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Introduction

Electron transfer (ET) and electron-
ic conduction through single molecules,
small groups of molecules, and biomol-
ecules, or through an intervening me-
dium (e.g. a host solvent or semiconduc-
tor) which contain electron donor (D)
and/or acceptor (A) centers, are funda-
mental processes in chemistry, physics,
and biology.'" ¥ Particularly interesting
materials in this respect are doped
semiconductors,® and glasses contain-
ing transition-metal ions having two
valences (e.g. Fe?* and Fe’*).) Both of
these two areas have been studied
primarily by physicists analyzing the
magnitude of the electrical conductivity
of the system or material. Meanwhile,
chemists and biochemists have exam-
ined single-site to single-site, donor-to-
acceptor, electron transfer in liquid or
frozen solutions of structured (rigid)
molecular chains, in proteins, and in
other biomolecules®™ ' in experiments
which have given electron-transfer rate
constants. An area of activity which
naturally couples the two situations is
single-molecule transport junctions of
molecular interconnects, which conduct
electrical current between two nano-
scale electrodes.">'*!

Some of the theoretical treat-
ments'"¥ involve approximations to cer-
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tain materials which are described here-
in. A further area of study which will
also be analyzed is that of electron
transfer in fluid solutions (or frozen
solutions) between randomly dispersed
D and/or A sites."" This list can then
also be expanded to include investiga-
tions of solutions of alkali metals in
liquid amine solutions, of which the
metal-ammonia system is prototypi-
cal' and of crystals and aqueous
frozen solutions containing mixed-val-
ent donors and acceptors, such as com-
plexes of Fe**/Fe** and Cu®/Cu**.'¥
Results are variously reported either as
electronic conductivities or electron-
transfer rate constants measured over a
wide temperature range. To allow mean-
ingful comparisons, the two sets of
measurements can be placed on the
same footing by converting conductiv-
ities into equivalent electron-transfer
rate constants.!"”

Before we analyze these different
systems separately, and then attempt a
broad unification, we briefly review the
generally accepted theoretical frame-
work for electron-transfer rates, both
temperature dependent and independ-
ent. We especially highlight certain
parameters which characterize the na-
ture of temperature-independent elec-
tron tunneling across all these diverse
experimental systems.

Theoretical Treatment of
Electron-Transfer Rates

We give first the standard treatment
of single-site to single-site electron-
transfer rates (often denoted as kp,)
for tunneling between a donor and
acceptor in a poorly conducting matrix,
for example, a rigid organic molecular
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chain or protein in solution. This process
is crucially important even at ambient
temperature. It is conventionally ana-
lyzed by the application of the semi-
classical Equation (1),%22%211  where
—AG? is the driving force for electron
transfer between D and A and 4 is the
total nuclear reorganization energy re-
quired for electron transfer. Tunneling
has a temperature dependence, but
since the driving force —AG® is opposed
by 4, this term is often small and can be
experimentally manipulated in some
systems, see below. In other cases it has
been calculated from known AG® and
estimated A values. The term H,’, the
tunneling transmission coefficient, is
temperature independent and is propor-
tional to e # where f3, the decay constant
for tunneling, is a parameter sensitively
dependent on the electronic coupling of
the donor/acceptor across an insulating
tunneling energy barrier, and r is the
(inter-site) distance between D and A,
and T is the absolute temperature. As
we shall illustrate, r has to be deter-
mined in a rather different way for a
structured molecular system as com-
pared to, for example, a disordered
semiconductor, glass, or liquid system.
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Electronic conduction in doped sem-
iconductors, herein expressed as the
equivalent electron-transfer rate con-
stant, has a somewhat more complicated
nature.™” While in the above single-site
to single-site electron-transfer processes
in poorly conducting host systems, any
“background” electron transfer involv-
ing the host medium itself is generally
taken to be negligible, this is generally
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not the case in most doped semiconduc-
tors. In the systems above, the conduc-
tivity refers to a series of D/A hops, but
if A on transfer becomes identical to D
in energy and/or D becomes identical to
A, as in a Fe’"/Fe** D/A system, then
conductivity is a series of single, equal
steps. This is fundamentally different to
the situation in doped semiconductors,
such as P doped in Si, where a simple
dopant can act equally in both donor
and acceptor capacities. We shall refer
to all examples as D/A systems for
comparative purposes. In these semi-
conductors the electronic conductivity
(equivalently electron transfer) associ-
ated with the host semiconductor itself
arises from thermal excitations and
takes the form given by Term (2),*”
where AE is the electronic energy gap
(the band gap) of the pure host material
(Figure 1), and C is a constant depen-

