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Variety of [Fe, N, O] Isomers. A Theoretical Study
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Stationary points on the potential energy hypersurfaces of triatomic [Fe, N, O] have been systematically
studied using an economic combination of a density functional/Harffeek hybrid method, i.e., the B3LYP
functional and the multireference-averaged quadratic coupled cluster approach. The global minimum is linear
FeNOg@A), which is not adiabatically connected to the neutral ground-state fragments Fe and NO. Side-on
and oxygen-bound isomers have low barriers for rearrangement; however, they might be stabilized because
of ligand effects. Inserted OFet('') is kinetically stable, although it lies considerably higher in energy

than the other isomers. The calculations indicate near-degenerate ground states for all isomers. We discuss
the implications for the reported experimental observations. Furthermore, the findings are rationalized using
valence bond and molecular orbital theories.

Introduction systematic studies are needed to reach a sufficiently realistic
portrait of transition metal compounds in order to be useful for
explaining their physical and chemical properties. The obvious
strength of theory is the rationalization of data on an atomic
basis, which through generalization may lead to predictive
models?10 Additionally, details can be explored, which are
hitherto inaccessible by spectroscopic experimental mefols.

Surprisingly, nitric oxide NO, a highly toxic radical, plays
an essential role in biochemistry; in the context of the regulatory
mechanism of vasorelaxation, its binding to hemoglobin is of
crucial relevancé. Light-induced isomerizations of [FeNO]-
containing complexes, such as sodium nitroprusside, have
received interest because of possible technical applications for In the present baper we renort a svstematic studv of the
information storage systems.Thus, it is not surprising that isomers OF} [Fe Np Op] o redipct the )Ilobal minimumy their
ligand-free FeNO itself has become a subject of basic research. T preci 9 . P
Recently, a matrix infrared (IR) spectroscopy study of the ground_ states, anql corresponding barriers for interconversions
reaction of laser-ablated Fe atoms with some small moleculesggte\/r?sr:gﬁsofpgfﬁrlgaloftnsr:gg egylgirrsuggﬁg'r -(l)—h![ism\?grtli(ofs an
including NO has been publishédThe authors also reported por. : 9 y op

. . : . . we apply an economic B3LYP DFT/HF hybrid approach,
their calculations, using density functional theory (DETOn . :

. . - : which has been repeatedly shown to result in a reasonable
the elusive ternary iron nitride oxide molecule, OFeN, to support

the experimental assignments, which were based on vibrationo.lescr'.ptlon of structures and energ?réé'fff .For.a more quantita-
. . . . - . tive picture and especially for the verification of the energies,
frequencies and isotopic shifts. In passing, we mention gas-

phase studies of the kinetics of excited-state depletion for first- the recently developed internally contraéfan/erag_ed quadratic
- coupled cluster approach (AQC&)a size-consistent exten-

row transition metals by NO. Unfortunately, the results for o of th -k itiref ’ tion int .
iron are not published yet because of experimental difficufties. slonr=otthe wefl-known multireterence configuration Interaction

Nowadays, ab initio theory offers an alternative supplemental method,_ has been applied. In the present system the AQ.CC
approach to’gain insight into such systemslowever, the method is proba_lbly the most complet(_a treatment of (_:orrelat!on
accurate theoretical treatment of open-shell compon,mds still energy yet poss@le. Thls. st.udy gives insight into the Interesting
constitutes a fundamental challenge to state-of-the-art quantumphy":’lcaI pro.p.ertles of .th|s. important system and addmonajly

