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ABSTRACT: The electrical properties of conductive heme-based nanowires found
in Geobacter sulfurreducens bacteria were investigated using spin-dependent density
functional theory (DFT). Molecular orbitals were generated using a restricted open-
shell model which was solved by applying constraints to the spin-separated
unrestricted open-shell model. Charge transport was simulated at different length
scales ranging from individual heme sites up to the monomer unit of the nanowire,
looking at hopping and tunneling between neighboring heme porphyrins with
different Fe oxidation states. The resulting spin-dependent DFT results indicate that
tunneling rates between heme sites are highly dependent on oxidation state and transport pathway modeled. The model
demonstrates the importance of spin dependence for electron hopping, oxidation state, and decoherence transport in
cytochromes. Applying non-equilibrium’s Green’s function to the system confirmed a substantial decrease in decoherent
charge transport for the oxidized molecule at lower Fermi energies. In addition, partial or full oxidation of the heme sites in
the nanowire created conditions for spin-dependent transport that can be exploited for spin-filtering effects in nanodevices.

KEYWORDS: density functional theory, bioelectronics, nanodevices, quantum transport, spin polarization

M odeling mechanisms for charge transport in
naturally occurring biological molecules can shed
light on integration of these structures into

nanoelectronics and biosensors. While many biological
processes that involve charge transport are relatively slow
compared to the requirements for modern electronics, limited
by ion diffusion and chemical reactions, the Geobacter
sulfurreducens bacteria has been researched extensively due
the uniquely high conductivity of the OmcS cytochrome. This
bacteria has been explored for a variety of electronics
applications, taking advantage of the electron transfer
mechanisms to generate electricity following the seminal
work from the Lovely group.1 Within the G. sulfurreducens
bacteria charge transport has been demonstrated to occur
primarily through the OmcS protein,2 a cytochrome that
consists of heme porphyrins stacked with alternating
orientations along a helix protein scaffold as shown in Figure
1. The family of multiheme cytochromes have long been
studied in the context of cellular redox chemistry, the OmcS
protein is of particular interest due to its involvement in
extracellular electron transport, participating in long-range
charge transport with length scales on the order of microns.3

Looking at the overall electronic structure and theoretical
conductivities of the OmcS protein can help explain this
behavior and elucidate further properties to explore in future
devices.
Numerous previous studies have modeled charge transport

in cytochromes using Marcus theory,4−6 a semiclassical

electron hopping model that uses tunneling magnitude and
reorganization energy to determine the kinetics of electron
transfer.7 Using this method, each heme site is modeled in its
donor or acceptor state, calculating rate constants that can be
solved as a system of equations to determine the current.
Density functional theory (DFT) methods can be combined
with other empirical methods to generate the local orbitals on
each donor and acceptor site using the electronic coupling
between sites to calculate a hopping rate. Other works have
applied quantum transmission models to cytochrome systems,
looking at ballistic (purely coherent) transport8 and mixed
coherent and incoherent (hopping) transport.9,10 While the
high conductivity of the OmcS protein may suggest a faster
transport method like ballistic transport, the high fluctuations
of the biomolecule seem to suggest loss of coherence over the
length scales. Despite studies showing that dephasing times in
cytochrome systems can approach one picosecond,11 this
corresponds to the same time scale of an electron transfer
between two hemes, and therefore loss of coherence is
expected even at the heme to heme hopping length scale.
While several multistep hopping models were initially
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considered for this work, the energy barrier for single step
electron hopping was found to be much lower than the energy
barrier of intermediate reactions. In this work we explored
previously studied single step incoherent hopping models,
where electron transfer is limited to onsite hopping kinetics,
and compared them to decoherent quantum transport models
that include multiple concurrent pathways of transport,
including interaction with the environment. Using open-shell
DFT methods, we were able to model the system in different
oxidation states, predicting overall charge transport as well as
spin-dependent transport along the cytochrome.
The OmcS nanowire was modeled with DFT at varying

length scales to generate a system Hamiltonian, which acts as a
single-electron operator used to construct molecular orbitals
and determine electronic band structure. Using partitioning
methods to create a local orbital basis at each heme site,
hopping energies were calculated for the combined system
looking at the impact of oxidation state, site conformation, and
spin. As a final step, a decoherence model was applied to the
system and Green’s functions methods were used to measure
overall quantum transmission. The non-equilibrium Green’s
function (NEGF) method was applied to the monomer unit of
the cytochrome, where interactions with the electrodes and
environment were represented by self-energy functions. Using
this formalism, it is possible to determine the transmission
spectrum and conductance of a two terminal nanodevice
constructed from the cytochrome.

