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The low-lying electronic states of FeO *: Rotational analysis
of the resonance enhanced photodissociation spectra
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The resonance enhancéti+1) photodissociation spectra of th&,00 and (9,0) bands of the
11,53 system of FeO® have been recorded. From a rotational analysis, the rotational
parameters for thé3, * ground state of FeD have been obtained for the first time. The rotational
constant B,=0.5020+ 0.0004 cm! is derived, giving ro=1.643+0.001A. Other molecular
parameters determined for th&" ground state are the spin—spin coupling constant,
A=-0.126+0.006 cm %, and the spin—rotational coupling constapt —0.0330.002 cm X, The
assignment of the upper state®s,,, is based on the characteristic appearance of the band and on
time-dependent density function@D-DFT) calculations performed on FEOThe reliability of the
TD-DFT method in the prediction of excited states of Fei® corroborated by calculations on CrF
and MnO, which have been extensively characterized either by spectroscopy or by high-level
theoretical calculations. @003 American Institute of Physic§DOI: 10.1063/1.1615521

I. INTRODUCTION we re-examined the predissociati?® —°3, transition near
349 nm. The vibrational frequencies for both the ground and
The spectroscopic study of first-row transition metal ox-excited®S, states were determined from the observed),
ide cations (MO) is of great interest because of their ability (0,1), and (1,1) vibrational peaks? Although partially re-
to activate methane in the gas phaseln particular, the solved rotational structure was observed in these vibrational
reaction of FeO with methane is both efficient and selective peaks, full assignment of the ground state molecular param-
for the production of methanol. Under thermal conditions,eters was not possible due to the limited lifetime of the pre-
the reaction occurs through two competitive pathways thatlissociative®s, state ¢’'=0, 7=3.5 ps,Av=1.5 cm }). In
lead to FeOH +CH;(57%) and Fé+CH;OH (41%). A the present paper, we study the lower-lyfiig—°3 transi-
minor pathway that leads to FeGH H,0 (2%) hasalso tion using resonance-enhancdd+1) photodissociation.
been observeliHigher collision energies favor FeGHpro-  This technique overcomes the limit on resolution imposed by
duction, while the addition of buffer gas favors methanolthe dissociation lifetime of FeQ The rotationally resolved
production® Based on detailed density functional theory structure recorded for this transition allows us to determine
(DFT) and intrinsic reaction coordinate analyses, Yoshizawdor the first time a set of molecular constants for %
et al®® propose a two-step concerted mechanism for thigyround state of Fe©. Recently, Brucat and co-workéfs
reaction. The key intermediaf¢HO—Fe—CH]* can either used resonance-enhanced photodissociation to obtain the first
dissociate to form FeOH or isomerize to FGHHOCH;) ™, rotationally resolved spectrum of C3Qderiving rotational
which dissociates to produce methanol. Several intermedieonstants for théA , ground state and the low-lyimj1; and
ates of the reaction have been studied by collision-induceéi® . excited states.
dissociatiod and by photofragment spectroscdfy. The high spin and large number of low-lying electronic
The study of low-lying electronic states of diatomic sys- states makes calculations of the electronic structure of tran-
tems containing first-row transition metals has proven to bsition metal oxides very challenging, usually requiring com-
difficult due to the large number of electronic configurationsputationally expensive methodsHowever, during the last
derived from the occupancy of thed3orbitals. However, decade the excellent agreement between experimental results
despite difficulties in assigning the complicated spectra oband calculations performed at the hybrid Hartree—Fock/
tained, some experimental studies have been completed @®nsity-functional(DFT) level has proven that DFT meth-
3d hydrides, halides, and oxidé&1X, M =Sc—-Cu, X=H, F,  ods, in particular B3LYP, are effective and inexpensive tools
Cl, and Q.""*"In 1986, Freiser and co-workéfsobtained  for the prediction of molecular parameters of systems con-
the photodissociation spectrum of Fe@ an ion cyclotron  taining transition metal atonf8-2*In addition, its applica-
resonance spectrometer using a lamp/monochromator wittion has been extended to the prediction of excited electronic
10 nm resolution. In an earlier spectroscopy study of FeO states using time-dependent density functional th&®iy-
DFT). However, to date, the prediction of excited electronic
aauthor to whom all correspondence should be addressed, Electronic maiﬁtates USing TD-DFT has been mOStly restricted to closed-
rbmetz@chemistry.umass.edu; fax1-413-545-4490 shell organic molecules, and few calculations have been
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performed on systems containing transition-metal attfRs.
In a recent TD-DFT study, Borowsky and Broclafflpre-
dicted excited states of VA¥ ) and MoO PII) that are in
excellent agreement with both experimental results and cal-
culations performed at higher levels of theory. In the present ;
study, we performed theoretical calculations on Fa@ing
TD-DFT methods to complement the spectroscopic results
and to obtain a better understanding of the electronic struc-
ture of FeO'. To test the reliability of the TD-DFT method
on FeO’, we performed calculations on the isoelectronic
MnO and CrF systems, which have been extensively charac-
terized by both spectroscofiy! and high level quantum
calculations’?

