kb_’“ * kll}_'a) Pe
. (22)
Pp = _(kll;—m + kll}—m) Py + (kt];—>b + ktll(—”’) Pa-

At steady state, the populations of each state can be expressed
as

Kb+ kR
P(SS) =1- P(SS) — boa b—a i 23
‘ R L AR e 7 2
a—b b—a a—b b—a

and the steady-state electronic current 7 is®®

1 k(I;—>bkll§—>a B k:}—»bkb—m
e KR4 kR kD kL 9
€ a—b + b—a + a—b + b—a

This current is shown in Fig. 5 as a function of different
system parameters. In Fig. 5(a) it is shown as a function of
@ for various values of Tl\lfl with TI{;[ = 300K held constant.
For AE,, = 0, the current is symmetric in the applied volt-
age I(®) = I(—®D), which is an obvious consequence from
the symmetry of the structure. However, when AE,;, # 0 and
Ty; # Ty, this symmetry is destroyed. The reason for this is
that the contribution to the current induced by the temperature
difference depends on the sign of AE,, as explained below.

a T : :
@ 05F emaeeeee—
0.25+
[
L OF
= — T3 =300K
025 A TR =500K
205 ey — TR —1000K |
2 ’ -1 * 0 . 1 . >
(V)
®) 0.03F - - .
— AE,=—0.025eV
0.02 —Am 0
= 0.0l AE,,=0.025¢V .
8]
= 0
-0.01 AE,,=0.05eV
002k T AT , ]
0 200 400 600 800
Ty (K)

FIG. 5. Electric current I as a function of (a) electrostatic potential @ for
varying TI\SI with AE,;, = —0.5¢eV (solid) and AE,;;, = 0 (dashed), and (b) right
electrode temperature TI\I}I with @ = 0 and various values of AE,;, shown in the
legend. The circular marker denotes the unithermal point where TI\I;I = Tlsl.
Parameters are TI\%I =300K,u=0,Er =0.1eV,and I = 100 ps‘l.
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For AE,, # 0, I(®) # I(—®D)), illustrating that asymmetrical
effects generated in the junction due to the temperature gra-
dient are dependent on the free energy difference between
electronic states in the molecule.

Shown in Fig. 5(b) is the electronic current as a function
of TR, keeping T}; constant, at zero bias (® = 0) for differ-
ent values of AE,,. To understand the observed behavior it
should be noted that E,;(x), given by Eq. (12), corresponds
in our model to the single electron energy (the occupation
energy) associated with the molecule at nuclear configura-
tion x, and its effect on electron transmission depends on the
difference E.,(x) — u. In the present model, where nuclear
reorganization is represented by shifted harmonic surfaces,
AE,, = 0 corresponds (for the present choice of u = 0) to
the case where E,,(A;) = —Eg(Ap), namely to the situation
where the single electron “molecular level” at the equilibrium
nuclear positions of the occupied state A, and the unoccu-
pied state A, are symmetrically seated above and below the
Fermi level. This implies that the electron and hole currents
are equal in this situation which explains the vanishing of
the net current seen in this case. For AE,, # 0, the direc-
tion of the thermoelectric current (hot to cold or vice versa)
depends on the sign of AE,;,—an extension of the behavior
known for electron or hole dominated currents in molecular
thermoelectrics.

Nonmonotonic behavior in the electric current can also be
observed in Fig. 5(b) with respect to variation of the energy
difference between electronic states in the molecular species.
In the low-temperature limit (Tl\l} — 0), the magnitude of the
current /| decreases with increasing |AE,;|. In temperature
regimes both above and below the unithermal point, the electric
current exhibits nonmonotonic trends in which the ordering of
I7I with respect to |AE,| is dependent on the specific value
of TI\I}I. In the high-temperature limit (TI\I}[ — 00), increasing
|AE,p| results in an increased current magnitude.