RESULTS AND DISCUSSION

For general DFT calculations it is most common to use the
total energy of the many-electron system to calculate free
energy differences for kinetics calculations as well as structure
analysis. Marcus theory uses this total energy to calculate
reorganization energy and free energy of oxidation while also
using individual molecular orbitals to calculate the hopping
energy between the donor and acceptor states. For the NEGF
transmission calculations, a full single electron operator is
needed to construct the Green’s function and therefore it is
necessary to look closely at the band structure of the system
rather than a subset of orbitals. In the simplest case, all
electrons are paired and electronic spin is not a variable in the

calculation, referred to as the restricted closed shell case. For
Hartree−Fock (HF) calculations, assuming a single Slater
determinant for the multielectron wave function, the total
energy for the restricted close shell case is given by

= +E trR H J K(2 2 ) (1)

with the R matrix representing the occupancy of each orbital
(one pair of electrons per orbital), the H matrix representing
the one-electron core Hamiltonian, and the J and K matrices
representing the Coulomb and exchange double electron
integrals, respectively.12 Note these electron integrals can be
expanded to the DFT case by replacing the J and K matrices
with the Coulomb and exchange-correlation operators that are
density functionals. To get the single-electron operator one can
apply the variational principle to get the Fock operator, given
by

= +F H J K2 (2)

This operator can be diagonalized to give the single-electron
energies of the system that obey Koopman’s theorem, meaning
that occupied energy levels correspond to ionization energies
and unoccupied energy levels correspond to electron
affinities.13 For the cases of unpaired spin it is necessary to
treat spins separately, where the unrestricted open-shell case is
constructed by splitting the Fock operator into two arbitrary
spin directions, labeled as alpha and beta spin. This gives us
two Fock operators that in the HF formulation are written as

= + +

= + +

F H J J K

F H J J K (3)

which resolves to eq 2 when the alpha and beta spins are
equivalent. This formulation allows us to properly construct
various spin states by modifying the number of alpha and beta
electrons, whose total energy can be compared to determine
the lowest energy spin configuration. However, these orbitals
are not constrained to be eigenfunctions of the total spin
operator, meaning that the spatial parts of alpha and beta
orbitals may not completely overlap, due in part to the fact that
density matrices are constructed for each spin independently.

Figure 1. Structure of the OmcS protein highlighting the location of the heme porphyrin sites as well as the various sections used in this
study.
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Spin contamination arises from the loss of the total spin
quantum number due to the mixing of alpha and beta spin
states, with the specific formula given by

= | | |N i js i j

2

(4)

In the limit of equal numbers of alpha and beta occupied states
the self-consistent field (SCF) can converge to the RHF
formulation, with alpha and beta orbitals matching exactly and
therefore no spin contamination. Applying additional con-
straints to the orbital subspaces can ensure that the total spin
quantum number is retained, which is the framework for the
restricted open-shell model. In this formulation rather than
separating the molecular orbitals into alpha and beta spin, they
are separated into doubly occupied, partially occupied, and
valence molecular orbitals.14 Using operators for each shell, the
equation for the total energy is given by

= +

+ + +
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E trR H J K

trR H J K J K
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2
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2
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2

c c c

o c c o o (5)

which accounts for single electron energies as well as all
interaction terms. Unique Fock matrices can be constructed for
the closed, open, and valence shells with the following
definitions

= + +

= + +

= = + +

F H J K J K

F H J K J K

F F F H J K J

2
1

2

2

2 2

c c c o o

o c c o o

v c o c c o (6)

with the added constraint that doubly occupied orbitals (Fc)
must be occupied before singly occupied (Fo) orbitals to
generate the corresponding density matrices.15

From a quantum chemistry perspective, if we do not
consider spin−orbit coupling or other relativistic terms then
the spin quantum number must be retained, meaning that
paired closed-shell electrons must be constrained to the same
molecular orbital. While the restricted-open-formulation
ensures this by partitioning orbitals by occupation, problems
arise when attempting to generate unique molecular orbitals
within each subspace. In the unrestricted case alpha and beta
Fock operators can be treated completely independently for
diagonalization, generating unique alpha and beta molecular
orbitals to represent the occupied and valence states in the
system. This means that it is trivial to form a single
Hamiltonian operator combining both the alpha and beta
Fock matrices to get

=
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Å
Å
Å
Å
Å
Å
Å
Å
Å
ÅÅ
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Ñ
Ñ
Ñ
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Ñ
Ñ
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H

F

F

0

0
unrestricted

(7)

with off-diagonal terms set to zero signifying spin−spin and
spin−orbit coupling are ignored. In the restricted open case,
however, orbital occupation is interdependent between shells
which leads to a more complicated formula for the combined
Hamiltonian. This operator, called the unified coupling
operator, can be formed with complementary-to-projection
operators (ρ′) assigning relative weights (given by variables a,
b, and c) to each matrix to get

= + +H a F b F c F
RO c c c o o o v v v (8)

where the subscripts “c”, “o”, and “v” refer to double-occupied,
single-occupied, and valence shells and ρi′ is the projection
operator complementary to the shell i and is given by

= I
i i (9)

where I is the identity matrix.16 The density matrices ρi
represent the occupation within each of the subspaces of the
three shells and sum up to unity. The weights a, b, and c
represent a rotation between each of the subspaces to create a
set of canonical orbitals, meaning that the total energy of the
multielectron system remains constant. Therefore, the single
electron energies can vary arbitrarily and, as a result, the
unified coupling operator does not follow Koopman’s theorem.