Besides its considerable interest as a model for methane 14500 14300 14400 14500 14600 14700

ield

Fe' Fragment Y

activation, FeO is also important in the iron chemistry of Energy (cm )
the mesospher&, where it is produced by the reaction of FG. 1S ep size-1 om ) of th N L
Fe", introduced by meteorites, with ozone. Koppal3* es- + 1. Survey scafstep size-1 cm ) of the resonance-enhanceti 1)

timated the concentration of atomic oxygen in the mesosphotodissociation FeO-FeO™" —Fe’ +O0.
phere using measured concentrations of, FeeO', and Q,
and the known rates for the Fe-O; and Fed +O reac-
tions. In addition, the relatively high astronomical abundanc

of iron has lead to considerable interest in the search fo I ved and th K intensiti distorted
iron-containing molecules and ions in dense molecula ecomes [ess resolved and the peak intensies are distorted.

clouds using radio astronom¥The positive identification of -2S€" powerh depindfncr; stdu.dles. are c_:ons;?tehnthwnh
molecules and ions in the interstellar medium requires thgesonance-en ancéd+1) photodissociation, in which the

knowledge of accurate molecular parameters, especially r(.ﬁl_bSOI.'pt.IO!’l of the first photon to a .statef below the dissocia-
tion limit is partially saturated. Excited ions then absorb an

tational transition energie§.Recently, neutral FeO was ten- dditional ph d di 3
tatively identified in the interstellar medium, based on radig?dditional photon and dissociate.
astronomy’ and laboratory microwave specffaThus, we

Sociation yield of 1% at 689 nm. At higher laser fluences, up
400 mJcm?, the photodissociation spectrum of FeO

hope that the rotational constants of Fe@erived in this !ll. COMPUTATIONAL DETAILS
|S:tug¥ stimulate microwave and radio astronomy studies of A calculations were carried out using the B3LYP hy-
IO

