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A sensor model based on the porphyrin nucleus of the soluble guanylate cyclase enzyme is modeled
and tested with nitric oxide and carbon monoxide. Molecular oxygen is tested as a possible
interferer. Geometries and electronic structures of the model are assessed by density functional
theory. Vibrational circular dichroism (VCD), infrared, and Raman spectra are obtained for the iron
complexes uncoordinated and coordinated with the gas moieties. The sensor is capable of detecting
the ligands to different extents. Carbon monoxide is less detectable than nitric oxide due to the
adopted position of the molecule in the sensor; carbon oxide is aligned with the iron atom, while
nitric oxide and molecular oxygens bend with an angle detectable by the VCD. It is suggested that
pollutants may be detected and measured with the proposed biosensors © 2009 American Institute

of Physics. [DOI: 10.1063/1.3070235]

I. INTRODUCTION

Air pollutants produce adverse environmental and health
effects. Some of them are highly reactive gases and they
increase the toxicity of the air. Nitric oxide is a toxic com-
pound generated by automobile engines and power plants.1
Pollutants accumulation in the air causes acid rain; and, in
mammal organisms, is associated with various carcinomas,
deamination of DNA,2 juvenile diabetes, multiple sclerosis,
arthritis, and ulcerative colitis. Carbon monoxide displaces
the oxygen from hemoglobin, interfering with oxygen trans-
port.

Fortunately, living organisms have developed specific
recognition mechanisms, through biomolecules, which repre-
sent ideal models for the study and design of sensors. In this
effort, we use in silico techniques to evaluate the detection
method of the molecular recognition, as electronic and vibra-
tional properties. The biological model is the soluble guany-
late cyclase (sGC) enzyme, a five-coordinated iron complex.3
A conformational change permits the activation of the en-
zyme, in order to catalyze the «cyclic guanosine
3’,5'-monophosphate formation.* Nitric oxide (NO)’ and
carbon monoxide (CO) activate sGC through the binding of
the five coordinated iron complex. The sGC does not permit
the access of O,, and it shows more affinity to NO than to
co.b However, the molecular details of ligand discrimination
and differential response to NO and CO are not well under-
stood.

The gas sensor model is based on the five coordinated
iron complex (50); taking advantage of the specific recog-
nition by carbon monoxide (CO) and nitric oxide (NO) of the
sGC in order to design a multifunctional sensor or host-guest
chemistry with diversely coordinated central metals.® The

YPermanent address: Instituto de Investigaciones Biomédicas, Universidad
Nacional Auténoma de México, Mexico.
P Electronic mail: seminario@tamu.edu.

0021-9606/2009/130(10)/105101/9/$25.00

130, 105101-1

complex is formed by porphyrin, which consists of four pyr-
role rings linked by a methane bridge,9 where the central
position is occupied by a ferrous iron (Fe*?), which is coor-
dinated to nitrogen atoms from the pyrrole rings and one
nitrogen from histidine axial ligand. We analyze the elec-
tronic and vibrational properties in order to distinguish the
presence of CO, NO, and the interference of O, in our
model. Recently, the magnetic field has been used to induce
self-organization of porphyrin10 during the condensation pro-
cess of oligoporphyrins,11 taking advantage of the strong in-
teraction between the applied magnetic field and the ferrous
porphyrin.12 The study of ferrous porphyrin complexes is
important because of its high potential in spintronics
applications,13 excellent tunable spectroscopic and spin
valve'* properties, potentially useful as sensors, molecular
switches, optoelectronic devices, and antenna systems.15

Il. METHODOLOGY

The geometric structures are optimized for several spin
configurations using density functional theory (DFT) with
the program GAUSSIAN-03 (Ref. 16) using the B3PW91 hy-
brid functional. This functional is a combination of the
Becke-3 (B3) (Ref. 17) exchange functional and the Perdew—
Wang (PW91)'®2 correlation functional. The B3 exchange
functional uses the nonlocal Becke-88 functional plus an ex-
change component calculated similarly to Hartree—Fock, but
uses the Kohn—Sham molecular orbitals (MOs) instead. The
derivatives of the energy with respect to the Cartesian coor-
dinates of all atoms are evaluated; the geometry is then
modified in order to reach forces below a threshold assuring
that the atomistic system is in equilibrium, i.e., forces are
approximately zero in all atoms.”’ From a DFT calculation
perspective, the electronic configuration for a system of at-
oms with unfilled d orbitals is difficult to treat computation-
ally; because of the strong coupling between correlation and
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exchange effects. Partially, quasirelativistic pseudopotentials
and basis set LANL2DZ as mentioned elsewhere” alleviates
this problem.23

Geometry optimizations are followed by a second de-
rivative calculation (frequencies) for two reasons: to deter-
mine the existence of a true local minimum and to detect the
sensing capacity of our model. If negative eigenvalues are
found in the Hessian matrix, the geometry is modified in
order to drive the system into a true local minimum. Imagi-
nary frequencies correspond to negative eigenvalues in the
Hessian matrix, and are related to unstable geometrical con-
formations. The self-consistency of the noninteractive wave
function is performed with a convergence threshold on the
density matrix of 107 and 1078 for the root mean square and
maximum density matrix error between iterations, respec-
tively.

