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ABSTRACT: Understanding the kinetics of electron transfer reactions
involves active research in physics, chemistry, biology, and nano-tech.
Here, we propose a model to apply in a broader framework by
establishing a connection between thermodynamics and kinetics. From a
purely thermodynamic point of view, electronic transfer Marcus’ theory is
revisited; consequently, calculations of thermodynamic variables such as
mobility, energy, and entropy are provided. More significantly, two
different regimes are explicitly established. In the anomalous region, an
exergonic process associated with negative heat capacity appears. Further,
in the same region, mobility, energy, and entropy decrease when the £

temperature increases.

1. INTRODUCTION

Electron transfer (ET) occurs in many phenomena in nature,
such as the processes of photosynthesis, light harvesting in
solar cells, and oxidation—reduction reactions in biology and
chemistry.'~* Several approaches have been proposed to
understand the kinetics of ET-based reactions, and one of the
most important is the theory developed by Marcus.'~'*

Generally, Marcus’ phenomenological theory considers ET
between electron-donor and electron-acceptor species in a
finite system.'~ That is, an open system with two sub-systems
exchanging charges, while the surrounding environment is
reorganized (solvent sheath of ligands and/or adjacent free
solvent), and their individualities are retained. Although ET is
basically a quantum phenomenon, the environment influences
the reaction because it modulates the electron jump. This
formulation has been improved and extended gradually to
describe a wide variety of reactions, such as reactions between
ions or molecules and electrodes, photoelectric emission
spectra of ionic solutions, chemiluminescent ETs, ET through
frozen media, and ET through thin hydrocarbon-like films on
electrodes, among others.">™"? In fact, it is a transport theory
for mesoscopic systems.”” Marcus’ theory allows us to evaluate
the rate kgp of reactions, which involves both static and
dynamic effects.”™® Static effects such as stabilization of
reactants, products, and dynamic effects correspond to
relaxations of nuclear and solvent modes.

The kg rate depends on quantities that can be computed or
determined experimentally (free energy, reorganizational
energy, and electronic coupling). The electronic coupling
process becomes a relevant variable because it describes the
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Predicted two-regimes behavior of electron transfer

From the standard Marcus-type expression for electron
transfer rate:
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We found the well-known two-regimes behavior of Marcus rate for the dimensionless
mobility p2/po, energy E, and entropy s/so thermodynamic variables.
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adiabatic or non-adiabatic nature of the reactions. The non-
adiabatic regime corresponds to a small coupling, while large
electronic coupling accounts for adiabatic transfer. In this
work, from a purely thermodynamic point of view, electronic
transfer Marcus’ theory is revisited, consequently, calculations
of thermodynamic variables such as mobility, energy, entropy,
and others are provided. More importantly, two different
regimes are explicitly established (normal and anomalous).
Novelties such as negative heat capacity or mobility decreasing
with temperature, among others, also appear. The paper is
structured as follows. Marcus’ model is revisited in Section 2.
The mobility for the normal and the anomalous region is
described in Section 3. In addition, the corresponding
threshold separating both regions is explicitly obtained.
Provided that for an open quantum system, the lifetime-
width is related to the energy through the uncertainty
principle, the internal energy (Section 4), the partition
function, the free energy, heat capacity, and entropy are
calculated in Section S. These magnitudes likewise display a
threshold and split the thermodynamic behavior into a normal
and anomalous regime. Finally, Section 6 presents conclusions
and scopes.
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2. MARCUS’ THEORETICAL MODEL FOR ET
This theory can be derived through semiclassical exgressions.21
In this context, the relaxation time 7 is given by' ™

ho_ JTH o= (G+2)? /42T

T JAkgT (1)

where the apparition of Planck’s constant 7 and temperature
T tells us that the electronic motion is linked to quantum
decoherence. The Gibbs free energy G is the driving force for
the reaction, and the reorganizational energy 4 corresponds to
the required rearrangement of the reactants and solvents. The
reorganization energy is composed of two terms: internal
reorganization energy, 4;, which accounts for the change in the
bond angles and bond lengths, and external reorganization
energy, A, which considers the energy of the solvent shell for
the required rearrangement.'” Finally, the superposition
between the donor and acceptor wave functions is described
by the electronic energy coupling H or degree of quantum
mechanical mixing.