brid Hartree—Fock/density functional method as imple-
mented in theGAUSSIAN 98 program packag&: Geometry
Il. EXPERIMENTAL SECTION optimizations and frequency calculations were performed us-
The laser ablation photofragment spectrometer has beeng the diffuse 6-31+G(d,p) basis set on all the atoms.
described in detail previousl.Briefly, iron cations are gen- Single-point energy calculations at the optimized geometry
erated by laser ablation of a rotating and translating(Feey ~ were obtained using the 6-3115(3df,2dp basis set on oxy-
Sigma-Aldrich, 99.98% pujeAblated F& reacts with NO  gen, while the 6-312G(d,p) basis set was retained for iron.
(Merriam-Graves, 99.8% puréo produce FeO+N,. Gas The time-dependent density functional theGRp-DFT) cal-
mixtures of 1%—2% MO and 5%—10% Q@in helium were culations were performed at the B3LYP level using the 6-311
typically used with a backing pressure of 2 atm. Molecular+G(d,p) basis set on all the atoms, except for Fe@vhere
oxygen was included in the mix to enhance vibrational ancho diffuse functions were added. Potential energy curves
electronic cooling of the FeQ lons produced in the source were constructed by scanning the M<M=Fe, Mn and Cr;
expand supersonically into vacuum, then are skimmed, acX=0, F) bond length while performing TD calculations
celerated to 1800 V kinetic energy and rereferefited  from the converged ground state density at each step. The
ground potential prior to entering the field-free flight tube.internuclear distance is scanned until a poor description of
The photoexcitation of FeOis accomplished at the turning the electronic transition, such as a negative vertical energy, is
point of the reflectron using the fundamental output of aobtained in the TD-DFT calculation. A typical scan is carried
tunable Nd:YAG-pumped dye 1as€0.08 cni® linewidth).  out with a step size of 0.04 A and usually covers a range of
The charged dissociation fragments are identified by their=0.3 A from the optimized bond length of the system in its
subsequent flight times to a 40 mm diam dual microchanneground state. The calculated potential energy curves are sub-
plate detector. Photofragment spectra are obtained by monsequently fit to a Morse potential to derive the vibrational
toring the yield of Fé as a function of wavelength and nor- constants ¢, ,w¢X.) of each excited state.
malizing to the parent ion signal at a constant laser power.
The wavelength of the dissociation laser is calibrated usingy. RESULTS AND DISCUSSION
the known photoacoustic spectrum of wafeAt the wave-
lengths used in this study, the photodissociation of FeO
requires the absorption of two photons. A typical laser flu-  Figure 1 shows a survey resonance-enhanced photodis-
ence of 150 mJ ci? was used to produce a maximum dis- sociation spectrum of FeO between 14150 and 14800

A. Spectroscopy
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cm L The spectrum consists of an intense band-a# 500 and 2Zb) indicates that these rotational features are produced
cm ! and four less intense, neighboring bands. The averagey transitions to two vibrational states in the same excited
spacing between these bands is 65 &mAlthough this sur-  electronic state of FeQ Therefore, to determine the abso-
vey spectrum was also recorded at somewhat higher resollute vibrational numbering of these transitions, we searched
tion, we concentrate our analysis on the most intense ban@ipr the photodissociation of thé*FeO" isotopomer. The
which is the only feature recorded with a high signal-to-noisesmall natural abundance &fFe (5.8%) and low dissociation
level. Figure 2a) shows the high-resolution spectrum of the yield (<1%) make this experiment quite challenging. The
intense band. The spectrum consists of approximate 50 rotghotodissociation of*FeO" gives a small peak at 14514.3
tional peaks distributed along @45 cmi ! region. Among cm %, which gives an isotopic shift of 21.1 ¢rh from the

the most significant features in this spectrum are the twantense band head 6fFeQ". Considering that under our
band heads at 14514.3 and 14 520.9 tnConsidering that experimental conditions FeOions are produced in their vi-
both band heads are shaded toward the red, the internuclelarationless ground state, the large isotopic shift indicates that
distance in the upper electronic state must be greater thargh vibrational levels of the upper electronic state of FeO
that in the ground stateB( <B”), and therefore they corre- are reached upon photoexcitation. On the basis of this isoto-
spond to eitheR or Q branche$? Other distinguishing fea- pic shift and the vibrational frequency of the ground state of
tures of the spectrum are the isolated band and the progreBeO" (vj=838+4 cm ) derived in an earlier study, the
sion of doublets observed at the high- and low-energyotational features shown in Figs(a2 and 2Zb) are tenta-
regions, respectively. The typical linewidth of an isolatedtively assigned as thev(=8«v"=0) and @'=9«0v"
peak in the spectrum is 0.08 ¢t our laser linewidth. The =0) bands, respectively. They will henceforth be referred to
spectrum in Fig. &) shows a similar, but less intense bandas the(8,00 and (9,0) bands.

