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Two interconvertible iron dioxidedioxygen complexes were prepared and characterized by matrix isolation
infrared absorption spectroscopy as well as theoretical calculations. Iron atoms react,watHfo@n the
inserted Fe@molecule in solid argon only upon UWisible light irradiation. Annealing allows the dioxygen
molecules to diffuse and to react with Fe@hd form the side-on and end-on bonded dioxygieon dioxide
complexes,§>-O,)FeQ and ¢*-O,)FeQ.. The side-on bonded structure is a peroxide complex having a singlet
ground state with a nonplan@&, symmetry. The end-on bonded isomer is characterized to be a superoxide
complex with a planafA" ground state. These two isomers are photoreversible, that is, near-infrared light
(4 > 850 nm) induces the conversion of the side-on bondgddg)FeQ, complex to the end-on bonded
(7*-0Oz)FeQ, isomer and vice versa with red light irradiatioh £ 600 nm).

Introduction In contrast to the matrix isolation studies, gas phase inves-
o o ] o ) tigations indicate that ground state iron atoms are unreactive
Oxidation of iron is an important subject in chemistry. Great gward dioxygen at room temperatdreAnion photoelectron
efforts have been made on the preparation and characterizationspectroscopic investigation on FeQindicates that only the
of iron oxides and dioxygen complexes in understanding the jnserted Fe@neutral structure was observé#. Apparently,
structure, bonding, and reactivity of them, which are regarded tne reaction mechanism and the product identifications are still
as important intermediates in processes such as materialypen to question. Hence, the reaction of iron atoms and dioxygen
corrosion and biochemical oxidatidriThe products of simple  gre reinvestigated using matrix isolation infrared absorption
reactions between iron atoms and molecular oxygen have beergpectroscopy with lower laser energies and emission plume

intensively studied both experimentally and theoreticil. intensities. We will show that iron atoms react with dioxygen
The cyclic Fe(Q), linear FeOO, and inserted OFeO molecules, tg form the inserted Fenolecule only under U¥visible light
as well as higher oxide complex species such asFe€re all excitation and that isolated cyclic Fef@&nd FeOO species are

reported to be reaction products. In an early matrix isolation not formed. The previous assignments to FeOO (12045km
infrared spectroscopic study on the reaction of thermally and cyclic Fe(@) (956.0 cnt) in solid argon are incorreét
evaporated iron atoms with dioxygen, absorptions at 945.9 andThese absorptions are reassigned to the end-on and side-on
517.1 cn* were assigned to vibrations of the cyclic FeJO  ponded dioxygeniron dioxide complexes formed by the
molecule in solid argoA.In the next work, three FeQsomers reactions of Fe@with dioxygen in the matrix.

were proposed to be formed from the reactions of hollow-

cathode sputtered iron atoms with dioxygen in ar§énband Experimental and Computational Methods
at 956 cn1! was assigned to the-@D stretching mode of the Th . tal setun f sed | i d
cyclic Fe(Q) structure, while the bands at 969 and 946 ém € expenmental sellp Tor pulsed laser evaporation an

matrix isolation infrared spectroscopic investigation has been
described in detail previoushk.Briefly, the 1064 nm funda-
mental of a Nd:YAG laser (Continuum, Minilite 1l, 10 Hz
repetition rate and 6 ns pulse width) was focused onto a rotating
iron metal target through a hole in a Csl window cooled

employed the reactions of laser ablated iron atoms with normally © 6 K by means of a closed-cycle helium refrigerator
dioxygen®® and the absorption at 956.0 cfwas retained for (ARS, 202N). The laser-evaporated metal atoms were co-

cyclic Fe(Q), but absorptions at 945.8 and 797.1¢nwere deposited with dioxygen/argon mixtures onto the Csl window.

assigned to the antisymmetric and symmetric stretching modesl; g?onx?:ﬁgtgajlxmsrﬁg:ﬁ:eir\:\fza?erﬁi?( ?Sreedsﬁwe?é arrztea?é d
of the inserted FePmolecule, while an absorption at 1204.5 pp y ) prep

