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Laser-ablated iron atoms react with CO and NO during condensation in excess argon to produce a series of
iron carbonyl nitrosyl complexes. The Fe(CO)(NO), Fe(&£RXD), Fe(CO)(NO), and Fe(CQINO), complexes

are formed as reaction products during sample deposition and further annealing, which leads to dominance
for the saturated Fe(CE@NO), complex. The Fe(CO)(NO) complex isomerizes to Fe(@&NO) on visible
photolysis and to the isocyanate species OFeNCO on ultraviolet irradiation. The observed absorption bands
were identified by isotopic substitutiort3C*%0, °N0O, 1°N1%0, and mixtures) and reproduced by DFT
calculations of vibrational fundamentals. The FeCO subunit observed here in different nitrosyl environments
appears to distort and stiffen with an increase in positive charge on iron, which may relate to the deformability
of the FeCO subunit in heme proteins. The nature of bonding and reaction mechanism are discussed.

Introduction temperature matrix and identified by isotopic substitution and

) » o density functional theory (DFT) calculations.
The reaction of transition metal atoms with ligands such as

CO a_nd NO are of consiqlerable intt_arest in several figlds of Experimental Section

chemistry such as catalysis, synthesis, and atmospheric chem-

istry.! Recently the interactions between heme iron and NO have The experiment for reactions of laser-ablated metal atoms
been investigated extensively in biochemistry The binding with small molecules during condensation in excess argon has
nature of NO and CO with transition metals is very similar; been described in detail previousf?® The Nd:YAG laser
however, NO has an additional antibondingelectron for fundamental (1064 nm, 10 Hz repetition rate with 10 ns pulse
coordination, which can act as a one or a three-electron ligand, width) was focused (10 cm fl (# focal length)) onto a rotating
depending on the coordination geometry. Compared to metaliron target (Johnson Matthey, 99.98%). The laser energy was
carbonyl complexes, which have been widely studied, few works varied from 5 to 40 mJ/pulse. Laser-ablated metal atoms were
have been done on metal carbonyl nitrosyl complexes. The codeposited with nitric oxide and carbon monoxide mixtures
saturated stable 18-electron iron carbonyl nitrosyl, FegcO) (0.2—0.5%) in excess argon onto a 10K Csl cryogenic window
(NO),, and its isoelectronic molecule, Mn(CO)(NOhave been  at 2-=4 mmol/hour for 1 h. Isotopid®N6O, 13C1¢0, 15N,
synthesized, and their structures, spectra, photochemistry, andand selected mixtures, were used in different experiments.
catalytic properties have been studfeé The formation and Infrared spectra were recorded at 0.5émesolution on Nicolet
chemistry of unsaturated metal carbonyl nitrosyl complexes 750 with 0.1 cmt accuracy using an HgCdTe detector. Matrix
remains unclear although evidence has been presented for Fesamples were annealed by warming from 10K to different
(CO)(NO), from the matrix photochemistry of Fe(C{)O),.1° temperatures as measured by a galdbalt vs copper thermo-
Such complexes are very important in understanding the bondingcouple, and selected samples were subjected to broadband
in biomolecules and the catalytic process. (A > 240 nm) photolysis by a medium-pressure mercury arc

Matrix isolation studies of laser-ablated transition-metal atom lamp (Philips, 175W) with globe removed.
reactions with CO have been studied intensively in this
laboratory, and M(CQ)complexes, cations, and anions have Results
been observet1° Recent laser-ablation studies of transition
metal reactions with NO have revealed that the NMO insertion
product dominates the early metal reactions, but end-bonded
nitrosyls M—(771-NO), and side-bonded M[72-NO] complexes
are favored in the later metal reactics?°> The nitrosyls are
observed in thermal late metal reactiéhs’ In this paper we
report the reactions of laser-ablated iron atoms with CO and
NO mixtures in excess argon during condensation at 10 K.
Several iron carbonyl nitrosyls are produced in the low-

Experimental spectra are presented for laser-ablated Fe
reactions with NO and CO, and density functional theoretical
calculations of metal carbonyl nitrosyl complexes are given for
comparison.

Spectra of Fe Reaction ProductsFigure 1 shows the spectra
of laser ablated iron atom codeposition with 0.2% -8D2%

NO in argon, and the absorptions are listed in Table 1. After

deposition, strong CO (2138.2 cr), NO (1871.8 cm?), and

weak (NO} (1776.1, 1863.3 cri), (NO)," (1589.3 cmi?), NO;,
(1610.8 cmtl), NO,~ (1243.5 cm1?), and three (NQ) anion

Izag] of %2? ngfgisa';ﬁfj‘éic‘g Igreac‘tjr'gﬁic'\”%‘;f Flsefit@s)(\:/ri]rrifitﬁ’i’a edu isomer absorptions were reveaf@d253°Weak bands at 1922.0,

¥ Pgrmoe{nent addrgss: Laser Chemistry Institute, FSdan' University, 1748.6, and 1731.5 cm have been identified as FeCO, FeNO,
Shanghai, P. R.China. and Fe(NO), respectivelyt*2526New weak absorptions were
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Figure 1. Infrared spectra in the 2160700, 1406-1260, and 686
430 cntt regions for laser-ablated Fe atoms codeposited with 0.2%
CO + 0.2% NO in argon at 10 K: (a) aftel h sample deposit, (b)
after annealing to 25 K, (c) after annealing to 30K, (d) after annealing
to 35K, (e) afterA > 240 nm photolysis for 10 min, and (f) after
annealing to 40K.

observed at 1956.3, 1727.7, and 1282.1 &nStepwise an-
nealing to 25, 30, and 35 K increased these new absorptions,
formed a new group of bands at 2027.0, 2007.8, 1971.2, 1797.6,
and 1750.9 cmt, produced a new set of strong bands at 2089.0,
2039.8, 1820.7, 1779.5, 667.0, 656.6, 630.8, 618.1, and 454.4
cm?, and decreased the CO and NO absorptions. A 15 min
broadband photolysis destroyed the 2027.0, 2007.8, 1956.3
1797.6, 1750.9, 1748.6, and 1727.7 @mabsorptions, and
increased the new absorptions at 1971.2 and 1282 .¢in
final 40 K annealing slightly decreased 1971.2 and 1282.1'cm
and further increased other absorptions.

