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We report a combined experimental and theoretical investigation of Maf@ MnQ(x=1-3)
clusters. Theoretically, geometrical configurations of various isomers of the clusters were optimized
and vertical detachment energies for the anions were evaluated. The ground state ofwdaO
predicted to b&3, ", followed by an excited stat€ ¥ *) 0.14 eV higher in energy. The ground state

of MnO; is ®°B,, with a®B, isomer 0.15 eV higher. MnDis predicted to be a singl&, cluster.
Vibrationally resolved photoelectron spectra of Mn@ere measured at several photon energies
and under various experimental conditions, and were interpreted based on the theoretical results.
The electron affinities of MNO, Mng) and MnQG were determined to be 1.376.010, 2.06(0.03),

and 3.3350.010, respectively. Five excited states of MnO were observed and assigned using the
theoretical results. ThE * excited state of MnO was found to be significantly populated and was
distinguished from the ground state of the anion by temperature dependent studies. We observed
two isomers for MNQ and the detachment features from both isomers were assigned. Only one
vibrationally resolved band was observed for MnQwhich corresponds to transitions from the
ground state of Mn@ to that of MnG;. The combined experimental and theoretical studies allow

us to elucidate the complicated electronic and geometric structures of the various manganese oxide
clusters and their anions. @000 American Institute of Physids$s0021-9606)0)00428-1]

. INTRODUCTION perimental studies of Mnpin the gas phase have been re-
_ _ _ ported so far in the literaturd:®34

Manganese oxides present an interesting class of com-  gyperimental infrared and electron-spin-resonance data
pounds with important technological applicatidns) bio- on neutral MnQ(x=2-4) were obtained mainly in matrix
logical systems such as metallo-enzyrhesid in catalysis. jsojation studies> 3 However, assignments of geometric
For example, permanganate anion, MnGs extensively  configurations of these species have been controversial. This
used as an oxidizing agent and is a very common inorganigould be due to the fact that all transition metal oxides ap-
anion in solutions and solidslts photochemical decomposi- pear to have a large number of isomers. For example, MnO
tion with evolution of molecular oxygen in alkaline—aqueoushas at least 10 isomers in the energy range of 2.8%eV,
solutions has been observed long time agithough the  whereas Mn@ has 8 isomers within 3.5 eV energy range,

bulk manganese oxide is antiferromagnetic,,Mpclusters  and MnG, has 11 isomers within 4.3 eV energy range, as
have been found to exhibit ferromagnetic or ferrimagneticdiscovered in the current work.

behavior. In addition, stoichiometric manganese oxide clus-  The reasons for the existence of so many isomers are
ters (MnO), have been found to possess giant magnetic motwofold. First, as shown schematically in Fig. 1, oxygen can
ments which are localized primarily at Mn sit¥s. be bound to a transition metal in several ways: dissociatively
Among manganese oxide clusters rich in oxygen, mosttypical O—O distances are around 2.5-2.8 dk associa-
experimental and theoretical efforts have been focused on thevely either in a peroxo forn{typical O—O distances are
study of MnQ;. Its equilibrium geometry Ty) and vibra-  1.4-1.55 A or a superoxo forngtypical O—O distances are
tional frequencies were obtained in safts’ Experimental  around 1.3 A. The dissociative form is often reported as
electronic absorption spectra of MpOwere measured in valence, high-valence, or inserted forms while the peroxo
solutiond®®® and have been extensively studied form is referred as “side-on,” and the superoxo form as
theoretically**~2° Photodecomposition of MnQin solutions ~ “end-on.” 3 As given in Fig. 1, we represent the high-
has also been the subject of several experim&ntdland  valent, peroxo, and superoxo forms as OMO(@y), and
theoretical studie€?’ MnO, was found to possess very high MOO, respectively. Second, closely spaced energy levels
electron affinity of~5 eV232°which puts it in the class of near the highest occupied molecular orbitdDMO) region
superhalogen® since the largest electron affinity of 3.62 eV originating from d-states of a transition metal atom permit
among all the atoms is that of halogen®Nery few ex-  transition metal oxide clusters to have a variety of different

0021-9606/2000/113(4)/1473/11/$17.00 1473 © 2000 American Institute of Physics
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OMO or MO> M(O2) MOO results. Excellent agreement was obtained between the ex-
perimental and theoretical results, allowing us to completely

O’O\O O_% elucidate the electronic and geometrical structures of the

MnO, species and their neutral parents.

High-valent Peroxo Superoxo
Inserted Side-on End-on Il. COMPUTATIONAL AND EXPERIMENTAL DETAILS

FIG. 1. The three general forms of bonding between a metal atom and O A. Theoretical procedures