that resides-646 cm * to the blue of the most intense band. The analysis of these bands was carried out in several
The strikingly similarity between the spectra in Figga)2 steps. Since the ground state of Fe@® 3 and the band
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shown in Fig. 2a) is the only intense feature observed be- Transitions can occur from each spin—spin level in the
tween 14 300 and 14 700 crh a seemingly natural starting °3 state to each spin—orbit level in tii€l state, leading to
point to the analysis is that this band is derived frofi®a 18 branches for each spin—orbit st&ld,,, with expected
«—®3 " transition. The observation of a similar transifidn intensitiesR>Q>P for the rotational branches. The analy-
for isoelectronic MnO supports this idea. However, this ten=sis of the rotational structure was started with (Bg) band
tative assignment was revised when the rotational structurgFig. 2(b)] because the branches are easier to pick out since
was examined closely and found to be incompatible with anore peaks are available. To start the analysis two branches
®% %" transition. Our second approach to the analysis isvere selected: the isolated peaks above 15169 cmere
that these bands are due tH«—°3 " transition. Transi- assigned to arR branch, while those forming a head near
tions to a®ll state are supported by TD-DFT calculations 15167 cm? to a Q branch. Combination differences be-
performed on FeO, which are described in detail later in tween these bands allows us to obtain the separation of suc-
this paper. In the case of%I«—°3 " transition, neighboring cessive rotational levels in the ground and excited states. The
subbands due to transitions from " ground state to the correspondingP branch was predicted to lie near 15160
spin—orbit components of th¥1 state should be also ob- ¢m™2, but it could not be confirmed because it is obscured by
served. The spin—orbit splitting in tHél state can be esti- other branches. The assignment of the analogous features in
mated using atomic parametéfsAssuming the spin—orbit the (8,0) band gives similar rotational energy levels for the
interaction arises from an electron in the FE ®rbital, ground state. Fitting the rotational energies to Ed$.and
AAZ = {34/2, where(3q is the atomic spin—orbit constant. (2) determinesd’ as well asJ” and N”. Using J"=Q"
Therefore, for the highest spin—orbit component of the -+ N allow us to obtain2". It is more difficult to determine
state(2=5/2, A=1), A~ {54/5. So, usingz;=416cm * for (', The lowest)’ value observed places an upper limit on
Fe" givesA=83cm !. This estimate is consistent with the || (asJ’=|Q’|) but transitions to lowd’ are often over-
average spacing of 65 crh observed between the bands in |apped by other peaks. The value @f affects the overall
the LOW-V%SOWUOH scan shown in Fig. 1. intensity pattern and the extent afdoubling. These consid-
II~"% bands have been observed for several molgrations, discussed in more detail below, strongly suggest
ecules, and their structure is fairly complex. Ti® state is Q'=7/2. Thus, we assign these as Qeand R branches of
Hund’s casegb) with rotational energy levels approximately i, O[T, 3 3, transition. As the’S, states are numbered

; 2
given by from F (3 =5/2) toFg (2= —5/2), these are thBQ; and
Q ipt indi :
E/=B"N"(N"+1). 1) .R.l bands, where the superscript indicatel for the tran
sition. As a next step, an additional branch located in the
Spin—spin(second-order spin—orbiand spin-rotation inter- region between the two band heads of the spectrum was as-
action split the®s, state into six spin—spin level®=5/2,  signed. Using the rotational energy levels derived for the
3/2, 1/2,—1/2, —3/2, and—5/2) and cause the energies to ground state facilitates assignment of the remaining peaks
differ slightly from Eq.(1). The®II state is Hund’s cas@) near 15165 cm' to the PR, branch fI1;,°33,). The

and thus approximately has rotational energy lefels, remainder of the spectrum exhibits a similar pattern with the
S > red-shaded®Q, and °R; forming the sharp peak at 15161
E,=B[J(J'+1)-Q""]. (20 cm™ and the highly red-shadetQ, and "R, extending

TABLE |. Experimental molecular constarfism 1) of the X 83, 6l'[7,2, and(revised ®3 states of FeO, and
the °3* ground state of MnO.