Figure 2 illustrates the carbonyl region and shows the
reversible photochemistry of the 1971.2 and 1956.3%tm
absorptions.

Isotopic 3C160 + 14N160, 12C160 + 15N160, and?C1e0 +
15N180 samples and mixturédC®0 + 13C160 + 14N160 and
12C160 + 14N160 + 15N160 were used for molecule identifica-
tions through isotopic shifts and splitting of product bands with
mixed isotopic samples. The carbonyl and nitrosyl spectral
regions are shown in Figures 3 and 4, and the isotopic
counterparts are listed in Table 1.

Calculations. The structures and frequencies of expected
metal carbonyl nitrosyl products and isomers were calculated
with density functional methods using the GAUSSIAN 94
program3! The BP86 functional with the 6-3#1G(d) basis sets
for C, N and O atoms, and the all-electron set of Wachters and
Hay as modified for iron in Gaussian were used in the present
study3?2-34 The BP86 functional has provided excellent fre-
quency predictions in previous iron carbonyl and nitrosyl

Absorbance

Absorbance

J. Phys. Chem. A, Vol. 104, No. 45, 20000105

Fe(CO),(NO),

N

Fe(CO)NO)[NO]

/

Fe(CO)(NO)

Fe(CO),(NO)

1.5
Fe(CONO]|  FECONO),

=
[=]

0.5

e~ A e

)]
1920

0.0¢
2100

1980

Wavenumbers (cm")

2040

Figure 2. Infrared spectra in the 2160920 cn1* carbonyl region
for laser-ablated Fe atoms codeposited with 0.2%€0.2% NO in
argon at 10 K: (a) aftel h sample deposit, (b) after annealing to 25
K, (c) after 476-580 nm photolysis for 10 min, (d) after > 240
photolysis for 10 min, (e) after annealing to 30 K, (f) after annealing
to 35 K, and (g) after annealing to 40 K.
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Figure 3. Infrared spectra in the 215@900 cnt?! carbonyl region

2100

for laser-ablated Fe atoms codeposited with 0.33%0O + 0.1%

13CO + 0.2% NO in argon at 10 K: (a) aftel h sample deposit, (b)
after annealing to 25 K, (c) after annealing to 35 K, (d) after 240
nm photolysis for 10 min, and (e) after annealing to 40 K.

investigations#25 All geometrical parameters were fully opti-
mized and the harmonic vibrational frequencies were obtained
analytically at the optimized structures. The computed structural
parameters, relative energies and frequencies, intensities, and
isotopic frequency ratios for Fe(C@NO), complexes are
summarized in Tables 2 and 3, while Table 4 contains all
frequencies calculated for the saturated Fe(¢QX0D), carbony!
nitrosyl. At optimized BP86/6-31tG(d) geometries, single-
point energies were determined at the B3P86 level with the
6-311+G(3df) basis set for comparison.

Four isomers are located on the potential energy hypersurface
of the Fe(CO)(NO) molecule. The first one involves end-on
bonding of CO and NO ligands. The ground st&¢ is the
global minimum at this level of theory, and tHA" state is
22.8 kcal/mol higher in energy. For the ground state, calculated
CO and NO bond lengths are very close to free CO and NO
values. The FeC and Fe-N distances are 1.778 and 1.653 A,
respectively, and the €Fe—N angle is 121.% The second
isomer, Fe(CO)[NOQ], is also known as Fe(C£}(O), and
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Figure 4. Infrared spectra in the 189680 cn1? nitrosyl region for
laser-ablated Fe atoms codeposited with 0.2% -€0.1% “NO +
0.1%NO in argon at 10 K: (a) aftel h sample deposit, (b) after
annealing to 25 K, (c) after annealing to 35K, (d) after 240 nm
photolysis for 10 min, and (e) after annealing to 40 K.

three states are located. TB&' configuration is the ground
state, which is 10.1 kcal/mol higher in energy than the ground
state of Fe(CO)(NO). The bond length of NO, 1.256 A, is longer
than that of free NO due to side-on interaction with the Fe atom.
For the third isomer OFeNCO, the almost linéa’ ground
state is only 1.1 kcal/mol above Fe(CO)(NO). The fourth isomer

Wang et al.

stretching frequency is calculated at 1957.9¢nonly 1.6 cnm?!
higher than the observed value. The calculatedNstretching
frequency, 1753.7 cm, is 26 cnt?! higher than the observed
value. This agreement is expected for the pure density func-
tional 1425 The predicted relative intensities (750/9890.76)

and isotopic frequency ratios agree very well with experimental
observations; the observed intensity ratio is 0.83 and deviations
of 0.05% {3COM2CO) and 0.02% NO/A*NO), respectively
(Tables 1 and 3), are found in the isotopic frequency ratios.

