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Abstract: Reactions of laser-ablated Fe atoms andlecules in argon condensing on a 10 K surface have produced
sharp infrared absorptions at 1204.5, 945.6, and 7971 ¢hat are identified as FeOO and OFeO, respectively,
through the use of isotopic substitution and DFT structure and isotopic frequency calculations. Annealing to 30 and
50 K produced a strong 956.0-cthband, which is due to cyclic Fe@ visible photolysis destroyed the 1204.5-

cm~1 FeOO band, but it was regenerated on annealing. Formation of the more stable dioxo insertion product OFeO
requires activation energy whereas the superoxo and peroxo addition products FeOO ahddret@ formed on
diffusion of cold reagents in solid argon. The FeOO spectrum observed and calculated here compares favorably
with those reported for oxyhemoproteins, which provides further support for th€©F© binding geometry in

these biologically important metalloproteins.

Introduction Ni(O2) where the degree of charge transfer is an important
guestiont>~17
Ground state iron atoms are unreactive with i@ the gas
phase near room temperature presumably because of the need
for third-body collisions to remove the reaction exothermicity.
matricest-3 in the gas phadeb and by theoretical calculatiofis® However, e_lectronically excited ir_on atoms are expected to be
more reactive and perhaps required to form the (more stable)

the initial reaction mechanisms and product identities and high dati wate di duct OFeO. R i i
structures are far from understood. The straightforward products. Igher oxidation state dioxo proguc €v. recent matrix

. - lation experiments with pulsed-laser ablated Be, Mg, Ca, B,
FeOO, open OFe0, and cyclic Fe]@ave all been considerét? IS0 .
The superoxo FeOO species is a simple and important modeIAl’ Ga, Ti, Zr, and HT atoms have shpwn_ that many of the
compound for the binding of dioxygen in hemoprotein& The ablated atoms contain the excess kinetic/electronic energy

dioxo OFeO species is analogous to OTiO and is of structural lrequiregltot a(;:t'i;/ atetinsertion reactio:ﬁ;éj?’l%; rgence, de|S.ed'
interest as a member of the transition metal dioxide OMQ '2S€r ablated e aloms were reacted withia condensing

seriesi®!4 Finally, the peroxo Fe(§) molecule is related to /90N stream, and DFT calculations were done to identify the

other side-bound dioxygen species such as $)i(Oa(Q), and primary product molecgles, structures, and spectra, and to
yg P BHiGa(Q) understand the mechanism of this important reaction.

Iron may be the most significant metal in materials, chemistry
and biology, and the reaction of iron and oxygen is certainly of
great practical importance. While the simple and fundamental
reaction atomic Fe- molecular Q has been examined in argon
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Table 1. Isotopic Frequencies (cr) Observed for Iron Oxide
Species in Solid Argon

085 130Fe 130 Fe(1%0y) R(*¢0/

] Fel80180 N / 150, 180, 16,180, 1%0) anned assignment
e 14965 1424.8 1.0503 ++ (v + )
] Fe(Q)

0.55{ 1494.6  1423.1 1457 1.0502 site
1 1204.5 1137.6 1204.5,1173.0, 1.0588 + FeOO

| 1170.4,1137.6
956.0 906.7 956.0,931.2,906.7 1.0544++ v Fe(Qy)
M\ 957.7 908.2 957.7,933.1,908.2 1.0545 site
945.8 911.2 945.8,930.9,911.2 1.0380- (v3) O°FeO

. 951.8  917.4 951.8,936.7,917.4 1.0375-  (vs) OFeO
b LA\*\\ 872.8 8345 872.8,834.5 1.0459—  FeO
: 876.2  838.2 876.2, 838.2 1.0453—  5FeO
‘ 797.1  754.8 797.1,773.7,754.8 1.0560-  (vi) OFeO
. 661.5sh 632.8 661.6,639.5, 10454 0  OFeFeO
n 632.8, 681.1
. N 660.6  631.9 660.6,638.7, 10454 0  OFeFeO

o o 631.9, 680.3

o0 548.4 5248 1.0450 ++ () Fe(Q)
547.3  523.9 1.0447

517.4  494.8 517.4,508.1,494.8 1.0457-  (vs) (FeO)

a Annealing behavior up to 50 K.