Raman intensities require the evaluation of third deriva-
tives of the total energy with respect to perturbations of the

Cartesians coordinates of the nuclei R and of an external
electric field F; apart from a constant k, the Raman intensity
can be written as>*
PE \?
TRaman = k| — >
JR I F

(1)

This equation requires the use of both occupied and un-
occupied MOs, since E is a sum of the integrals with corre-
sponding derivatives have been calculated analytically; those
that include DFT exchange-correlation terms are calculated
numerically on a grid. The DFT infrared (IR) intensities are
calculated from the dipole moment derivatives; while polar-
izability derivatives for Raman activities are obtained using
numerical differentiation of the analytic dipole moment de-
rivatives with respect to the applied electric field.

The vibrational circular dichroism (VCD) signal results
from the differential absorption of left and right circularly
polarized infrared lights during a vibrational transition of a
chiral molecule. The B3PW91 functional results are compa-
rable with the experimental data. The difference of absorp-
tion between left and right circularly polarized lights is pro-
portional to the rotational strength (Rj;), imaginary part of
the scalar product of the electric and magnetic dipole transi-
tion moments between the initial state i and the final state

£
Ry = Im{(il | A)(flml)}, (2)

where u is the dipole moment operator and m is the mag-
netic dipole operator. In the vibrational transition calculus,
the prediction of electric and magnetic dipole transition mo-
ments, within harmonic approximation, requires the har-
monic force field (HFF), the atomic polar tensor and the
atomic axial tensor. The inclusion of electron correlation ef-
fects, especially in calculations of HFFs, is of major impor-
tance for agreement between calculated and experimental
spectlra.26 The procedure calculating vibrational rotational
strength and VCD spectra using DFT, implemented in
GAUSSIAN 03, was developed and described by Cheesemann
et al. where the magnetic field-dependent basis functions,
specifically gauge-invariant (including) atomic orbitals, are
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incorporated in DFT calculation of nuclear magnetic shield-
ing tensor.”’

The current-voltage characteristic (I-V) is used to dis-
criminate among ligands, thus we calculate it for defining the
signature of the sensing extent of our model. The ferrous
porphyrin histidine complex is optimized with gold atoms in
orthogonal position by binding through an organic thiol
group. The effect of the bulk on the finite cluster is consid-
ered through a combination of Green function with DFT ap-
proach to determine the electrical characteristics of single
molecule trapped at metal or semiconductor junctions. This
procedure has been intensively developed28 and adapted also
for the study of reactions on surfaces.” The procedure starts
with a series of single point calculations of the extended
molecule, including the applied bias electric field. The ap-
plied bias potential yields a displacement field which is in-
cluded as the excitation in the Hamiltonian of the extended
molecule, thus a displacement field is incorporated in the
Hamiltonian for each point of the /-V characteristic. The re-
sulting response is the electric field strength is self-
consistently calculated at each point of the current-voltage
curve. Thus, each point of the /-V curve corresponds to a full
ab initio calculation. The Hamiltonian (Hgg) and overlap
matrices (S) for several electric fields are obtained and all
depend on the applied bias voltage V,

Hys(V)V) = e(V)S(V)(V), 3)

H (V) Hiy(V) Hp(V)
Hys(V) = Hy (V) Hyy(V) Hyp(V) |. (4)

Hy (V) Hyy(V)  Hxn(V)
In the Green’s function approach, the Green’s function of the
standalone molecule, G,;, is obtained from the Hamiltonian
H and overlap S matrices of the extended molecule for each

applied electric field. Thus for an incoming electron of en-
ergy E,

Gu(E,V)=[ESypy(E,V) - Hyy(E,V) - 2, (E,V)