FeO" MnO
X 62+ 61—[7/2 Gza X 62+b
Constant v"=0 v'=8 v'=9 v'=0 v"=0
To 0 14 351.05 14 997.64 28 647.0 0
(28 648.7
B 0.5020+ 0.3752+ 0.3720+ 0.489+ 0.5012
0.0004 0.0002 0.0002 0.006
(0.484
D¢ 7x10°7 4x1077 4%x1077
r (A) 1.643+ 1.664+0.01 1.647
0.001
Y —-0.126+ 0.60+0.07 0.574
0.006 0.7
y —0.033+ —0.0024
0.002

@Molecular constants in parentheses were estimated in an earlier one-photon spectroscofiRe$tddyusing
the ground state molecular parameters of the isoelectronic lReds. 29—31 for the ground state of FeO
PReference 31.

‘Estimated, but not fit.
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TABLE II. Experimental and calculategarenthesesine positions of thé8,0) band of theé’TT,,—°®3 * system

of FeO'.
J Ry R Ry Q1 Qs
2.5 14 516.43
(14516.343
3.5 18.72 14517.17 14 515.26
(18.670 (14517.141 (14 515.190
4.5 20.94 18.33 14 508.75 16.66
(20.899 (18.353 (14 508.809 (16.646
55 22.98 19.33 07.79 17.91 14 509.20
(22.942 (19.361 (07.831 (17.917 (14 509.190
6.5 24.78 20.11 06.57 18.99 08.18
(24.774 (20.154 (06.612 (18.976 (08.218
7.5 26.41 20.69 05.14 19.80 06.99
(26.387% (20.726 (05.159 (19.815 (07.009
8.5 27.81 21.03 03.42 05.56
(27.772 (21.09 (03.460 (05.567
9.5 01.49 03.86
(01.533 (03.892
10.5 14 499.37 01.96
(14 499.372 (01.986
115 97.02 14 499.84
(96.979 (14 499.850
12.5 94.40 97.51
(94.353 (97.480
13.5 94.91
(94.882

down to 15145 cm’. Rotational constants are derived by Hip=(0,+p,+0a,)(S2+S*)—(p,+20,)
nonlinear least squares fitting of the observed transition en-

ergies to the Hamiltonian, X(J4S:+J_S)+q,(I5+3%), (5
H=B(J—S)>—D(J—9)*+ y(J— S)S+ (2/3\ (352
- ), (3)  for the °II state.

for the S state and The Hamiltonians are diagonalized in a Hund'’s céme
basis and transition intensities are obtained following the
H=B(J—9?-D(J—9S)*+AAS+H,p, (4) procedure outlined by Hougéfl.Case(a) matrix elements

TABLE Ill. Experimental and calculate¢parenthesgsrotational lines of theg9,0) band of the®TT, 53"
system of FeO. Additional lines included in the fitwith the predicted energy in parentheseR;(11.5)
15 155.59(15 155.576, R3(12.5) 15 153.9(q/15 153.888, andQ,4(4.5) 15 151.0115 151.112

¥ Ry R, Rs o Qs
2.5 15162.98 15 162.36
(15 162.930 (15 162.340
35 65.25 63.68 15 156.08 15 161.80
(65.227 (63.697 (15 156.088 (15161.777
45 67.45 64.85 55.29 63.17
(67.419 (64.872 (55.329 (63.203
55 69.44 65.80 54.30 64.44 15 155.76
(69.417 (65.830 (54.308 (64.437 (15 155.710
6.5 71.23 66.57 53.05 65.45 54.74
(71.198 (66.579 (53.030 (65.450 (54.692
75 72.76 67.08 51.54 66.20 53.44
(72.753 (67.092 (51.520 (66.239 (53.433
8.5 74.06 49.77 66.75 51.93
(74.073 (49.761 (66.795 (51.933
9.5 75.17 47.74 50.20
(75.162 (47.769 (50.192
10.5 45.53 48.22
(45.524 (48.217
11.5 45.98
(46.002
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for a 63 state have been reported by Gordon and Mgter, 40000 —
while those for théll state were derived following the defi-
nitions of Brown and Meref?