Regarding eq 1, the reaction rate, kyy = 1/7, is maximum
when the free energy of activation E, o (G + 4)* is minimum
(G = —2). Figure la shows the dependence for kg as a
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Figure 1. (a) Dependence between the logarithm of the reaction rate
kgr as a function of Gibbs free energy G eq 1. The lower panels show
the Gibbs free energy curves at (b) the normal region —G < 4, (c)
activationless region (G = 1), and (d) anomalous region —G > A with
spontaneous energy emission (no barrier between both minimum).

function of free energy G. The magnitudes of G and 4
determine three situations for the transfer process. The lower
panels represent the Gibbs free energy curves of the donor Gy,
and the acceptor G, corresponding to the three expected
situations: (b) the normal regime, when —G < 4, in which kg
increases when the energy —G goes up. (c) The “activation-
less” region (maximum kgr) corresponding to the top of the
curve of panel (a) satisfies the condition (G = —1). Lastly, (d),
an interesting anomalous regime occurs when —G > 4, in
which the reaction becomes slower as —G goes up. This
regime, called the Marcus inverted region,13 has been
experimentally verified for long-distance intermolecular ET
reactions.”” >* The reaction coordinate (x axis) takes into
account the energy difference between the donor and acceptor
structure. The greater the difference in structure, the greater

the displacement of the energy curves. Furthermore, as the
energy barrier also increases with the displacement of the
energy curves, the slower the reaction.

Finally, estimations based on eq 1 commonly underestimate
the rate transfer in the inverted region. The previously
proposed model, as Marcus—Jortner—Levich theory, overcame
some of the limitations of the original Marcus’ model by
separating the internal and external reorganization energy and
by explicitly including the contribution from the vibronic
coupling between the reactant and product state.”

3. MOBILITY: NORMAL AND ANOMALOUS
BEHAVIOR

Mobility p is a key factor that characterizes charge transport.
Several models have been proposed to describe the carrier drift
in materials.”*™>’ In the hopping model, which dominates at
room temperature, mobility can be connected with the
diffusion constant through Einstein’s relation.”” In the standard
band theory model, which is suitable for ordered systems at
low temperatures, the transport behavior is governed by the
Boltzmann equation which can be solved using relaxation-time
approximation.”’ In this case, the mobility derived according to
first principles®~** is u = qr/m*(H), where q is the electrical
charge, 7 is the average relaxation time, and m*(H) is the
effective mass which depends proportionally on the hopping
transport.””** Besides, the electronic mobility can be related to
the conductivity through the Landauer equation*** by using
the Einstein relation between conductivity and diffusion.*®*’
Therefore, from eq 1, the electronic mobility becomes

h >
4= *q . /”CBTe(G+/1) /42y T
m*JTH )
10,
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Figure 2. Dimensionless mobility p/u, as a function of the
dimensionless temperature t = 41kyT/(G + A)* and the mobility
parameter p, = (qh/m*ﬁHz)I(G + A)I/2). Two regions exist
depending on the temperature. In the first one, the mobility drops
when the temperature increases (normal regime). In the second, the
mobility rises when the temperature grows (anomalous). The inset
shows an amplification around the threshold red point ¢, = 2.

Figure 2 shows the dimensionless mobility u/u, [where
Hy = (qh/m*ﬁHz)lG + Al/2] as a function of the dimen-
sionless temperature t = 4AkyT/(G + A)* The more relevant
topic is the apparition of two regimes depending on
temperature. These two behaviors also exist for other
quantities such as energy, specific heat, and additional
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thermodynamic functions (Sections 4 and S). Figure 2 inset
shows an amplification around the threshold point ¢, = 2.