- SR ENT! (5)
obtained from the full Green’s function of the junction,
gfl — 7 o |
GEV)=|-1 ESyy(V)-Hyu(V) -7 (6)
0 -7 &'
and
2(E,V)=(ESy;— Hy)gES;y—H;y) for i=L,R,
(7)

where 7,=(ES;;;—H,),) and E is the transferred electron en-
ergy, Sy is the overlap matrix referred to the molecule, and
Hyy, 1s the Hamiltonian of the standalone molecule obtained
from GAUSSIAN 03 program with an electric field applied to
the extended molecule. 3; is the interaction between the con-
tact i and the standalone molecule; this self-energy term con-
tributes to the shifting and the broadening of the molecular
electronic levels and depends on Green’s function g; describ-
ing the contacts.*®*' The contact or nanocontacts to be pre-
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cise are described explicitly by the following matrix: 2
gn = 0
gl(E) =i : s (8)
0 - &,

where the i multiplying the matrix is the imaginary unit and
should not be confused with the subscript indicating the left
(L) and right (R) contacts for i=2 and for i=1, respectively.
Each element g;¢ is given by

(Dy)ik(E) 0 0 0 |
0 (D,)ix(E) 0 0
ik = 0 0 (Ddtzg)iK(E) 0
0 0 0 (Dg, )ix(E)

)

The diagonal values yield the s, p, dp,, and d,, contributions
to the density of states (D) of each contact atom K. The
number of contact atoms is such that the size of g; (E) equals
the number of columns (rows) of the coupling matrix
H,;(H;y,). For this particular work, all the g;(E) have been
calculated for gold using the CRYSTAL program.35

The total density of state (D) of the standalone molecule
absorbed to the contact is then obtained through a Green
function approach, whereby the continuum broadens and
shifts the discrete MOs of the complex. For further details
regarding the theoretical methods used in this work, see
Refs. 32-34 This bulk DOS D is obtained using the GENIP
program,””

D(E) = Tr(i{(Gy(E) = Gy(E))Syn)- (10)

The transmission probability (7) is calculated as follows:*®

T(E,V) = Trace(I',(E, V)G (E, V)T x(E,V)G},(E,V)),
(11)

where I'=i(2/(E,V)-2}(E,V)) is the imaginary part of the
self-energy, and 3, I'; represent the coupling between the
contacts and the molecule, in general, G* is the adjoin of G,
and 3,(E)=7/g;7; for j=1,2. Generalizing the Landauer
equation as a function of V,

V)= 2h_e f ’ T(E,V)[f,(E - eV/2) — fz(E + eV/2)|dE,

(12)

where e is the charge of one electron, % is Planck’s constant,
and f,(E,V;) the Fermi-Dirac distribution of the Au tip at an
electric potential V;. Thus, the current through the junction
depends on the Fermi level and the transmission function, as
well as, the bias voltage applied to the system and the cou-
pling of the pairs to the tips.

Equation (12) can be summarized 0>’
Eptvy

T(E,AV)dE. (13)

EnV)

Two complexes are built to test the sensor, a ferrous
porphyrin alone and a ferrous porphyrin histidine complex.

e
==
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FIG. 1. (Color online) (a) Density of state of ferrous porphyrin complex B
and (b) CO-ferrous porphyrin with gold atoms in orthogonal position D. The
upper curves show total density of state (magenta), partial density of state of
ferrous ion (blue), CO (cyan), and gold (red). The vertical lines depict the
MO energies, unoccupied orbitals are shown in blue (right) and occupied
orbitals in red (left).

The second optimized structure is our sensing gas model of
nitric oxide (NO) and carbon monoxide (CO). The tech-
niques for detection are based on IR, Raman, VCD frequen-
cies, and current-voltage characteristics. Molecular oxygen
(0,) is considered as a possible interference, thus the detec-
tion method has to discriminate it. All these structures make
junctions with a gold atom in an orthogonal position, with
one upward and one downward electrodes with respect to the
porphyrin. Therefore, the terminal hydrogen atoms of por-

TABLE I. Total and frontier orbitals energies of the ground state of (A)
protoporphyrin (PP), (B) ferrous porphyrin (FeP), (C) ferrous porphyrin
with gold atoms in orthogonal position (FeP-Au), and (D) carbon monoxide
ferrous porphyrin with gold atoms in orthogonal position (CO-FeP-Au).
Total energy is expressed in Hartrees (Ha) and frontier MO energies in eV.