) . . in a stainless steel vacuum line using standard manometric
cm™* was characterized as the—@ stretching mode of an technique. Isotopidé0, (ISOTEC, 99%) was used without
FeOO isomef. o ; X
further purification. The infrared absorption spectra of the
resulting samples were recorded on a Bruker IFS 66V spec-

*To whom correspondence should be addressed. E-mail: mfzhou@ trometer at 0.5 cmt resolution between 4000 and 450 ¢
fudan.edu.cn. . Lo

t Fudan University. using a liquid nitrogen cooled HgCdTe (MCT) detector. Samples

* University of Virginia. were annealed to different temperatures and cooled back to 6

were attributed to the linear and bent OFeO isomers. In the
photooxidation of matrix isolated iron pentacarbonyl in the
presence of oxygen, a 956 cfabsorption was also assigned
to the cyclic Fe(@) molecule, but a 945 cmt absorption was
attributed to Fe@instead of OFe® More recent investigations
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Figure 1. Infrared spectra in the 1220190 and 986860 cnt?
regions from co-deposition of laser-evaporated Fe atoms with 1.0%
Oz in argon: (& 1 h of sample deposition at 6 K, (b) after 15 min of
broad band irradiation (256 4 < 580 nm), (c) after annealing to
25 K, (d) after annealing to 35 K, (e) after 15 min bf> 850 nm
irradiation, and (f) after 15 min of > 600 nm irradiation. Spectra c,

e, and f were taken with six scans and others with 200 scans.

Figure 2. Difference IR spectrum in the 1220180 and 1006

860 cnt? regions from co-deposition of laser-evaporated iron atoms
with 1.0% Q in argon (spectrum taken 15 min after 25 K annealing
minus spectrum taken right after 25 K annealing).

1, trace e). In contrast, the 1094.7, 968.8, 955.8, 558.1, and
548.3 cn! absorptions increased at the expense of the 1204.5,

f | isition. Sel d | bi d 975.3, and 871.6 cni absorptions when the sample was
K for spectral acquisition. Selected samples were subjected t0;,.o jiatad by the output of the tungsten lamp withia>

broad band irradiatio_n using a tungsten lamp orahigh-pressure600 nm long wavelength pass filter (Figure 1, trace f). It is
mercury arc Iamp.W|th glass f|llters. ) interesting to note that the IR intensities of the 1204.5, 975.3,
Quantum chemical calculations were performed using the gnq 871 6 cmt absorptions decreased, while the 1094.7, 968.8,
Gaussian 03 prografi.The three-parameter hybrid functional 955.8, 558.1, and 548.3 crh absorptions increased with
according to Becke with additional correlation corrections due incree{sing thé sample scan times, during which the sample was
to Lee, Yang, and Parr (B3LYP?was utilized. The 6-31£G-  jradiated by the light emitted from the source, as clearly
(d) basis set was used for the O atom, and the all-electron basigjemonstrated in Figure 2. However, the IR intensities of these
set of WachtesrsHay as modified by Gaussian was used for - nqqyct absorptions do not change significantly if the sample
the Fe atont® The geometries were fully optimized; the a5 kept in the dark. It should be pointed out that the ArFeO
h_arm(_)nlc V|brat|or_1al frequencies were quculated, an_d zero-point absorptions (873.1 cm, this absorption was previously assigned
vibrational energies (ZPVE) were derived. The single-point 1, FeQ, put recent investigation in this group indicates that it

energies of all the structures optimized at the B3LYP level of ¢p,q.1d be regarded as ArFeO isolated in solid argfomgre
theory were calculated using the CCSD(T) method with the barely observed with low ablation laser energy.

same basis set. In another experiment with the same laser energy apd O

concentration as those in the experiment used for Figure 1, the
sample was subjected to annealing directly after deposition
Infrared Spectra. The experiments were performed using Without UV—visible irradiation. The 945.8 and 797.1 tin
relatively low laser energy to minimize the formation of absorptions previously assigned to Re@re not formed,and
multinuclear species. The infrared spectra in selected regionsit is noteworthy that neither the 1204.5, 975.3, and 871.6'cm
from co-deposition of laser-evaporated iron atoms with 1.0% absorptions nor the 1094.7, 968.8, 955.8, 558.1, and 548.3 cm

O, in argon using approximately 7 mJ/pulse laser energy are absorptions were produced on sample annealing.