In this way, there is a singular point f. separating two kinds
of thermodynamic behaviors:

e For temperatures ¢ < t, the mobility decreases with the
temperature (normal behavior).

e When t > f, the mobility rises with the temperature
(anomalous). Also expected for electronic conductivity.

As mentioned, two regimes will likewise be deducted for
other thermodynamic quantities. Chiefly, it will be also true for
the sgeciﬁc heat with two branches (positive and neg-
ative® "), The negative branch is related to exergonic
processes as it will be discussed in detail in the next section.

Finally, the charge transport properties of conjugated small
molecules/polymers are relevant parameters to evaluate their
performance in organic optoelectronic applications.””*® In-
deed, the molecular parameters H and 4 become of paramount
importance for high charge transport ability. Several studies
have shown that the combination of density functional theory
(DFT), with Marcus’ theory and the Einstein—Smoluchowski
equation, allows the prediction of the mobility of positive and
negative charge carriers in conjugated systems.** ™7 Although
comparable results have been obtained between predicted
mobilities and experimental measurements, the computational
cost of DFT calculations increases significantly as systems
become more complex. In this sense, eq 2 allows estimating the
charge mobility more simply. As an example, we have
estimated the hole mobility y for two typical z-electronic
core organic semiconductors, the pentacene (Cy,H,,) %% and
the rubrene (C,,H,g).”"””* These semiconductors present a
negative temperature coefficient of the mobility (du/dT < 0)
under ambient conditions, which can be considered as a
fingerprint of the “band-like” transport behavior.”* The room-
temperature hole mobilities obtained by eq 2 gives values of
order of units cm*/(V s) (see Supporting Information, Figure
S2), which are in good agreement with the reported data for
pentacene®”’*~7 and rubrene.””’*”* Let us remark that the
effective mass is not a quantity that can be easily
experimentally determined which makes the estimation of
complicated. However, the effective mass can be obtained by
the analytical description m* = —h?/(d%¢(k)/0dk>), where (k)
are the eigenvalues, and k is the wavevector.”" ™~

4. INTERNAL ENERGY AND NEGATIVE SPECIFIC HEAT

It is well known that for quantum systems, the lifetime-width,
out of the stationary regime, and the representative sPread
spectrum E (or level width) can be connected through®' ~**

tExh (3)

. . e . 32-36
which can be seen as a fluctuation—dissipation relation.’

Consequently, eqs 1 and 3 give the energy estimation as a
function of temperature

_ JaiH o (G+A)* /4dkyT
JAksT (4)

with a two-regime behavior as a function of temperature, as
shown in Figure 3. Namely, it is analogous to the mentioned
case of mobility. Importantly, from eq 4, we can also obtain the
variation of the energy at a constant temperature
OE
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0.3
f 0.42885
© 0.2 0.42880
[ © 0.42875
[ 0.42870
01! 0.42865
[ 0.42860 ]
[ 1.90 1.95 2.00 2.05 2.10]
0.0 t 1
0 2 4 6 8 10

t

Figure 3. Dimensionless energy e = E(G + DI/ 2JVTH?) as a
function of normalized temperature t = 41kzT/(G + 1) [ie,
¢ = exp(—1/t)/~/t]. There are two behaviors, or regimes, as occurs
with mobility (Figure 2). In the anomalous region t > 2, the specific
heat ¢ = 0EJT becomes negative and compatible with spontaneous
energy loss (exergonic process).

hence, in the anomalous regime (G + 1) < 0 (Figure 1) and
for spontaneous process AG < 0 there is energy emission AE <
0 (exergonic process).

Specific heat ¢ = dE/0T**~° presents negative values n
the anomalous regime (t > 2, Figure 3). Usually, a negative
specific heat is associated with non-isolated subsystems
composing a system.’”*’ Always at the anomalous regime, a
diminution of the dimensionless energy Ae < 0 is encompassed
by an augmentation of At (Figure 3), but as long as t = 44k T/
(G + 1)* a variation At & —AG ensues. Accordingly, if At < 0
then AG < 0, also corresponding to the mentioned exergonic
behavior in the region of negative specific heat (i.e., the system
loses spontaneously energy, Ae < 0).