Fe(CO)[NQ] or Fe(CO)(#?- NO). The sharp bands at 1971.2
and 1282.1 cm! exhibit the same profile, slightly increase
together on annealing to 25, 30, and 35 K, greatly increase on
visible or broadband photolysis at the expense of Fe(CO)(NO),
and decrease on further annealing to 40 K, suggesting that they
are due to different modes of the same molecule. Figure 2 shows
that A > 470 nm visible photolysiseducesFe(NO)(CO) by
half andincreaseshe 1971.2 cm! band 3-fold, therd > 240
nm photolysis reduces the 1971.2 ©mband by half and
increases Fe(CO)(NO) by 20%. Further annealing to 30K
increases Fe(CO)(NO) in greater proportion than the 1971.2
cm~1 absorption. Thé3CO counterpart for the 1971.2 ch
band appears at 1925.1 chgives the2COACO isotopic ratio
1.02349, which is slightly higher than the value 1.02274 for
Fe(CO)(NO). The 1282.1 cm band in they?-NO complex
regiort>27 shifted to 1260.5 cmt in 13NO experiments, which

NFeO(CO), also described as CO bonded to Fe in NFeO, thedVes the 1.01714 isotopi®NO/NO ratio, and 1226.4 crit

2A" ground state is 15.2 kcal/mol higher in energy than the
ground state of Fe(CO)(NO).

Calculations were performed for Fe(GNO),, Fe(CO)-
(NO), and Fe(CO)(NQ) and the results are also listed in Table
2. Saturated Fe(C@NO), was predicted to have'd; ground
state withC,, symmetry, and the calculated parameters are in

with 15N180 and the 1.0278G6°N160/15N180 ratio. In mixed
1210 + NO and CO+ 1IN0 isotopic spectra, doublets with
1:1 distribution were observed for both bands. These two bands
are assigned to the Fe(C@}NO)complex.

This identification is strongly supported by the DFT calculated
frequencies presented in Table 3. For #Aé ground state, the

excellent agreement with the microwave structure determina- stretching modes of €0 and N-O are calculated to be 1969.4

tion.? The bond lengths are overestimated by 8:002 A, and
the discrepancy in bond angles ranges from 0.7 t8. Bbth
Fe(CO)(NO) and Fe(COYNO) are calculated to hav€s
symmetry and the ground stat&’ and?A"’, respectively.

Discussion

The new reaction product absorptions will be identified and

assigned on the basis of annealing and photolysis behavior,

isotopic substitution, and DFT isotopic frequency calculations.
Several known Fe(CQand Fe(NQ)species prepared in earlier
experiments-2526are listed in Table 1.

Fe(CO)(NO). The new carbonyl and nitrosyl absorptions at
1956.3 and 1727.7 cm can be assigned to the new Fe(CO)-

(NO) complex. The two bands increased together on annealing

cm~1 with the 1.02445%2CO/3CO isotopic ratio and 1332.5
cm~1 with the 1.0178G“NO/*SNO isotopic ratio, respectively,
which are in excellent agreement with observed frequencies and
isotopic ratios. The;2-NO subunit is clearly more difficult to
model by theory.

Fe(CO)(NO), and Fe(CO)(NO)[NO]. The band at 1940.9
cm~ ! tracks with the 1797.6 and 1750.9 chabsorptions, and
all three are assigned to Fe(CO)(NOlhese three bands appear
on annealing to 25K after Fe(CO)(NO) absorptions, increase
on further annealing to 30 and 35K, and slightly decrease on
photolysis. The 1940.9 cm band exhibits the carbonyl stretch-
ing isotopic ratio YPCOASCO, 1.02223) and a 1:1 doublet at
1940.9 and 1898.6 ctin the mixed*?1CO + NO experiment,
indicating that only one carbonyl is involved. The 1797.6 and

to 25, 30, and 35K, but decreased on broadband photolysis. Thel/20-9 €Mt bands shifted to 1762.5 and 1715.5 ¢

1956.3 cn1! band shows a 43.4 cmh 13CO isotopic shift, but
only a 1.3 cm® 1NO isotopic shift. The'?COA3CO isotopic
ratio 1.02269 and*NO/**NO ratio 1.00066 suggest that this
band is due to a terminal-€0 stretching vibration with very
small coupling to nitrogen. The 1727.7 chband exhibits a
small 1.7 cm! 13CO isotopic shift but large 33.8 crh 1NO
and 70.2 cm?® 13N180 isotopic shifts. Thé*NO/SNO isotopic
ratio 1.01995 anédPN60/15N80 isotopic ratio 1.02196 indicate
that this band is due to a terminalHD stretching vibration
with little involvement of carbon. Only one CO as well as one

respectively, witht®NO + CO sample. The 1797.6 cthband
shows a 1:2:1 triplet in th&*1NO + CO experiment, but the
mixed isotopic multiplet for the 1750.9 cthband is overlapped
by absorption bands due to Fe(NQpecies?

Three bands at 2079.8, 1791.2, and 1392.3cimcreased
on annealing but decreased on photolysis. The 2079.8 band
shifted to 2034.0 cmt in the 13CO 4+ NO experiments, and a
doublet with 1:1 relative intensities was observed in mixed
121C0 + NO spectra for this band. The 1791.2 and 1368.5
cm~! bands showed 1:1 doublet shape in the4&@&'NO

NO subunit participate in these modes according to the doubletspectra, but their 14/15 isotopic ratios were 1.02005 and

isotopic structures observed in mix&tCO + NO and CO+
141NO experiments (Figures 3 and 4).