Table | gives the rotational constants obtained by fitting Y
36 unblended lines in thgd,0) band and 38 lines in th@,0) . Y
band. Observed and calculated positions for all lines used in =~ 3gp004
the fit are given in Tables Il and Ill. Due to the low rotational

D, (expt.)

_____________________________________

temperature of the ion beam, the fit is quite insensitive to the ) om
centrifugal distortion constants. They were estimétesing Yoy e
~ Voo R .
n . T
48° § 20000 W
D=—, (6) % N y . -
w 5} ~, - o
and were not optimized in the fit. Including lambda doubling . . ’

(H.p) did not improve the fit, so it was not included in the
final analysis. Lambda doubling is expected to be very small
for low J values of a state witf2=7/2. The value ofQ}’
affects the calculated relative intensities of bands in the spec-
trum. Again, )’ =7/2 gives the best fit to observed intensi-
ties. P branch lines are predicted to be quite weak, and often
lie under more intense branches. A vibrational spacing of
646.6-0.3 cm ! is derived for the’Il,, state from the de- 0-1 | | | | | | |
termined origins of th€8,0) and(9,0) bands(Table |). Over- 14 15 16 17 18 19 20 21
all, excellent agreement is obtained between the calculatec Fe - O Bond Length (A)

and experimental pejilk positions, with a root-mean Sql'IarI?IG. 3. Ground and several excited sextet states of Fe&ymbols are the
gms) ergor+0f 0.03 cm™ for the (8'0) and (9'0) bands of the results of TD-DFT calculations. The soli@ state$ and dotted(I1 state$
H7/2<— p3 system of FeO. curves are Morse potentials fit to the calculated energies. The calculated

The measured Fe—0O distance r@f: 1.643+0.001A is is indicated by the vertical line at 1.633 A, while the horizontal line shows

similar to the bond length of 1.647 A in isoelectronic MnO. the experimentabo=28 000=400 ¢ * (Ref. 47.

Fiedler et al*® used multireference perturbation theory to

calculate a bond length of 1.648 A for F&Qin good agree- ,

ment with our measurement. Our observation of transitiond€tween the\” values of FeO and MnO. Although FeO

to v'=8 and 9 suggests that the Fe—O bond stretches sig’md MnO are isoelectronic, it is expected that the difference

nificantly upon excitation to théll state. This is supported [N the total charge of these systems affects the relative ener-
by the large change of the rotational constattp  dies of their electronic statés; and hence the second-order
=0.13cn %, observed in the transition. The rotational simu- SPiN—orbit interactions. N
lations also predict a spin—spin coupling consteat-0.126 The rotational parameters for tff&* ground state of
+0.006 for the®S " ground state. This spin—spin coupling FeO" derived in this study(Table ) represent an excellent
constant is an effective constant that contains contribution§tarting point for laboratory microwave spectroscopy of
from direct spin—spin coupling and second-order spin—orbif:eo+- Additional mot_|vat|on for microwave studies comes
coupling: A =\55+\5°. The second-order spin—orbit cou- from the recent tentative observatiéof neutral FeO toward
pling with nearby electronic states is expected to dominatéagittarius B2via radio astronomy, which raises the possi-
Ao for molecules such as FEQ which contain heavy bility of detecting the cation. FeOis likely to be somewhat
atoms3**However, the small value of for the®S,* ground ~ more challenging to detect than FeO for two reasons. First,
state is a little unexpected when compared to that ofthie
ground state of the isoelectronic MnO. It is possible thatTABLE . Electronic states of Feb caleulated using fime-deosndent d
. . f . . . ectronic states or FeQO calculatea using ime-depenaent aden-
some cqntnbuuons of off-diagonal ;econd—order spln—orbltsity functional theoryTD-DFT).
terms with opposite signs lead to this
In an earlier studf’ we measured a partially resolved Te(cm™) re(A) welweXe (CmM™Y)
6363 * transition in FeO and obtained changes in rota-