The calculations are performed using the molecular or-
bital theory where linear combinations of atomic orbitals
spin-multiplicity states spaced within a narrow energyconstitute one-electron molecular orbitélO). The many-
range?’ electron potential is constructed by using the density-
The MnO monomer is the most studied among the manfunctional theory(DFT) with the generalized gradient ap-
ganese oxide species. Experimentally, its ground-state terproximation for the exchange-correlation functional. A
was assigned and equilibrium bond length and vibrationatombination of Becke's exchaneand Perdew—Wang's
frequency have been measuféd? However, its excited correlation functional& referred to as BPW91, is used as
states are much less well known compared to other transitioimplemented in thesAusSIAN 94 software®! For the atomic
metal monoxide&® The results of computations of the orbitals, we have used the standard 6-813* basis
ground state of MnO using a pseudopotential methadd (Mn:[10s7p4d1f];O:[5s4pld]). These choices are known
the infinite-order coupled-cluster method with all singles ando yield results in very good agreement with a variety of
doubles and noniterative inclusion of triple excitationsexperiment$/®2-5*Geometry optimizations were carried out
[CCSOT)] (Ref. 45 were found to be in fair agreement with by the steepest descent method until the gradient forces fell
experimental measurements. below the threshold value of*810~ 4. Subsequent analytical
DFT calculations were reported previously for severalharmonic frequency calculations were performed in order to
isomers of MnQ.*® No calculations on Mn@or the MnQ, confirm that the optimized geometries correspond to station-
anions (except for the tetrahedral singlet ground state ofary states.
MnQ;, its peroxo isomer, and linear M3® have been re- The density functional theo?y®’is valid for the lowest
ported yet in the literature. Experimental data on the MnO energy states in each particular symmespatial and spin
anions are also scarce. The enthalpies of formation fochannel. Since we have performed extensive optimizations
MnO, and MnG, and a vibrational frequency of MO  beginning with different spatial configurations for each spin
were reported®* Interactions of these anions with molecu- multiplicity for both MnQ, and MnQ, series, we believe
lar oxygen were also studied by mass spectrosébpy. that the ground-state configurations are identified unambigu-
In recent years, laser photodetachment spectroscopy ueusly. Comparison of properties of these states with experi-
ing high-energy photon beams has emerged as a powerfatental data provides a further confirmation for our assign-
tool that can provide experimental information not only ment.
about the electronic structure of cluster anions, but also The relationship between the spin multiplicity =2S
about the existence of lower-energy isonf&fé° Using this  +1, and the number of electrons in the spin-up,) and
technique, we have investigated a number of transition metalpin-down ;) representations is given by
oxide systemé2~°8 providing electronic and vibrational in-
formation that are otherwise either unavailable or difficult to 2S+1= J [pe(r)—pP(r)]dr=n,— ng+1, 1)
obtain for these high temperature species. However, these
species all have very complicated electronic structures anwherep® andp” are the densities of electrons withand 8
often yield rather congested photodetachment spectra. Dapins and the total electron density g§+ p?. The direct
tailed interpretation of these data requires accompanyingroduct of symmetries of partially occupied Kohn—Sham
computations by reliable quantum mechanical methods.  molecular orbitals defines spatial symmetry of a state de-
In this paper, we present the photodetachment spectra atribed by a given electronic configuration.
MnO, obtained at several photon energies under variable Vertical binding energiesHy ; or vertical ionization po-
experimental conditions, along with a comprehensive quantentialg, which are responsible for the features in photode-
tum theoretical analysis of their electronic structures in varitachment spectra, can be evaluated as
ous geometrical and electronic configurations. While a single _ n n An _An
vibrational progression was observed for MpCextensive Eb,i =Etof(An,Ra) —Eol(N,RA) — (€7 €1omo) . (2)
vibrational and low-lying electronic features were observedvhereE (A, ,Ry) andE(N,R}) are total energies of theth
for MnO™ and MnG,. Furthermore, we observed two an- anion state and its lowest-energy neutral parent, respectively,
ionic states for MnO, and two structural isomers for at the equilibrium geometriR} of the nth anion statefiA'n is
MnO, . These electronic and structural isomers, confirmedhe orbital energy of theéth molecular orbital in thenth
by taking data at different source conditions, complicate conanion state. Note that the lowest values of thg's are
siderably the interpretation of the observed photoelectromalculated “exactly,” because the last term in the parenthe-
spectra. Computed electron affinities and vertical electrorses in Eq.(2) vanishes and all otheE,;’s are given by
binding energies are used to help interpret the experimentatlative displacements of the corresponding eigenvalues. For
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high-multiplicity states, one can calculate directly the secondABLE I. Equilibrium bond lengthsRe, in A), harmonic vibrational fre-
E,; as well, which provides an estimation of the accuracyduencies éin cm ), magnetic moments at Mn and O sitgs(in son).
oA ; . and dipole momentéDM in Debyes of MnO and MnO'.
anticipated from using Eq2).
By definition, the adiabatic electron affinityAfy) mea- MnO MnO™
sures the energy gair'1.in total energy of a system due to P by a 5 (exp)® 5 + 75
attachment of an additional electron and represents a very

useful thermodynamic quantity. The,q is given by the dif- Re 1.628 1.658 1.648 1.655 1714
ference in the ground-state total energies of the neutral sys-®e 898 7 840 865 836
. . o : - 4.74 3.85 5.72
tem and its anion. Within the Born—Oppenheimer approxi- M 026 015 0.28
. . . (0] . . .
mation employed in the present work, tAg, is DM 4.36 4.99 017 0.46
Aaq= Eiotl N,Ry) +Zn— Eiol( ALRA) — Za 3CCSOT) results are from Ref. 45.
PExperimentalR, and w, (“anharmonic” AG,,=832.4cm?) are from

=AEq+AEq i, (3 Ref. 42.