The assignment is further confirmed by DFT calculations
summarized in Table 3 for théA’' ground state. The €0

1.01739, respectively, indicating two different NO subunits are
invoved in this molecule. The 1791.2 cfhband has the

behavior of NO end-on coordinated to the metal, while the
1392.3 cnt! band showed the character of side-on NO bonded
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TABLE 1: Absorptions (cm 1) from Codeposition of Laser-Ablated Fe Atoms with NO and CO in Argon at 10 K

CO+ NO CO+ NO CO+3NO CO+5N*O 1210+ NO

CO+H#INO

12COMCO “NOMASNO

assignment

22545 2193.6 2240.6 2240.0 2254.4,2183.6 2254.5, 2240.6
2248.2 2187.9 2234.1 2233.8  2248.2,2187.9 2248.2,2234.1
2244.4 2184.0 2229.0 2229.0 2244.4,2184.0 2244.4,2228.9
2138.2 2091.1 2138.2 2138.2  2138.2,2091.1 2138.2
2089.0 2043.3 2087.7 2086.6  2089.0, 2075.1, 2043.3
2079.8 2034.0 2079.1
2050.0 2004.1 2048.8
2039.8 1994.1 2039.8 2040.0  2039.8, 2008.0, 1994.0
2036.2 1991.2 2036.2 2036.2,1991.2 2036.2
2027.0 1981.2 2027.0
2012.0 1967.0 2012.0
2007.8 1963.3 2007.8
2001.5 1957.0 2001.4 2001.4 19811
1971.2 1925.2 1971.1 1970.9  1971.2,1925.1
1956.3 1912.9 1955.0 1954.0  1956.3,1912.9 1956.3, 1955.0
1940.9 1898.7 1940.8 1940.8  1941.0,1898.6
1922.0 1876.2 1922.0 19219  1922.0,1876.2 1922.0
1871.8 1871.8 1839.0 1789.3  1871.8 1871.8,1839.0
1863.3 1863.3 1830.4 1781.2
1820.7 1819.2 1785.1 1746.0 1820.7, 1809.6, 1785.2
1809.5 1808.7 1773.5
1797.6 1795.7 1762.5 17242  1797.6 1797.6,1795.7, 1759.0
1791.2 1791.2 1756.0 1716.7
1779.5 1779.5 1744.0 1704.9 1779.5,1775.1,1744.1
1776.1 1776.1 1744.2 1697.4 1776.1,1757.5,1744.2
1750.9 1750.8 1715.5 1676.6 1750.8,1730.6,1715.8
1748.6 1748.5 1714.5 1748.6,1714.5
1742.4 1742.4 1708.7 1668.6
1731.5 1731.5 1696.2 1659.7 1731.5, 1709.0, 1696.2
1727.7 1726.0 1693.9 1657.5 1727.7,1726.1 1727.7,1693.9
1708.7 1708.4 1677.0 1634.8
1392.3 1392.2 1368.5 1332.9 1392.1, 1368.7
1343.8 1343.7 1321.4 1284.8
1316.7 1316.6 1293.9 1316.7,1293.9
1282.1 1281.9 1260.5 1226.4 1282.1 1282.1, 1260.5
1275.3 1275.4 1252.6 1219.1 1274.7,1253.5
966.7 966.7 949.7 940.9 966.7, 949.7
949.9 949.8 933.6 923.8 949.9, 933.6
942.7 942.7 926.8 916.9 942.6, 926.8
941.3 941.3 925.7 915.5 941.3, 925.7
925.9 925.9 925.7
915.5 915.3 915.4 876.5
894.9 894.9 894.9
872.8 872.8 872.8 834.5
673.7 673.7 671.3
667.0 661.3 661.9 667.0, 662.6, 661.3
656.6 652.8 644.9 641.1 656.6, 652.6 656.6, 651.0, 644.9
630.8 623.7 621.0 616.6 630.8, 627.0, 623.6 630.9, 626.8, 624.7
618.1 613.8 607.1 604.5 618.1, 616.1, 613.8 618.1, 612.7, 607.0
513.3 513.3 499.8 512.9, 508.1, 505.0, 500.2
454.4 443.5 451.8 450.0 454.4,448.2, 443.5 454.4,453.0, 452.0
443.5 438.3 442.9 441.9

1.02776 1.00620 OFeNCO site
1.02756  1.00631 OFeNCO
1.02766 1.00691 OFeNCO site
1.02252 CcO
1.02237 1.00062 E&OR)
1.02252  1.00034 Fe(CO)(NO)[NO]
1.02290 (Fe(GMIO))?
1.02292 R4
1.02260 OFeCO
1.02312 ?
1.02288 ?
1.02267 eO),
1.02274 Fef{@)
1.02389 Fe(CO)[NO]
1.02269 1.00066 Fe(CO)(NO)
1.02223 Fe(CO)(NO)
1.0244 FeCO
1.01784 NO
(NO),
1.00082  1.01994 E&OR)
1.00044  1.02030 2
1.00106 1.01991 Fe(GO)(NO)
1.02005 Fe(CO)(NO)[NO]
1.02036 F4LED)
1.01829 2(NO)
1.02064 Fe(CQ)(NO)
1.01989 Fe(NO)
1.01972 Fe()NO)
1.01081 Fg(NO)
1.00098 1.01995 Fe(CO)(NO)
1.00018 1.01890 Fe{iD)
1.01739 Fe(CO)(NO)[NO]
1.01695 Fe[NO]
1.01762 Fe{blO)
1.01714 Fe(CO)[NO]
1.01812 Fe(NO)[NO]
1.01790 NFeO{€0)
1.01746 NFeO(CO)?
1.01716 NFeO?
1.01685 site
anneal pdt
OFeNCO
phot pdt
FeO, OFeCO
1.00358 FNO
1.00862 1.00771 Fe(RO).
1.00582 1.01814 EBICR)
1.01138  1.01578 Me(DO)
1.00701  1.01812 ,Ae(DO)
1.02641 Fe(NO)
1.02458  1.00575 ,@e@DO)
1.01186  1.00135 Fe((m),

to a metal atond>2” These three bands are appropriate for the consistent with the results predicted at several levels of