48—61 .
1

5. PARTITION FUNCTION, FREE ENERGY, AND
ENTROPY

At this stage, it is convenient to use so-called activation energy
E,' 7 related to energy E by

B
Y (6)

which measures transport difficulties through a potential
barrier. As long as the activation energy E, and the partition

function Z are connected through E, = 0/9f In(Z) [with § =
1/(kgT)],7 it follows

Ey

4
In(2) = 27H [ 1 1

]e—(G+/1)Z/2/1kBT
(G + )\ 24T (G + )
(7)

which, from eq 6, gives the expression for the energy E
described by (eq 4). Helmholtz free energy F = —In(Z)/p
becomes related to the entropy S through the usual expression
F = EA — TS, but in terms of the energy E it must be modified
as

E2
F=——TS
24 (8)

In this way, the entropy S = 0F/0T becomes evaluated as

S = kyzH* 2 T+ 21 L+ 24 .
(G+4) 2%, T\ kgT (G + 4)

e—(G+/1)2/(2/1kBT) (9)
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which as Figure 4 shows also presents a two-regime behavior
with a singular point at £, = 2.
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Figure 4. Dimensionless entropy S = 28,((4 + 2t + £2)/£)e " as a
function of dimensionless temperature t = 4AkzT/(G + 1)%, where S,
= nH%g/(G + A)* is an auxiliary parameter. There are two behaviors,
or regimes, as occurs with mobility and energy (Figures 2 and 3). In
the anomalous regime, encompassed by an exergonic behavior, the
system tends to weak order. The inner figure shows the entropy
function around . = 2 corresponding to a maximum.

The importance of the entropy function is related to the
second principle of thermodynamics defining irreversibility as
it agrees with a dissipative system. The core of the ET
mechanism is associated with dissipation and consequently
related to conductance or mobility (Section 3). On the other
hand, the entropy function can be associated with the degree of
the disorder’> > and, in the anomalous regime (t < 2), it
diminishes when the dimensionless temperature rises. Con-
sequently, a (weak) degree of order in this singular regime can
be expected.

Figure 4 exhibits the entropy as a function of dimensionless
temperature £. In the normal regime (¢ < 2), the entropy grows
with temperature. Conversely, in the anomalous regime (t >
2), the entropy slightly decreases when the temperature rises.
Finally, and formally, when t — 0 the entropy goes to zero
(Nernst principle’®) and at the limit of large temperature t —
oo the entropy goes to a constant.

6. CONCLUSIONS

Open incoherent/dissipative electronic transport between two
sub-systems (donor/acceptor) has been widely discussed
through Marcus’ theory of ET. This scheme gives the
relaxation rate of electronic motion as a function of
temperature and appropriate energy parameters (eq 1). It
becomes connected to mobility (eq 1, Figure 2) and supports
two regimes, normal and anomalous. In the normal regime,
mobility decreases with the temperature and likewise the
electrical conductivity and, probably, the thermal conduction.
Conversely, in the anomalous regime, mobility rises with the
temperature. Additionally, the threshold between both regimes
was explicitly evaluated. Although comparable results have
been obtained between predicted mobilities and experimental
measurements, the computational cost of DFT calculations
increases significantly as systems become more complex. In
this sense, our outcomes allow estimating the charge transport
properties in a simpler and less computationally expensive way.
From the usual connection between energy and relaxation time
eq 3, the thermal energy of the system emerges. It retains
clearly, similar to mobility, a two-regime behavior (Figure 3).
Even more interesting, in the anomalous regime, the specific
heat becomes negative, and spontaneous energy loss exists
(exergonic process). Free energy and entropy also were

evaluated showing the same two behaviors. For entropy,
Figure 4, the temperature augmentation is encompassed by
entropy diminution in the anomalous case. Moreover, always
in this region, the system becomes tiny ordered. Entropy,
energy, and mobility have (dimensionless) temperature
thresholds. Finally, in future works, we expect to connect our
results with experiments on electronic transport in more
complex organic molecules.
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