Conduction Band

AE

Valence Band

Figure 1. The energy levels of a host material
showing the localized energy states of donors
(D) and acceptors (A) between a filled valence
band and an empty conduction band. The gap
between the two bands is AE. The dotted line
represents the intrinsic energy level for donor
states, since individual sites vary in energy
owing to the disordered nature of the system.

dent on the medium. The conductivity of
such a semiconductor is greatly affected
by adding a component—a dopant—
which can act either as a donor or
acceptor of electrons (Figure 1). For a
material which contains both donor and
acceptor states (the so-called compen-
sated situation) the conductivity expres-
sion has both a further temperature-
dependent term to Term (2), represent-
ing thermal excitation of either donor,
or acceptor, to or from the host con-
duction or valence bands, respectively.

C e AE/KT )
Comparison of thermally activated
electron transfer in D/A systems of all

kinds can now be viewed as a matter of
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Figure 2. Summary plots of logarithms (lg) of the tunneling-electron rate constants in D/A
systems against the distance of separation of D and/or A for a range of systems and materials.
The theoretical slope of the line, f (=2.303In kpa/r) is zero for a “metal” (excellent conductor)
while that for a vacuum is 3.5. The plot has an arbitrary value at a limiting rate of 10 s™' where
the D/A distance is taken as zero, see text for details.

considering the concentrations of D and
A and their respective thermal excita-
tion energies together with that of the
host medium, as in Figure 1. Addition-
ally, there may also be a temperature-
independent term reflecting the direct
electron-tunneling process from D to D,
or from D to A at low temperatures. To
reflect the situation in any material or
system of more than one temperature-
dependent term and a tunneling term,
we add terms for thermally activated
processes shown in Figure 1 to those for
tunneling. The tunneling-electron rate
constant in Equation (1) can be ex-
pressed as Equation (3) where C' is a
constant and the term f(7) now takes
into account the temperature depend-
ence of tunneling. At fixed (low-
enough) temperatures (when thermal
excitation processes are negligible) the
tunneling term (e ") will dominate. f3 is
given by the Equation (4),[") where m* is
the effective mass of an electron in the
conduction band of the medium (for the
donor state) and AE,,, (con stands for
connection) is the effective barrier
height for tunneling, which for bulk
systems is shown in Figure 1 as the
donor/conduction energy band separa-
tion.

kpa = C'(e™) f(T) 3)
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B= (zm*hﬁ)l/z (4)
Comparison with a bridged system
will be given later (see Figure 3). Mea-
surement of 3 and then its connection to
AE,,, then permit us to make direct
comparison of all the different systems
and materials. The experimental deter-
mination of § depends upon studying
the change of electron-transfer rate with
the distance between “impurity” (do-
nor/acceptor) centers (see Figure 2).

The Distances between Transfer
Centers and the Determination

of B

Site-to-site electron transfer in pro-
teins or molecular model D/A systems
has been extensively studied for the case
in which there is a favorable AG°
between D and A, which is opposed by
the reorganization energy A
[Eq (1)].") By finding temperature-
independent conditions such that AG® =
—A, the electron-tunneling rate can be
evaluated. As stated in the case of
impurities in lightly doped semiconduc-
tors (below the composition-induced
onset of metallization),””?" we have
determined the electron-transfer rate
by utilizing experimental conductivity
data at low temperatures (in certain
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cases, at temperatures close to 4 K)
however, in a few cases where low-
temperature data do not exist we have
also used rate data (from conductivities)
at moderate temperatures to give tun-
neling rates in systems where the tem-
perature dependence of such rates was
shown to be small, and this temperature
dependence did not change significantly
with the D/A concentrations, for exam-
ple, solutions of lithium in liquid
amines.[”

For single-site to single-site electron-
transfer systems, such as proteins or
rigid molecules, in which there exist
isolated D/A pairs in a known structure,
the sites of the D and A are ions, such as
Fe**/Fe*" and Cu'/Cu*" redox-active
metal complexes, or pairs of redox-
active organic molecules, such as qui-
nones. In such systems the distance of
the fastest possible electron-transfer
rate (ca. 10 s7"), has been defined as
that corresponding to strong overlap of
the individual D and A orbitals."'' In
the case of isolated ions, say Cu" and
Cu?*, this distance has been taken to be
the sum of the respective ionic radii plus
3 A2 For D and A which are unsatu-
rated linked organic molecules,"" for
example, quinones, this distance has
been similarly defined by the contact
of edges of the frontier constituent
orbitals of the whole molecules. Diffi-
culties arise when the metal ion lies
embedded within an organic molecular
framework, for example, in a metal ion
complex, since this framework has
sometimes been thought of as providing
the “edge” of D or A.®) However, if the
central metal orbitals interact poorly
with the surrounding framework, then
the radii of the constituent metal ions
can be considered to be more appropri-
ate for the measurement of dis-
tance."" ¥ It is clear that distance can
not be accurately defined and we shall
reconsider later the point of extrapola-
tion to the fastest rate.

