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Adsorption of diatomic molecules on iron tape-porphyrin: A comparative study
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We investigated the adsorption of diatomic molecules, CO, NO, and O,, denoted by XO on iron tape-
porphyrin (FeTP) using first-principles calculations based on density functional theory. In this work, we present
the structure and electronic properties of iron tape-porphyrin and its complexes with CO, NO, and O,. The
binding of such diatomic molecules to FeTP gave rise to significant changes on both the geometric structure
and electronic properties of FeTP. We found that in all FeTP complexes with diatomic molecules, the Fe atom
moves out of the porphyrin plane toward the adsorbed molecule. The energy of the iron-diatomic molecule
bond increases in the order of Fe-O, (0.554 eV) <Fe-CO (1.225 eV) <Fe-NO (1.719 eV). At its stable posi-
tion, the Fe-X-O angle increases in the order of Fe-C-O>Fe-N-O>Fe-O-O. The changes in geometric
structure are in accordance with other density functional theory calculations and experimental results for
porphyrin molecule. As regards the electronic properties, there appears an energy gap between the conduction
band and valence band in CO-adsorbed and NO-adsorbed cases with a more pronounced energy gap in the
former, while none was observed in the O,-adsorbed case. We attribute these changes in electronic properties
to the strong interaction involving the d orbitals of the Fe atom and the 7* orbitals of diatomic molecules.
Specifically, for the CO and NO adsorbed on FeTP cases, the change in electronic properties is attributed to the
strong hybridization of d,, and d,, orbitals of the Fe atom and 7* orbitals. For O, adsorbed on FeTP, the
hybridization of the d2 orbital of the Fe atom and #* orbitals plays the key role in O,—iron tape-porphyrin

interaction.

DOI: 10.1103/PhysRevB.77.195307

I. INTRODUCTION

Since the Aviram and Ratner’s pioneering paper, suggest-
ing that molecules could perform the functions of semicon-
ductor electronics,' there have been ample demonstrations
that molecules can function as wires, rectifiers, memories,
and switches.” To date, plenty of organic functional mol-
ecules have been synthesized. Along with this, recent ad-
vances in the fabrication technique of substrates, including
metal electrodes, make it possible to realize molecular elec-
tronic devices.

Among the various types of functional molecules, the mo-
lecular wires have been extensively investigated both theo-
retically and experimentally. Most of the molecular wires are
oligomers, whose structural units are composed of a few
building blocks, such as thiophene, ethynylene, porphyrin,
and so on.? The porphyrin is one of the building blocks from
which several types of differently conjugated porphyrin mo-
lecular wires have been prepared.* In particular, tape-shaped
porphyrin molecules (or tape-porphyrin), where the adjacent
building blocks (referred to as porphyrin macrocycles) are
linked via three conjugating C-C bonds (see Fig. 1), have
attracted much attention due to their extremely small highest
occupied molecular orbital-lowest unoccupied molecular or-
bital (HOMO-LUMO) energy gaps.* Therefore, the tape-
porphyrin molecules are expected to be useful as good con-
ducting molecular wires. In fact, the porphyrin wires are
considered to be useful as parts in molecular devices, but
there have been very few studies dealing with the detailed
electronic properties of these molecules and on the interac-
tion between wires and other complexes. To date, only Zn
tape-porphyrin has been synthesized so far.>~” However, it is
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well known that a porphyrin ring can coordinate with many
metal atoms such as Fe, Ni, Pt, etc.,}'” more especially with
Fe.

An iron porphyrin molecule is a large heterocycle organic
ring of heme group in the hemoglobin complex. It not only
plays a fundamental role in carrying O, in blood but it also
interacts with CO and NO to form the basis of many biologi-
cal processes. There have been some previous studies on the
geometric structure and electronic structure of iron porphyrin
and its complexes with diatomic molecules.'"'> On the other
hand, there have been many studies on applications of iron
porphyrin as catalyst in polymer electrolyte fuel
cells.!3-1527.28 However, in these studies, the authors have
focused only on the iron porphyrin molecule and its com-
plexes with diatomic molecules. In order to fully understand
porphyrin systems and to find out other applications of such
porphyrin complexes, we think that it is necessary to extend
the study on both the geometric and electronic structures of