Results and Discussions

shown in Figure 1. Aftel h of sample deposition at 6 K, only
the Q;~ absorption at 953.8 cm was observed (Figure 1, trace
a)24 Broad band irradiation with the output of a high-pressure
mercury arc lamp (250< 4 < 580 nm) destroyed the O

Experiments were repeated using isotopic substité{©,
160, + 180, (1:1), and®0, + 1600 + 180, (1:2:1) mixtures.
The spectra in selected regions with different isotopic samples
are shown in Figures 3 and 4, respectively. The band positions

absorption and produced two absorptions at 945.8 and of the new product absorptions are summarized in Table 1.

797.1 cnrt, which were previously assigned to the antisym-

(n*-Oz)FeO,. The 1204.5 cm! absorption was previously

metric and symmetric stretching modes of the inserted,FeO assigned to the ©0 stretching mode of a FeOO complex.
molecule (Figure 1, trace §)When the sample was annealed The isotopic shift and splittings observed in the present
to 25 K (Figure 1, trace c), the Fe@bsorptions decreased with  experiments indicate that this absorption is due to anCO
the formation of new absorptions at 1204.5, 1094.7, 975.3, stretching mode with two slightly inequivalent O atoms, which
968.8, 955.8, 871.6, 558.1, and 548.3énThese absorptions  are exactly the same as those previously repdrtddwever,
can be classified into two groups based on their annealing andthe present experimental observations do not support the isolated
photochemical behaviors. The IR intensities of the 1204.5, 975.3, FeOO assignment but favor this functional group in a larger
and 871.6 cm! absorptions markedly increased when the complex. As has been mentioned above, the 1204.51cm
sample was subjected to near-infrared irradiation using a absorption was only observed on annealing. Its IR intensity
tungsten lamp with & > 850 nm long wavelength pass filter, depends strongly on the inserted RegDsorptions. It was not
during which the IR intensities of another group of absorptions formed on annealing if the Fe@nolecules were not presented
at 1094.7, 968.8, 955.8, 558.1, and 548.3 tdecreased (Figure  in the matrix sample. As shown in Figures 1 and 2, two other
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(n"-0,)Fe0, . ) Csform in which the FeOO plane is perpendicular to the OFeO

@) l (n'-0,)Fe0, (n'-0,)Fe0, plane. We have carried out geometry optimization in the singlet,

triplet, and quintet spin states. For the nonplanar structure, a
0.0 T —/ : r : 5A’" state was predicted to be most stable, witth4 state lying
1200 1150 950 900 850 4.3 kcal/mol higher in energy than tBA’ state at the B3LYP
Wavenumber (cm’) level of theory. Geometry optimization on the singlet spin state

Figure 3. Difference IR spectra in the 1230125 and 985820 cnt? with end-on bonded ©converged to the side-on bonded

regions (spectra were taken after 35 K annealing followed by 15 min structure. For the planar structure3A’ state was predicted to
?flioz)g% nm irr_aci_iation) Witg diff;[)entdisozgs ;:Cr;g'risbgings of be most stable, followed by 3" state, which lies 12.6 kcal/
71-O;)FeQ are pointing upward, and bands g inting ; ; " "

St @ WS, 0RO 0 TG D5, MLhoher ncnery bove st The pand site
and (&) 0. 2T I e than the®A’ nonplanar isomer at the DFT/B3LYP level of
theory. At the CCSD(T)//B3LYP level of theory, the planar
structure is also more stable than the nonplanar structure but
with a larger energy gap of 6.1 kcal/mol. The planar structure
of (y1-0,)FeQ; is similar to that of the recently reporteg’
0,)GaQ complex?® As shown in Figure 5, the ©0 bond

| | ' | | | length of the planarA" state §1-O;)FeQ, complex was
0.3 * . calculated to be 1.247 A with an-@D stretching frequency of