. . - allows the critical examination of the performance of the applied

chemistry. Itis not only a problem of the high level of theory methods
that has to be applied to reach a qualitative picture but may be '
attributed to the fundamental complexity, when compared to
first- and second-row-element-containing compounds. This is
also reflected in the experimental studies, where the interpreta- Calculations have been performed similarly to those described
tions of the puzzling data constitute a challenge. The causesin the previous paper on FeN. For geometry optimizations
of these problems are rather well understood: (1) many intrinsic we applied the economic B3LYP functiohalwith standard
low-lying open-shell states of the transition metals, (2) very 6-311G* basis sets as implemented in the Gaussian94 pr@§ram.
distinct binding properties of the 4s and 3d electrons, and (3) This level of theory has been shown to result in geometric
low ionization energies. These factors give rise to a manifold structures similar to those from highly correlated molecular
of low-lying states in the molecules concerned. As such, the orbital methods. We did not choose the alternative CASSCF
complexity primarily can be ascribed to near-degeneracy effects,geometry optimizations, since that particular method is consid-
which are still rather challenging with regard to the computa- erably more difficult to use and, furthermore, it tends to
tional costs. Additionally, various unusual binding mechanisms, overestimate bond length in transition metal systems because
which are beyond ordinal chemical terminology, such as bond of the lack of dynamic correlatioft.
order and oxidation state, can give rise to an amazing stability Flexible atomic natural orbital (ANO) basis sets have been
of isomers and states, unexpected at first gl&ndéws, careful applied for the multireference-based single-point calculations
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Figure 1. Calculated structures of [Fe, N, O] isomers and fragments.

using the Molpro94 program packagfe.The metal was de-  Results and Discussion
scribed by Pou-Amerigo’s (21s15p10d6f4g)/[7s6p5d4f2g] basis Inth its for th )
set?® For nitrogen and oxygen we applied Widmark's n the present paper we report results for the states possessing

(14s9p4d3f)/[6s5p3d2f] basis séfsThe 152s2p3s3p(Fe), 152s- doublet to sextet multiplicity of [Fe, N, O]. Numerous isomers,

(O), and 1s2s(N) electrons have been treated as inactive in thenamely, nitrosyl iron FeNO, inserted iron nitride oxide OFeN,

CASSCF calculations. Because of program limitations, the oxygen-bound ISOMErs FeOl\_l,_ and Cy.C“C or S|de-o_n forms, h{ave
; ; . ; - L been characterized. In addition, all interconnecting transition
highest avalence orbital, i.e., a delocalized antibonding in-

plane orbital, was excluded from the active space generated bystructures have been examined. Part af Figure 1 display

: the geometries of these stationary points on the potential energy
the 4s3d(Fe), 2p(0), and 2p(N) valence orbitals. Thus, the .
configuration state functions (CSF, typically 10 000) were hypersurfaces (PES), and Figure 1g shows the fragments. In

ted by filling 15 elect in eiaht and four & orbital Table 1 the corresponding calculated frequencies, relative
created by Miling 1> €lectrons in eight and four & orbrtals. energies with respect to isolated ground-state’®e(@nd
We will note in the discussion when this approximation has NOIT) at the B3LYP level, and refined AQCC single-point
influence on the reliability of the calculations. All CSFs having energies for the low-lying s,tructures are shown. From these

a coefficient larger than 0.05 in the CASSCF were included as ¢5|cyjations we can derive the qualitative adiabatic PESs scheme
reference configurations (ca. 90 CSFs) in the internally con- ghown in Figure 2.

tracted AQCC computations, and all 19 valence electrons have Global Minimum: Nitrosyl Iron FeNO . The ground states
been correlated. This results in typically 4 500 000 contracted of Fe (483cF; 5D) and NO IT) give rise to quartet and sextet
configurations corresponding to about 200 000 000 uncontractedg;,ias for tﬁe unified molecule. However, the calculations
configurations. To warrant proper symmetry, isolated atoms i gicate that the global minimum is nitrogen-bound FeNO in
and molecula_r fragments of degenerate point groups have beeny,o low-spin?A state, which is asymptotically connected to the
calculated using a state-averaged procedure for the correspondss; excited?F state of iron located 20 kcal/mol higher in energy.
ing roots inCy, or Dan, Which has been described in detail ina Thys, the ground-state molecule does not form the expected

preceding publicatiof simple single covalent bond between a quintet Fe atom and
No corrections for relativistic effect8,core-valence correla-  a doublet NOradical, which has quartet multiplicity and a bent

tion, zero-point vibration energy, imperfect basis $étand structure (see below).

incompleteness of the correlation treatrdéhtve been applied. Figure 3 illustrates the molecular orbitals generated from the