The treatment of distances in D/A
systems in doped semiconductors and all
cases of dissolved solutions, frozen or
otherwise, has to be fundamentally dif-
ferent; in these cases identification of
single-site to single-site electron-trans-
fer rates requires the analysis of aver-
aged DJ/A distances. To do so, we
normalize all the rate data to equivalent
dopant levels, so removing the depend-
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ence of rate differences on dopant
amounts. We then obtain intersite dis-
tances from the cube root of these
concentrations, making proper correc-
tions for changing density with dopant
concentration. The amount of dopant
permitted in a given semiconductor is
clearly experimentally limited by its
solubility, so that in different systems
and materials we must examine differ-
ent concentration ranges. Furthermore,
an important property of the systems is
that the range of study of site-to-site
transfer in doped semiconductors and
some solvents is naturally limited by the
eventual onset of genuine metallic con-
duction (that is, B=0)F"*?! beyond
certain critical conditions. Mott/>*?
showed that the transition from non-
metal to metal-like conduction in semi-
conductors, on varying temperature or
composition of mixtures, such as those
containing D and/or A dopants, occur-
red at a well defined concentration
(equivalently D-A distance). We take
this distance to be that of the optimized
electron-transfer tunneling rates to
which we extrapolate in Figure 2 (to a
value of 10" s7!). This distance reflects
the “Mott radius”, R, of the respective
dopants, at which a semiconductor (non-
metal) becomes a metallic conductor;
this is the non-metal-to-metal transition
(NMMT), see Table 1. We call this sum
of the apparent D and A radii of the
dopants at the onset of metallic charac-
ter the “Mott distance”, which is taken

to be equivalent to the contact distance
of D/A in isolated, single-site, molecular
systems, described above. (Note that the
wave functions of both so-called “shal-
low” donors and acceptors in semicon-
ductors often extend to considerable
distances into the host medium.27")
A further issue is that the NMMT
transition does not occur at identical
electron mobilities for all materials as
the electrical conductivity (rate con-
stant) itself is sensitively dependent
upon the physical properties of materi-
als.?2 Accordingly, we have extrapo-
lated the electron-transfer rate data
versus distance plots to 10'*s™! at the
contact or Mott distance. So that we can
compare these systems with the variety
of different examples analyzed above
we have displaced the optimum values
for them to this limiting value, instead of
the conventional value of 10" s (noted
earlier). We can then easily compare the
different systems by inspection and
analysis of the slopes of plots, such as
those shown in Figure 2. This treatment
does not greatly affect the extraction of
B.

The same problems arise in the
analysis of electron-transfer rates in
fluid solutions of, for example, lithium
in anhydrous amines,'” for example,
ammonia. In these cases we have fol-
lowed the same procedure as for doped
semiconductors to determine r and f.
We turn now to the way S, the slope of
such plots for various systems and

Table 1: Electron-tunneling properties of materials.”!

Material® B R m* AE,,,
AT Al [eV]
Ge:Sb:Ga 0.020 50 0.2 0.01
Si:P 0.040 15 0.4 0.03
NH;:Li 0.15 ca. 1 0.2
MeNH,:Li 0.20 ca. 1 ?
EtNH,:Li 0.30 ? 1 ?
NiO:Li 0.44 ? ca. 1 ca. 0.2
proteins 1.1 (d 1 ca. 1.0
saturated ca. 1.0 [ 1 ca. 1.0
organic
liquids
water 1.59 [ 1 ca. 2.0
vacuum 3.5 [ 1 10

[a] B is the slope of 2.303 In kpa/r (ris in A); R is the effective Mott radius in A; m* is the effective
mass of the electron; AE,,, is defined as the excitation energy of the donor to the conduction band,
or of the HOMO/LUMO gap of the simplest molecular wire connector. [b] For doped semi-
conductors for example, Ge and Si, we can expect that AE,, will vary with dopant concentration.
This means that j is not strictly a constant over a wide composition range. [c] Indicates that the
Mott distance is not observable as it is shorter than contact between components.
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materials, can be interpreted using tun-
neling theory.