Molecule

Multiplicity

Energy(Ha) HOMO (eV) LUMO (eV)

HLG (eV)

A) PP

Singlet 9

-989.17844

291

9 J

525 -2.34

B) FeP

Triplet 9

-1111.54529

2.94
-5.17 -2.23

C) FeP-Au

triplet "

-2177.65464 9

1.96 9 X
M J

-5.58 -3.62

D) CO-FeP-Au

Singlet

-2290.92764

2.01

-5.63
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phyrin are substituted by the sulfur atoms to facilitate bond-
ing to the gold electrodes. We use the basis set and effective
core potentials LANL2DZ for gold and iron atoms, and the
6-31G(d) for the carbon, oxygen, nitrogen, hydrogen, and
sulfur atoms.™

Practically all procedures are evaluated analytically, ex-
cept those cases where the exchange-correlation integrals are
involved; in this case, the calculation of the integrals for the
entries in the Hamiltonian matrix is performed on a fine grid
already tested to keep the tolerance of the used methods.

lll. RESULTS AND DISCUSSION

The CO adsorption effect on the electronic properties of
Fe-porphyrin has been studied due to its role in living
systems.39 However, the model presents strong affinity to NO
and O,; the latter represents an important interference, which
needs to be identified electronically spectroscopically.

A. Fe-porphyrin

Ferrous porphyrin is analyzed with different multiplici-
ties to determine its ground state. Table I shows the total
energy: the highest occupied MO (HOMO) and the lowest
unoccupied MO (LUMO) of the step by step porphyrin com-
plexes (A-D) calculated using the B3PW91 functional with
LANL2DZ basis set and effective core potentials for Fe and
Au, and the 6-31G(d) basis set for C, N, and H.

As observed in Table I, (A) the HOMO and LUMO of
protoporphyrin are located around the pyrrolic ring. In the
case of ferrous porphyrin, (B) the HOMO maintains the cy-
clic shape and ferrous does not alter the delocalization of
m-electrons; instead the LUMO is located as expected in the
ferrous ion, adopting a typical d form. (C) Ferrous porphyrin
with orthogonal gold atoms shows the HOMO also on the
pyrrolic rings. Interestingly, the addition of the gold atoms
changes the location of the LUMO from the ferrous ion to
both gold atoms, yielding an iron atom with a poor contribu-
tion to the LUMO. (D) The presence of the CO ligand does
not modify the location and shape of HOMO and LUMO;
therefore, is expected that the /-V curve remains unmodified
after the CO binding to the ferrous porphyrin.

Figure 1 shows the relationship between the density of
states (D) and the distribution of MOs in both ferrous por-
phyrin (FeP) and CO-ferrous porphyrin with gold atoms in
orthogonal position.

As observed ferrous contributes totally to the LUMO.
The presence of the gold atoms reduces the bandgap because
of their contribution to the LUMO. Interestingly, the carbon
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FIG. 2. (Color online) Molecular electrostatic potential of (a) ferrous por-
phyrin with gold orthogonal atoms C and (b) carbon monoxide ferrous
porphyrin with orthogonal gold atoms D. The negativity of the CO group is
observed in red.

monoxide ligand does not alter the bandgap; therefore, the
electrical behavior of the sensor model does not change no-
toriously with this exogenous ligand.

Figure 2 shows the encoded (in color scale) molecular
electrostatic potential of ferrous porphyrin (C) and CO-
ferrous porphyrin (D), both have gold atoms at the ends as
electrodes in orthogonal position.

The positive potential region on Fe*? permits binding
with polar axial ligands NO or CO by accepting iron elec-
trons into their empty (7*) orbitals, i.e., backbonding.** It is
expected that NO yields larger affinity because of its larger
electronegativity.

B. Characteristic of the Fe-porphyrin-histidine sensor
model

The gas sensor consists of a ferrous ion coordinated to
porphyrin and histidine (FeP-his). This model is tested with
carbon monoxide, nitric oxide, and also molecular oxygen to
analyze its interference capability.

1. Ferrous complexes conformation

Table II shows the total ground state energy of ferrous
porphyrin histidine complex, FeP-his, C-his, with the ligands
carbon monoxide, D;-his, nitric oxide, D,-his, and molecular
oxygen Ds-his. These structures make a junction with a gold
atom in an orthogonal position, one electrode upward and the
other downward with respect to the porphyrin.

The most stable structure of the 5C iron complex has a
multiplicity triplet (high spin), thus it has two unpaired elec-
trons resulting in paramagnetic behavior. In 6C complexes
the spin is lower; the multiplicity is doublet (NO) and singlet
(CO and O,). The high-spin state results from dispersion of
3d electrons to all orbitals and low-spin state is due to 3d
electrons being restricted to low energy orbitals (triply de-
generate t,, set).

Bond distances and angles change depending on the co-
ordinated gas, yielding that the binding with the ferrous moi-
ety is different for each case. Table III shows geometrical
differences of the ligand and ferrous moieties.