FIG. 1. (Color online) Top view of iron tape-porphyrin. The
macrocycle unit, which links to others by three conjugating C-C
bonds, is shown between two broken lines. The Fe atom is at the
center of the macrocycle. Four atoms that connected to the Fe atom
are N atoms. Hydrogen atoms lie on the edge of the tape along the
x-axis direction.
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FIG. 2. (Color online) Band structures of (a) majority-spin and (b)
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minority-spin electrons for Fe tape-porphyrin. Isosurface plots denote

the electron charge density distribution of the conduction band and valence band near the Fermi level. The Fermi level is set to origin. The

charge density is displayed at 0.03 e/A3 isosurface value.

porphyrin complexes and conjugated porphyrin (sheet shape,
T shape, tape shape, etc.) complexes. The interactions be-
tween the CO molecule and iron tape-porphyrin have been
investigated by our group.'® In that study, the electronic
properties of iron porphyrin, iron tape-porphyrin, and its
complex with CO were considered. In this present work, we
show a detailed theoretical study on both the geometric
structure and electronic properties of the iron tape-porphyrin
and its complexes with CO, NO, and O,. The comparison
between three complexes (FeTP-NO, FeTP-CO, and
FeTP-0,) also are taken into account. Here, we discuss the
optimized geometric structures, band structures, and changes
in electronic structures of iron tape-porphyrin (FeTP) before
and after binding to diatomic molecules.

II. CALCULATION METHOD

All calculations were performed within the density func-
tional theory (DFT) framework by using the spin-polarized
version of the Vienna ab initio simulation package
(vASP).!”-!® Nonlocal correction in the form of the general-
ized gradient approximation'® was included for the
exchange-correlation function. The calculations used the pro-
jector augmented wave?® potential to describe the electron-
ion interaction. A grid of 30X 1 X 1 Monkhorst—Pack special
k points is used,?! which was found to sufficiently account
for the Brillouin-zone integration. With such setting of
k-point grid, we imply that the tape-porphyrin can be consid-
ered as a molecular wire. In order to avoid interactions be-
tween the tape-porphyrin in the cell with those in the neigh-
boring cells, we introduce a vacuum region of about 8.00 A
for the y-axis and z-axis directions. Here, the tape lies along
the x-axis direction, as shown in Fig. 1. The length of 8.00 A
is also the initial value for a cubic unit cell, which is used for
relaxed calculations. In addition, full structure optimization

was done by relaxing all atoms to within a force tolerance of
0.05 eV/A. This was done first along with the electronic
structure analyses of FeTP before the detailed investigation
of diatomic molecules binding on FeTP was conducted. As a
result, we determined an 8.36 A cell length along the x axis.
This value was used for later calculations to speed up the
convergence. For partial electron charge density (or band de-
composed charge density), we calculated charge distribution
in some electronic bands that clearly show bonding and an-
tibonding states of diatomic molecule and FeTP at I" point in
Brillouin zone. Since the partial charge density can be calcu-
lated from a preconverged wave function, therefore, we first
ran a static calculation with full k points, as mentioned be-
fore for the system from which the partial charge density is
determined. Then, the parameters to determine which par-
ticular band is considered and which k points to use are set.

III. RESULTS AND DISCUSSIONS

The electronic band structures of FeTP are shown in Figs.
2(a) and 2(b) for majority-spin and minority-spin electrons,
respectively. It is clear that in the majority-spin electron
band, the band line crosses the Fermi level, suggesting a
metallic property of FeTP. This implies that FeTP can be
considered for conducting molecular wire applications. Also
in Figs. 2(a) and 2(b), the charge density distributions on the
energy bands near the Fermi level are shown. We note a high
dispersion on these bands, which is caused by the high
charge density distribution on the d,, orbital of the Fe atom
and the p, orbital of the meso-C and B-C atoms, more espe-
cially on meso-C atoms. The high charge density on the
meso-C and B-C atoms also contributes to the formation of
the bonds between the porphyrin macrocycles. By keeping
most of the parameters and setting of the initial configuration
for Fe spins in ferromagnetic and antiferromagnetic states,
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FIG. 3. (Color online) (a) Top view and side view of five initial