© 1310.6 cml, 8.8% higher than the observed value. The end-
on bonded @ fragment is due to a superoxide ligaficP®

Absorbance

0.2 1 e ~—

therefore, thesxf!-0,)FeQ, complex can be regarded as an end-
,l () on bonded superoxo iron dioxide complex, [(REQO,7)], that
014 (iZ0.)Fe0 is, a Fe@" cation coordinated by one;Oanion. The antisym-
% \2" metric and symmetric OFeO stretching modes were calculated
00 (a at 956.7 and 921.0 cm, respectively, which are about 1.9%
" ors 950 925 900 875 lower and 5.7% higher than the experimental values. Although

the calculated frequencies (Table 2) do not match the experi-
] ] Lo mental frequencies as well as we would like, the predicted
Figure 4. Infrared spectra in the 9875 cnr’ region from isotopic frequency ratios are in quite good agreement with the

co-deposition of laser-evaporated iron atoms with isotopic labeled O . . . . .
in excess argon. Specira were taken after 15 min of broad b‘,deexpenmental values, as listed in Table 3. Vibrational frequency

Wavenumber (cm'1)

irradiation followed by 35 K annealing: (a) 1.0%0;, (b) 1.0%£0,, computa_tions for such triplet state i_ron species are not yet an
(c) 0.5%%%0, + 0.59380,, and (d) 0.25%°0, + 0.5%160%0 + 0.25% exact science. The same type of discrepancy has been found
180,. The asterisks denote Fe@nd Fé®0O, absorptions. for the recently reported;{-O,)MO, complexes (M= Ga, In,

Co) as welk%2% Taking the §-O,)GaQ, complex as an
absorptions at 975.3 and 871.6 thwere observed to exhibit  example, the symmetric and antisymmetric OGaO stretching
identical behavior upon annealing and irradiation along with modes were predicted at 662.7 and 732.3 §nabout 7.5%
the 1204.5 cm! absorption, which indicates that these three lower and 28.8% higher than the observed frequeri€ies.
absorptions belong to different vibrational modes of the same  (?-O2)Fe0,. The 955.8 cm! absorption corresponds to the
species. The 975.3 and 871.6 cnhabsorptions shifted to 938.1  absorption reported at 956 cithat was previously assigned
and 929.9 cm! with 180,. The resulting'60/*80 isotopic to the O-O stretching ¢1) mode of cyclic Fe(®.36 The
frequency ratios of 1.0397 and 1.0502 suggest that these twoobserved isotopic shift in the present experiments is the same
absorptions are due to antisymmetric and symmetric OFeO as that reported previously. The cyclic Fg(@ssignment is
stretching vibrations. The isotopic spectral features in the mixed questionable since gas phase investigations have indicated that
160, + 180, and'%0, + 180180 + 180, experiments (Figure 3)  ground state iron atoms are unreactive with dioxygehuyt the
indicate that only one OFeO moiety is involved in these modes. previous matrix isolation investigations showed that the
Accordingly, the 1204.5, 975.3, and 871.6 chabsorptions 956 cnt! absorption increased on anneali§.The present
are assigned to 1-O,)FeQ, complex, in which an @molecule experiments provide strong evidence that the assignment to
is end-on bound to the OFeO moiety. isolated cyclic Fe(@) is incorrect and that the 955.8 ctn

To validate the experimental assignment and to obtain insight absorption should be reassigned to the symmetric OFeO
into the structure and bonding of the{O,)FeQ, complex, we stretching mode of theyg-O,)FeQ, complex. As shown in
performed density functional theory calculations. Two limiting Figure 1, the 955.8 cni absorption appeared on annealing at
high-symmetry geometries were considered: a pl&hdorm the expense of the inserted Fef@olecule absorptions. When
in which all five atoms lie in the same plane, and a nonplanar the sample was annealed directly after deposition without
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TABLE 1: Product Absorptions (cm~1) from the Reactions of Laser-Evaporated Iron Atoms with Dioxygen in Solid Argon