When dissociation energies are corrected, these corrections coul@rbitals of the fragments for which the ground-state occupation
sum up to about 10 kcal/mol but are less important for relative is indicated by arrows. At the dissociation limit five electrons
energies. Nevertheless, theoretical studies of transition metaloccupy the 16, 115, and 12 orbital€® constituting of 4s(Fe),
systems seldom reach spectroscopic accuracy and thus th&do(Fe), and ther-bonding orbital of NO. However, the main
reported values should still be regarded as semiquantitative andconfiguration of the FeNGA state is 162 1102 37* 47* 158,
suggestive for the interpretation of the experimental data. Hence, the 12 orbital is not occupied, but we can locate the
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TABLE 1: Relative Energies (E.) with Respect to Isolated crossings on this doublet PES. Actually, the natural bond orbital
Ground-State Fe fD) and NO (Il) and Harmonic population analysis indicates a charge transfer of about 0.5 e,
Frequencies ) of [Fe, N, O] Stationary Points hence pointing to a mixture of neutral and ionic asymptotes.
Erel Erel Additionally, the short bond length of 1.67 A (Figure 1a) and
wlem™ kcal/mol  kcal/mol the linearity of FeNOJA) reflect the multiple-bond character
Structure _ state B3LYP B3LYP AQCC between Fe and N as illustrated above. The calculated harmonic
N-bound A 162,508, 1815 —21 —14 frequencies of the stretching modes are rather high (Table 1),
ig, '1672;" 4161; 1477292 1741 _12 1 consistent with this description. For bending, only one harmonic
e 230: 462: 1708 12 12 frequency is given in Table 1, in line with the Renﬁé'rellt_er
A" 201 367 1571 2 5 theorem, that showed in general fifé and?A”" PESs resulting
6A" 80, 447, 1745 5 -1 from a?A state have equal harmonic force constants.
O-bound  ?A" 97,520, 1430 3 In contrast, for the excite#l1 state the analytical calculation
. ZA,, 128, 351, 1309 6 reveals one imaginary frequency' (emode) and one real
side-on A 459, 474, 1263 22 . . .
4\ 433,512, 1331 2 2 frequency (4 mode) for bending. It implies that one of the
SA’ 345 407, 1308 3 Renner-Teller splitting states is linear and the other is bent
TSrotation 2A' {172,546, 1280 5 and that the berfA’ is lower than the lineafI] state. We did
iA:' i238, 485, 1442 32 not succeed in locating thf&’ minimum; not surprisingly, the
4ﬁ,, :igg' i?é’ g?g 3 B3LYP computgtigns converged to tRA state, which corre-
N i279: 518: 1432 5 sponds to the minimum on the lowest-lyikgy’ and_ZA” F_’ES_S._
inserted 2A' 248, 555, 991 17 30 Here, the single-determinant approach clearly finds its limita-
A" 270, 520, 989 14 16 tions30 A detailed study at the AQCC level would go beyond
‘A" 52,425,711 34 the scope of the present paper.
‘A" 332,818, 952 13 10 . Lo .
N 239: 601: 923 6 29 For quartet spin multiplicity we found low-lying bent FeNO
A" 122 494 982 40 structures?A’ and*A"”. They are easily described by covalent
TSinsertion 2A’'  i482,571, 738 61 70 single bonds (ca. 1.8 A) between the singly occupied sd hybrid
A" 1628, 626, 837 50 61 orbital on the iron center and the singly occupigidorbital on
Zﬁ:, }Zig’ ‘5‘137 ;‘5‘8 ig 45 NO, which has its maximum amplitude on the nitrogen center.
N i715: 528: 814 46 a1 However, th(_ao bond is strongly polarized toward the elec-
A" i564, 506, 812 52 tronegative ligand, and thus, the CT asymptotes also play a

significant role in the quartet states. Consequently, the wave
functions show a very high degree of multireference character.
The bending of about 18@an be rationalized by a balance of
pure covalentr bonding, which should prefer ca. 96r 120
if sp? hybridization on nitrogen is assumed, and the ionic
30,3 3dy%) and NOPIT: 27r%) asymptote. Furthermore, ionic complex having_additional multiple bond character, which is