TABLE II. Summary of the multiplicity states performed on the ferrous porphyrin histidine and its CO, NO,
and O, complexes. Five coordinated complex (5C) and six coordinated complex (6C)

Dipole moment Total energy

Coordination Molecule Multiplicity (D) (Ha)
C-his 5C FeP-his-Au Triplet 7.16 —2650.996 81
D;-his 6C CO-FeP-his-Au Singlet 8.18 —2764.286 84
D,-his 6C NO-FeP-his-Au Doublet 8.20 —2780.851 29
D;-his 6C O,—FeP-his-Au Singlet 9.67 —2801.231 20




105101-5 Coordinated iron complex biosensor

TABLE III. Bond lengths and angles of the ground state structures of the
ferrous porphyrin histidine (FeP-his) coordinated with CO, NO, and O,.

Molecule Bond" A Angle Degrees
C-his: FeP-his Fe-N(P) 2.015
Fe—N(his) 2.285
Dy-his: CO-FeP-his C-Fe 1.781 C-Fe-N 179.9
Fe-N(P)  2.016
Fe-N(his)  2.038
D,-his: NO—FeP-his N-Fe 1.778 N-Fe-N 139.9
Fe-N(P)  2.017
Fe-N(his) 2.080
Dj3-his: O,—FeP-his O-Fe 1.751 O-Fe-N 121.7
Fe-N(P) 2.010
Fe—N(his) 2.048

“Level of theory, B3PW91, and basis set: 6-31G* for C, N, O, H, and S;
LANL2DZ for Fe and Au.

Ferrous 3d populations, present in the 5L iron complex,
have one ligand in the second shell. Interestingly the iron-
nitrogen bonds show different values for the axial and equa-
torial ligands, i.e., a mixture of covalent and ionic bonding.“

The FeP-his is coordinated with NO, CO, and O, by the
hybridization of the two d orbitals of Fe with the 71'; orbital
of ligands, i.e., m backbonding.39 This coordination is related
to the spin state of the complex because the electron distri-
bution varies with the strength of the bonds to the distal
ligands. Strong short bonds favor low spin and weakly para-
magnetic or diamagnetic states, while weak long bonds favor
high spin. Studies have shown that for neutral iron com-
plexes, 5C is preferred to the more conventional octahedral
6C because Fe*? has two repulsive e, electrons which make
the octahedral 6C unstable.*' However, when NO binds to
the ferrous moiety, the ferrous-histidine bond increases,
weakening the bond. This effect resembles soluble guanylate
cyclase spectroscopy,42 which indicates that the binding of
NO to a heme breaks the proximal histidine-iron bond, yield-
ing a 5C complex.“’44 However, because of the absence of
the sGC enzyme, the cleavage of the Fe-histidine bond does
not take place. This difference in iron coordination during
NO binding assumes an important conformational role in the
sGC, which is explained through a proposed pivot mecha-
nism associated with the NO binding after the breaking of
the ferrous-histidine bond.* Thus the six coordinated com-
plex is an intermediate product, which is useful during sens-
ing.

According to crystallographic data, the angles formed by
the ligands are 180°, 163°, and 143° for CO, NO, and O,,
respectively. Table III shows the linear geometry for the CO
adduct (180°) and bent for the NO (140°) and O, adducts
(122°). Interestingly, these symmetry changes are detected
by VCD.

According to our DFT calculations, the sensor model
presents more affinity to NO ligand (Table IV). The O, binds
to the sensor model, thus, it is necessary to study the inter-
actions between the ferrous porphyrin histidine complex and
the surrounding sGC enzyme, which avoids the O,
interaction.* However, the factors that allow sGC to distin-
guish between NO and O, are unknown. Resonance Raman
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FIG. 3. (Color online) Energies of frontier orbitals in different multiplicities
of ferrous five-coordinated complex, C-his, singlet (yellow), triplet (red),
and quintet (blue). HOMO (h) and LUMO (1) energies are expressed in eV’s.

studies determinate that NO binding to sGC has been found
to increase basal enzyme activity by a factor of 50-200,
whereas CO binding has only a 1.4—4-fold effect.*®

2. Electronic structures

The electronic structures are determined by the MO dis-
tribution, especially of the frontier orbitals, thus the calcula-
tion has to consider the multiplicity in order to find the
ground state and the correct electronic configuration. Figure
3 shows HOMO and LUMO of the ferrous porphyrin histi-
dine complex (FeP-his) with the gold atoms in orthogonal
positions for different multiplicities.

Figure 4 shows the frontier orbitals obtained when the
moieties CO, NO, and O, are coordinated with FeP-his. Gold
atoms as electrodes are present for the current-voltage calcu-
lation.