160, 180, 160, + 180, 160, + 1600 + 0, assignment
1094.7 1047.0 1094.7,1084.8, 1058.5, 1047.0 1094.7, 1089.6, 1084.8, 1058.5, 1052.7, 104i7%6D,)Fe(: combination mode
968.8 931.2 968.8, 955.6, 931.2, 919.3 968.8, 956.3, 954.1, 931.1, 919.3, 907.8 7?-0,)ReQ, (FeQyasym. str.)
955.8 906.6  906.6, 898.6 906.6, 898.5, 886.3 7?-Q,)FeQ, (FeQysym. str.)
558.1 532.3 (7?-0,)Fe, (Fe—0Ozasym. str.)
548.3 524.8 (7?-02)FeQ, (Fe—O,sym. str.)
1204.5 1137.1 1204.5, 1203.3, 1138.3, 1137.1 1204.1, 1172.8, 1170.3, 1137.8 7*-0,)Re (OO str.)
975.3 938.1  975.3,938.1 975.3,959.9, 938.1 7'-Q,)FeQy (FeQyasym. str.)
871.6 829.9 871.6, 870.5, 830.9, 829.9 871.2,847.3,830.3 n-OfFeQ (FeQysym. str.)

TABLE 2: DFT/B3LYP Calculated Total Energies (in Hartree, after Zero-Point Energy Corrections), Frequencies (cnt?), and
Intensities (km/mol) of the Products

molecule energy frequency (intensity)
(7%-0,)Feqy —1564.494974 1069.4 (199), 1034.0 (190), 1023.5 (0), 616.4 (1),
(*As, C2)) (—1562.744449) 602.2 (8), 336.4 (4), 325.0 (0), 270.8 (1), 268.9 (6)
(n*0,)Feqy —1564.499732 1310.6 (677), 956.7 (109), 921.0 (207), 350.1 (21),
(A", Cy (—1562.713975) 304.5 (2), 195.0 (46), 113.2 (7), 100.4 (23), 74.9 (24)
aThe values in parentheses are single-point energies calculated at the CCSD(T)//B3LYP level of theory.
TABLE 3: Comparison between the Observed and 956.3, 954.1, 931.1, 919.3, 907.8, 898.5, and 886.3'amere
Ealculated \Fglbttatlonfat'h':fgqugncéeﬁ (lcmll) and Isotopic resolved. The ©0 stretching mode of theyf-O,)FeQ, complex
requency Ratios of the Froduct Molecules was not observed, but two F©, vibrations were observed at
freq 1°0/'%0 558.1 and 548.3 cn. The weak absorption at 1094.7 thn
molecule mode caled obsd caled obsd corresponds to the absorption reported at 1095.4'cmhich

(7-0)Fe0, FeQasym.str. (§ 1069.4 968.8 1.0406 1.0404 wezls previously assi%neq to the—(()_) stret.ching mode of the
FeQs sym. str. (a) 1034.0 955.8 1.0503 1.0543 (17%-O)FeQ, complex® This absorption shifted to 1047.0 ci
Fe-O,sym.str. (8 616.4 548.3 1.0440 1.0448 with the 180,/Ar sample. The resulting®0/1%0 isotopic