The Significance of AE_,,

We return to Equation (4) in which
AE,,, is formally expressed by the
energy associated with the electron
passing through a tunneling barrier.*'*!
For all systems this energy is associated
strongly with the energy states of the
connector (either a bulk host semicon-
ductor or a bridging molecular unit). It
is an expression in quantum mechanics
of the probability of transmission
through the energy barrier, a barrier
which is not penetrateable in classical
theory. The effective barrier height in
such a “bridged” molecular system is
related to the energy gap between D and
the lowest empty conductivity orbitals
of the connector, its LUMO (Figure 3).

Conduction Band Conduction Band
]—\Econ AEDDHI [ l
D — —
D/A \(_
Bridge \
A
a) IAEw" b) /D
/Yalence'Band Malence Band

Figure 3. A diagram showing the energy-level
structure of a donor D and an acceptor A
placed within the band gap of a host medium.
The energy gap of the host medium is AE (as
in Figure 1). Diagram a) is for a doped semi-
conductor system whilst b) is for a system or
material where AE,, represents the barrier
height (HOMO/LUMO orbital energy gap) of,
for example, a molecular bridge system. The
energy level structure in (b) naturally trans-
forms to a band picture for the “mid-gap”
states for larger molecular structures. In (b) if
the bridge is bent, AE,, may then refer to
electron transfer/conduction through the sol-
vent and the situation closely resembles that

for (a).

The reciprocated case is for the accept-
or A to be the source of tunneling by
interaction with the highest occupied
state of the connector, its HOMO, when
conduction is by hole transfer. While the
molecular “wires” may be viewed in
terms of one or two dimensional orbi-
tals?®! the protein wire is a structure in
which excited orbitals in three dimen-
sional space are anticipated. Further-

Angew. Chem. Int. Ed. 2008, 47, 6758 — 6765

more, all these molecular units are
embedded within a solvent or host
medium. This solvent may also strongly
interact with the connector and under
these circumstances the appropriate
AE,,, is complex. If, for example, the
molecular wire or a protein structure is
bent, the shortest direct path for elec-
tron transfer between D and A may then
be via tunneling through the solvent.
The value AE,,, in many of these cases is
far from simple and has led to contro-
versy as to how to look upon the
magnitude of .1 In proteins AE,,,
has been estimated from their common
ionization energy and this is the method
used for the elucidation of transmission
through solvents and glasses. In semi-
conductor systems AE_, has been de-
termined experimentally by spectrosco-

25-27
py.[ ]

Examples of Experimental Data

We consider first two simple cases of
doped semiconductors, those based on a
single semiconductor element, for ex-
ample, germanium, and those based on
an ionic (salt) structure, for example,
NiO. A good example of electrical-
conductivity measurements in doped
semiconductors is provided by the work
of Fritzsche and co-workers?! of Ge
doped by variable equal amounts of As
an acceptor and Ga as a donor. The
doped system was prepared by nuclear
transmutation processes, and transport
measurements were carried out at a very
low temperature, 0.5 K.

The equal concentrations of dopants,
obtained in that study by the transmu-
tation route, are accurately known and
conductivity is observable down to con-
centrations of 10" dopant atoms per
mole of host atoms. At the low end of
this concentration range, the average
distance between D and A is close to
1000 A. Interestingly, the NMMT is
observed at a concentration of around
10" dopant atoms at an average distance
of approximately 100 A, that is, the
expanded atomic orbitals of As and Ga
and Ge (4s, 4p) overlap considerably
and generate metallic conductivity at a
separation between As and Ga of 100 A.
The value of f in the electron-transfer
rate expression of Equation (3) is 0.020
per A, see (Figure2). Experimental
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studies show that the band energy
barrier to electron tunneling for this
system is very small, approximately
0.01 eV, as expected since the host
(semiconductor) conduction band is
close to the donor levels and the dopant
donor-atom states are based on quite
similar energies to this band.”! (Ther-
mal excitation from isolated donor
states to the conduction band is facile
and thermally excited conduction elec-
trons dominate the electron transfer and
electronic conduction at room temper-
ature for this type of material; AE,,, =
0.04 eV). There are several other exam-
ples of this kind of doped semiconductor
systems where the slope B is under-
standably very small, for example, in
Si:P?! before the system becomes met-
allic. Note that, as expected, j is larger
(0.04 A~") (Figure 2) in the Si-based
system than in the Ge-based system.
For Si:P, the energy barrier has been
measured as 0.05 eV.”! In this case, the
Mott distance is some 30 A. In both
these cases we need to take the effective
mass m* into account in the comparison
of the barrier and f value: for germa-
nium m* is close to a fifth of the classical
mass value. On the other hand there are
systems®2¥ such as expanded, super-
critical Hg (which can profitably be
viewed as “metal atom doped vacuum”)
where there is virtually no significant
electronic conduction until the NMMT
condition is reached on atom contact so
that 3 is extremely large. In this case, the
barrier to tunneling is very great and f3 is
estimated as 3.5 A~'. Perhaps most in-
teresting is the situation in high-pressure
fluid hydrogen where extreme compres-
sion is necessary before metallicity sets
in.B"