10000 —

e S AR

. . . - i State D Exp. D Exp D Exp
tional and spin—spin splitting constantA B and A\) using -

. . . +
B” and \" for the isoelectronic MnO. With the constants X~ . 40% »8 729 1-16:731 1-16224 Sggﬁ’ﬂ 8225
derived in the present study, we can refine our analysis of the 12 000 9008 1792 ' 69050 736
°3 3" initi [ e o, - ' :
2<.— 2" band. The initial and revised parameters of the ¢, 16 500 1787 730/5.4
excited state of FeOare listed in Table I. Théar(Fe—0) is  ®n 23100 1.837 603/4.3

almost unchanged, which is expected since the ground state

bond lengths of FeO and the isoelectronic MnO are very aExpenme‘zntal fun_damental frequencieshave been converted tq harmonic
frequenciesw, using the calculatedTD) wcX, for each electronic state.

similar. On the other hand, the change in the spin—spin COWestimated based on the origin of tt8,0) band (14 351 cm?) and the
pling constan{A\) is produced by the significant difference calculatedw, and wex values of thé’l state.

Downloaded 30 Oct 2003 to 128.119.39.169. Redistribution subject to AIP license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp



10200  J. Chem. Phys., Vol. 119, No. 19, 15 November 2003 Aguirre et al.

(—\ TABLE VI. Calculated TD-DFT electronic states of MnO.

9 _T__ % | — Te (om ) re(A) weweXe (CmY)
o

State TD Exp. TD Exp. TD Exp.

@Y V) Xox* 0 0 1637 1.644  866/5.1 843
4 NP o A®S* 18400 17894 1714 1710  760/2.5 745

45t

—

18

—>
—
J

RN lowest®II state in Fig. 3. ThéS «—°3 band near 349 ni

ciation studies of FeO and predicted by TD-DFT, we use a
lowest-lying valence orbitals of FeOare the & and 37

FIG. 4. Molecular orbitals of FeOin its °3* ground state configuration, in energy, lie the nonbonding metal-centereg] the weakly

FeQ" is likely to be less abundant. Second, molecules Will o the TD-DFT results, the fir1 excited state of Fe®

the population. ThEX ground state of FeOhas sufficiently transitions to this electronic state have charge transfer char-

most populated rotational state only has 5% of the popula;

Also, in FeO', states with the same value Nfhave transi- fore, a small increase in the bond length is expected and

B. Calculations and MnO. The results are listed in Tables V and VI, respec-

Figure 3 shows calculated potentials of the ground and sewthan the values obtained by Bencheithal 28 using the DFT

= corresponds to transitions to tF® state near 27 400 crin
the figure. To illustrate the electronic transitions observed in
our one-photon and resonance-enhandetl) photodisso-
4| 4| ;_f-,,,: simple molecular orbital picture that is commonly used to
3m v v B~ ) describe the electronic structure of diatomic molecules con-
pa ) A g taining first-row transition metals. As shown in Fig. 4, the
8o orbitals. The & orbital is predominantly ligand in character.
The 37 orbitals have significant electron density on both
atoms and are strongly bonding. Above these, but very close
from the B3LYP calculation at=1.633 A. antibonding 4r, and the essentially nonbonding metal-
centered & orbitals. The lowest-unoccupied molecular or-
bital 100 is mostly antibonding. In view of this description
Ee g'sg'%nﬁd aarzong mo:je czu?nt'lz‘l;n Zztaéefhéo_r ;:etiihtn arises from promoting an electron from the 8e—O bond-
fe ) E. h as @34 grount stat_e. v detectéd _Zsf/a? ing orbital to the B nonbonding orbital on the metal. Since
(from which emission was tentatively detectéas 00 this moves electron density from the oxygen to the metal,
sr?all S;Fm_Sp'? tsp(;lttmg thattazll)s:;( T;?E.Sptm Ievelstare St'r?'acter, and reduced bond order. The calculations predict a
nificantly populated, even a ’ IS temperature, I, siderable increase in the bond length, as is observed. The
tion. O i te the t . lcul tatFLansition to the’S, excited state of Fe© near 349 nm cor-
t'onh' n a.m.cl)re FIOS' |v%_no|e, € Wotspefclez ar:e é:aDcuba e sponds to promoting an electron from the weakly bonding
0 have simiar, large dipole moments of abou €LY 8o orbital to the essentially nonbondingr®rbital. There-
tions at similar energies, so the microwave transitions occup
in multiplets, which simplif firming the carrier of an C-oored:
mbmu 'pdets’ W.t.'c Simpiifies confirming the carrier ot an To test the reliability of the TD-DFT methodology, we
observed transition. also performed calculations on the isoelectronic neutrals CrF
tively. The results of the TD-DFT calculations performed on
To further explore the electronic structure of sextet state€rF are slightly worse than those obtained by Harrison
of FeO" we performed TD-DFT calculations on this system. et al3? at the RCCSDT) level of theory and slightly better
eral excited electronic states of FeOThe molecular param- ASCF schemes. Including FEQ the bond lengths, excita-
eters of these states are listed in Table IV. The resotdnt tion energies, and vibrational frequencies are calculated with
53 transition we observe corresponds to transitions to the mean error of 0.03 A, 2000 ¢rh and 50 cm?, respec-