The binding of the iron five coordinated complex with
the ligands CO, NO, and O, yields their LUMOs unchanged.
However, the HOMO values are reduced. Thus, the HOMO-
LUMO gaps are 1.74, 1.77, and 1.82 eV, for CO, NO, and
O,, respectively.

'
S
1

Energy (eV)

-5

CO-FeP-lus
6 3 singlet

NO-FeP-his
doublet

0,-FeP-his
singlet

FIG. 4. (Color online) Energies of the frontier orbitals for ferrous six-
coordinated complex with CO (D,-his, purple), NO (D,-his, green), and O,
(D5-his, red). HOMO (h) and LUMO (1) energies are expressed in eV’s.
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FIG. 5. (Color online) Transmission function (color coded in a scale of log,, T) of ferrous 6 coordinated with (from left to right) carbon monoxide, nitric
oxide, and dioxygen, respectively. Vertical axes are the bias voltages (volts), and horizontal axes are the energies (eV) of incoming electrons. Thus the color
provides an idea of the value of the transmission function density per energy of electron per applied voltage for a given incoming electron energy at a
determined bias voltage in the junction. The red color represents 10®'=1.25 and the blue represents 10'*=20.

C. Detection of the sensing of NO and CO gas
and its interference with O,

The gases CO, NO, and O, bind with the sensor model
and permit to distinguish them as target molecules. Current-
voltage measurement and frequency analysis are suitable
techniques to help the detection. However, the spin-coupling
difference between 5L and 6L is small, but enough to distin-
guish them. 5L has a zigzag pattern while 6L is lineal. There-
fore, all the measured information should be taken into ac-
count to establish a difference between 5C and 6C stages of
the iron coordination.

1. Electron transport probability

For the electron transport probability a transmission
function is calculated for the complex coordinated with CO,
NO, and O,. Figure 5 shows the observed voltage-energy
patterns.

The transmission functions of Fig. 5 clearly show a high
probability for electron transport, thus the 6C iron with CO,
NO, and O, yields I-V curves detectable.

Figure 6 shows the HOMO and LUMO values for the
FeP-his and its coordination with CO, NO, and O, for ap-
plied voltages from —28 to 28 V, certainly for the sake of
curiosity, the behavior of the frontier MOs as voltages larger
than 5 V are most likely unrealistic in this type of junctions.

2. Current-voltage calculations

Green’s function-DFT allows predicting the current-
voltage characteristics. Figure 7 shows the current-voltage
curves for FeP-his, CO-FeP-his, NO-FeP-his, and
0O,—FeP-his for spins up and down. The 5C iron yields an
indented pattern; a-spin shows more marked steps than
B-spin. The 6C iron yields a single smooth curve superim-
posed to the a-spin and B-spin.

The current-voltage curves show differences depending
on the iron coordination, the 5C and 6C. The high-spin 5C
iron shows Coulomb blockade at higher bias voltage. The
negative differential resistant (NDR) devices behavior is ex-

plained by the analysis of frontier orbitals in the bias voltage
window showed in Fig. 6. Note that the HOMO and LUMO
of FeP-his complex for a-spin and S-spin split and have
zigzag patterns, which yields reduction and expansion of the
HOMO-LUMO gap when a voltage is applied. Figures
6(b)-6(d) show the similitude in patterns and frontier orbital
values of FeP-his coordinated with CO, NO, and O, for «
and B spins, thus their /-V curves are over among them.
Recently NDR was studied in modified porphyrins;47 how-
ever, in this work, we show the behavior in ferrous porphyrin
histidine complex.

The six-coordinated iron current-voltage curve is almost
the arithmetic average of the five-coordinated one. Figure 7
shows that the steady state of the 5C after the application of
each electric field is shaggier than that of the 6C complex;
making the 5C curve zigzag shaped. There is a difference
between the 5C at the different spin-coupling state that does
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FIG. 6. Frontier orbital energies of (a) FeP-his (C-his), (b) CO-FeP-his
(D;-his), (c) NO-FeP-his (D,-his). and (d) O,—FeP-his (D5-his) with gold
atoms in orthogonal position for bias voltages from —28 Vto 28V. (a) a-spin
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FIG. 7. (Color online) Current-voltage characteristics. Curve (5C) of triplet
FeP-his (blue, a-spin, and light blue, B-spin). Curves (6C) of singlet CO—
FeP-his, doublet NO-FeP-his, and singlet O,—FeP-his for a-spin and S-spin
are indistinguishable in the red straight line.

not exist in any of the 6C under study; which could be used
in devices capable to detect the spin transport through an
electrical signal.