Table 2. Isotopic Frequencies (cr) Calculated for the Ground
State OFeO, Fe(fp and FeOO Structural Isomers Using the

% B3LYP Functional

005 Fe0O OFeO 16—16 16-18 18-18

OF0 o OFeC 958.3 (919 945.7 9223

, ‘ T T ‘ B, 891.3 (25) 862.4 844.2

1200 1100 1000 900 800 194.3 (29) 190.4 186.4

Wavenumbers (cm-1) Fe(Q)° 842.9 (132) 821.8 799.7

5A 509.7 (3 499.7 488.2

Figure 1. Infrared spectra in the 1240740 cn1? region for pulsed- ! 462.1 Ezg 449 1 438.0
laser ablated Fe atoms codeposited with 1% i® argon during FeOO 1159.8 (185) 1128.2, 1126.0 1093.3
condensation at 10 K: Y& h deposition withté0,, (b) after 30 min 37" 472.7 (21) 453.3,471.5 452.2
glower photolysis withh > 630 nm filter, (c) after annealing to 40 K 134.7 (2) 132.4,130.4 128.3

with source blocked, (2 h deposition witH¢1%,, (e) 3 h deposition
with 180,, (f) after 30 min glower photolysis, and (g) after annealing F
to 30 K with source blocked.

aGeometry: FeO =1.582 A,0—Fe—0 = 141.5. » Geometry:
e~0=1.812 A, 0-0 = 1.491 A.c Geometry: Fe-O = 1.869 A,
0—0=1.306 A,JFe-0—0 = 114.8. dInfrared intensities (km/mol).

bands are noted at 1204.5 (labeled FeOO), 945.8, and 797.1
(labeled OFeQ), and 872.8 ci(labeled FeO¥2 additional

6 .
bands at 660.6 and 517.4 chare due to F¢D, isomers as of Wachters?® the s and p spaces are contracted using the

number 3, while the d space is contracted (311). Two diffuse

will be di_scus_sed in an ar?a'VS‘s of all of the observed béfids. p functions are added to describe the 4p orbital which are the
Photolysis (Figure 1b) using the glower source arid-a 630 functions of Wachters multiplied by 1.5; diffuse s and p

nm pass filter almost destroyed the 1204.5 érband and functions 6(s) = 0.013963 anda(p) = 0.02092) the d
slightly increased a weak 956.0 cirband with little effect on function?’ a%fd)an f pélarization funct(ilg)ru(z 1:339) a?é added.
the other absorptions. Annealing to 50 K (Figure 1c) regener- The O basis set 6-3#1G(2df) was employe@ Geometries

ated part of the 1204.5 crh band, produced a strong 956.0 were optimized and harmonic frequencies were computed using

cm! band and other absorptions for higher oxides, and P, ; .
" ! " the “finegrid” option in Gaussian 92/DF%;results are sum-
decreased the 945.8 and 797.1 ¢nbands. Reaction with marized in Table 2. The OFeO cations and anions were also