adsorption sites of XO on FeTP and the structure for (b) CO-, (c)
NO-, and (d) O,-adsorbed Fe tape-porphyrin after relaxing.
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we found that both resulted in a ferromagnetic state after
relaxing the geometric structure. The total magnetic moment
of the FeTP is 2.02up per one porphyrin macrocycle. The
local magnetic moment of Fe atom per one unit cell is
2.12up. This value is smaller than that of isolated Fe atom
(4 up) because a part of this magnetization is canceled by the
delocalization of the electron density in the tape-porphyrin
structure. The calculations on the band structure and mag-
netic moment of tape-porphyrin are in good agreement with
that of the previous study.'® Also, the local magnetic moment
of Fe atom changes upon adsorption of diatomic molecules.
We found that the local magnetic moment of Fe atom is
reduced, as compared to that of the Fe atom in FeTP
(2.12up). The Fe local magnetic moment is reduced to
0.87up and 0.90up in FeTP-NO and in FeTP-O,, respec-
tively. The Fe local magnetic moment in FeTP-CO, however,
hardly changed, which may explain why its spin polarization
disappeared.

Next, we discuss in detail the geometric structure and
electronic structure of FeTP-XO. For the structure optimiza-
tion of XO adsorbed on FeTP, we set some initial adsorption
sites on top of FeTP, as shown in Fig. 3(a), to obtain the most
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FIG. 4. The mechanism of forming the bent structure when the
diatomic molecules bind to the iron tape-porphyrin. Here, d,. im-
plies d,, or d,,. For the NO case, the first process (d2+7*) is
shown. However, in the case of O,, both processes are included.
This is the main factor that leads to the differences in the Fe-X-O
angle.
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FIG. 5. (Color online) The partial (band decomposed) charge
density at I" point in the Brillouin zone of (a) FeTP-CO, (b) FeTP-
NO, and (¢) FeTP-O,, which describe the hybridization between d
orbitals and 7* orbitals. The charge density is displayed at
0.025 e/ A3 isosurface value by VASP Data Viewer program.2

stable FeTP-XO geometric configuration. The optimized
structures of FeTP-XO complexes in one unit cell after re-
laxing are described in Fig. 3(b). We found that the porphy-
rin macrocycles are domed in the space with ~0.2-0.3 A
deviation of Fe out of the porphyrin plane. The adsorp-
tion energies (E,q,) for three molecules relative to the iron
tape-porphyrin and isolated gas molecule increase in
the order of FeTP-O, (0.554 ¢V) <FeTP-CO (1.225 V)
<FeTP-NO (1.719 eV). This trend in binding is consistent
with that reported in Ref. 11 for iron porphyrin using Car—

TABLE I. Comparison of the optimized structure of this work
with some theoretical (DFT) and experimental results. Note that the
complexes, which are investigated in these studies, are iron porphy-
rin molecules.

Fe-X X-0

Structure (A) (A) X Fe-X-O
FeTP-CO  This work  1.70 1.17 180°
FeP-CO DFT calc.*  1.69 1.17 180°

Expt.° 1772 1122 179*2°
FeTP-NO  This work  1.69 1.19 148°
FeP-NO DFT calc.*  1.69 1.19 150°

Expt.d 17241 1.12*=1  149=*1°
FeTP-O,  This work  1.78 1.28 122°
FeP-0, DFT calc.*  1.74 1.28 123°

Expt.® 1752  1.16*=4  131*2°

4Reference 22.
bReference 23.
‘Reference 24.
dReference 25.
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FIG. 6. (Color online) Band structure of (a) majority-spin and (b) minority-spin electrons for Fe tape-porphyrin with CO adsorbed.
Isosurface plots denote the electron charge density distribution of the conduction band and valence band near the Fermi level. The Fermi
level was set to origin. The charge density is displayed at 0.03 ¢/A? isosurface value.