As an alternative approach the restricted open method can
be written in terms of the unrestricted alpha and beta matrices,
applying constraints to the orbitals to eliminate spin
contamination while giving separate alpha and beta Fock
matrices. These can be written as a function of the restricted
open-shell doubly occupied and singly occupied Fock
operators, with the transformation given by

=

=

F F

F F F2

o

c o (10)

Because these matrices also satisfy the unrestricted open-shell
eqs (eq 3), they form a set of unique orbitals whose
eigenvalues satisfy Koopman’s theorem.17 In practice, due to
the nature of the convergence criteria, the spin contamination
of these orbitals is nonzero but greatly reduced from the
unrestricted case, see part II of the Supporting Information
(SI) for a side-by-side comparison between the models. The
combined Hamiltonian can thus be created using eq 7 for
quantum transmission calculations.
Spin-Separated Model Verification. As an initial study,

the spin-separated Hamiltonian was constructed for both the
free Fe ion and the smaller ferro/ferricyanide (Fe(CN)6)
systems. In the case of the free Fe ion, it was confirmed that
high-spin states were preferred (spin splitting energies ranging
from 3.5 to 8.0 eV for both oxidation states), although some of
the d-orbital degeneracies were found split because of electron
repulsion between occupied d-orbitals. Looking at the
generated band structure we can see that the spin-separated
HOMO energies line up closely with the experimentally
determined ionization energies18 while the combined Fock
HOMO energies do not follow this trend (see Table S3 and
Figure S1 in the SI). This confirms that the spin-separated
model does follow Koopman’s theorem.

As a second test the energy levels of the coordinated
ferricyanide (oxidized state) and ferrocyanide (reduced state)
ion were modeled using the spin-separated Hamiltonian. The
ferro/ferricyanide system was chosen for comparison due to
similarity with the heme system, which also has octahedral
coordination with similarly spaced organic ligands (2−2.3 Å in
the heme case vs 1.96 Å in the ferro/ferricyanide case). Upon
coordination in the ferro/ferricyanide case, any d-orbital
degeneracy was broken, and the low-spin state was found to
be energetically preferred, as predicted by ligand field theory
and confirmed by our DFT calculations. The resulting band
diagrams (and spin-splitting energies) are shown in Figure 2,
and the band gaps can be directly compared to absorption
peaks that have been identified for each oxidation state, which
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are found at wavelengths ranges of 205−235 and 310−340 nm
for the presence of ferrocyanide vs ferricyanide ions,
respectively.19 This result serves as experimental validation of
the band gap calculated from the alpha and beta orbitals of the
restricted open-shell approach and as further confirmation of
spin separate treatment for transport modeling.
OmcS Nanowire Modeling. Ligand field theory has

shown that while the uncoordinated heme prefers a high-spin
state, axial histidine coordination on both sides of the heme
shifts the point group from D4h to Oh and the ground state
prefers the lower-spin state for both reduced and oxidized

hemes. This was confirmed for the single hemes coordinated
with histidines on both sides�the reduced Fe (II) system
shows energetic preference to the singlet state and oxidized Fe
(III) system shows energetic preference to the doublet state.
High-spin ground states only occur with uncoordinated or
single-sided coordinated hemes, as shown previously20 and
confirmed with our model. Orbitals were found to be more
delocalized in the charged Fe(III) oxidation state, with the
band gap lowering from 2.9 to 2.0 eV. An average
reorganization energy of 0.11 eV was calculated between the
two charge states on the deprotonated structure, with minimal
band structure shift in either state, as shown in Figure 3. The
reorganization energy was calculated using the total DFT
energy difference between each geometry, as described in the
Hopping Energy Calculations section of the Methods, with the
details of further calculations included in the SI. To check the
alignment of spin states, two-heme pairs were modeled in
parallel and perpendicular configurations, and spin-splitting
energies were calculated. In the two-heme case the low-spin
ground state was confirmed for each individual heme and spin
alignment was energetically favorable between heme sites both
in the parallel and perpendicular conformations. This spin
configuration was applied to all larger fragments as the ground
state electronic structure. A full table of spin states calculated
for each fragment, as well as the splitting energies and ground
state DFT energies, are given in Table S1 in the SI.

Hopping energies were calculated for all four charge states of
the three-heme subunit to compare all pathways of charge
transfer between heme sites. The three-heme subunit was
chosen as a model system because of the presence of both
parallel and perpendicular conformations, allowing calculation
of nearest neighbor hopping energies for all configurations. In
addition, the four oxidation states represent four charge
transfer methods: (a) fully reduced, HOMO−HOMO
transitions, Q = −6; (b) hole transport, HOMO−LUMO
transitions with oxidized central heme, Q = +1; (c) electron
transport, HOMO−LUMO transitions with reduced central
heme, Q = +2; and (d) fully oxidized, HOMO−HOMO
transitions, Q = +3. This means that case (b) was calculated as
electron transfer from the outer hemes to the central heme and

Figure 2. Energy level diagrams for ferrocyanide (left) and
ferricyanide (right) showing the calculated band gaps and high-
spin/low-spin splitting energies. The band gaps of 5.08 and 3.74
eV correspond to photon wavelengths of 243 and 330 nm,
respectively.