. 0T ; expected to be linear.
dissociation limits, e.g., Pé€*F; 49 3d,? 3d,? 3d;%) and NO
(3~ 272) states, also match the symmetry requirements, and For sextet I;eNO the electroqs of the ground-state asymptote,
thus, the?A wave function can be stabilized owing to charge F€°D and NOZIL formally rem?n”uncoupl_ed. The rather large
transfer (CT). Although this exit channel is located considerably F&~N distances for théA and°A" FeNO isomers reflect this
higher in energy, for the combined molecule the CT can be character. However, |n.tfﬁ&. state thg bending structure points
rationalized by a simple electrostatic mod&lfaking into toward covalent contributions, which can only result from
account the ionization energy of Fe and the electron affinity of configuration interactions with other low-lying exit channels.
NO and assuming a nonbonding ground-state PES, the Coulomb  The binding energy of the global minimu FeNO relative
attraction of the ions (Ife*'fNO') can overweigh the costs for to ground-state Fe and NO amounts to only 14 kcal/mol at the
charge separation for FNO distances as large as ca. 2.5 A. AQCC level of theory. Bent quartet isomefa” and “A’,
Additionally, in contrast to the ground-state asymptote, the ionic correlated to the ground-state asymptote, are calculated to be
fragments favor a straightforward orbital interaction for FeNO. less stable by 2 kcal/mol. The sextet isomers are higher in
The spatially large 4s(Fe) orbital, which is doubly occupied in €nergy, but®A” is still located just below the dissociation
the ground state of neutral iron, is now free as an accepting Products at this level of theory. To the best of our knowledge,
orbital for charge donation from the NQv orbital, which has o experimental dissociation energy has been reported yet.
strong lone-pair character on nitrogen. The low-lyings10 Nevertheless, the low stabilization energy reflects the unfavor-
bonding orbital shows this composition, and hybridization of able binding properties of the ground-staté ésnfiguration of
4s and 3gd at the iron atom can be observed. The occupied the metal.
110 orbital, the nonbonding sd hybrid orbital on iron, is Results from the B3LYP computations show a reasonable
polarized out of theo axis of the molecule to minimize  qualitative agreement with the AQCC calculations. The largest
electrostatic repulsion. The antibondingol@rbital remains observed deviation is 7 kcal/mol in the case of thestate,
unoccupied. In addition, the fully occupied 4rbitals created and the stabilization for the high-spin states seems to be slightly
by the half-filled F& 3d, orbitals and NO z* orbitals form a underestimated. This follows the general trend of DFT calcula-
pair of covalent FeN z bonds. Finally, there remains one tions as repeatedly discussed in the literair@he calculated
unpaired 3d electron in the iron gf configuration, resulting in frequencies of about 176800 cnt? for the NO stretching
doublet multiplicity. vibrations for the low-lying doublet and quartet isomers are in

Obviously, the pure ionic picture alone is too simple, since line with the experimental assignments of the matrix IR study
we can expect strong mixing with the lower-lying asymptotes, by Andrews et af. Spectra observed in this wavenumber region
e.g., FefF) + NO(AI), that give rise to multiple avoided might indeed indicate the presence of more than one electronic

aFeNO? is a crossing point ofA’ and?A" PESs (see Results
and Discussion).

missing electron in the /8 orbital (8. This particular
configuration can be assigned to the higher-lyingFegs 3d,!
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respectively. The only exception is tlha'" state where we
did not find the anticipated O-bound isomer. All attempts led
to dissociation. Nevertheless, this implies electronic effects,
which we analyze below.

For oxygen-bound FeON a molecular orbital correlation dia-
gram similar to Figure 3 for FeNO can be applied. Some
guantitative differences result from the size of coefficients for
the ono andz* orbitals at the iron-coordinating atom of NO.
For both orbitals the coefficients on O are smaller than on N.
Thus, the orbital interaction with the metal is weaker in the
oxygen-bound molecule than in the nitrogen-bound isomer.
Hence, in the first place the weaker overlap is responsible for
stabilization energies of FeON that are lower than those of FeNO
(Table 1). The overlap can be slightly increased by bending
the molecule, since this symmetry relaxation allows mixing of
ono andz*(NO). The stable O-bound isomerd)’ and*A",
are shown in Figure 1d. The structures imply the usual sp
hybridization for the oxygen atom and a single bond to the metal
(around 1.8 A).

The side-on interaction is quite different, which is shown
schematically in Figure 4. Since both atoms simultaneously
touch the metal, the nodal structures of the orbitals along the
bonding axis of NO become significant for the overlap to the

state (or isomer) in the experiment due to the near-degeneracymetal orbitals. More importantly, the in-plane NO orbitals (a

of 2A, 4A’, and“A". Finally, we note the good agreement of
our calculated FeN distance of 1.67 A for théA low-spin
state with the reported value by Carducci ef dom a
diffraction study of an Fe(CNINO closed-shell complex, which
also has a linear FeNO unit.