where Ry and R, denote ground-state equilibrium bond

lengths of a neutral molecul\) and its anion 4), respec-  spectra were subtracted from the respective detachment pho-
tively. The zero-point vibration energig) are computed ton energies to obtain the electron binding energy spectra.
within the harmonic approximation. Usually, tl®,;'s cor-  The resolution of the spectrometer was better than 30 meV at
respond to features with the maximum or near-maximumi eV kinetic energy. Better resolution is obtained when low
intensities in the corresponding envelope of a photoelectrophoton energies are used; however, high photon energies al-
spectrum, whereas thi,4s have to be deduced from a care- Jow more strongly bound electrons to be probed and are

ful analysis of the spectruff:*° necessary for exploring clusters with high oxygen content
In order to estimate thermodynamic stability of manga-due to their high EAs.

nese oxide clusters, we have evaluated their fragmentation

channels with evolution of O and,@h MnO, or O™ and G Ill. RESULTS AND DISCUSSIONS

in MnO, . These fragmentation energies correspond to the | ) q ) ¢

differences in total energies of fragmerfts formed in a ‘- El€ctronic and geometric structure from
. . fheorencal calculations

particular decay channel and the total energy of an initial

compoundM, 1. MnO and MnO ~
We found that the ground state of MnO is inde&ti*
Do(M)=2, E(F))—E(M). (4)  with a (95*47216°) electronic configuration, in agreement
i

with the known ground state of MnO. In Table I, we com-
pare our results with previous experimental data and results
B. Experimental details of the CCSIT) calculations by Bauschlicher and Maitte.
As can be seen, the BPW91/6-31G* level of theory pro-
vides rather reasonable values for the bond length, vibra-
tional frequency, and dipole moment of MnO. According to

laser vaporized Mn atoms and the oxygen formed the MnO the '\t/lu;“ze;fp'”'dﬁ_”sh'ty arI]aIySIts, :\r/:n calrrles ]'Ehe I?cal mo-
species, which were entrained into the helium carrier gas an?nen MO : g, Which is close to the value of ag for a
expanded throdg a 2 mmdiam nozzle into the source ree vin atom.

vacuum chamber to form a supersonic cluster beam. Th 9 ;I'qulg;/vestd electronlcdc?nﬂséglirattlotn Xf t'\ranOELS
magnetic-bottle time-of-flight photoelectron spectrometer®? ™ ) and corresponds to staté. Anothe

used for this study has been described in detaiState with the electronic configuration @®otan?16%)
previously*7-4%Briefly, the negative clusters are extracted was found to be higher in total energy by 0.14 eV. The extra

from the collimated cluster beam after one skimmer at goglgctrpn enters two dlfferer&—orpltalslof MnO in the two
and are mass analyzed by a time-of-flight mass spectrometét""'o'¢ states, Wherg tharQ\/IO is mainly of Mn.3d char-
The anions of interest were selected by a pulsed mass g te.r and the J@MO 1S ”.‘a'”'y of M_n 4s. According to the
and decelerated by a momentum decelerator before crossi ulliken charge distribution analy5|§, the charge; on the at-
with a detachment laser beam in the interaction zone of th@ "> (Mn, O) are ;ij"”PSt the same in th? t¥V°+a”'°” states;
magnetic-bottle photoelectron apparatus. Photoelectron -0.32,-0.67 in °%™ and(~0.28,-0.79 in '* ", whereas

were collected by the magnetic bottle at nearly 100% effi—t e neutral ground state hag40.42, —0.49 charge distri-

ciency and were energy-analyzed by their time of flight in abutlon.
3.5-m-long flight tube. A Q-switched Nd:YAG lasgs32 nm _
(2.331 eV}, 355 Nm(3.496 eV}, and 266 nn(4.661 e\j| was 2 MnO>and MnO,

used for photodetachment. At 266 nm, spectra were taken at  The MnQ, ground state was found to B&®, with the

20 Hz with the anion beam off at alternating laser shots forelectronic configuration (&k10a}t1a54bl6b3). The same
background subtraction. The electron time-of-flight spectrastate with similar geometry parameters and vibrational fre-
were converted to electron kinetic energy distributions, cali-quencies was assigned previodélgs the ground state of

brated by the known spectra of CuThe kinetic energy MnO, at the B3LYP/6-311+G* level as well. The first ex-

The MnQ, anions were generated by pulsed laser vapor
ization of a pure Mn disk target into a pulsed helium carrier
gas seeded with 5% O The plasma reactions between the
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MnO2 MnO2-
1.80 o
o) 4
1.84 { y:b 750 125° %
A\ D ®
2B; (4.3) 126 AR @)
ke 4p” (3.9) 8B4 (4.1) _ 77
‘ e,
. 121°\"‘%~ &
N 670
1A1 (3.1) 3A” (3.0)
YAt
4B, (3.4 7\ 1.344
1.63 gy 1.63 2(34)
¢ . (& 8As(3.2)
6 3
o A’ (2.9) 35 (25)
Su” (2.8) !
NS 5A° (1.7) 7A1(1.2)
4 105 .7.63
m L6p 6A1 (1.8) 145° 1.78
130 2
128° - A1 (-1.7)
2B4 (0.5) 7547 (0.2)

4 138°
5100 1A1 (-1.3 M 7-66'
1(1.3) 133° 126°

FIG. 2. High-valent, peroxo, and superoxo isomers of MnBond lengths
are in A, bond angles are in deg. Relative displacements in total efevy 3B (-1.85) 5B (-2.0)
with respect to the grountB, state are given in the parentheses.