Figure 3. Reorganization impact on the deprotonated heme structure, showing the shift in band structure during reorganization on the left
and the physical coordinate changes in the right, where the red structure is in the oxidized state and the gray structure is in the reduced state.
DFT energy differences are calculated between geometries at the same oxidation state.
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case (c) was calculated as electron transfer from the central
heme to the outer hemes. The terminology and methods for
each of these calculations is discussed in the SI with the
accompanying visualization in Figure S4. We determined the
hopping energies between perpendicular hemes were an order
of magnitude smaller than parallel hemes for all cases,
matching up with previous calculations21 as depicted in Figure
4. The hopping energies for the oxidized case have a significant
spin dependency, resulting from the spin alignment between
the hemes discussed earlier. The ratios of the alpha and beta
charge transfer energies were plotted in the right plot of Figure

4, showing the spin dependency especially in the Q = +1 hole-
transfer case favoring the beta (valence) spin state.

As a final step, the model was applied to full monomer unit
to generate a system Hamiltonian that can be used for hopping
and decoherent models. For this six-heme system, four cases
were modeled: reduced FeII vs oxidized FeIII and deprotonated
COO− vs protonated COOH on the propionate groups. An
analysis of incoherent hoping was conducted on the fully
reduced (FeII and COO−) and the fully oxidized (FeIII and
COOH) states, with HOMO−HOMO hopping energies
plotted in Figure 5a. These results show a drastic increase in

Figure 4. Modeling results from the three-heme subunit showing the onsite energies relative to the HOMO and hopping energies for the
reduced case (Q = −6 corresponding to 6 COO− groups) on the left and the spin dependence of hopping energies, plotted as a ratio of the α
and β hopping energies, on the right. The values of the hopping energies for each oxidation state are given in Table S7 in the SI, with the
transfer pathway for each hopping energy given in Figure S4.

Figure 5. Electron transport across the six heme monomer unit with (a) comparison of HOMO−HOMO hopping energies for the fully
oxidized and fully reduced cases, (b) comparison of quantum transmission of the nanowire in the deprotonated (COO−) oxidized and
reduced cases, (c) total density of states across the fully oxidized monomer, segmented by hemes labeled in the diagram, as well as the
relative spin density, given by (ρα − ρβ)/ρtot, and (d) spin dependency of transmission for the fully oxidized monomer.
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hopping energy for the oxidized case as well as some spin
dependency. This is especially notable for the hopping energy
between hemes 3 and 4, which have a perpendicular
conformation, showing the importance of modeling electron
delocalization across hemes in the nanowire. A fuller picture of
electron transport was constructed by using Green’s functions
to model all orbital interactions. This was used to calculate
local density of states for the fully oxidized case as a function of
energy for each heme, looking at both the total electron
density and spin density ratio as shown in Figure 5c. These
plots show current pathways at Fermi energies near the
HOMO and LUMO bands with high-spin polarization in the
LUMO band. This was confirmed by plotting the spin-
dependent transmission in Figure 5d, which shows up to 100×
difference in decoherent transmission between alpha and beta
spins at higher Fermi energies. The decoherent transmission
was compared for the deprotonated COO− cases as a function
of Fermi Energy and plotted in Figure 5b to compare with
experimental results at neutral pH. The calculated transmission
at energies between −5 and −4.5 eV are significantly higher for
the reduced case despite low HOMO−HOMO hopping
energies, most likely related to the shift in HOMO energy
between the oxidation states. In addition, the transmission at
the HOMO energy for the reduced case is about 4× higher
than for the oxidized case. Both observations from the
decoherent model qualitatively match up with recent
experimental results.4 A separate calculation confirms that
the shift in transmission curve is caused primarily by the
change in oxidation state of the Fe center, with only a small
contribution from reduction of the carboxylate groups on the
heme, see Figure S6 in the SI for a direct comparison of the
results for these four cases.

CONCLUSIONS

To understand electron transport in the OmcS heme nanowire
structure we have applied ab initio methods to generate
molecular orbitals of the full system. This allows us to consider
all mechanisms of charge transfer across the protein, rather
than applying constraints to specific donor and acceptor sites.
Hopping energy calculations did not include any kind of
nuclear coordinate shift, although reorganization was found to
not significantly affect the orbital energies for the single heme
case. Although the hopping energy between heme sites in the
cytochrome is smaller than those of other biological systems,
like DNA, we have shown that orbital delocalization plays a
key role in transport, with band formation in the oxidized state
creating a significant increase in tunneling rates near the
HOMO energy. The open-shell methods used to generate a
spin-separated Hamiltonian can be applied to any system to
develop an electron transport model, especially when
considering interactions between many orbitals. While
unrestricted models are computationally efficient and tend to
be more accurate for determining ground state energies due to
fewer constraints on the system, the resulting molecular
orbitals can break spin symmetry. We propose using the
restricted open model to generate the Hamiltonian and include
multiple concurrent pathways across multiple oxidation states
as well as spin-dependent electron transport. We also found
that the implementation of the restricted open-shell solver
greatly reduced the spin contamination for all cases (see Table
S5 of the SI) and shifted the size and magnitude of the
transmission peaks (see Figure S3 of the SI). Green’s function
methods allow us to include all interactions of orbitals for

modeling electron transport and consider a mix of different
charge states. We were able to use the NEGF formulation to
model transport across different oxidation states and confirm
the experimental results, which show that the oxidation of the
OmcS reduces conductivity. While hopping energies between
neighboring sites were calculated to be higher in the fully
oxidized case, the overall transmission is higher for the reduced
case at lower Fermi energies, which can be attributed to the
overall shift in orbital energies.