Side-on Isomers vs Oxygen-Bound FeONCarducci et af.

components) strongly interact with the metabebitals, whereas
the overlap is less favorable for the out-of-plaHeamponents.
Consequently, the two 3¢Fe) and two & orbitals on NO (out-
of-planesxr andz*) form two bonding molecular orbitals (3a
and 44) and two formally antibonding but rather low-lying
orbitals (54 and 6&). We found that the stable side-on isomers

have shown evidence for a long-living, metastable oxygen-bound have the following main configurations with maximum occupa-
complex in the solid state and even a third isomer, which might tion of these out-of-plan€’aorbitals for the given multiplicity:
be assigned to a side-on conformation. Actually, our geometry 2A" (1542 1642 5d'1), 4A’'(1542 164! 5d' 6d'1), and®A’ (154!

optimizations for bare [Fe, N, O] confirm minima for both types

164! 5d't 6d't 17d%). Obviously, changing the spatial sym-

of isomers (parts c and d of Figure 1). Interestingly, for a given metry, i.e., excitation from 'ainto d, causes the side-on

spin multiplicity, they alternatively appear on the potential

energy hypersurfaces of distinct spatial symmetryaAd A’,

structures to no longer be stable minima but transition structures
(Figure 1b) leading to the end-on O-bound arrangements. A
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= « configurations were observédln the matrix IR experiments,
a e Andrews et al. found weak red-shifted signals in the area of
our computed frequencies-(300 cnt?), but they interpreted
them as NO anions weakly interacting with F&¢ The NO~
QN anion is known to absorb in this frequency radgeConse-
quently, the low-frequency signals could be explained by a
N . reduced NO bond strength accompanying CT tostherbital.
5a" \ However, we did not find indications of a higher degree of CT
b o neither for the side-on nor the O-bound isomers when compared
with end-on FeNC?A. Rather, the low frequencies can be
explained solely by the bonding to the metal. Hence, with the
assumption that matrix effects stabilize these isomers, they offer
an alternative explanation for the observed signals.

Y. Insertion Product: The Elusive OFeN Isomer. We also

‘L calculated the recently detected inserted OFeN molécite.
Figure 1f the optimized geometries for the states are shown.
The Fe-N and Fe-O bonds in the two lowest-lying isomers,
4A" and2A”, are as short as 1.6 A. This bond length is typical

14a" =%, <\ also for the binary species shown in Figure 1g. For the higher

states {A’, 4A’, A", and®A’") the distances increase gradually

up to 1.9 A, reflecting weaker bonding in the underlying electron

63"

163’

43"
15a' )

o OO
) S configurations. The calculated frequencies for the loviast
138" GO < ) state (N-Fe stretch, 952 cn#; Fe—O stretch, 818 crmt) show
good agreement with the experimental assigned values of 971
124 oo ‘*53\ and 796 c_rr_11. Reliable calculations of frequencies in open-
- AN shell transition metal compounds, however, are not as straight-

Figure 4. Qualitative molecular orbitals for side-on FeNO. The left forward as for molecules of first- and second-row atoms, and

Igu . ualitativ u | de- . : . .

column shows the in-plane orbitals and the right column the out-of- the very good Confqrmlty mlg_ht be accidental.

plane orbitals. Hence, to ascertain our assignment of the ground state of the
inserted isomer and to explain the relative stability of the states,

simple explanation for this fact might be that the system relaxes the orbital interactions of the three atoms are examined. Similar
by opening the cyclic structure in order to diminish the greater symmetry considerations as for the side-on isomers were

electron-electron repulsion in the in-plane non- or antibonding assumed (Figure 4). However, the ordering and shape of the
orbitals. molecular orbitals differ considerably, since they stem from the