Mixed-Valent Semiconductor
Systems

There are a many studies of dopants
in solid mixed-valent compounds includ-
ing oxides, sulfides, and selenides.”>2
We will consider only well-studied ex-
amples from both the low-conductivity
oxides, the prototypical material being
mixed-valent  Li* Ni** Ni**, O3
and those of higher conductivity, such
as Nat W** W, 0, and
Na W, Ta O, There are also studies
of a variety of doped oxides of the kind
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Fe** Fe’*, . in silicates and of mixed-
valent crystals, for example, (CuCl,"),
(CuCl*"),_,, in which n is varied from
0.1 to 0.5, and of many doped
glasses.”’ All can be included in our
treatment of donor/acceptor electron-
transfer systems. We confine our discus-
sion mainly to the first two examples
since data exist for measurements at low
temperatures, but before we do so we
note that these systems appear to be
quite different from those of the doped
semiconductors, such as the germanium
system above. Mixed-valent metal ox-
ides, such as Fe;O,, where the donor
Fe?" and acceptor Fe’" are very close to
the contact distance r=0 are, impor-
tantly, not metallic conductors at low
temperature so that the band gap re-
mains despite the presence of their
empty 3d atomic orbitals and close
proximity of the D and A states.'*
(Note that Fe;O, is, however, a metal
at room temperature.) From spectro-
scopic measurements it is clear that the
empty 3d orbitals have very little inter-
action, remaining localized, and no
metallic band forms from them in the
low-temperature region. Of the cases we
discuss, the doped NiO falls in this class
where we expect Ni;O, would be a non-
metallic semiconductor at low temper-
ature. There are no data on doped NiO
toward the limit LiNi,Oj; as lithium can
not be doped into NiO to give such a
high concentration of Ni**. The value of
p in the system of varied low doping of
Li atoms is 0.44 per A (Figure 2) and the
energy barrier is around 0.1 to
0.3 eV.P% The summed radii of donor
and acceptor are close to the respective
two ion radii (< 3.0 A). Orbitals of first-
row transition metals are more spatially
extended in sulfides or selenides, as are
orbitals of heavier metals of the second
and third transition-metal series, even in
oxides, and the metallic state can be
approached in several cases. For exam-
ple, ReOs; is a metal, and this is the case
also for Na,WO,, where the doping of
WO; with atomic sodium has been
studied at very high values of x (>
0.30).*3 We cannot determine 8 in
this case, as we note that the NMMT
transition has been observed only at a
phase transition and there are very little
data for the value of x less than 0.1.
Another different group of com-
pounds of interest has been described
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by Williams and co-workers who made
mixed-valence solids of complex ions,
such as (CuCly), (CuCl?),_,.'¥ They
also looked at conductivity in charge-
transfer organic complexes including
simple & complexes as well as mixed-
radical containing matrices, such as
paraquat*FeCl,”. The conductivity on
contact was very low in the lattices
undoubtedly partly because of the high
reorganization energy A and deep-lying
orbitals relative to a host conduction
band. In no case was metallic behavior
seen. The conductivity in the case of the
above copper complexes varied strongly
with n, indicating that $ could be around
1.0 per A. These are ionic or molecular
lattices and may be perceived to have a
large band gap where donors and ac-
ceptors are part of the medium.