Fe(CO)(NO)[NO] molecule.

theory?>=41 and experiment&43 However, the FeCO bond

Similar DFT calculations were done for these two isomers, is weakened upon coordination of NO ligands. As a result the
and the results are listed in Tables 2 and 3. The assignment isvFe—C stretching mode is redshifted while thé—O stretching
supported by calculations, which reproduce very well the and 60FeCO bending modes are blue shifted. In FeGO,
observed isotopic ratios but the predicted frequencies have 20 donation from the & molecular orbital of CO contributes to
60 cnt! deviations from the experimental observations, slightly the unoccupied Fe orbital of symmetry(d), while thes back-
more than Fe(CO)(NO). The calculations predicted Fe(CO)- donation is from the 3d(Fe) orbital to the empty antibonding

(NO), with Cs symmetry slightly lower in energy than Fe(CO)-

orbital (27*) of CO. The 3dt(Fe) orbital is oriented to FeC

(NO)[NQ]. Note that the calculated FeCO angles in the two bond with optimizedr-overlap. However, the 3dFe)-27*-

molecules are close to 180but the CO stretching mode for
Fe(CO)(NOj is slightly lower than that for Fe(CO)(NO)[NO],

(CO) interaction is reduced since both of the charge distribution
of Fe atom and orientation of the B¢Fe) orbital are strongly

which indicates that the bonding of CO coordinated to Fe is perturbed by FeN bonding. Therefore, the berilFeCO

stronger in Fe(CO)(NQ)than in Fe(CO)(NO)[NQO].

structures are obtained due to different NO number and bonding

It is interesting to compare the electronic configurations, style. As seen in Table 5, as the positive charge on Fe increases,
Mulliken charge distributions and frequencies of FeCO subunits FeCO angles decrease, and #if@CO bending modes blueshift.
This trend can be used to understand the distorted FeCO unit

in the series of complexes in Table 5. The FeCO molecule is
calculated to be linear with &~ ground state, which is

in heme-Fe-CO structures. The crystal structures of the
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TABLE 2: Iron Carbonyl Nitrosyl States, Relative Energies (kcal/mol), and Geometries Calculated at the BP86/6-3#1G(d)
Level

molecule state  relative energy geomeftdy (leq)
Fe(CO)(NO) N 0.0 (0.0f>  CO,1.168; FeC,1.778; NO,1.185 FeN,1.653; FeCO,172.0; FeNO,159.2; CFeN,121.5
(G
A" 22.8 (27.) CO0,1.165; FeC,1.806; NO,1.192; FeN,1.702; FeCO,176.3; FeNO,173.0; CFeN,110.1
Fe(CO)[NQ] 2N 10.1 (7.1 CO,1.168; FeC,1.765; NO,1.256; FeN,1.732; FeO,1.986; FeCO,177.1; FeNO,81.7; OFeN,38.7
A 27.4(19.) CO0,1.166; FeC,1.816; NO,1.259; FeN,1.829; Fe0,1.981; FeC0,180.0; FeNO,77.4; OFeN,38.3
A 45.2 (22.6% CO,1.162; FeC,1.823; NO,1.292; FeN,1.955; Fe0,2.008; FeC0O,180.0; FeNO,73.2; OFeN,38.0
OFeNCO 2N 1.1 OFe, 1.593; FeN, 1.817; NC, 1.220; CO, 1.180; OFeN, 179.3; FeNC, 180.0; NCO, 180.0
NFeO(CO) 2N 15.2 (31.6% C0,1.148; FeC,1.846; NO,2.874; FeN,1.548; FeO,1.605; FeCO,179.2; OFeN,130.6
A 44.1 (53.8) CO,1.144; FeC,1.932; NO,2.681; FeN,1.593; FeO,1.640; FeCO,180.0; OFeN,115.9
Fe(CO)(NO) A, 0.0 (0.0yc CO,1.152; NO,1.175; FeN,1.652; FeC,1.891; FeCO,180.0; NFeN,115.5
20,
Fe(CO)(NO)[NO] *A 18.6 (14.7% C0,1.158; NO,1.176; NQL.246; FeC,1.801; FeN,1.676; FeN768
Fe(CO}(NO) 2A" CO,1.161; FeC,1.803; NO,1.179; FeN,1.664; FeNO,158.1; FeCO,179.9; CFeC,92.8; CFeN,112.7
Cs

a Single-point energies at B3P86/6-31G(3df) level for BP86 optimized geometries in parentheé&issociation energy of complex is 81.3
kcal/mol from eq #-3 or 2+4. ¢ Dissociation energy of complex is 122.5 kcal/mol from eeg#-8. 9 Dissociation energy of Fe(C@NO) is 109.5
kcal/mol from eq #3+7; dissociation energy of Fe(C@NO), is 165.3 kcal/mol from eq-%3+7+10.