This result confirms the role of the coordination to cur-
rent voltage characteristic, thus the binding to a sixth ligand
is important in order to get electronic stability. Reports of the
effect of axial ligand in FeP-imidazole complex have shown
large changes in conductance when the complex is coordi-
nated with CO."* However, our study shows a striking Cou-
lomb blockade behavior for the five-coordinated iron, and
among CO, NO, and O, ligands, the conductance is very
similar.

We propose the use of current-voltage measurement as
the first step to test the reliability of the sensor. It permits us
to know the coordinated iron state. Then the use of spectros-
copy techniques to discriminate among several ligands, in
order to distinguish which ligand is coordinated.

3. Frequency analysis

The vibrational modes represent the signature of the
molecules, thus their analyses are needed for the detection
process. Using DFT, it is possible to predict several spectra
such as IR, Raman, VCD, and nuclear magnetic resonance
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FIG. 8. IR spectrum of ferrous six-coordinated, with (a) nitric oxide, (b)
carbon monoxide, and (c) molecular oxygen. The rhombic and triangle dots
show the stretching vibration of Fe-ligand and the atoms of the ligands,
respectively. Horizontal axes frequencies in cm™', and vertical axes intensi-
ties in Km/mol.

J. Chem. Phys. 130, 105101 (2009)

TABLE IV. Binding energy of carbon monoxide, nitric oxide, and molecular
oxygen to ferrous porphyrin histidine with gold atoms in orthogonal posi-
tions (FeP-his-Au).

Binding energy

(kcal/mol)
D;-his CO-FeP-his-Au —18.67
D,-his NO-FeP-his-Au —136.42
Ds-his O,—FeP-his-Au —22.84

(NMR) spectra, among others. However, theoretical calcula-
tions also yield some residual errors because of anharmonic
behavior, solvent effects, etc.

The quality of the calculation is based on comparisons
with experimental IR spectra of stretching and bending vi-
brational modes of Fe—CO, Fe-NO, and Fe—0O, as well as
C-0, N-0O, and O-0O. Comparisons are needed in order to
demonstrate the quality of the theoretical spectra prediction.
Figure 8 shows the theoretical prediction of IR spectrum, and
Table V the comparison of theoretical and experimental vi-
brational stretching and bending modes in the IR spectrum.

The theoretical frequencies overestimate experimental
data of the IR spectra for ferrous porphyrin histidine in
1%—-5% due to basis set incompleteness, anharmonicity, sol-
vent effects, and experimental error. Nevertheless, our DFT
geometry using the combined 6-31G* and LANL2DZ basis
sets resembles quite well the experimental data. Figure 9
shows the curves of VCD, infrared, and Raman spectra for
the interference of CO, NO, and O, with ferrous porphyrin
histidine (Table VI). Interestingly, the VCD spectra show
important divergences among the CO, NO, and O, ligands.
Electronic circular dichroism predictions based on DFT have
been studied for the electronic analysis of porphyrin.so The
goal is to analyze the possible interferences of O, and to
select the adequate technique that allows distinguishing its
presence in contrast to the CO and NO target molecules.
VCD spectra are shown in Fig. 10.

The presence of the stretching Fe-ligand coordination
shows the efficient molecular recognition of the system. Ra-
man spectroscopy presents differences between the experi-
mental data for v (N-O) mode® and the theoretical, 1677
and 1878 cm™!, respectively. Table VI shows the compari-
son of IR, Raman, and VCD signal in the stretching Fe-
ligands and between the atoms of the ligands.

Stretching modes in IR, Raman, and VCD spectra are
easily identifiable for ligand atoms than for Fe-ligand. There

TABLE V. Comparison between the theoretical and experimental IR fre-
quency for stretching (v) and bending (8) modes of ferrous six-coordinate
with carbon monoxide (Fe—CO), nitric oxide (Fe-NO), and dioxygen (O,).