Metal Amine Systems

We describe these systems next be-
cause they bear a close relationship to
doped metal oxides.’>?!! In these cases
lithium (alkali) metal doped amines are
described as mixed-valent Li atom do-
nors and Li" ions as acceptors. They can
be studied over the complete range of
behavior since lithium-doped liquid am-
monia becomes a highly conducting
metallic liquid at high dopant concen-
trations!'”®! (compare Na,WO,), while,
interestingly, lithium-doped ethylamine
does not exhibit metallic conductivity
even at very high lithium concentra-
tion.’**” In ethylamine the electron is
more greatly trapped locally®®”! because
the liquid does not have extensive
hydrogen bonding. The temperature
dependence of conductivity at 200 K
for all these cases is relatively small.
There are not then great differences in
the temperature dependence of conduc-
tivity between the lightly doped liquid
ammonia, liquid methylamine, and lig-
uid ethylamine solutions,”” and the
major differences lie in the values of
the temperature-independent conduc-
tivity. We have plotted the data, recal-
culated as single-electron-transfer rates
at constant low temperature against
dopant distances obtained from lithium
concentrations for the ammonia, meth-
ylamine, and ethylamine solutions to the
limit of contact, that is, to the Mott
distance of 12 A for NH; and 8 A for
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methylamine solution and to the limit of
molecular radius contact, roughly 6 A
for ethylamine in which, interestingly no
NMMT is seen.”” The f§ value changes
from $=0.15 per A for NH; to f=0.2
per A for methylamine to = 0.3 per A
for ethylamine (Figure 2). Notably, this
difference in fSvalues for the three
solvents is sufficient to give a difference
of 107 in the single-electron-transfer rate
at r=15 A. The band gap for all pure
host amines is large (ca. 3eV) but
lithium metal dopants have excess elec-
tron energies near the unoccupied con-
duction band. AE,,, can be estimated by
treating the Mott distance as the sum of
twice the electron radii around Li¥,
where the radius of the centrosymmetric
electron state is related to the ionization
potential by treating the electron as
occupying a Bohr s orbital in a host with
a dielectric constant of 10. AE,, is then
estimated as 0.1 to 0.2eV. The large
differences between the amines vividly
illustrate the increasing difficulty of
electron transfer when going from struc-
tures with low barriers—hydrogen-
bonded structures—to structures with
high barriers which have only van der
Waals contacts. The difference is seen in
the collapse of the Mott distance. In
effect methylamine and ethylamine may
not behave as a simple homogeneous
medium, a situation in some respects
comparable to different regions of pro-
teins.

Proteins and Molecular Wires

There are two major groups of
studies of electron-transfer rates in pro-
teins. In one study Page et al.' ana-
lyzed the rate of electron-transfer in the
photoreaction system and its connected
proteins with certain donors and accept-
ors at a variety of distances, ». Much of
the structure of these proteins is of
helices aligned along the direction of
electron transfer, but even so it is
surprising that such a good straight-line
plot of log kp, against r was obtained
with a 8 value of 1.4 A" for a hetero-
geneous medium. As stated above the
extrapolation was made to a rate of
10" s7! at an edge-to-edge contact dis-
tance of 3 A but to get uniformity of
treatment with all other data we have
rearranged the plot to 0 A (nominally)
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with a rate of 10" s™! using molecular D
and A edges or metal-ion radii as
appropriate. This approach does not
markedly affect the pjvalue. Page
et al." interpreted their data in terms
of the local atom density of the protein
medium and were not concerned with
particular bond patterns between differ-
ent atoms. This bulk treatment would
not appear to provide a comparative
understanding of the studies of systems
other than proteins and we prefer to use
band theory instead. In effect a bulk
density treatment gives AE,,, independ-
ent of any structural features of proteins
and so can be related to band theory.
A definitive analysis of electron-
transfer rates in proteins is that by Gray
and Winkler'™ who have considered
five examples of different proteins sep-
arately with deliberately positioned D/
A sites on each of them so as to vary
distance for each single protein. The
proteins are of very different secondary
structure character. Values of log kpy
against r extrapolated to 10”s™! at a
metal-ion contact of 3 A. They inter-
preted the results as electron transfer
using pathways along atom-to-atom
bonds. To facilitate comparison with
other D/A systems we shall assume
instead that the 3s, 3p orbitals of C, N,
O and the 2s orbital of H form convo-
luted bands of hydrogen-bonded units
(see Figure 1), these are of varying
energy for hydrogen-bonded structures
and for hydrophobic regions of proteins
(Figure 3). The case we take first is that
of the protein azurin which has a
relatively homogeneous matrix struc-
ture—a barrel of f peptide strands to
which D and A are bound at different
distances. An excellent straight line is
observed for a plot of log kp, against
with f=114+01A"1" Gray etal.
have shown that the value of f is the
same in crystals as in solution.*® Herein
we take the whole f-barrel to form a
uniform energy band structure, on the
surface of a cylindrical tube. For other
proteins, Hi PIP, myoglobin, cytochro-
me c, and cytochrome bsg,, the struc-
tures are far from homogeneous, al-
though they contain hydrogen-bonded
helices and other structures, and much
as is to be expected there is considerable
scatter around a straight-line plot of
log kpa against .2l In all the cases f
falls between 1.0 and 1.2 A~' depending
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on the nature of the locality of D and A
within the proteins and the variation of
the barrier AE,,, while treating them as
homogeneous.