TABLE 3: Stretching Frequencies (cnm?) and Intensities (km/mol) for Isotopic C—O and N—O Vibrations Calculated at the
BP86/6-311-G(d) Level for Ground State Iron Carbonyl Nitrosyls

molecule mode 2C0O,¥NO 8CO,¥NO 12C0O, N0 (*2COF3CO) “NO/SNO)
Fe(CO)(NO) co 1957.9(750) 1913.6(643) 1956.7(794) 1.02315 1.00010
N-O 1753.7(989) 1752.0(1040) 1719.1(914) 1.00097 1.02013
Fe(CO)[NO] c-0 1969.4(775) 1922.4(730) 1969.3(776) 1.02445 1.00005
N—-O 1332.5(322) 1332.5(323) 1309.2(314) 1.00000 1.01780
OFeNCO N-C-0, a 2236.3(1469) 2174.2(1407) 2225.4(1435) 1.02856 1.00490
N—-C-0O, s 1388.4(39) 1388.0(37) 1360.4(42) 1.00029 1.02058
Fe-O 931.8(136) 931.8(135) 931.8(36) 1.00000 1.00000
NFeO(CO) GO 2077.8(576) 2029.3(544) 2077.7(576) 1.02390 1.00000
Fe-N 1060.2(99) 1060.2(97) 1034.4(109) 1.00000 1.02494
Fe-O 949.1(75) 949.1(75) 946.4(62.3) 1.00000 1.00285
Fe(CO)(NO}) (Cz,) c-0 2002.7(635) 1958.9(518) 2000.8(688) 1.02236 1.00095
N-O, s 1818.9(757) 1816.2(824) 1783.2(683) 1.00149 1.02002
N-O, as 1771.3(1300) 1771.3(1300) 1735.4(1246) 1.00000 1.02069
Fe(CO)(NO) co 2033.0(661) 1987.9(605) 2032.3(675) 1.02269 1.00034
[NO] N-O 1778.1(856) 1777.2(870) 1743.5(810) 1.00051 1.01985
IN—O] 1369.2(350) 1369.1(351) 1344.6(341) 1.00001 1.01845
Fe(CO)(NO) C-0O,s 2009.5(327) 1964.1(267) 2008.1(359) 1.02311 1.00070
C—0, as 1947.5(1099) 1902.2(1035) 1947.4(1099) 1.02381 1.00005
N-O 1772.5(995) 1770.9(1026) 1737.3(930) 1.00090 1.02026
myoglobin CO adduct reveal a large off-axis distortfé11> argon? In addition these four strong bands are within 1ém

which is believed to be due to interaction between Fe and the of the spectrum measured for an authentic sample of FefCO)
imidazole ring. Further experimental and theoretical studies also (NO), in solid argon, but there is no report of lower frequency
support this resultt—4° However, distorted FeCO is not sup- modest°
ported by infrared polarization measurem&it From this study In addition, three strong lower frequency bands observed here
it appears that the positive charge distribution on Fe atom andat 656.6, 618.1, and 454.4 cintrack very well with the four
N-containing ligands may directly affect the F€0O unit upper bands. The 656.6 and 618.1¢rhands show very small
bonding in heme-CO adducts. carbon isotopic shifts but large nitrogen isotopic shifts, with
Fe(COXR(NO),. The dominant bands after annealing and triplets in both21€O + NO and*NO + CO experiments,
photolysis appear at 2089.0, 2039.8, 1820.7, and 17798 cm and are due to FeNO bending/Fd stretching modes. On the
in the carbonyl and nitrosyl regions and at 667.0, 656.6, 630.8, other hand, the 454.4 crhband shifts a large amount to 443.5
618.1, 454.4, and 443.5 crhin the lower region. The upper cmtin 13CO experiments (1.02458CO/A3CO isotopic ratio),
2089.0 and 2039.8 cm pair shows carbonyl stretching which is due to an FeCO bending/€ stretching vibration.
frequency ratios and triplets with 1:2:1 intensity distribution for The weaker 667.0 cmt band has similar small isotopic ratios
both bands in the'21O 4+ NO experiment, which are  for 2CO/ACO andNO/SNO, indicating that bending of both
appropriate for symmetric and antisymmetric modes of two FeCO and FeNO subunits is involved with considerable oxygen
carbonyl subunits. These bands are 104.2 and 160.6,cm motion. The weaker 443.5 cthband appears to be more FeCO
respectively, higher than the two—© vibrational frequencies  bending in character. The remaining weak 630.8 tabsorp-
of bent Fe(COyin an argon matrix* The two lower bands at  tion is probably due to a combination band.
1820.7 and 1779.5 cr exhibit the same profile and increase The experimental results for Fe(GONYO), are modeled well
together with the upper pair. The lower bands shift to 1785.1 by DFT calculations of frequencies and vibrational mode
and 1744.0 cm! with °NO and to 1746.0 and 1704.9 ctn assignments. The calculated and observed frequencies and
with N80, and show triplets with 1:2:1 intensity using isotopic ratios are summarized in Table 4. The calculation
141NO + CO sample, indicating that two nitrosyl subunits predicts very strong symmetric and antisymmetric stretching
participate. These bands are 22.6 and 47.9 cmigher, C—0 and N-O vibrations, as well as medium intensity FeNO
respectively, than the two bands for bent Fe(pN®) solid bending and weak FeCO bending modes. Note that the
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TABLE 4: Calculated and Experimental Frequencies, Intensities, and Isotopic Frequency Ratios at the BP86/6-31G(d) Level