FIG. 3. High-valent, peroxo, and superoxo isomers of Mn8ond lengths

are in A, bond angles are in deg. Relative displacements in total efevyy
cited state of Mn@is found to be?B; at both BPW91 and with respect to the grountB, state of the neutral Mngare given in the
B3LYP levels, but the two methods give rather different geo-Parentheses.
metrical parameters and relative energies. For example, the
bond angle is 130° at the BPW9L level, while it is 144° at the
B3LYP level® The MnQ, isomers of high valencéOMO), infrared absorption spectra, observed from reactions of laser-
peroxo[M(O,)], and superoxdMOO) forms computed at ablated Mn atoms and Qnolecules during condensation in
the BPW91/6-313G* level are presented in Fig. 2. We excess argon at 10 # was attributed to the; fundamental
performed a search for lower energy states within each typpw(b,)] vibrational mode of Mn@. Our w(b,) harmonic
of bonding and spin multiplicities and found 10 isomers ofvibrational frequencies for thdB, and °B, states are 882
MnO, that lie within 4.3 eV of the ground state of MBO  and 873 cm?, respectively. Since both of them are close to
The anion has three states which are close in total energyhe experimental value, one can only tentatively conclude
namely, 3A;(11a}10a}1a34b?6b3),  that the experimental frequency corresponds to the ground
3B, (11a710af1a354b76b3), and state of the Mn@ anion.
°B,(11al10a}1a52a34b16b3), formed by attachment of an Figure 3 displays different isomers of MgQthat are
extra electron to theld, (B), 10a,(8), and 2,(«) MO’s of  stable with respect to both autodetachment and fragmenta-
the ground-state neutral parent, respectively. The fourth artion. The relative energies and structural parameters of these
ion state stable towards autodetachment of an extra electrasomers are also shown. The key conclusion from Figs. 2 and
is 'A;, see Table Il and Fig. 3. A band at 858.2 ¢hin 3 is that the Mn@ system prefers the high valent dioxide

TABLE Il. Equilibrium bond lengths R, in A), bond angle$2OMO in deg, harmonic vibrational frequencies
(we in cm™Y), differences in total energief\E,y, in eV, relative to—1301.57312 hartréemagnetic moments
at Mn and O sites g in ugon). and dipole moment$DM in Debyeg of MnO, and MnG;, in different
electronic states and multiplicities.

MnO, MnO,

ZBl ABl 4Bla 6A1 lAl 3A1 BBl 582
Re 1.587 1.597 1.596 1.684 1.620 1.632 1.621 1.663
£0MO 130.0 128.8 131 104.6 137.7 1455 133.6 126.3
w(ay) 229 261 243 173 221 198 226 240
w(ay) 954 918 888 817 884 856 953 827
w(by) 1020 1012 995 438 950 937 882 873
AE +0.46 0.0 +1.81 -1.31 -1.70 -1.85 —2.06
MMin 1.20 3.14 3.54 —0.18 2.26 2.18 3.86
Mo —-0.10 —-.07 0.73 +0.09 -0.13 —0.09 0.07

&The results of B3LYP/6-312G* calculations from Ref. 38.
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MnO3 MnO3-
1.28
179
) 5
N 1616 112
(f149.9 K
2A” (3.5) 111.6°
6B1 (3.7)
2
37 .63
©
6 - .
B1(&7) 1A (1.1) 345 (013} 157.1°
- 5A” (-0.3)
. )
2 -
a o
8 > Y
5
~ 130.4° 1) .
17.7° 4p5 (1.5) AS . 120
2A1 (0.0) 114.1 5A0" (-1.3)

1A1° (- 3A5" (-2.
FIG. 4. Geometrical configurations of the neutral MniSomers. Bond Ar (3.2) A2’ (-2.9)

lengths are in A and bond angles are in deg. Energy displacements in eV . . . B
relative to the groundA, state are given in the parentheses. Harmonic /G- 5- Geometrical configurations of the Ma@omers. Bond lengths are

vibrational frequenciegin cm™Y) are as follows High-valent 2A, : w(a;) in A and bond angles are in deg. Energy displacements in eV relative to the

=151, 926,w(€) =347, 1024:*A,:w(b,) =84, w(by) =139, 922,w(a;) grou_ndZA1 st_ate of the neu_tral_ anarle given in the parer_ltheses. Har-
—250, 625, 915;682:w(b2):l40, w(ay)=169, 393, 775w(b;)=170; monic vibrational frequenciegin cm %) are as follows. High-valent
Peroxo A’ w(a’') =176, 549, 986, 1029e(a") =214, 550:A":w(a’)  A1:@(33)=158, w(e)=327, 970, o(8;) =881, Agiw(Dy) =158,
=168, 568, 905, 995,(a")=189, 498;°B;:w(b,)=44, 474, w(by)  ©(P2)=176, 791,0(a,)=331, 835, O517A; :w(a;) =128, w(e’) =216,
=131, w(a,) =431, 915, 1153Superoxo?A”:w(a’) =54, 321, 533, 965, 268, ©(32)=766; Peroxa "A":w(a") =174, 474,w(a') =197, 607, 921,
1335,(1)(61”):289, 4A”:w(a')=57, 357Y 470’ 945’ 1336)(&")=339 954; A”:w(a’):78, 534, 841, 895#)(3”):126, 440; A”:w(a”):94,
545, w(a')=133, 508, 827, 878Superoxo 'A’:w(a’)=121, 381, 576,
899, 1196, w(a')=245; 3A":w(a’)=66, 364, 516, 871, 1197x(a")
=343.
form in both its neutral and anionic states. The peroxo or

superoxo isomers all have much higher energies. B. Theoretical vertical detachment energies and

thermodynamic stability

To facilitate comparison with the experimental photo-
electron data, we have computed vertical detachment ener-