Within the context of this present
analysis, it is apparent that proteins are
large band gap materials, approaching
3eV and there is no possibility of
“metallic-like” conductivity even at the
highest doping levels, that is, on D/A
contact, as the electron and holes in D
and A are strictly low-lying and local-
ized on the constituent atoms. Moreover
the dopant, D and A, energies lie far
from the host conduction band, and the
electrons on D and holes on A are
deeply trapped away from involvement
with the solvent, as is also found in some
model systems. Perhaps the closest anal-
ogy is the above Li(ethylamine) system.
Notice that metallic behavior will ap-
pear at high dopant concentration when
any of these systems is subject to high
pressure.

In rigid molecular systems, electron
transfer is often through a linear series
of linked groups forming a “molecular
connection” between a donor and an
acceptor in a solvent.® 1" The degree
of unsaturation of the linkers has been
varied so that the D and A orbitals may
or may not interact strongly with the
linker.®! In the more strongly interac-
tive case the molecule may approach an
organic metal in behavior—for example,
we could consider extending unsaturat-
ed ring structures”* as far as graphite
which, in plane, is just metallic, or to
Buckey-tubes, some of which are also
metallic. As stated, the treatment of the
linear molecules can be by a simple
atom-by-atom analysis of orbital over-
lap ignoring the solvent provided the
solvent has a poor interaction with the
linkages and the donor and acceptor.®
If the solvent is highly interactive with
the electron-transfer unit then the treat-
ment naturally reverts to that of a band
model because the one-by-one treat-
ment of cooperative atomic orbital over-
lap becomes complex. In the formula-
tion of Equation (3), the linker molecule
and the solvent will be expected to have
different  values. If the solvent is water
although it interacts slightly with the
linkage molecule, the [ value of the
linker is around 1.0 (saturated) or
0.7A! (unsaturated dropping towards
0.1 A-'4) P The Bvalue for water
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determined independently is 1.59 A 1014

(see Figure2) and hence it does not
support electron transfer as effectively
as C/N atom chains (compare liquid
ammonia and proteins). The value for
water in this respect is important, as it
shows that pathways in adjacent pro-
teins in biological systems are effectively
isolated from one another by this “in-
sulating” solvent; water is a poor me-
dium for electron transfer, in contrast to
liquid ammonia.

If a linker molecule in a solvent is
bent, and the solvent itself has a smaller
B value, then electron may arise through
the solvent™ and in this case the 3 value
refers to a band of orbitals of the host
solvent (as in liquid ammonia), and as it
does in any system of isolated D and A
in a frozen solvent. The value of AE_,
has been calculated in many of the
examples” ! and for relatively simple
unsaturated chains; it is around 0.7 eV,
but in extreme cases of conjugation®™
can be as small as 0.05 eV.

A particularly difficult case of a
biological linker molecule is that of
electron transfer in DNA, as pointed
out to us by a referee. There has been
much controversy over the experimental
data and theory owing to the possible
combined function of the bases and the
medium. In such a system of transfer,
referred to as “incoherent charge hop-
ping” where vibrational dynamics could
also play a role, we do not believe we
can apply our analysis and the f value
can not be extracted in any simple
way.“!

Finally, the electron-exchange rate,
in certain mixed-valent compounds ap-
proach the fast limit so the metal ions
can only be given averaged valencies, as
observed for many [Fe,S,,] clusters in
models as well as in proteins.“>*! A
generalized treatment of mixed-valent
compounds has been given by Robin
and Day.*!

Concluding Remarks

Electron-transfer processes consti-
tute ubiquitous and fundamental phe-
nomenon in chemistry, physics, and
biology. Indeed, the genesis of the
exploration of electron transfer in the
condensed phase dates back to the very
origins of modern chemistry in the 19th
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century.'""*! Furthermore, the widest
definition of the metallic state is that
of a substance transmitting electricity by
electron transfer (equivalently electron
transport) from one atom to another
throughout an entire solid or liquid.**%
Similarly, Hoffmann” has enunciated
ways of thinking about localized orbital
interaction, with those through bonds
operating over surprisingly long distan-
ces.