) Fe-O;asym.str. ( 602.2 558.1 1.0495 1.0485  frequency ratio of 1.0456 is too low for an-@ stretching
(n'-O)FeQ, qufgééﬁ str. (3 13;‘,2'3 13%';’ 11'82?2 11'8:?3;’ mode. The 1094.7 cnt absorption presents a quartet structure
FeQsym. str. '(a) 9210 8716 1.0490 10502 Composed of_ the two absorptions _o_bserved inlﬂﬁb/Ar and
) ) ) 180,/Ar experiments and of two additional absorptions at 1084.8
presentation of the Fe@bsorptions, the 955.8 crhabsorption 504 1058.5 cmt in the experiment with an equal molar mixture
was not observed. This new information suggests that the specieg, 160, and 180;. In the experiment with a 1:2:1 mixture of
responsible for the 955.8 cthabsorption is a reaction product 160,/160180/180,, a sextet with two additional intermediates at
of FeQ, and not Fe atoms. Along with the 955.8 ¢ 1489 g and 1052.7 cm was observed. This absorption is most
absorption, other absorptions at 1094.7, 968.8, 558.1, andlikely due to a combination mode of the £, vibrations

548.3 cnt! showed identical behavior following irradiation and observed at 558.1 and 548.3 thPrevious anion photoelectron

annealing, implying that these absorptions are due to differemspectroscopic study on the FgOanion gave a vibrational

vibrational modes of the same species. We checked the Spec”?requency of 920+ 50 cnT for the ground state ofijf-Oy)-

reported in the literatufé and found that an absorption around FeQ, neutral® which is very close to the observed 2EeO
1 i H s

969 cnt! was present in the spectra, which showed the Samestretching frequency in solid argon.

behavior as the 956 cmh absorption as well. The present i i
experiments also showed that the 955.8&nand related The FeQ molecule has been the subject of several theoretical
absorptions are photoreversible with thg-0,)FeQ; absorp- calculationst®-18 Pure DFT calculations found that a tetraoxide

tions, which suggests that the species responsible for theseStructure Ta symmetry) without G-O bonding is more stable
absorptions is a structural isomer of{O)FeQ. These than the 1*-Ox)Fey structure, which was predicted to have a
absorptions are assigned to the-O,)FeQ, complex. The  Singlet ground state with a nonplanal,, symmetry:®:47
968.8 cn! absorption was already attributed to the antisym- However, ab initio and hybrid DFT calculations revealed that
metric OFeO stretching mode of%0,)FeQ; due to its isotopic ~ the tetraoxide structure is less stable than theQ)Fe,
ratio of 1.0404 in the previous repdrtThe 955.8 cml structure!® The Ty structure of Fe@has only one IR active
absorption shifted to 906.6 crh with an 160/280 isotopic Fe=0 stretching mode, and therefore it does not fit the observed
frequency ratio of 1.0543, which is appropriate for a symmetric SPectrum. We performed theoretical calculations on the
OFeO stretching mode. As shown in Figure 4, the spectral (7>-O2)FeQ; structure withCp, symmetry. At the B3LYP/6-
features in the experiments with mixed isotopic samples are 311+G(d) level of theory, &A; state was predicted to be
complicated due to mode mixing. Besides the absorptions slightly (0.1 kcal/mol) more stable than thé, state, which
observed in théé0,/Ar and 180,/Ar experiments, two supple- ~ Was previously reported to be the ground stateyd{@2)FeC;.
mentary absorptions at 919.3 and 898.6 &mere observed in However, the singlet state was predicted to be about 17.1 kcal/
the spectrum with an equal molar mixture 0, and 180, mol more stable than the triplet state at the CCSD(T)//B3LYP
(Figure 4, trace c¢). The 955.8 cthabsorption is broadened, level of theory. As listed in Tables 2 and 3, both the calculated
and the band center shifted to 955.6 @nwith its relative vibrational frequencies and isotopic frequency ratios of the
intensity greater than what would be expected, implying that singlet staterf*>-O,)FeQ; fit the observed values quite well. Note
an additional intermediate absorption is located in this frequency. that the G-O stretching mode of the;t-O2)FeQ, complex was
The spectrum with the mixetfO, + 16080 + 180, (1:2:1) predicted to absorb at 1023.5 chwith very low IR intensity,
sample (Figure 4, trace d) is even more complicated. As shown and hence it could not be observed in the experiments. As shown
in Figure 4 trace d, seven intermediate absorptions located atin Figure 5, the G-O bond length was predicted to be 1.378
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TABLE 4: Calculated Vibrational Frequencies (cm~1) and
Intensities (km/mol) of Different (72-Oz)FeO, Isotopomers

frequency (intensity)

molecule Fe@asym. str. Fe@sym. str. OO str.