B. Seebeck coefficient

The standard Seebeck coefficient S measures the depen-
dence of the voltage across the junction on the temperature
difference between the left and right electrodes,’®’!7> cal-
culated about equilibrium under the condition of constant,
namely zero, current,

dd
S = —(—) . (25)
dAT ) ;-

This is most easily evaluated using Eq. (24) and the identity

(), - G, [(56), o
dAT |, OAT | o[ \OD | Ar
with all derivatives evaluated at I = AT = ® = 0.

The calculated standard “equilibrium” Seebeck coeffi-
cient is shown in Fig. 6(a) as a function of AE,;,. In the limit
Er =0, itis (AE — w)/ (elel), which is easily obtained from
Egs. (1) and (2). When Er # 0, S becomes smaller and is a
slightly nonlinear function of AE,, (note, however, that lin-
earity is restored for large AE,;,). As expected, S changes sign

with AE,;, which measures the position of the molecular “sin-
gle electron level” relative to the metal chemical potential. As
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FIG. 6. Seebeck coefficient S as a function of (a) AE,, and (b) @ with
AE,, =0.25eV, for various reorganization energies. Parameters are
TL =300K, TR = TL — AT, 1= 0,and T = 100ps~!.%

AE,, — 0, the thermopower in the junction vanishes, imply-
ing that without an energy gradient in the electronic states of
the molecule, the electric current will vanish, regardless of the
imposed temperature difference, which agrees with the results
shown in Fig. 5(b). Increasing the reorganization energy ER,
which is a measure of the nuclear-electronic coupling, results
in smaller values of S, illustrating that stronger coupling leads
to lower thermopower in the junction.

The Seebeck coefficient can be calculated outside of the
linear I — O limit using the relation’!

()

S{) = TATQ)

27

where AT is the temperature difference that generates the
same current at ® = 0, as the ® generates for AT = 0.
Equation (27) is a generalization of the standard definition
of the Seebeck coefficient as an attribute of the equilibrium
junction to linear response about an arbitrary equilibrium
point. The protocol we apply to measure S is to change T;}I
while keeping Tl\ljl constant for ® = 0, and to apply the
bias symmetrically across the junction (yp, = yu — e®/2 and
ur = p+ e®/2) for AT = 0.8° Shown in Fig. 6(b) is S as
a function of ®(AT = 0,I), which is the inverse function of
I(AT = 0, D), for different reorganization energies and con-
stant AE,;,. At ® = 0, the value of S is the same as that shown
in Fig. 6(a) for the corresponding value of AE,;, and ERr. As
@ is increased, the Seebeck coefficient increases nonlinearly,
which agrees with the behavior observed in Ref. 71 in molecu-
lar junctions at the inelastic limit of transport. As @ is increased
further, a turnover is observed for small values of Eg (weak
electron-environment interaction), and S begins to decrease.
This is the same trend that has been observed previously in
studies of transport in junctions in the weak electron-phonon
coupling limit.”!
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V. CONCLUSIONS

A theory has been developed to describe the rate of
electron transfer between a molecular species and a metal
electrode, with each being at a different local temperature.
The rate constant for this process was found to be nonlinear
in the temperature of each environment. We find that due to
the temperature gradient, electron transfer between redox sites
carries heat between the metal and the thermal environment of
the molecule, and this contribution to the interfacial heat con-
duction has been characterized. Analogous to previous results
observed in bithermal molecule-to-molecule electron transfer
reactions, ®>’ the electrothermal heat transfer does not vanish
when the electric current between molecule and metal reaches
a stationary state.

Thermoelectric effects induced by a temperature differ-
ence between heterogeneous redox sites have also been inves-
tigated. The findings presented here illustrate how electronic
and thermal transport are related at the strong-coupling limit,
and how electrothermal transport and traditional thermoelec-
tric effects can be induced. Control of transport and ampli-
fication in thermal currents has potential applications in the
development of novel energy conversion devices and molecu-
lar electronics. Operational deficiencies in thermal logic gates
and circuits with respect to their electronic analogs occur due
to time scale mismatches in phononic transport, which takes
place on the time scale of nuclear motion, and electronic trans-
port. The theory of electrothermal transport presented here
can possibly provide rectification of this time scale prob-
lem in thermal circuits due to the described heat transfer
mechanism occurring on the time scale of electron motion.
Further study and validation of this conjecture is required,
and in future work we will provide a rigorous comparison
of the rates and time scales of phononic and electronic heat
transport.