Stability of Side-on and Oxygen-Bound Isomers As interaction of the metal with separated atomic O and N. The
shown in Table 1 and Figure 2, all states of the side-on structuresorbitals are quite complex in shape; i.e., strong mixing of all a
and the oxygen-bound end-6A" isomer are computed to lie ~ and & orbitals, respectively, can be observed. Nevertheless,
in the energy range of their asymptotic exit channels, which We try to present a sound but very simplified description. The
indicates overall rather unfavorable interactions. In addition, bending of around 120mplies s hybridization on the metal.
barriers for direct dissociation can generally be expected as veryTWo0 iron hybrid orbitals are pointing toward oxygen and
small (about a few kcal/mol), and thus, these states might not hitrogen, respectively, approaching from theirection in the
be observable in a finite temperature experiment. Only O-bound Xy plane, and the third is pointing in the opposite direction. We
FeONZ2A' is considerably more stabilized and located near the begin with the two low-lying amolecular orbitals (12aand
ground-state asymptote to which the dissociation is not spin- 13d) representing twa bonds formed by interactions of one
allowed. However, spinorbit coupling will permit a slow  iron s& hybrid orbital, anl a p orbital on N or O pointing to
transition to this high-spin PES. the iron center (mixture ofgand ). Additionally, we have

Furthermore, for the kinetic stability also the barriers for two in-plane, morer-type bonding aorbitals (14aand 15§
rotation of the NO ligand leading to the lower-lying N-bound created from the iron,el,2 orbital and the nitrogen or oxygen
isomers are decisive. The optimized transition structures dis- P orbitals orthogonal to the two bonds. Furthermore, there
played in Figure 1b have the expected structural features (the@re two out-of-planer-bonding & orbitals (3& and 4&) from
left side of Figure 2 shows the correlation between these TSsthe in-phase interactions of the irop,@nd dy orbitals with
and the isomers). For all energetically lower-lying isomers, PAO) and p(N). These orbitals will be filled first, and the three
including2A’ FeON, the computations reveal only small barriers remaining electrons will first occupy the third nonbonding sd
of about 2 kcal/mol for rotations to the more stable FeNO hybrid orbital on Fe (163 and the following low-lying
structures. Only the more energy-demandiAg TS for the antibondingz* orbitals, in-plane (173 and out-of-plane (39.
side-on isomer might be high enough to prevent this kind of The high-spin-coupled 16a5d'* 174d* configuration corre-
rearrangement, but as discussed above, this state is not veryponds to the lowest computéd"” state.
stable with respect to dissociation. Thus, one could expect Possible configurations of the alternative quartet stateare
that none of these isomers are very likely to be trapped less advantageous, since their prerequisite is occupation of two
experimentally. ar* orbitals having the same symmetry. For the doublet states,

However, matrix and ligand effects might considerably one of the antibonding electrons in 17ar 5d' can be placed
stabilize the low-spin PESs and, hence, side-on and oxygen-into the lower-lying iron sé hybrid orbital (168, leading to
bound isomer$® This has been shown in the diffraction studies 2A’ or 2A” symmetry. However, according to our calculations,
of photoexcited NgFe(CN)NO]-H,O crystals where all three  for both states the loss of exchange energy slightly overcom-
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pensates this kind of stabilization, and the states are slightly ally, we found oxygen-bound and side-on isomers, which have
higher in energy than th#A" state. Finally, for sextet states not been considered in a previous regoRurthermore, the
excitations out of the bonding orbitals are necessary and calculations indicate near-degenerate ground states for the
obviously the exchange energy gain is not sufficient to stabilize isomers. We discussed the implications for the interpretation
these unfavorable situations. Thus, the lowest calculated quartebf the available experimental data. To go beyond that, simple
state®A"” represents the configuration with maximum occupation MO and VB considerations have been used to understand the
of bonding orbitals and maximal high-spin-coupled electrons physical properties. Finally, we note that along the lowest ener-
in the non- or antibonding space and it is plausible that this is gy paths for the discussed isomerizations some curve crossings
the ground state. occur, which may have hardly predictable consequences for the
Stability of OFeN. For the OFeN isomer the B3LYP and unknown kinetic and dynamic aspects of the reaction of iron
AQCC calculations show a qualitative agreement of the relative with NO. We hope that our complementary study is helpful
energies. We observe the largest deviation between both leveldor forthcoming experiments.
(3A": AE = 13 kcal/mol). However, we note that in these cases
the AQCC calculations are slightly less reliable than for the ~ Acknowledgment. A postdoctoral fellowship of the Japanese
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