The ground state of MnQs found to haveC,;, symme-  gies for all low-lying isomers of MnO, MnO,, and MnQ,
try with a (1051%1a§7e4) electronic configuration corre- according to Eq(2). The accuracy of this formula depends
sponding to &A; state. Optimized peroxo and superoxo iso-on the difference in relaxation energies when the extra elec-
mers together with high-valent states of differenttron is detached from various molecular orbitals. In order to
multiplicities are given in Fig. 4; harmonic vibrational fre- assess the accuracy, we compare the values obtained using
guencies are given in the caption. Infrared bands at 1092.Bq. (2) with those computed as the differences in total ener-
and 1090.2 cm' observed in the previous matrix experiment gies for different states of MnDand MnG;. Direct compu-
were assigned t60,)MnO isomers® According to our cal- tations provide values of 3.94%4;), 2.37 (B;), 2.30
culations, théA’ peroxo isomer of Mn@possesses a vibra- (B,) eV for °B,, 3B;, and®A, states of MnQ@, and 4.68
tional frequency of 1029 cit, which is in reasonable agree- (°B,) eV of MnO;, whereas estimates using E@) are
ment with the previous experimental findings. One can sed.28, 2.61, 2.57, and 4.49 eV, respectively. Here, the maxi-
the presence of seven isomers of Mn®Within a 3.7 eV mum discrepancy is 0.3 eV, although this discrepancy might
energy range. be anticipated to increase for highly localized states.

The ground state of the MnOanion is a singletA] Fragmentation energies of both the neutral and anions
state and ha®;, symmetry, with an electronic configura- are evaluated according to Eg) and presented in Table III.
tion, (7a;)?(6e’)*(3a4)?(1e")?(1a})%. As shown in Fig. 5, Experimental data are known for MnO orffy. The
the lowest triplet state®@,) of the anion has &€,, configu- BPW91/6-31%G* value of 5.4 eV is overestimated with
ration (1%&}2a24b?7b3) and is above the ground state by respect to the experimental value of 3(8308 by more than
0.33 eV. The anion has two additional quintet states whicHL eV, which is typical for DFT methods. The most facile
are stable towards autodetachment, one of which has a pdragmentation channel for the neutral clusters (Mréhd
oxo form. There are four other anion isomers in Fig. 5 whichMnO5) corresponds to evolution of molecular oxygen,
are stable towards decay to the corresponding parent neutrahereas the anions prefer to yield either @VInO,) or
states. O (MnQg). The anions are considerably more stable than

3. MnO 3z and MnO 3
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TABLE Ill. Fragmentation energied), in eV) of MnO, and MnQ, , com- MnO-

puted according to Eq4). 532 nm Sz 62t
MnO, MnO; (a)
Hot
D De Z
[}
MnO—Mn+0O 5.4 MnO —MnO+e 11 8
—Mn+0O~ 4.8 £
MnO,—Mn+0, 4.7 MnO, —MnO,+e 2.0 5
—MnO+0 5.1 —MnO+0~ 55 5 '
—MnO~+0 6.1 o Sz+—>-6z+
—Mn+0j; 6.2 o
MnO;—MnO+0, 42 MnO; —MnO,+e 3.2 £ C(gl) ’
—MnO,+0 4.9 —MnO, +0 6.1 T S
—MnO,+0~ 6.5
—MnO™+0, 6.4
—MnO+0, 6.9
0.0 0.5 1.0 1.5 2.0
their neutral parents towards fragmentation, although the Binding Energy (eV)

lowest energy decay channel in the anions corresponds to _
FIG. 6. Photoelectron spectra of MACat 532 nm(2.331 eV. (a) Under
detachment of an extra electron.

“hot” experimental conditionsfb) under “cold” experimental conditions.
The dashed curves are results from Franck—Condon simulations. The dotted
curves in(b) indicate the relative contributions from the two anionic states

C. Experimental results (see text

1. MnO™

The photoelectron spectra of MNQaken at three pho- The photoelectron spectra of MnQ@eveal numerous de-
ton energies and under two different experimental conditionsachment features with well-resolved vibrational progres-
are presented in Figs. 6 and 7. The “hot” spectra were takemions. Rather dramatic temperature effects were observed.
for anions that left the cluster nozzle early and experiencetVhile the number of features remained the same in the
fewer collisions with the helium background gas. The“hot” and “cold” spectra, the relative intensities of differ-
“cold” spectra correspond to anions that left the nozzle laterent peaks exhibited very different temperature dependence,
and received slightly better cooling. Our recent study qf Al suggesting that there were more than one type of MnO
clusters have shown that cluster temperatures can vary fropresent in the beam, and their relative populations were dif-
200 K for the “cold” conditions to 900 K for the *hot” ferent at the two experimental conditions. Since Mn€an-
conditions based on comparisons of molecular dynamicgot have any structural isomers, the only possibility is that
simulations with temperature-dependent photoelectron spethe beam contained electronically excited MnQAlthough
tra of small A, clusters’"’?> However, the MnO anions  we have observed electronically excited anions in our previ-
cannot be cooled as effectively as the, Atlusters because ous works;*>"*8"3they usually had rather low abundance,
the time window during which the MnOanions were abun- producing only minor photoelectron features. The spectra of
dant from our nozzle was relatively narrow. As we will show MnO™ indicate that the excited anion had a substantial popu-
below from Franck—Condon simulations, the temperature ofation, implying that it is probably nearly degenerate with the
even the cold MnO was still fairly high. anion ground state. Based on the theoretical calculations, all

FIG. 7. Photoelectron spectra of MnGat 355 nm
(3.496 eV} and 266 nm(4.661 eV. (a) at 355 nm and
under “hot” experimental conditions(b) at 355 nm
and under “cold” experimental conditionsg) at 266
nm and under “hot” experimental conditionsg) at
266 nm and under “cold” experimental conditions.
“HB” indicates hot band transitions.