(7?-180,)Fet0O, 1069.4 (199) 1034.0(190) 1023.5(0)
(7?-180,)Fe0O, 1027.8 (185) 977.2 (40)  1031.2 (146)
(7?-180,)F€e0, 1069.3(199) 1027.8 (88) 972.4 (90)
(7?-180,)F€e0, 1027.7 (185) 984.5 (161) 966.2 (13)
(7?-1500)Fe0, 1069.3 (199) 1028.4 (107) 1001.2 (77)
(172-150,) F€'60180 1057.9 (180)  992.5(55)  1031.1(145)
(7>-%0®0)Fe0®0  1057.9 (179) 989.7 (20)  1005.9 (175)
(572-15080) F &80, 1027.8 (185)  975.5(20)  1004.7 (160)
(7?-180,)Fetf00 1057.8 (178) 995.6 (130)  970.6 (59)

A, which falls into the range of peroxide bond lengfs;
therefore, the #?-O;)Fe® complex can be regarded as
[(FeG,)?M(02%7)], a side-on bonded peroxo iron dioxide com-

plex. The complex was predicted to have a smaller OFeO bond

angle (121.9) than those of the iron dioxide complexes with
acetylene (1309 and ethylene (1379%,3° which is consistent
with the relatively larger isotopic frequency ratio of the
antisymmtric OFeO stretching mode in th@-0,)FeG com-
plex. The mixed isotopic spectral features are complicated. As
listed in Table 4, the ©0 stretching mode ofiZ-160,)Fel®O,

has zero IR intensity, but this mode of partially oxygen-18
substituted isotopomers exhibits quite strong IR intensities due

to mode coupling. The calculated isotopic spectral features are

in reasonable agreement with the experimental observations.
The end-on and side-on coordination of dioxygen has been

observed in many transition metal oxide clusters. The structures

of FeQ, complexes are very similar to those Gré&hd WG,.31.32
The CrQ species was characterized to haven&@,)CrOs
structure with an @O bond length of 1.22 AL The WG

molecule was predicted to be a side-on bonded superoxo

tungsten trioxide with an ©0 bond length of 1.312 A2
Reaction Mechanism.The spectra in Figure 1 recorded after
laser ablation and co-deposition of iron and dioxygen using low

J. Phys. Chem. A, Vol. 111, No. 47, 2001”2005

(n?-Oz)FeQ» complexes were formed. As shown in Figure 1,
only the FeQ absorptions were observed after bvisible light
irradiation of the as-deposited samples, which decreased upon
subsequent sample annealing. These observations indicate that
the (1-0,)FeQ and (%-0,)Fe complexes are formed via the
reactions of Fe@with O, upon sample annealing, reactions 1
and 2. The complex absorptions increased on sample annealing,
indicating that both reactions require negligible activation
energy. At the CCSD(T)//B3LYP level of theory, reactions 1
and 2 were predicted to be exothermic by 25.9 and 6.8 kcal/
mol, respectively.

FeQ, (°By + 0, (’Z,) — (n*-0,)FeQ,(‘A)
AE = —25.9 kcal/mol (1)

FeQ, (°By) + 0, (°,) — (7-0,)FeQ, (CA")
AE = —6.8 kcal/mol (2)

Our experiments clearly show that the end-on and side-on
bonded iron dioxidedioxygen complexes are photorevers-
ible: near-infrared lightA > 850 nm) irradiation induces the
conversion of the side-on bondegf{O,)FeQ, complex to the
end-on bonded!-O,)FeQ isomer and vice versa with red light
irradiation @ > 600 nm). The end-on bonded complex has a
triplet ground state, while the side-on bonded structure has a
singlet ground state. Therefore, the isomerization process
involves spin crossing.