The presented results provide a step toward the ability
to completely model electron hopping in molecular junctions
in which complex molecular motifs are seated between two
electrodes. In future work, we will also present a theory for
bithermal electron transfer at the weak-coupling limit in which
electron transmission between redox sites occurs on a faster
time scale than vibrational relaxation, resulting in energetic
distributions that are intrinsically nonequilibrium.
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APPENDIX: HEAT CURRENT DERIVATION FROM
SINGLE-ELECTRON EXPECTATION VALUES

To derive the expectation value for the heat transferred
by an electron when it moves between environments, we
consider a single electron whose charge is localized on the
molecular donor, and the probability P(ep) for it to enter
the metal at energy €g. This probability depends on multiple
independent factors: (a) the probability po that the solvent
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environment is in a configuration in which the electron can
be transferred into the metal at energy €p, (b) the proba-
bility [1 — f(Bwm., €0)] that there is a vacancy in the metal
at energy €, (c) the density of states in the metal pp(ep)
at energy €p, and (d) the probability that the transition
between states occurs, which can be calculated using the
Landau-Zener expression®® and thus we denote this probabil-
ity Prz(€o). In the nonadiabatic limit, the general relationship
Prz(e)pm(€) =TT (€) holds, where T is a constant that does
not play a role in the calculations that follow, but we include it
for completeness.

Because of the occupancy characteristics of each energy
level in the metal, the specific electron we consider can make
many attempts to enter the metal, at many different energies,
before the transfer event occurs. We denote the probability of
a successful attempt (meaning ET occurs) for transfer into the
metal with energy €y as Ps(eg) = T L'(eo)[1 — f(Bm> €0)]pos
where py is the Boltzmann weight of energy level that leads
to the electron entering the metal at energy €(, which depends
on the temperature of the solvent environment of the molec-
ular species. However, due to the quasicontinuum of energy
levels in the electronic manifold of the metal and the occu-
pancy/vacancy probabilities for each of these levels, there are
many other possible outcomes for each attempt, and each out-
come must be accounted for to derive the amount of heat
transferred.

The complexity of this network of events can be sim-
plified by grouping them into three possible outcomes
for each attempt: either the electron enters the metal at
energy €p with probability Pg(ep), the electron enters the
metal at an energy that is not €p, which we denote
Ps(e0)= X TT(ex)[1 = f(Bm, €x)]pk — Ps(€o), or the elec-
tron attempts to transfer into the metal at any energy, but
there is no vacancy at the respective energy. We term the
latter as an unsuccessful attempt and denote the probability
for this outcome as Py. From the conservation of probabil-
ity for each attempt, Ps(ep) + ﬁs(eo) + Py =1, we find that
Py=1-Y;TT(e)[1 — f(Bm, €x)]px. If the first electron

|

T (AEp, + € + ER)?
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transfer attempt is unsuccessful, the electron will eventually
make another transfer attempt due to thermal fluctuations.
If the second attempt to transfer is also unsuccessful, the elec-
tron will make a third attempt, and this process is repeated ad
infinitum. If the first attempt is unsuccessful with probability
Py, the probability for success on the second attempt given that
the first was unsuccessful is Py Ps(€p), and the probability for
success on a third attempt given that it is preceded by two
previous unsuccessful attempts is P%]Ps(eo). Taking the
sum of all possible event sequences that lead to the electron
entering the metal at energy € gives P(eg) = Ps(eo)(1 + Py
+ P%j + --+), a geometric series. The sum of this series
can be expressed as P(eg)=Ps(eg)/(1 — Py), which gives
P(eo)=T(e0)[1 = f(Bm, €0)lpo/ Zi T(e)[1 = f(Bm, €x) Pk
after substitution for Py .

This analysis can be performed for each energy
level €; leading to the general expression P(e;)=1I(¢;)
[1 = f(Bwm, €)]pi/ ZiT(e)[1 — f(Bm, €x)]px. Note that this
derivation is also valid for the » — a transition in which
the electron moves from metal to molecule, provided that the
probability of vacancy given by [1 — f(Bum, €)] is replaced
by the corresponding occupancy probability f(Bwm, €) in each
expression.