Relative Electron Intensity

0.5 1.0 1.5 2.0 25 3.0

Binding Energy (eV) Binding Energy (eV)
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TABLE V. Vertical electron binding energiess( ;) from the two lowest-  TABLE V. Experimental adiabaticA.) and vertical E,) binding energies
energy states of MnOobtained by correcting orbital eigenvalues)(ac- from the two MnQ isomers and the measured vibrational frequencies for
cording to Eq.(2), together with symmetries of neutral MnO formed after the MnG, neutral states, compared to the corresponding theoretical values.
detachment from a particular M@inal states or FSof the anion. Experi-
mental vertical binding energi¢&, (expt)], excitation energiesAE), and

MnO;, °B,, 0.0 eV

vibrational frequencies are also listed. All energies are in eV and vibrational Theory Expt.
frequencies are in cnt. Detachment
channel FS Aea Ep, w(ay) Aca Ep v(ay)
MO(spin e B FS Ep(expt) AE  Freglexpy 2a,(a) ‘B, 201 218 918 2.060.03 2.26(0.02 800 (40)
MnO™ 5% 0.0 eV, E,=—1226.34627 11a,(a) ‘B, 3.39 2.97(0.03 3.09(0.02 260 (20)
90 (B) +0.98 1.05 53 1.375(0.0) 0.00  820(40 4b(a) A, 3.95 3.67(0.09
41 () +0.33 1.70 “IT  2.45(0.0D) 1.08  660(60) 10a,(a) ‘B, 4.06 3.77(0.05
90 () -0.11 214 *3*  2.82(0.00) 1.45  920(40 6b(B)  °A; 4.28 3.85(0.03
37 (B) —1.50 3.53 °I1  3.58(0.04 2.21 6by(a)  4A; 4.36 4.11(0.04)
16() —158 361 ZA+ MnO;, 3B,, +0.15 eV
80 (B) —2.47 450 53 Theory Expt
37 (a) —-2.83 4.86 ‘I Detachment :
80 (a) -3.18 5.21 ‘s* channel FS Ay Ey Ep
MnO~, =%, 0.14 eV 10a,(8) ‘B, 1.85 1.88 1.890.03
100 (@) +1.44 1.02 3% 1.22(0.09 0.00 11a,(a) 2B, 2.61 ~2.5
41 () +0.46 2.00 °TI; 2.18(0.03 0.96 10a,(a) 2B, 3.08 3.10.0
2.27(0.02 4b, () 2n, 3.38 ~3.6
2.34(0.02
90 () -0.52 2.98 53 3.40(0.02 2.18  730(60)
37 (B) -0.82 3.28 811
90 (B) -1.44 3.90 &*
16 (@) -1.71 4.17 SA
6
SZ((Z)) :g:gg ‘5‘:?2 6; 8. Significant temperature effects were observed for the

MnO, spectra as well. Here the *“cold” spectra showed
sharp and vibrationally resolved features, whereas the “hot”
spectra yielded very broad features. By comparison with the
the features can be qualitatively assigned. Experimentgheoretical results, a higher energy isomer of Mn@as
binding energies along with theoretical vertical binding en-identified to be present. Our measured adiabatic and vertical
ergies are given in Table IV. All the observed adiabatic tranyinging energies and the vibrational frequencies are listed in

sitions coincide with the vertical transitions judged from theTgpie v and compared to the corresponding theoretical val-
appearance of the observed vibrational progressions, i.e., thg,g

vertical binding energies are equivalent to the adiabatic bind- .The spectrum of Mn@ is shown in Fig. 9, and was
ing energies. The derived excitation energies for the excited,, o

states of neutral MnO and their vibrational frequencies are en only at 266 nm because of its relatively high binding
. . . ) : . A single vibrationall I
also given in Table IV along with the theoretical vertical energy. A single vibrationally resolved band was observed

S . for MnO;. The spectrum of Mn© showed no significant
binding energies. .
temperature effects except that the features became slightly
B _ broader at the “hot” conditions. The electron binding energy
2. MnO; and MnO was measured to be 3.336.010 eV and the observed vi-
The spectra of Mn@ obtained at 355 and 266 nm under brational frequency is 84(50) cm 1, as given in Table VI
the two different experimental conditions are shown in Fig.and compared to the theoretical values.