Our decoherent transport model does not explicitly include
reorganization or any nuclear coordinate shift, an assumption
supported by the single heme reorganization calculations.
Instead, energy fluctuations caused by interactions with the
environment were accounted for by the decoherence probes
applied using a model that has been developed in previous
works.22,23 Even to include nonadiabatic effects like reorgan-
ization energy there are several intermediate steps that must be
accounted for besides the total shift in energy of the system.
Marcus theory does not consider the full pathway of charge
transfer between the donor and acceptor, which includes a shift
in energy between donor and acceptor orbitals as well as
charging effects that occur during the transition. Looking at the
case of the single coordinated heme site there is a local
charging and discharging energy from the polarization of
orbitals during charge transfer, which can be calculated by
looking at the shift in energies of the LUMO orbital as it
becomes occupied.24 We have determined these energies to be
significant (0.6−0.7 eV for each heme site) when compared to
the total free energy of oxidation (3.7−4.2 eV for each heme
site, see Table S4 in SI). To include such effects in the model,
we propose using a self-consistent NEGF formulation and look
at wave function dynamics during electron transfer. This would
need to be accomplished on a smaller scale model, as the
computation costs of such a calculation requires numerous
DFT calculations to converge the electron density at each time
step.

The consideration of spin was crucial for modeling oxidation
states because removal of an electron from a pair inherently
generates spin. This is especially true for an organometallic
system like heme where the Fe center can exist in several stable
oxidation states. By applying a collinear spin model, we have
shown the impact spin can have on electron transport in the
system even with higher order effects ignored. While these
effects would not significantly contribute to the Hamiltonian
due to the low electron transmission rates and low atomic
weight of all atoms, this model does not account for effects like
spin−orbit coupling as well as other spin-dependent effects like
chiral-induced spin selectivity, partial orbital occupation from
self-consistent calculations, and spin transitions caused by
decoherence. Our results demonstrate significant spin-depend-
ent transport, especially in the valence band, and we suspect
that considering these higher-order effects will accentuate these
spin-dependent effects.

We suggest further experiments to measure the spin
dependence of electron transport, especially to develop
spintronics based on these protein nanowires. Our models
consider ambient conditions, both with the choice to model
with an implicit solvent model as well as the temperature of
300 K used to determine the orbital occupation (any
degeneracies caused by thermal energy). Therefore, we
would recommend an experimental setup in these conditions
using ferromagnetic contacts that would allow one to polarize
the electron spin entering the cytochrome to measure
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magnetoresistance. Such a setup would be similar to that of
Xiong et al. that was used to look at spin filtering in organic
materials.25 Measuring the magnetoresistance and hysteresis
effects in this system is paramount to incorporation in future
nanodevices.

METHODS

Ab Initio DFT Modeling. All DFT calculations were done using
Gaussian-type orbitals and the Gaussian 16 software package.26 The
B3LYP functional was used with the restricted closed shell model
used for singlet states and the restricted open-shell model used for
states with net spin (nonsinglet states). An exception was the free Fe
ion case where HF was used. To determine the ground state spin (and
subsequent spin state splitting energies) we used the unrestricted
solver result as a guess for the restricted open model to increase the
accuracy of the total energy with the added spin constraints.27 The
ground spin state was calculated by comparing the DFT energies of
multiple spin multiplicities for the same coordinates and choosing the
lowest energy case. To ensure consistency in the calculated ground
spin state, DFT energies were compared within the unrestricted and
restricted open models, and no discrepancies were found. The
Hamiltonian was constructed based on the formula from eq 7 using
the resulting alpha and beta Fock matrices from the restricted open-
shell calculation rather than the unified coupling operator matrix. A
mixed orbital basis was used: the LANL2DZ basis with the effective
core potential28 for Fe atoms in the heme center and the 6-31G**
Pope basis set29 for all other atoms. The one exception to this basis
set choice was the reorganization energy calculations, which used the
6-31G++** Pope basis set with added diffuse orbitals to improve
calculation accuracy. To account for water solvent effect, the
polarizable continuum model (PCM) was applied to account for
the dielectric behavior of the aqueous environment.30

The free Fe ion was the only system modeled using the restricted
open Hartree−Fock (ROHF) method to force the full weight of the
exchange term for the single atom. Spin-splitting energies were
calculated by taking the difference in energies of each possible spin
multiplicity based on 3d and 4s orbital occupation. The ferro/
ferricyanide system was constructed with a starting set of coordinates
that were optimized by minimizing DFT energy for both oxidation
states in their ground state spin configuration.