Parrinello molecular dynamics. The X-O bonds increase for
all CO, NO, and O, cases, but the change in their bond
lengths is minimal (0.03 A for CO, 0.02 A for NO, and
0.05 A for O,). Such stretches in bond lengths cannot break
the X-O bonds. Therefore, it is difficult to dissociate XO
molecules at the stable sites [here, we obtain end-on configu-
ration for all structures, as shown in Figs. 3(b)-3(d)]. The
direction of Fe-X bond is perpendicular to the porphyrin
plane. The projections of X-O bonds lie along the bisector of
N-Fe-N angle (nitrogen atoms of macrocycle). The Fe-X-O
angle decreases in the order of Fe-C-O >Fe-N-O >Fe-0-0,
the values of which are Fe-C-O=180°, Fe-N-O=148°, and
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Fe-O-O=122°. This is taken to be due to the increase in
nuclear charge from C to N to O, which lowers the 7* orbital
energies of the XO molecules in the same order. Such differ-
ences in energy led to the differences in orbital hybridization
of 7™ orbitals of XO and d orbitals of Fe. For the FeTP-CO,
the hybridization between the 7* orbital of CO molecule and
d,,, d,, orbitals of Fe atom is noted. These interactions cause
the linear structure of Fe-C-O. In addition, we also observe
the hybridization between the d orbital of Fe and the o
orbital of CO. However, we think that this kind of interaction
does not deform the linear structure of Fe-C-O, as shown in
terms of the partial charge density at I' point in the Brillouin
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FIG. 7. (Color online) Band structures of (a) majority-spin and (b) minority-spin electrons for Fe tape-porphyrin with NO adsorbed.
Isosurface plots denote the electron charge density distribution of the conduction band and valence band near the Fermi level. The Fermi
level was set to origin. The charge density is displayed at 0.03 e/A? isosurface value.
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zone on FeTP-CO in Fig. 5(a), where we can clearly see the
partial charge density distribution on bonding orbitals of d,,
d,, with 7* and antibonding orbitals of d2 and o. The hy-
bridizations are completely symmetric following the z axis.
Thus, it is difficult for CO to attain a bent structure. For
FeTP-NO and FeTP-0,, since the 7* orbitals are filled with
one and two electrons, respectively, we expect a hybridiza-
tion between 7 orbitals and the d2 orbital of Fe atom,
which leads to a bent structure of Fe-N-O and Fe-O-O but
with Fe-N-O angle (148°) greater than the Fe-O-O angle
(122°). The differences in the bond angles can be explained
in terms of the formation of bonding and antibonding be-
tween the o* orbital of O, molecule (LUMO) and the d,,
orbital of Fe atom. For NO adsorbed in the FeTP case, the
HOMOs (7* orbitals) are not completely filled. Therefore,
such hybridization (o with d) seems to be more difficult to
occur for the NO adsorbed on FeTP than for the O, adsorbed
on FeTP. The mechanism of these hybridizations is shown in
Fig. 4. Here, we illustrated the interaction of the d» with 7*
and d,, with ¢* (d, is denoted for d,, and d,, orbitals). For
FeTP-NO, only the first process, which corresponds to the
hybridization of the d orbital and 7* orbital, is included

[Fig. 4(a)]. The results of orbital hybridization are shown in
terms of the partial charge density at I' point in the Brillouin
zone in Figs. 5(b) and 5(c). In these figures, the charge den-
sity on d2 and 7* are clear. Also, the partial charge density
distribution can be clearly seen on the bonding orbital of d,,
and 7" in the case of FeTP-NO, which we think significantly
contributes to the greater Fe-N-O angle.