TABLE V. Calculated TD-DFT electronic states of CrF.

Te (cm™ D) le A wel weXe (em™h)
State TD Exp. Othef D Exp. Othef TD Exp. Othef
X683 * 0 0 0 1.807 1.784 1.783  620/3.9 664 679
(1.788 (720
ASS* 12 200 9953 9818 1.895 1.892 1.908 550/4.6 581 571
B °T1 9900 8134 7551 1.864 1.828 1.831 564/4.3 629 632
(10138 (1.818 (699

#Calculations performed by Harris@t al. (Ref. 32 at the RCCSIDT) level of theory. The values in parentheses
were obtained by Bencheikdt al. (Ref. 28 using the DFTASCF scheme.
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tively. The deviation in the calculated excitation energies is°D. Schraler, A. Fiedler, J. Hruda and H. Schwarz, J. Am. Chem. Soc.

consistent with the 1500 cm deviation obtained by
Borowski and Broclawif® in the prediction of excited states
of VO and MoO using TD-DFT. Overall, the TD-DFT cal-

114, 1215(1992.

10F. Aguirre, J. Husband, C. J. Thompson, K. L. Stringer, and R. B. Metz, J.
Chem. Phys116, 4071(2002.
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ground state of FeOis reported. The Fe—O bond length is
determined to be 1.6430.001 A, while the spin—spirt\)
and the spin—rotationaly) coupling constants are-0.126
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213. F. Harrison, Chem. Re®00, 679 (2000.

22M. N. Glukhovtsev, R. D. Bach, and C. J. Nagel, J. Phys. Cherh0&
316 (1997.

ZA. Ricca and C. W. Bauschlicher, Jr., J. Phys. Cher0A 8949(1997.

24C. J. Thompson, F. Aguirre, J. Husband, and R. B. Metz, J. Phys. Chem. A
104, 9901(2000.

precision of the molecular parameters obtained in this stud$fK. B. wiberg, R. E. Stratmann, and M. J. Frisch, Chem. Phys. Déf,

is not sufficiently high for a radioastronomy search for FeO

60 (1998.

. . . - 26 : ;
in the interstellar medium, the results should greatly facilitate - Borowski and E. Broclawik, Chem. Phys. Le3G9, 433 (2000

laboratory microwave studies of tHf&* ground state of

"R. Farrell, J. V. Slageren, S. Zalis, and A. Vicek, Inorg. Chim. Agia,
44 (2002).

FeO'. It is hoped that the present experiments will provide2sy. Bencheikh, R. Koivisto, and O. Launila, J. Chem. Phye6 6231

the motivation for future work in this area. We have com-

puted excited states of FEQMnO, and CrF using the TD-

DFT scheme. The excellent agreement between TD-DFT cal-
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