The OmcS nanowire structure was modeled in sections ranging
from one heme center to the full six heme monomer using beta-
carbon terminated histidine and cysteine functional groups. This
method was developed in a previous work21 based on the observation
of minimal interaction with surrounding protein6 and confirmed with
DFT results showing the impact of backbone interactions on the band
structure. Using the structures from this work (with initial coordinates
from PDB ID 6EF83) multiple oxidation states were compared, with
the ground state spin multiplicity confirmed across spin multiplicities
for fixed atomic coordinates. Atomic coordinates were given for the
fully reduced and fully oxidized single heme structure after energy
minimization in Table S2 in the SI, all other structures used can be
easily calculated from the PDB structure in ref 3. Spin alignments
between heme sites were modeled by setting an initial spin constraint
for each fragment and comparing the total energy of the converged
SCF. For all cases, the fully reduced (FeII) state the hemes were
modeled in their deprotonated state while all other partial and fully
oxidized (FeIII) states were modeled with fully protonated hemes.
Comparing energies of the isoelectronic single heme structures
showed an energy difference between the protonated and
deprotonated structures that was +25 eV for the reduced state and
+26 eV for the oxidized state. Since the ionization energy of a
hydrogen atom is 13.6 eV, this matches up with the approximate
energy of removing two hydrogens, with the oxidized state having a
slightly higher energy barrier for hydrogen removal. Additional
calculations for the monomer unit were conducted with the
deprotonated FeIII state and protonated FeII state to look at the
effect of protonation on transport. The protonation and oxidation
states for each structure modeled are included in Table S1 in the SI.

All structures were calculated using the default solvers and “tight”
convergence criteria of the Gaussian 16 software package with one
exception: the oxidized deprotonated monomer unit. The default
“tight” convergence criteria stop the SCF cycle after calculating an
RMS change in the density matrix below 10−8 and a maximum change
in the density matrix below 10−6. For the oxidized deprotonated
monomer unit, this convergence criteria were loosened to an RMS
change in the density matrix below 10−6 and a maximum change in
the density matrix below 10−4. In addition, the unrestricted open-shell
B3LYP wave function, used as a guess for the restricted open solver,
kept the “tight” convergence criteria but required using the quadratic
convergence SCF implementation to converge. Convergence of the
SCF was not possible without these modifications, but despite this
looser convergence criteria the spin contamination of the unrestricted
B3LYP wave function was reduced from 0.23 to 0.02 for this case.
Hopping Energy Calculations. We compare our hopping,

reorganization, and ionization energies to those previously calculated
in ref 4. The single heme case was modeled with full DFT
optimization to determine a reorganization energy and quantify the
impact of reorganization on the band structure and determine free
energy differences, both of which are exponential factors in the
Marcus Theory rate calculation, given by
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where λ is the reorganization energy, ΔGox is the free energy of
oxidation, and HAB is the hopping energy. Reorganization energy was
calculated for four different cases of the single heme structure:
protonated and deprotonated carboxylate groups (COOH vs COO−,
respectively) as well as constrained versus unconstrained coordinating
atoms. Considering the protonation of the carboxylates allowed us to
check the effect of the carboxylate oxidation state on the
reorganization, looking only at the reorganization caused by the Fe
redox reaction decoupled from the effects of reorganization due to
protonation or deprotonation that may occur by varying pH. While
the effects of the backbone on reorganization were not directly
considered, the constraints placed on the coordinating hemes allowed
us to look at the limiting cases of the force constraints on the
coordinating heme groups. Freezing the central iron atom and six
coordinating nitrogen atoms looks at the limit where the backbone is
completely rigid, while eliminating the constraints looks at the limit
where the groups have no applied force from the backbone. The
reorganization energies were calculated by running a full DFT
optimization applied to the four structures (with or without the
constraints) in the two oxidation states and comparing the energy
differences. Energy band diagrams and a visualization of the
coordinate shifts are given for each case in Figure S2 in the SI with
DFT energies and reorganization energies reported in Table S4. This
reorganization energy was calculated as a difference in total DFT
energy between both optimized geometries, averaging the energy
difference between geometries in the oxidized electronic state and the
geometries in the reduced electronic state. We have reported the
reorganization energy calculated for the unconstrained and deproto-
nated case in Figure 3, which most closely matches the calculations
previously done in the literature, with the computed reorganization
energy of 0.11 eV. This is almost an order of magnitude lower than
the previously reported values of 0.7−1.2 eV.4 Though our
reorganization energy does not account for the atomic shifts of the
backbone and coupling with neighboring hemes, which would explain
some of the numerical difference in our answer, the resulting band
structures before and after reorganization show minimal orbital energy
shift in all cases, indicating reorganization does not significantly affect
the electronic structure of the heme unit.

Hopping energies between nearest neighbor heme groups were
calculated using the three- and six-heme subunits, using the similar
approach by Breuer et al.6 to take the RMS of the couplings extracted
from a block diagonal Hamiltonian. In this setup, the onsite orbitals
are represented by the HOMO or LUMO orbitals of the heme site,
and the couplings between these orbitals (off-diagonal terms in the
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Hamiltonian) are averaged to generate a hopping energy (HAB). In
our implementation the DFT calculations were applied to the fully
interacting multiheme system, which allowed us to use linear
transformations to partition the Hamiltonian by heme site and
extract off-diagonal orbital couplings. This was done by diagonalizing
the separated blocks of the Hamiltonian and constructing a
transformation matrix for the combined Hamiltonian given by
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where Vi is a square matrix of eigenvectors for block i and V is a block
diagonal matrix. The transformed Hamiltonian is given by