6.1 . o ) . .
scram.bled .602 (Figure 1d) gave significant |sotop|c multlplet§ calculated, but no convincing evidence was found for these ions.
that will be discussed for each molecule below. Finally, reaction The sharp 945.8 and 797 1 cirband intai tant
with 180, gave a displaced product spectrum (Figure 1e) and 111 € IS t{irp_ i ) _tan_ : 28 ands matln aw&a constan f
important diagnostic 16/18 ratios that are listed in Table 1. | refative in %nsu y In over (tex;i_erlmeréstﬁnb erda ranhgg.tod
Exposure of the 10 K sample to the Nicolet 750 infrared source a_S(lar pogvers an oxyghen concsln c:a' lons. Both ban _sgx foite
(Figure 1f) destroyed the 1137.6 cincounterpart band, but :\r,:lp et a.s?rpilons wit fcran_wrhe rllsotoglé:loé(y%(:n ”t1 lllptatlng
annealing to 30 K (Figure 1dh the darkregenerated the band 0 equraient oxygen atoms 1he sharp -0 Cim Satellite
band intensity is appropriate for tiéFe in natural abundance

and produced a strong 906.7 chabsorption. . L ) .
Density functional theory (DFT) calculations were performed and it denotes the participation osingle iron atom The 16/

on the three i_som(ZeSrs _OFeO, FQI(_)ind FeOO using the h_ybrid (26) Wachters, A. J. HJ. Chem. Phys197Q 52, 1033,
B3LYP functional? triplet and quintet states were considered. (27) Hay, P. JJ. Chem. Physl977, 66, 4377.
The Fe basis set is a [8s 4p 3d] contraction of the primitive set 32((5%38) Frisch, M. J.; Pople, J. A.; Binkley, J. $.Chem. Phys1984 80,

(23) Green, D. W.; Reedy, G. D. Mol. Spectrosc1979 78, 257 and (29) Gaussian 92/DFT, Revision G.2, Frisch, M. J.; Trucks, G. W.;
references therein. Schlegel, H. B.; Gill, P. M. W.; Johnson, B. G.; Wong; M. W.; Foresman,

(24) Chertihin, G. V.; Saffel, W.; Yustein, J. T.; Andrews, L.; Neurock, J. B.; Robb, M. A.; Head-Gordon, M.; Replogle, E. S.; Gomperts, R.;
M.; Ricca, A.; Bauschlicher, C. W., J3. Phys. Chem.To be published. Andres, J. L.; Raghavachari, K.; Binkley, J. S.; Gonzalez, C.; Martin, R.
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Phys. Chem1994 98, 11623. Gaussian, Inc.: Pittsburgh, PA, 1993.



Reactions of Laser-Ablated Fe Atoms with O

J. Am. Chem. Soc., Vol. 118, No. 2, 199869

18 isotopic ratios 1.0380 and 1.0560 are characteristic of the BSLYP bias toward higher spin states results in tAg state

v3 (@antisymmetric) anat; (symmetric) modes of a symmetrical,
bent OFeO molecule. In fact the 16/18 and 54/56 isotepic
ratios define 158+ 5° upper and 144+ 5° lower limits,
respectively, for the OFeO angle; the average value £130°)
provides a measure of the OFeO valence atgie.Although
DFT calculations with the B3LYP functional predictB, state
for OFeO at slightly lower energy—2.42 kcal/mol), the
calculated valence angle (198for the 5B, state is not
compatible with experiment; however, the valence angleq)142
calculated for théB, state is in agreement. Similar bond angles
were calculated with the Beckéerdew functional, but thes,
state was predicted to be slightly higher (2.35 kcal/mol) in
energy than théB, state. Clearly, théB, and3B; states are

being calculated too low in energy. Hence, cyclic Fg(3
identified as theA; state.

There is interest in the trend in valence angle as a function
of the number of valence electrons for symmetrical BAB
triatomic molecules analogous to the Walsh treatment, but
emphasizing d instead of p orbitals on the central atbHh3+33
It has been predicted that such triatomics will change from bent
to linear with the 19th valence electréth.However, OFeO with
20 valence electrons is bent (13010°). The bent structure is
stabilized by oxygen in-plang lone pair donation to the Fe
o-like orbital. This donation is forbidden by symmetry in the
linear molecule.