for Fe(CO),(NO), (*A;) in Cy, Symmetry

f . calculated . experimental
requencies frequencies
symmetry (cm™) (km/mol) (t2CrC) (“AN/EN) (cm™) (au) ¢crsc) (*AN/ESN) assignments
& 2047.2(345) 1.02263 1.00083 2089.0(0.151) 1.02237 1.00062 CO sym str
1840.8(801) 1.00131 1.02012 1820.7(0.206) 1.00082 1.01994 NO sym str
684.5(82) 1.00117 1.01906 656.6(0.014) 1.00582 1.01814 FeNO bend(out)
583.7(1) 1.00154 1.01566 NFeN str
510.5(14) 1.02903 1.00275 FeCO bend(in)
438.0(2) 1.01459 1.00206 (CO)Fe(CO) bend
82.7(0) 1.00242 1.00121 OCFeCO bend
65.2(0) 1.00308 1.00806 CFeC bend
& 498.3(0) 1.01363 1.01735 torsion
328.2(0) 1.01989 1.01078 FeNO(out)FeCO(in)
68.5(0) 1.00293 1.00146 OCFeCO bend(out)
by 1999.0(976) 1.02376 1.00000 2039.8(0.322) 1.02292 1.00000 CO antisym str
663.5(100) 1.00515 1.01717 618.1(0.020) 1.00701 1.01812 FeNO bend
482.0(10) 1.01175 1.00396 443.5(0.005) 1.01186 1.00135 FeCO bend(out)
333.1(1) 1.02492 1.00000 CFeC str
74.0(0) 1.00407 1.00135 ONFeNO bend(out)
b, 1806.0(1377) 1.0000 1.02068 1779.5(0.442) 1.00000 1.02036 NO antisym str
664.3(14) 1.00045 1.00621 667.0(0.007) 1.00862 1.00771 FeNO/FeCO bending
501.5(14) 1.02431 1.00723 454.4(0.017) 1.02458 1.00575 FeCO bend(out)
291.0(0) 1.00727 1.02069 FeNO(in)FeCO(out)
85.3(0) 1.00000 1.00235 torsion

TABLE 5: Summary of Frequencies (cnt?) of the NBO Analysis and Calculated G-O Stretching, Fe—C Stretching, and FeCO

Bending Frequencies in the (NO)FeCO Complexes

OFeCO

molecule Fe electronic configuration  C electronic configuration Qee Jc ve-0(0)  Vre-co(0)  Ore-c-o(7)
Fe(CO) 48833701 28!-272p237 —0.0936 0.3147 180.0 1921.4 569.7 356.8
Fe(CO)[NQ] 4833712 283?30 0.0949 0.2239 177.1 1969.4 473.9 571.4
Fe(CO)(NO) 48403d7-17 283?32 0.0997 0.2041  172.0 1957.9 513.4 582.9
Fe(CO)(NO) 493735720 28362233 0.4364 0.1906  170.1 2002.7 321.4 6G0.3

aWeakly coupled with FeNO bending mode.

calculated G-O stretching modes are 41.8 and 40.8&hower
(2.0%) than observed while the calculated-@ stretching
modes are 20.1 and 26.5 cihigher (1.1 and 1.5%) than the
observed values. The calculated 684.5 and 663.5'dmands

Other Absorptions. Several absorptions remain to be
discussed. The 2007.8 cthband is observed with Fe and CO
and is there identified as K€O),.1* Two weak new carbonyl
bands at 2027.0 and 2012.0 chare unidentified; the latter

as well as their isotopic ratios are very close to the experimental appears on earlier annealing and the former is photosensitive.

absorptions at 656.6 and 618.1 chand the observed isotopic

Either of these bands could be due to the unsaturated Fg(CO)

ratios, respectively. These two bands are due to FeNO bending(NO) species, but this is only one possibility. The OFeCO
modes with in-plane and out-of-plane character, respectively. species made in the Fe/G@actiot? appears here at 2036.2
The calculated out-of-plane FeCO bending mode at 50153 cm and 872.8 cm? on annealing from the union of FeO and CO.

is slightly higher than the experimental absorption at 454.4%cm

Finally, new weak bands observed at 2254.5, 2248.2, and

The predicted out-of-plane bending mode of FeCO at 482.0 2244.4 cmt on photolysis and annealing are analogous to bands

cm~1 matches the very weak absorption at 443.5 tnThe
calculated FeN and Fe-C stretching modes are mixed and
their infrared intensities are very small.

Fe(CO)(NO). The 2001.5 and 1708.7 crhbands increased
markedly on annealing and shifted to 1957.0 and 1708.4'cm
respectively, in the'3CO + NO sample. But in the mixed
1210 + NO experiment no isotopic multiplet could be

identified due to overlap by bands of other carbonyls. The

1708.7 cni! band shifted to 1677.0 cmh and showed a 1:1
doublet pattern in C®4INO spectra, indicating one NO
subunit. The 2001.5 cmt band is red shifted from €0
vibrations of Fe(CQYNO), and blue-shifted from Fe(C@)n
an argon matriX* So Fe(COYNO) is an appropriate candidate;

a weaker 2050.0 cmt band may be associated but we cannot
be certain. However, from DFT calculation the predicted NO

stretching mode of Fe(C@NO) molecule at 1772.5 cm is
higher than the 1708.7 crh experimental value, which is not

in this region from the Mn/CO/NO reactiddand to isocyanate
absorptions on supported metal systé8’ These bands have

a unique higH?COA3CO ratio (1.027) and loW*NO/SNO ratio
(1.006) which shows more carbon motion than a normal
carbonyl mode plus some nitrogen motion. Our DFT calculations
predicted a stable OFeNCO isomer, only 1.1 kcal/mol higher
than Fe(CO)(NO), with very strong antisymmetric-R—0O
stretching mode at 2236.3 cthand weak FeO mode at 931.8
cmL. An experiment witht2C160 and!°N180 was performed
just to show that oxygen in the FeO subunit arises from NO
and the!®0OF&>N12C160 isotopic molecule was formed exclu-
sively. The 2254.5, 2234.1, and 2228.9drbands with'SN160O
redshifted 0.6-0.6 cnr* with 13N80 substitution, but the band
at 915.5 cm?! shifted to 876.5 cm! (ratio 1.04495) as is
appropriate for an FeO stretching mode. This observation of
an iron isocyanate species from one Fe, one CO, and one NO
is relevant to reactions of CO and NO on supported metal

as good agreement as the other nitrosyl modes assigned herecatalyst systems for pollution contrdf->*