MnO3-
266 nm

& e

MnO2" (2A7)

(2A1)

(4B1)  (By)

I FIG. 8. Photoelectron spectra of MaGat 355 nm
T (3.496 eVJ and 266 nm4.661 eV. (a) At 355 nm and

——
A4dBg

Relative Electron Intensity

under “hot” experimental conditions(b) at 355 nm
and under “cold” experimental conditionsg) at 266
() nm and under “hot” experimental conditiongg) at
Cold 266 nm and under “cold” experimental conditions.
X4B4
(4B4)
1.5 2.0 2.5 3.0 3515 2.0 25 3.0 3.5 4.0 4.5

Binding Energy (eV) Binding Energy (eV)
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TABLE VI. Summary of experimental and theoretical adiabatic electronexcited state. From Table |, we can see that’thé state has

affinities (A.9, calculated a(.:cording'to E43) and'vibre_itional frequen_cies_ a substantially Ionger bond Iength than the ground state, sug-
of neutral MnQ. All energies are in eV and vibrational frequencies in

emL gesting that the vibrational progression due to the excited
state of MnO should be broader, which is consistent with
Aca Vib. freg. the general appearance of the observed spectrum.
Theory Expt. Theory  Expt. To confirm these assignments and gain further informa-

tion about the approximate anion temperatures, we carried

'a; a é'gg cl)'gg out Franck—Condon simulations of the vibrationally resolved
0,° 047  0.451(0.007 spectral features. The simulated spectra are shown in Fig. 6
MnO 1.05 1.3750.010 898°  820(40)°¢ as dotted and dashed curves. A temperature of about 1000 K
7799 84¢° had to be used to reproduce the hot band features in the
MnO, 2.01  2.06(0.03 918  800(40) “cold” spectrum [Fig. 6(b)], consistent with our experience
m:gﬁ 2'5(13 2'28(5501'310 926 840(50) that diatomic anions are generally difficult to cool in our
¢ i - cluster source. A temperature of about 2000 K was used to
ZReference 31. simulate the hot spectrum. We also obtained the approximate
Reference 74. bond lengths of the two anion states, 1.68 A for e’
‘Current work. n
dReference 45. state and 1.84 A for th& * state. These results suggest that
eReference 42. the theoretical calculations underestimated the bond lengths
'Reference 29. of the anions, as is also the case for the neutral ground state
(Table ).

The features beyond 2 eV, which are enhanced in the
“hot” spectrum, should come also from the excited state of
MnO™. The fact that the excited state has a different multi-
1. MnO and MnO ~: 532 nm plicity than the ground state makes the excited state rather

The “cold” spectrum of MnO™ at 532 nm[Fig. 6(b)] long-lived; the above Franck—Condon simulations suggest

contains a well-resolved vibrational progression. The stronEMhagfver'_ under thet_"colfl i eﬁpeglr?e;\_tﬁl Co?d't'?n tthe
gest peak at 1.378.010 eV is identified as the 0—0 transi- n anions were still refatvely not. These two tactors

tion and the vibrational progression gives an average spacin%TfObably contribute to the substantial population of the elec-
t

of 820(40) cm ™. The peaks to the left of the 00 transition Tﬁniqally exciteld l\/lln(g even und%r Fher;‘co:)!g’S’ cor:jdi;igg.
are due to hot band transitiorislB) from vibrationally ex- Is Is more clearly demonstrated in the an nm

cited MnO™ anions, yielding an average vibrational fre- spectra(Fig. 7), where more spectral features were observed.
quency of 760(50) C’m—l for MnO—. There are also several The spectra at 355 and 266 nm indicate in fact that the elec-

weak features beyond 2 eV in the “cold” spectruifiig. tronigglly ex.cited MnO was dominant under the “hot”
6(b)]. The vibrational progression should be due to detach9ond't'ons[':'gs' 8 and 1c)].
ment transitions from the ground state of Mh@ that of _
MnO, i.e., MNO (S %) —MnO(3 ") +e~. Our measured 2 MnO and MnO ~: 355 and 266 nm
electron affinity of 1.375 eV for MnO compares reasonably ~ The “cold” and “hot” spectra of MnO™ obtained at
well to the theoretical value of 1.05 e{Table VI). The 355 and 266 nm are shown in Fig. 7. The features between
obtained vibrational frequency (828t0cm) for the 2.1 and 2.3 eV, that were observed at 532 (fiy. 6), are
ground state of MnO is in excellent agreement with the premore prominent at 355 and 266 nm and exhibit a very strong
viously known value of 840 cit. Our measured vibrational temperature dependence with much stronger intensity in the
frequencies for the ground states of both the neutral and th¢hot” spectra [Figs. @@ and 7c)]. There are numerous
anion are in reasonable agreement with the current theoretitigher binding energy features that are revealed in the higher
cal values(Table ), which apparently overestimate the vi- photon energy spectra. Strong temperature effects allow us to
brational frequency of MnO. associate the different features to either the ground or excited
Two changes are immediately recognized in the “hot” states of MnO.
spectrum of MnO [Fig. 6@a)]. First, the vibrational peaks As mentioned above, the features between 2.1-2.3 eV
become broad, and, second, the higher binding energy feahould be due to the excited state of MnCG~rom our the-
tures labeled aSlI; are enhanced. Our calculations predictoretical calculationgTable 1V), these features should be due
that MnO™ has an excited stat@ables | and IV, which is  to removal of a 4 electron from theS, " state of MnO,
only 0.14 eV above the MnOground state. The extra elec- resulting in a°II final state of MnO. The observed features
tron in the ground state of MnOfills a 3d-o(9¢*) MO, are assigned to different spin—orbit components of this state,
resulting in the®> " state, whereas the extra electron in theas shown in Fig. @& and Table IV.
excited state occupies a mostlg MO (100“), giving rise The feature at 2.45 eV seems to have a short vibrational
to the 'S ™ state. Our data suggest that the excited anionprogression with a 660 cht spacing Fig. 7(b)]. The relative
were present in the anion beams. However, the presence bitensity of this feature is significantly reduced in the “hot”
the hot band features makes it difficult to recognize the 0—Gpectra at both 358-ig. 7(a)] and 266 nm{Fig. 7(c)]. We
transition for the excited state. Our assignmentin Fig) &  thus attribute the 2.45 eV feature to have arisen from the
based on the theoretical excitation energy of 0.14 eV for thground state of MnO, representing the second detachment