In Table I, we compare the results on the geometric struc-
ture of this work with some previous studies. The changes in
geometric structure are in good agreement with other DFT
calculations for porphyrin molecule?? and with experimental
results,”>2 especially for FeTP-CO and FeTP-NO. For
FeTP-O,, our computational results for the O-O bond length
and Fe-O-O angle are in good agreement with the DFT
calculation?? but at a little variance with the experimental
results. The discrepancy might be due to the fact that the
FeTP molecule (on which the experiments are based) con-
tains four phenyl side groups. These phenyl groups interact
with O, (van der Waals force) resulting to the difference
between DFT calculations and experiment. Here, we empha-
size that so far, no previous studies on the geometric struc-
ture for diatomic molecules adsorbed on iron tape-porphyrin
were done. It is interesting to note, however, that the results
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FIG. 9. (Color online) Band structures of (a) majority-spin and (b) minority-spin electrons for Fe tape-porphyrin with O, adsorbed.
Isosurface plots denote the electron charge density distribution of the conduction band and valence band near the Fermi level. The Fermi

level was set to origin. The charge density is displayed at 0.03 /A3

regarding the geometry of our work agree well with the DFT
study on iron porphyrin in Ref. 22. We think that at the
adsorption site, where diatomic molecules are directly on top
of Fe atoms, the diatomic molecules insignificantly interact
with one of the adjacent unit cells. Also, the bonds of meso-
meso-carbon and B-f carbon do not induce considerable ef-
fects on diatomic molecules.

As mentioned previously, the iron tape-porphyrin has a
conductive property, which is due to the high charge density
distribution on p, orbitals of meso-C atoms and on the d,,
orbital of the Fe atom. For the CO adsorbed on FeTP, a
hybridization of the o orbital of CO with the d,2 orbital of Fe
is observed, as well as a more effective 7r-back bonding (the
hybridization of the d, orbitals and 7* orbitals of CO),'® as
shown in Fig. 5(a). The d,, and d,, orbitals of the Fe atom,
which correspond to the bands that cross the Fermi level in
the case of FeTP, split into bonding and antibonding orbitals.
This leads to an increase in the band energy gap between
HOMO and LUMO, inducing the metal-insulator transition,
as shown in Fig. 6. In the case of NO adsorbed on FeTP, we
also get the transition from metallic to insulating because of
the hybridization between d,, and d,, orbitals of the Fe atom
and 7* orbitals of the NO molecule. However, the band en-
ergy gap in this case is small compared to that of CO ad-
sorbed on FeTP. As previously discussed, because of the dif-
ference in molecular orbital energy, the 7* orbitals of NO
molecule also hybridize with the d,2 orbital of the Fe atom,
and so we can see the charge density distribution of d,2 or-
bital on the band energy near the Fermi level (Fig. 7). More-
over, the difference in orbital energy leads to the overlapping
of 7* with d,, and d,,, which is somewhat different when
compared to the CO-adsorbed case. These are taken to be the
factors why we get a small energy gap in NO adsorbed on
FeTP. We think that such argument above can also be applied
for the last case, which is O, adsorbed on FeTP. As shown in
Fig. 8, the DOS peak of d,, and d,, orbitals slightly changes.

isosurface value.

The main change is observed for the d orbital. As men-
tioned, the high charge density distribution on d,, and d,,
orbitals is one of the factors that cause the metallic property
of FeTP. Therefore, the binding of O, to FeTP does not dras-
tically affect the electronic properties of FeTP. As illustrated
in Fig. 9(b), no significant change in electronic properties of
FeTP was observed when it coordinates with the O, mol-
ecule.

IV. CONCLUSIONS

In conclusion, we have used the DFT method to investi-
gate structural and electronic properties of the iron tape-
porphyrin and its interaction with CO, NO, and O,. We
found that the FeTP is metallic, and the adsorption of di-
atomic molecules on the FeTP induces significant changes in
the geometric structure and the electronic properties of
FeTP-XO complex. In the CO-adsorbed and NO-adsorbed
cases, we note a metal-insulator transition; however, for the
0O,-adsorbed case, no such change was observed. This is due
to the difference in 7* orbital energies of diatomic mol-
ecules. In CO-adsorbed and NO-adsorbed cases, the elec-
tronic phase transitions are caused by the strong interaction
between d,. and d, orbitals of the Fe atom and #* orbitals.
In O, adsorbed on FeTP, the hybridization of d2 and =*
orbitals is considered as the main factor in the O,-Fe inter-
action. The results of this work have shown potential in iron
tape-porphyrin for molecular device applications—either as
sensor or switch for detecting CO and NO.
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