The vibrational spectroscopy of,ound to Fe in oxyhe-

close in energy and experimental measurements must be usednhoproteins is difficult to perform and interpret, but it has been

to identify the ground OFeO state.
The criterion for state determination is agreement between

thoroughly studied in many model compoufid® Recent work
reveals oxygen isotope sensitive bands assigned{®aO)

calculated and observed 16/18 ratios as a description of themode in the 11661100 cn* range,v(Fe—OO) near 570 crm,

normal modes for the OFeO states. Both functionals predict
16/18 ratios for théB; state of OFeO in excellent agreement
with the observed’s and v, isotopic 16/18 frequency ratios,
1.0380 and 1.0560, respectively; B3LYP isotopic ratiosifpr
andv; are 1.0390 and 1.0558, respectively. On the other hand
both functionals predict incompatible 16/18 ratios for g
state of OFeO; B3LYP isotopic ratios fog andv; are 1.0416

and 6(Fe-0—0) near 425 cml.1? The 1204.5 cm! band
observed here for(O—0) in FeOO is displaced some 4000
cm ! less from isolated ©than G bound in oxyhemoproteins.
Clearly, the complexing porphyrin and histidine ligands in
hemoglobin provide charge density to Fe(ll) for more reduction
of O, than naked Fe can provide. Th@e—0,) andd(Fe—
0O—0) modes calculated here (Table 2) for FeOO further show

and 1.0511, respectively. The comparison between theory andthat naked Fe binds superoxo dioxygen less strongly than Fe-

experiment for frequency match to identify ground state
molecules must include isotopic frequencies.

The 1204.5 cm?! band is destroyed by visible radiation, but
annealing to 30 Kn the darkallows regeneration of the band.

(I1) in hemoproteins. Note that the 114.e—0—0O angle
calculated here is in excellent agreement with that measured
by X-ray diffraction for myoglobin (11% but not for hemo-
globin (153, 159).34:35

The band exhibited a quartet at 1204.5, 1173.0, 1170.4, and The cyclic Fe(Q) peroxo species is not in fact a true peroxide

1137.6 cmi! with scrambled isotopic oxygen identifying the
stretching vibration ofwo inequibalent oxygen atomgl6/18
= 1.0588). The lower energy calculated fé' FeOO in spite
of the known preference of B3LYP for higher spin states due
to mixing in Hartree-Fock exchange shows that the ground
FeOO state is indeeth\"”. Note the strong band calculated at
1159.8 cm! for FeOO and the 2.2 cn separation (Table 2)
calculated for this mode with Fe 3.8 and Fe 1816 isotopes,
which are in excellent agreement with experimental values
(Table 1) and confirm this assignment to FeOO.

The 956.0 cm! band grows markedly on annealing, and the
scrambled isotopic experiment reveals a triplettfoo equia-
lent oxygen atomsThe 16/18 ratio 1.0544 for thig; mode is
intermediate between pure<® and Fe-O; stretching values.
A much weaker band at 548.4 ciwith 16/18 ratio 1.0450 is
due to thev, mode where both; andv, modes are mixtures of
symmetric G-O and Fe-O; stretching internal coordinates as
defined by the 16/18 ratios. Confirmation of this assignment
and identification of cyclic Fe(g) is found in the observation
of a weakv; + v, combination band with the appropriate 16/
18 ratio (Table 1). DFT/B3LYP calculations predict thi;
state lower 6.1 kcal/mol) than théB; state, and the normal

as the 956.0 cmt frequency is not as low as the 736 T
value for Ca(Q)!® and the Raman fundamental for ionic
peroxided® although the calculated-©0 bond length in Fe(§)

is in the peroxide range. The net charge on FeAin Fe(Q)

is calculated to bet0.69. The analogous Ni{) species
exhibits a similar 966 cm' fundamental?”