Frequency theoretical Frequency experimental

(em™) (cm™) Reference
v(Fe-CO) 477 472 42
8(Fe-C-0) 578 562 42
v(Fe—=NO) 556 520-525 48 and 49
8(Fe—N-0) 413
v(Fe-0,) 647
S(Fe—0—-0) 453
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FIG. 9. Raman, infrared, and VCD of ferrous porphyrin histidine coordi-
nated with (a) CO, (b) NO, and (c) O,. Horizontal axes represent frequen-
cies in cm™' and for Raman spectrum (upper trace); vertical axes is activity
expressed in (A*/amu). Infrared spectrum (middle trace), vertical axes are
intensities expressed in (km/mol). VCD (bottom trace), vertical axes are the
rotational strength expressed in (10™** esu? cm?). The IR spectrum is moved
up 2500 units and the Raman spectrum 5000 units. VCD signatures are
amplified in two times on the y-axes. The rhombic dots show the stretching
vibrational modes of the ferrous-ligand, and triangle dots represent the
stretching vibrational modes between the atoms of the ligands. Gray regions
show the stretching of Fe-ligands.

is a clear relationship between the IR and Raman signals in
the stretching regions of the ligand atoms; however, the re-
lationship for Fe-ligands is less clear. This difference could
be due to the freedom in motion of the ligand atoms which
cause a strong divergence of the dipole moment; instead the
vibration of ferrous-ligand is weak because of its coordina-
tion with other five ligands.

In the spectrum regions of the Fe-ligand stretching vi-
brations, VCD spectra show identifiable signatures among
the ligands in study (Fig. 9). This result is useful for the
sensing/detection. Analyzing the Fe-ligand stretching region
(around 700 cm™), it is observed for v (Fe—CO) an inactive
signal, while for v (Fe-NO) and v (Fe—0,) an opposite ten-
dency in the rotational strength occurs. Since the circularly
polarized light corresponds to the infrared region, the com-
parison between the peaks of ligand atoms stretching in VCD
spectra corresponds to intense IR bands. This correlation is
lost for CO-FeP-his because its high symmetry causes simi-
lar absorbance of right and left polarized lights.

Figure 10 shows the VCD spectra, which is sensitive to
the symmetry of the ligand field around the transition-metal
ion. When the ligand binds to the 5C complex, a low-lying

J. Chem. Phys. 130, 105101 (2009)
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FIG. 10. VCD spectra of (a) FeP-his, (b) CO-FeP-his, (c) NO-FeP-his, and

(d) O,—FeP-his. Vertical axes are the rotational strengths reported in

10~* esu? cm? and horizontal axes are the frequencies reported in cm™'.

electronic state disappears, and degenerated d orbitals split
according with their symmetry, thus the electric dipole and
magnetic dipole change.

IV. CONCLUSIONS

We show an example of using a biological molecule and
its properties to build a sensor with the ability to detect sev-
eral ligands as it takes place in their natural environment.
Ferrous porphyrin histidine complex (FeP-his) properties are
conserved and its responses to pollutant gases are readily
trapped by the ferrous atom in 5C to 6C coordination; the
ferrous is coordinated to small diatomic gases NO, CO, and
O,. The gas detection is achieved by electrical signals and
complemented with spectroscopic techniques. The difference
in the spin and electrical behaviors of the 5C and 6C is
shown in the current-voltage curve. Among the 6C struc-

TABLE VL. Theoretical harmonic frequencies (cm™'), IR intensities (km/mol), Raman activities (A*/amu), depolarization ratios, dipole strengths
(107* esu? cm?), and rotational strengths (10™** esu? cm?) of the FeP-his coordinated with CO, NO, and O,.

Stretching (v) Frequency IR intensity Raman activity Depolarization ratio Dipole strength Rotational strength
v(Fe-CO) 477 1.93 5.085 0.66 0.79 —0.34
v(Fe—-NO) 556 7.74 30.22 0.21 0.35 42.24
v(Fe-0,) 647 1.10 36.80 0.13 0.24 —161.47
v(C-0) 2128 474.15 236.60 0.56 0.72 12.33
v(N-0) 1868 469.74 144.34 0.64 0.78 —2110.07
v(0-0) 1394 234.25 667.48 0.43 0.60 —1377.80
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tures, CO-FeP-his, NO-FeP-his, and O,—FeP-his yield
structural changes that are observed in the vibration circular
dichroism, infrared, and Raman spectra, making the biosen-
sor suitable to discern atmospheric pollutants and oxygen
interference. The structural angular differences between fer-
rous and diatomic ligands in CO-FeP-his, NO-FeP-his, and
O,—FeP-his complexes are clearly detectable through VCD
spectra, which result susceptible to conformational changes.
The CO-FeP-his shows almost no activity in the VCD spec-
trum because a linear Fe—C—O arrangement. Therefore, this
ligand does not break the symmetry. NO-FeP-his and
0O,—Fe—P-his yield angles of 139.9° and 121.7°, respec-
tively, that break the initial symmetry causing notable signals
in the VCD spectra and perfectly distinguishable between
them.

These structures make a junction with a gold atom in the
orthogonal position with one electrode upward and the other
downward with respect to the porphyrin. However, there are
several places where the thiol group can be attached.
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