Both the end-on and side-on bonded cobalt dioxidiexygen
complexes were observed in a recent matrix isolation infrared
investigation on the reaction of Ce@nd molecular @in solid
rare gas matrixe® The results demonstrate that the end-on
bonded *-0,)Co0, complex was formed first, followed by
relaxation to the side-on bonded structure. The end-on bonded
structure was characterized to be an excited state of, @@

a lifetime around 23t 2 min in argon. It is difficult to judge

laser energy clearly show that no metal based absorptions werdVhich structure is formed first in the case of Fg@ince both

observed after sample deposition. Thg-@bsorption arises

the end-on and side-on bonded complexes were observed on

from the capture of laser ablated electrons as describeg@nnealing. We assume that the end-on bonded structure is

previously?* The inserted Fe@absorptions were produced here
only under broad band UVvisible irradiation, which indicates
that the formation of inserted Fe@rom atomic iron and @
requires activation energy, as proposed previofislyevious
investigation indicated that the interaction between the groun
state iron atom and dioxygen is repulsfv@lthough it is at
first surprising that the 946 cm absorption ultimately assigned
as the inserted FeOmoleculé was first observed from the
reaction of “thermal” iron atom3jt must be noted that the use
of an electron beam furnace for 1950 K atoms can provide
adequate radiation to activate the reaction. We found that UV
and visible light irradiation are able to initiate the insertion
reaction to form Fe@ The UV—visible absorption spectra and
laser-induced fluorescence spectra of iron atoms isolated in soli
argon have been measuréd here are numerous transitions in
the UV and visible spectral regions with some excited states
having quite long lifetime, which may responsible for the
insertion reactiod* It is significant that no absorptions were

d

formed first, which can be isomerized to the side-on bonded
isomer during annealing. The bent Fe@olecule was deter-
mined to have a triplet ground state, and then@lecule also
has &= ground staté:1314lt seems reasonable that the reaction
forms the triplet end-on bonded Fgflrst rather than the singlet
side-on bonded isomer. In contrast to the end-on bongéd (
0,)Co0O, complex which was characterized as an excited state
of CoQy,%8 the end-on bonded;{-O,)FeQ, complex is a stable
isomer of FeQ and should not be regarded as an excited state
of FeQ. Although the §1-O,)FeQ absorptions decreased with
increasing the scan times due to the red irradiation from the
source, therf!-O,)FeQ, absorptions do not change significantly
when the sample was kept in the dark. This also implies that

gthe process from the end-on bonded structure to the side-on

bonded isomer requires some activation energy.

Conclusions

The reaction of iron atoms with dioxygen has been reinves-

observed in Figure 1 spectra that can be assigned to simpletigated using matrix isolation infrared absorption spectroscopy

isolated cyclic Fe(® and bent FeOO complexes. These

and lower laser energy to minimize photochemistry. It is found

experimental observations are consistent with previous gas phasehat the ground state iron atoms are unreactive witin&olid

investigations, which found that the ground state iron atoms
are unreactive toward dioxygél,and only the inserted FeO
structure was observed from anion photoelectron spééfra.
When the deposited samples were first subjected te-Usible
irradiation and then annealed to 25 K, thg-Q,)FeQ, and

argon and that inserted Fe@olecules were produced only
under broad band UVvisible irradiation. Annealing allows the
dioxygen molecules to diffuse and react with RLeé®form the
side-on and end-on bonded dioxygsron dioxide complexes,
(72-0O2)FeQ and 1-O,)FeQu. The side-on bonded structure is
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characterized to be a peroxo iron dioxide complex having a

singlet ground state with a nonplan@s, symmetry. The end-

on bonded isomer is calculated to be a superoxo iron dioxide

complex with a planafA" ground state. These two isomers
are photoreversible, that is, near-infrared lightX 850 nm)
induces the conversion of the side-on bonde&@,)FeQ
complex to the end-on bondeg{O,)FeQ, isomer, and the
reverse with red light irradiatiom(> 600 nm).
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