The oxidative insertion reaction 1 requires activation energy
as OFeO is formed in high yield only on deposition of laser
ablated Fe atoms with ©HDFT calculations predict that the
insertion reaction is exothermic by 64 kcal/mol.

calcdAE =
—64 kcal/mol (1)

Ea
Fe+ O, — (OFeO)*—— OFeO

relax

calcdAE =
+22 kcal/mol (2)

Ea
Fe+ O,— (OFeO)*— FeO+ O

It is possible that metastabfP; atoms produced by laser
ablation are responsible for the insertion reactiei. Although
some FeO is produced here from decomposition of energized
OFeO, a substantial amount of the OFeO product is quenched

mode analysis as defined by 16/18 frequency ratios gives anand trapped by the matrix.

excellent match with experiment for tié; state, but not for
the 3B, state. The 16/18 frequency ratios calculated for the
triplet statev; andv, modes, 1.0594 and 1.0388, do not agree

The superoxo addition product FeOO is formed during
deposition of energetic Fe atoms ang But the cyclic peroxo
addition product Fe(€) is not formed with dilute @ until

with the experimental values, 1.0544 and 1.0447, as do theannealing in the solid matrix.

1.0540 and 1.0440 ratios calculated for the quintet state of
Fe(Q). Atthe same level of theory, tHé\; state is calculated
1.5 kcal/mol below théA; state. However, the frequencies
calculated for theéA; state (1157 (g, 401 (a), 398 (k) are

not even close to agreement with experiment. Clearly, the

(30) Allavena, M.; Rysnik, R.; White, D.; Calder, V.; Mann, A. E.
Chem. Phys1969 50, 3399.

(31) Walsh, A. D.J. Chem. Socl953 2266.

(32) Hayes, E. FJ. Phys. Cheml966 70, 3740.

(33) Weltner, W., JrBer. Bunsen-Ges. Phys. Cheh®78 82, 80.
(34) Phillips, S. E. VNature1978 273 247;J. Mol. Biol. 1980 142,
1

(35) Shaanan, BNature 1982 296, 683;J. Mol. Biol 1983 171, 31.
(36) Evans, J. CJ. Chem. Soc., Chem. CommuadS869 682.

(37) Cellucci, T. A.; Nixon, E. RJ. Phys. Chem1985 89, 1991.
(38) Chertihin, G. V.; Andrews, LJ. Phys. Chem1995 99, 12131.
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Fe+ O,— FeOO calcdAE = —17 kcal/mol (3) In hemoglobin, the Fe(ll) site is coordinated to four nitrogen
lone pairs from the porphyrin ring system and one nitrogen lone
Fe+ O,— Fe(Q) calcdAE = —27 kcal/mol (4) pair from one histidine side chain. Apparently, the availability
of only one more coordination site to bind dioxygen to Fe(ll)
This is probably a consequence of different collision dynamics in the stable octahedral coordinating structure in hemoglobin
and quenching of the reaction exothermicity during deposition fayors the formation of the superoxoF€0 linkage over the
and on annealing in the solid matrix. Although FeOO is more strongly bound cyclic peroxo species F§(OThe spectra
calculated to be a higher energy species than pefpsome  of FeOO and Fe(g) are shown here to be distinctly different.
10 keal/mol, FeOO can be quenched through the low frequency The Fe0O spectrum observed and calculated here compares
bending mode more effectively than Fej0and as a result 5y 5raply with spectra reported for oxyhemoproté#id2 which
FeOO is stabilized here during deposition of energetic Fe atomsprovides strong support for the FO—0 binding geometry in
and G molecules in excess argon. However, on annealing the hace biologically important metalloproteins.
surrounding matrix cage can efficiently quench the cyclic Be(O
formed. Although annealing in the dark does produce some
FeOO, the major band growth is due to the more stable cyclic
Fe(®) species where the matrix cage provides little steric for AR., and helpful discussions with S. H. Andrews, A. S
hinderance to formation of the more stable cyclic species. Both Brill ;an.c,i H. Frei T .
FeOO and Fe(g are formed on diffusion and reaction of ’ ’ ‘
ground state Fe and;0n solid argon. JA953338F
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