Clearly, evidence for the identification of Fe(CONO) is not

Reaction MechanismsBoth FeNO and FeCO can be formed

as strong as for the other five iron carbonyl nitrosyls reported by direct reaction during matrix deposition, but NO, with one

here.

unpaired electron in a* orbital, is more reactive than CO.
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Reactions 1 and 2 are exothermic by 39.1 and 21.0 kcal/mol, Fe(CO}(NO),, increased markedly on further annealing and
respectively, based on B3P86/6-31G&(3df) calculated became the dominant product, reactions1®. Note that
energies. On annealing the FeNO absorption increased while

Fe(CO)(NO)+ CO— Fe(CO)(NO)

FefD) + NOCIT) — Fe(NO) A" AE = —28.5 kcal/mol (7)
AE = —39.1kcal/mol (1)  Fe(CO)(NO)+ NO— Fe(CO)(NO)

Fe(’D) + CO(12+) — Fe(CO) 62—) AE = —41.2 kcal/mol (8)
AE = —21.0kcal/mol (2)  Fe(CO)(NO} + CO— Fe(COY}NO),
AE = —42.8 kcal/mol (9)
the FeCO absorption disappeared. This means that the groundFe(CO}(NO) + NO — Fe(CO)(NO),
state FE{D) atom can react with NO to form FeNO without AE = —55.5 keal/mol (10)
energy barrier but not with CO to form FeCO in solid argon. )

This result agrees with our previous studies of reactions of iron adding NO is more exothermic than adding CO to form the

atoms with CO in solid argon and ne&ht’ . . \
iron carbonyl nitrosyl complexes with the same number of
The Fe(CO)(NO) molecule is mainly produced from reaction Jigands (i.e., reactions 3 vs 4, 7 vs 8, and 9 vs 10) as the Fe
3 during annealing. Although reaction 4 is more exothermic, reaction with NO is more exothermic than with CO (reaction 1
the yield of FeCO is limited in the argon matrix. Itis interesting vs 2).

Fe(NO)EA") + CO (‘=) — Fe(CO)(NO)A") Conclusions
AE = —42.2kcal/mol (3) Laser-ablated Fe atoms reacted with CO and NO mixtures
_ 2 , during co-deposition in excess argon at 10 K. Weak bands at
Fe(CO)fZ ) + NO(II) —~ Fe(CO)(NO)fA ) 1956.3 and 1727.3 cmd increased in concert on sample
AE = —60.3kcal/mol (4)  annealing and are assigned to the CO and NO stretching modes
' 2r 1y 1 of the unsaturated Fe(CO)(NO) complex on the basis of the
Fe(NO)(A") + NO(TI) Fe(NO) (A) 13CO and1>NO isotopic shifts, and the spectra of isotopic
AE = —44.2kcal/mol (5) mixtures. The DFT calculations characterizeaground state
and reproduced the observed frequencies within 1.5% and the
to note that reactions 3 and 5 are exothermic by almost the samésotopic shifts for each ligand within a 0.4 chaverage. The
amount despite very different ligands, CO and NO, coordinating Fe(CO)(NO) complex converted to Fe(CZHNO) on visible
to FeNO. From the theoretical structure (BP86/6-8EF level) photolysis and to the OFeNCO isocyanate on ultraviolet
the FeNO angle in Fe(N@)*A,) is 160.8, while this angle is photolysis.
close to 180 in iron mononitrosyl (178.%). This means that Two isomers, Fe(CO)(N@and Fe(CO)(NO)[NO], were also
antibonding repulsion in Fe(N@)(*A1) molecule from the identified from3CO and!®NO isotopic substitution and DFT
interaction of & MO of NO and the ¢ orbital of the metal calculations. Both isomers have singlet electronic ground states
center is very strong, which partly eliminates the electron pairing and Fe(CO)(NO)[NO] is 18.6 kcal/mol higher in energy than
energy from NQOt* and Fe 3d. However, this repulsion is small ~ Fe(CO)(NO). Since one NO is side-coordinated to the Fe atom,
due to noo antibonding interaction in the Fe(CO)(NCH() the charge distribution on Fe in Fe(CO)(NO)[NQ] is more
molecule. positive, which leads to weaker F€ but stronger CO bonds.
Further annealing gave the stable 18-electron molecule, Fg(CO)
(NO),; the strong carbonyl and nitrosyl stretching modes are in
agreement with earlier work and the bending mode region is
reported here. DFT calculations reproduce the spectrum and
structure of Fe(CQJNO), quite well.

Itis noted in Fe(CO)(NQ)complexes that as the FeCO angle
decreases th&FeCO bending modes blue shift. This is because
the 3dr(Fe)-27*(CO) interaction is reduced since both the
Fe(CO)[NO]CA") Az 240nm charge distribution on Fe and orientation of ther@k) orbital

E=10.1 are strongly perturbed by F&NO bonding. As the positive
, charge on Fe increases, bent FeCO structures are obtained,
EozFil.\llck(c):aEI?rrzol ©) which is relevant to the bonding in hem€O adducts.

The Fe(CO)[NQ] absorption bands increased markedly on
visible > 470 nm) photolysis at the expense of Fe(CO)(NO),
suggesting photochemical isomerization of Fe(CO)(NO) to form
Fe(CO)[NQ]. A following full arc ¢> 240 nm) photolysis
restored some of the original Fe(CO)(NO) at the expense of
Fe(CO)[NQ] (Figure 2).

A > 470 nm
A > 240 nm

Fe(CO)(NO)A")
E=0.0
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