Using this event analysis to evaluate the probability of all
possible transitions from the molecule into the metal, and writ-
ing the sums in the P(€;) expression as integrals, we find that
the Fermi-weighted configuration integral for the a — b tran-
sition (which corresponds to the denominator in the expression
for P(e;) given above) is

Zow =T /R T(©[1 - f(Bu. O]

(=AEg, + € + ER)?

T de. (Al

X exp [—ﬁs

The expectation value of the heat supplied by the environment
of the molecular species during the ascent (denoted by T) to
the transition state on the E, surface is

(a—b) (—AEab + €+ ER)2
=" I'(e) [1 - - A2
(&™) =2 L i (©) [1 = (B O] exp [ Bs—" 5 de, (A2)
and for the descent (denoted by |) on the E}, surface,
(a—b) T (AEp, — €+ ER)2 (-AE , + € + ER)2
= I(e) [T~ - . A
<Qs >¢ Zoon Je AFg (€) [1 - f(Bm, €)] exp |—Ps IEx de (A3)

The heat that flows into the metal during the a — b ET
process is

a— T
(@)= 7 Jle-wrait sl

(=AE,, + € + ER)?
S 4Fg

X exp [—,8 de. (A4)

Note that if the Fermi factor was not included in Z,_,,
Egs. (A2)—(A4) would give the respective expectation value

RIGHTS L

per transition attempt; with its inclusion these equations give
the probability per transition event. The heat transferred to the
solvent environment over the a — b transition is

(@)= (), + (@),

. (A5)

The total free energy change by the molecular system and the
metal is AEp, + p. Correspondingly, by conservation of energy
we expect that the environments must change by —AEp,—u. We
have verified, numerically, over a variety of parameter values
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that the sum of the energy change during each leg of thea — b
transition gives

(QEP) 4 (™) = -8B .

and thus that the expectation value expressions conserve
energy.

For the b — a transition, constructing the Fermi-weighted
configuration integral yields

(A6)

Zooa=T /R (O f (B, ©)
— €+ ER)2
4ER

The expectation value of the heat supplied by the environment
of the molecular species during the ascent to the transition state
on the E}, surface is

T (—AEba — €+ ER)2

X exp [— Bs (ALu de. (A7)

(b—a)
=- r
<QS >T Zb—)a R 4ER (6)
AE., — € + ER)*
X f(Bwm, €) exp [_BSM] de,
4ER
(A8)
and for the descent to equilibrium on the E, surface,
2
(b—a) T (AEp, + € + ER)
= r
<QS >’L Zb—»a R 4ER (6)
AE,, — € + Er)°
X f(Buts €) exp [—BSM] de.
4ER
(A9)
The heat supplied by the metal is
T
oY) = — / (1= OT(E)f(Bus, €)
< M > Zooa )2 M f(Bm
AEq, — € + Ep)*
wexp |- ps LEa — €Y ER T, (A10)
4ER

The heat transferred to the solvent environment overthe b — a
transition is

(@) = (@), (o),

The sum of the free energy change by the molecular system
and the metal is —AEp, — pu, and thus during this transition
the environments must change by AEp, + u. To confirm that
our expectation value expressions conserve energy, we take the
sum of each process in the b — a transition (using numerically
evaluation of the integrals). In all the studied cases we have
found that

(Al1)

(QU7?) +(Q4™") = AEy + 1, (A12)

as expected.
The heat currents into the molecular environment and the
metal are

QS = ka%btpa<Q(sa_)b)> + kaan<Q(sb—’a)>’
O = AP ) P )

respectively. As in the case of homogeneous bithermal ET
between molecules described in Ref. 56, at steady-state,

(A13)
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kasp P = k;HaPlgss) = Jss, and in this limit the heat currents
are

Qs = T ({2577 +(25™))

Al4
ou=a((Qe )+ (e,

which agree with those derived in Eq. (21).
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