=
†

H V HV (13)

where rows and columns represent the local molecular orbitals for
each block and off-diagonal terms represent electronic couplings
between molecular orbitals. Hopping energies were calculated by
analyzing electronic couplings from the HOMO band of the donor
fragment to thermodynamically available orbitals (ΔE ≤ kBT ≈ 0.026
eV) in the acceptor fragment at the edge of the band gap. For charge
transfer between hemes of varying oxidation state, the charge transfer
occurred from the HOMO band of the reduced heme complex to the
LUMO orbital of the oxidized heme (there were not any thermally
available LUMO orbitals where |ELUMO − E(LUMO+N)| ≤ kBT). As a
comparison, charge transfer between hemes of the same oxidation
state was calculated from the HOMO band of the donor heme to the
HOMO band of the acceptor heme, including all thermally available
HOMO orbitals (|EHOMO − E(HOMO−N)| ≤ kBT). Hopping energies
were calculated between orbitals of the same spin (alpha or beta)
except in the singlet case when alpha and beta orbitals were always
found to be equivalent.
Green’s Function Transport Calculations. The NEGF method

was applied to the system Hamiltonian generated from the Fock and
Overlap matrices using a Löwdin transformation to convert to an
orthogonal atomic orbital basis set. The transmission spectrum was
determined using the Green’s function method, starting with the
retarded Green’s function given by

[ + + + ] =EI H G I( ) r

L R B (14)

where E is the energy, H is the system Hamiltonian, ∑L/R is the left/
right contact self-energy, and ∑B is the self-energy of the phase
breaking decoherence probes that are used to model decoherence in
the system.22 For each of these self-energy matrices the wide-band
limit approximation is used, which ignores the real part of the matrices
and treats them as energy independent parameters defined at each
atom at the contact.31 The left and right contact energies are given by

=

i

L/R 2

L/R and the decoherence probe self-energies are defined

similarly as =
B,n

i

2

n for each of the n probes. The Green’s function

can be directly used to calculate the local density of states (DOS) at
an energy, given by
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where ψi is the i-th basis orbital and GR(i,i,E) is the diagonal element
of the Green’s function at that energy. This can be used to look at
local density of states for different fragments of the system, summing
across orbitals in each molecule fragment. The diagonal components
can be summed to give the total density of states as a function of
energy:

= [ [ ]]E G EtrDOS( )
1

Im ( )R
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Rather than having discrete states, the broadening contribution
from the contacts creates a continuous DOS spectrum across energies.
A transmission spectrum can also be obtained from the Green’s

function, and we can define the transmission between probes n and m
to be
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†
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where probes n and m are inclusive of electrical contact or Büttiker
probes. Plugging this into the Landauer equation gives a general
equation for current through a given probe as
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is the Fermi distribution defined at

probe n. Since the total current at each Büttiker probe is zero and
current only flows between the left and right contacts, the
transmission term can be simplified and combined to give
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where n and m are summed over the decoherence probe sites andWnm
−1

is the inverse of Wnm = (∑n≠lTnl)δnm − Tnm(1−δnm), an operator that
propagates scattering at each probe site. Therefore, the first term in eq
19 defines the coherent transport while the second accounts for
decoherence. From this transmission the zero-bias conductance is
obtained by taking the derivative of eq 18 with respect to the chemical
potential difference and plugging in eq 19 to get
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which can be directly compared to experimental results. Note that in
the low temperature limit the effective transmission is proportional to
the zero-bias conductivity at that energy. For this study probe self-
energies were applied based on previous work with other
biomolecular systems (ΓL/R = 0.1 eV, ΓB = 0.01 eV).23 These self-
energy values represent a high coupling with a metal contact on the
left and right, making the molecule the bottleneck for charge transfer.

Transmission calculations were conducted for smaller sections of
the OmcS monomer unit to look at transport at different length
scales. Changing charge and spin state at each of these length scales
impacted orbital location and energy caused by electron−electron
repulsion. To model nonsinglet states (with unpaired spin states) the
DFT functional used a restricted open-shell approach to generate the
alpha and beta Fock matrices. The results for the minimum energy
spin multiplicity were reported, and the full Hamiltonian was
generated for transport calculations by separating the alpha and
beta states. While the Green’s function calculation used the combined
Hamiltonian (from eq 7) to determine the total transmission, spin-
dependent transport was measured by dividing the transmission
matrix into quadrants.32 Because spin−orbital coupling was not
included in these calculations the off-diagonal terms (hopping
parameters between alpha spin states and beta spin states) were set
to zero leading to only two reported transmission values (alpha
transmission and beta transmission) without cross terms.
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Büttiker Formalism. Phys. Rev. B 2013, 87 (8), 085404.
(23) Mohammad, H.; Demir, B.; Akin, C.; Luan, B.; Hihath, J.;
Oren, E. E.; Anantram, M. P. Role of Intercalation in the Electrical
Properties of Nucleic Acids for Use in Molecular Electronics.
Nanoscale Horiz 2021, 6 (8), 651−660.
(24) Grabert, H.; Devoret, M. H.; Kastner, M. Single Charge
Tunneling, Coulomb Blockade Phenomena in Nanostructures. Phys.
Today 1993, 46 (4), 62−63.
(25) Xiong, Z. H.; Wu, D.; Valy Vardeny, Z.; Shi, J. Giant
Magnetoresistance in Organic Spin-Valves. Nature 2004, 427 (6977),
821−824.
(26) Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Scuseria, G. E.;
Robb, M. A.; Cheeseman, J. R.; Scalmani, G.; Barone, V.; Petersson,
G. A.; Nakatsuji, H.; Li, X.; Caricato, M.; Marenich, A.; Bloino, J.;
Janesko, B. G.; Gomperts, R.; Mennucci, B.; Hratchian, H. P.; Ortiz,
J.; Izmaylov, A. F.; Sonnenberg, J. L.; Williams-Young, D.; Ding, F.;
Lipparini, F.; Egidi, F.; Goings, J.; Peng, B.; Petrone, A.; Henderson,
T.; Ranasinghe, D.; Zakrzewski, V. G.; Gao, J.; Rega, N.; Zheng, G.;