Herein we have made comparisons
between electron-transfer processes in
proteins and prototypical condensed-
phase systems ranging from metal sol-
utions to doped semiconductors. We
have not been greatly concerned with
temperature-dependent electron trans-
fer which is well described in the liter-
ature in terms of the activation energy
(AE, see [Eq. (2)]) using energy bands in
solids or solvents or molecular-orbital
gaps in linear molecules. We have de-
scribed herein only a comparison of
temperature-independent electron-tun-
neling rates. In Figure 2 we have plotted
log kp, against the donor—acceptor dis-
tance for tunneling systems for a wide
variety of connecting materials, from
those very close to metals, that is, § —0,
to those very close to vacuum p—
35A7". It is clear by inspection of
Table 1, that 3 is related to a character-
istic energy gap, AE,,, of any system or
substance; this being not an activation
energy, but a reflection of the electronic
coupling matrix between centers. This
characteristic energy can also be similar
to the energy gap of the host medium
and involves the effective mass of the
tunneling electron, as in Equation (4).

In Figure 4 we show a collection of
data for the range of materials and
systems discussed herein. To take exam-
ples; if the limiting electron-transfer
distances can be considered for an
acceptable rate of, for example, 10° s,
we find that while water would only
support transfer at this rate at a D/A
distance of some 10 A, proteins allow
this electron-transfer rate at a D to A
distance of around 20 A.*"* Ammonia,
with a better electron conducting ability,
as judged by its lower fvalue, could
allow effective electron transfer at a
considerably larger distance of 100 A
and thus ammonia could be a damaging
“biological medium” to electron trans-
fer in proteins.
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Figure 4. A plot of the log (Ig) of the square root of m*AE,,, (where AE,,, is described in
Figure 3 and m* is the effective mass of the electron) against Ig 8 where f3 is the slope of the
lines of Figure 2 (see Table 1 for the data). The point labeled polyene is taken from ref. [39].

In general, for materials with a
AE_, value of 1 to 2 eV, electron tun-
neling may be important, even at room
temperature. At the other extreme, are
the fast temperature-independent elec-
tron-transfer rates at very large D/A
separations, of up to 1000 A in doped
semiconductors, but this mode of con-
duction is overwhelmed by tempera-
ture-dependent electron conduction at
high temperatures.

A significant finding from this work
relates to the highly effective electron
transfer and electronic conduction over
large distances exhibited by doped semi-
conductors based on Si and Ge hosts.
This situation contrasts markedly with
the (relative) lack of effective long-
range (r=20A) electron transfer be-
tween localized states in many chemical
and biophysical systems in which the D
to A distance considerably exceeds the
spatial extension of both D and A states.
Of course, in the case of the doped
semiconductor systems reviewed herein,
the form of the distance dependence of
electron transfer (Figure 2) reflects the
marked spatial extension of both the D
and A states into the host medium;
reflecting the finding that j is a function
of the interaction between D and A, and
the intervening host medium. We be-
lieve that the value of such an inclusive
overview is that it leads us to consider
how to achieve electron transfer over
longer-distances than, for example, in
proteins. Two factors are clear: First, the
host or intervening medium itself should
have an intrinsically low j value, even
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when the D/A sites do not interact with
it. We know that the situation in organic
materials can be moved in the direction
of the situation in semiconductors by
tailoring extended unsaturated chain
structures (to enhance intramolecular
orbital mixing,*! Figure 3 (b)). In addi-
tion, strongly hydrogen-bonded solvents
structures, such as NH;, also enhance
facile electron transfer through the host
medium.

The second requirement which may
assist is for strong, local interactions of
D/A with the medium, which, for exam-
ple, can enhance electron transfer from
the donor. In this case again, we have
the example of Li atoms in liquid
ammonia; the strong nitrogen lone
pair-Li* interactions promote ioniza-
tion of the metal 2selectron into the
host liquid (an ionization process which
requires significant energy in the gas
phase, ca. 4 eV, but occurs spontaneous-
ly in the medium of ammonia). This is a
classic example of solvent-induced elec-
tron transfer.l'”)

An area of important future study
then relates to a deeper understanding
of the subtle balance between complete
electron ionization into a host medium
(to yield “excess electrons” and the
possible complete chemical reduction
of a solvent e.g., water), and the solvent-
mediated electron transfer/interaction
between active centers.

The analogy with the semiconductor
systems (Figure 1) is complete if we look
upon the atoms of the intervening
medium as acting as “non-innocent”
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ligands to the donors and acceptors, for
example, as in the case of Ga/Sb doped
Ge. It is therefore a matter of designing
both the ligand and the solvent to be
non-innocent in that regard, to promote
the possibility of robust and long-range
electron-transfer processes such as those
required in many energy-capture and
energy-conversion devices.

Herein we have outlined a physical
picture of the basic processes by which
electrons (and holes) can transfer and
transport current in a wide variety of
substances and systems. Our hope is that
this Essay will help in making useful
connections between electron transfer
and electronic conduction in matter.
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