ACS Nano www.acsnano.org Article

https://doi.org/10.1021/acsnano.2c12027
ACS Nano 2023, 17, 9059−9068

9067

https://pubs.acs.org/action/doSearch?field1=Contrib&text1="William+Livernois"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0001-8637-1213
mailto:willll@uw.edu
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="M.+P.+Anantram"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.2c12027?ref=pdf
https://doi.org/10.1128/AEM.69.3.1548-1555.2003
https://doi.org/10.1128/AEM.69.3.1548-1555.2003
https://doi.org/10.1038/nnano.2011.119
https://doi.org/10.1038/nnano.2011.119
https://doi.org/10.1016/j.cell.2019.03.029
https://doi.org/10.1016/j.cell.2019.03.029
https://doi.org/10.1126/sciadv.abm7193
https://doi.org/10.1126/sciadv.abm7193
https://doi.org/10.1126/sciadv.abm7193
https://doi.org/10.1073/pnas.1005889107
https://doi.org/10.1073/pnas.1316156111
https://doi.org/10.1073/pnas.1316156111
https://doi.org/10.1073/pnas.1316156111
https://doi.org/10.1016/0304-4173(85)90014-X
https://doi.org/10.1016/0304-4173(85)90014-X
https://doi.org/10.1016/j.chemphys.2022.111510
https://doi.org/10.1016/j.chemphys.2022.111510
https://doi.org/10.1088/1361-6528/ab8767
https://doi.org/10.1088/1361-6528/ab8767
https://doi.org/10.1021/acs.jpcb.9b01086?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpcb.9b01086?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpcb.9b01086?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1038/nature05678
https://doi.org/10.1038/nature05678
https://doi.org/10.1038/nature05678
https://doi.org/10.1063/1.1727264
https://doi.org/10.1063/1.1727264
https://doi.org/10.1016/S0031-8914(34)90011-2
https://doi.org/10.1016/S0031-8914(34)90011-2
https://doi.org/10.1103/RevModPhys.32.179
https://doi.org/10.1103/RevModPhys.32.179
https://doi.org/10.1002/qua.560040505
https://doi.org/10.1002/qua.560040505
https://doi.org/10.1002/qua.560040505
https://doi.org/10.1063/1.1669970
https://doi.org/10.1063/1.1669970
https://doi.org/10.1063/1.3503173
https://doi.org/10.1063/1.3503173
https://doi.org/10.1016/0013-4686(94)00369-C
https://doi.org/10.1016/0013-4686(94)00369-C
https://doi.org/10.1016/0013-4686(94)00369-C
https://doi.org/10.1021/ja0280473?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja0280473?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1109/NMDC50713.2021.9677490
https://doi.org/10.1109/NMDC50713.2021.9677490
https://doi.org/10.1109/NMDC50713.2021.9677490?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1103/PhysRevB.87.085404
https://doi.org/10.1103/PhysRevB.87.085404
https://doi.org/10.1039/D1NH00211B
https://doi.org/10.1039/D1NH00211B
https://doi.org/10.1063/1.2808874
https://doi.org/10.1063/1.2808874
https://doi.org/10.1038/nature02325
https://doi.org/10.1038/nature02325
www.acsnano.org?ref=pdf
https://doi.org/10.1021/acsnano.2c12027?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


Liang, W.; Hada, M.; Ehara, M.; Toyota, K.; Fukuda, R.; Hasegawa, J.;
Ishida, M.; Nakajima, T.; Honda, Y.; Kitao, O.; Nakai, H.; Vreven, T.;
Throssell, K.; Montgomery, J. A., Jr.; Peralta, J. E.; Ogliaro, F.;
Bearpark, M. J.; Heyd, J. J.; Brothers, E. N.; Kudin, K. N.; Staroverov,
V. N.; Keith, T. A.; Kobayashi, R.; Normand, J.; Raghavachari, K.;
Rendell, A. P.; Burant, J. C.; Iyengar, S. S.; Tomasi, J.; Cossi, M.;
Millam, J. M.; Klene, M.; Adamo, C.; Cammi, R.; Ochterski, J. W.;
Martin, R. L.; Morokuma, K.; Farkas, O.; Foresman, J. B.; Fox, D. J.
Gaussian 16, revision C.01; Gaussian Inc.: Wallingford, CT, 2016.
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