D. Spectral assignments and comparison to the
theoretical calculations
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channel from the ground state of MNnOAccording to our feature near 1.89 eV was observed, followed by a weak and
theoretical result§Table 1V), this corresponds to removal of broad vibrational progression with an 800 chaverage
a 4m“ electron with a resultindIl state of MnO. The'Il spacing. A strong and broad vibrational progression was ob-
state should have several spin-orbit components. Howevesgrved at about 3 eV with an average spacing of 260'cm
they were not observed, possibly because the splittings aie the “hot” 355 nm spectrunjFig. 8@)], the 1.89 eV fea-
too small to be resolved. ture was significantly enhanced, whereas the two well-
The next higher binding energy features are located beresolved vibrational progressions observed in the “cold”
tween 2.6 and 3.1 eV and consist of five sharp peaks in thgpectrum disappeared and were replaced by featureless broad
“cold” 355 nm spectrum[Fig. 7(b)]. This group of peaks pands. In the “cold” 266 nm spectrufiFig. 8d)], numerous
should be due to detachment of the ground state Mb®-  Kigh binding energy features were observed between 3.5 and
cause their relative intensity is significantly reduced in they g eV, whereas again in the “hot” 266 nm spectrum the

“hot” spectra. These peaks correspond to a vibrational pro gg ey feature was enhanced and the higher binding energy
gression with a spacing of 920 ¢rh The two lower binding features all became unresolved broad bands.

energy features are due to hot band transitions, which yield a Such a temperature dependence of the Mrgpectra

vibrational spacing for the MnO anion, identical to that suggests that some isomers are present in the anion beams.

derived from the “cold” 532 nm spectrurFig. 6(b)]. Ac- . .
cording to our calculations, these features should be due t-ghe 1.89 eV'feature should be due to a higher energy isomer,

removal of a & electron, resulting in 4" final state of Which could be more populated or predominate under the
MnO as shown in Table I’V and Fig. 7 “hot” conditions. The main features in the “cold” spectra

Three more features are observed in the 355 nm spectiould be all due to the ground state MnGpecies. The
in the 3.2—3.5 eV region. They are significantly enhanced irYiPrational progression between 2.0-2.7 eV yields 2.06 and
the “hot” spectrum, and thus are due to the excited state of-26 eV for the adiabatic and vertical detachment energies
MnO~. The 266 nm spectra show that these features ar0m the ground state MnQ . _
related to a vibrational progression with the two lower bind- ~ Our theoretical calculations predict that Maf a high-
ing energy features coming from hot band transitions. ThealentC,, molecule with &'B; ground state and an electron
average spacing of the hot bands is 180) cm™%, which  configuration, 14;10aj4bila36b3. In the ground state of
should correspond to the vibrational frequency of the MnO MnQO,, the extra electron fills the @& HOMO of MnO,,
excited state. We note that this spacing is identical to thakeading to a®B, state for Mn@. There are also two low-
due to the ground state of MnO From our theoretical re- lying excited states predicted for MgQTable 1). The first
sults given in Table I, théX* and 'S " states have very one is a®B, state, which is only 0.15 eV higher, followed by
similar vibrational frequencies, consistent with our experi-g 3A1 state, which is 0.31 eV above the ground state.
mental observations. According to our theoretical results  Our measured adiabati2.06 eV} and vertical(2.26 eV}
(Table 1v), thlsadetachment chann7el fhoulq be due to reqhinding energies for the ground state of Mp@re in excel-
moval of a 9 eIectroT from the’X" excited state of |en; agreement with the theoretical valu@able V). The
MnO", giving rise to &' * final state of MnO. We also note hserved vibrational progression should be due to the Mn—O
that the peak near 3.6 eV seems to be quite intense in g, metric stretching vibration, which is also consistent with
.COId . 266 n":n sE)ectrum[Hg. .7(d)] and it becqmes negli- e theoretical calculations that there is a substantial Mn—O
gible in the “hot” spectrum[Fig. 7(c)]. According to our bond length change between the ground states of M@
theoretical results, we tentatively assign this feature tbla _ .
MnO;, whereas their bond angles are nearly the s@irable
state, due to removal of ar& electron from the ground state - z
I1). The measured vibrational frequency of 800 ¢nfor

of MnO™. . . .
Therefore, we have observed three excited stateg/Inoz 1S |r11reasgnable _agreement with the the_oretlcal value
(“I1,%S* 11) for MnO due to detachment from the ground of 918 cm =, whlch again seems to be overestimated.
state of MnO and two excited state€I1,®S.*) for MnO The vibrationally resolved band near 3 eV should be due
due to detachment from the excited state of MnQ'hese  t© removal of an 14, electron from the ground state of
states are indicated in Fig. 7 and are compared to the the®4nO-, giving a*B, state. The resolved vibrational structure
retical results in Table IV. We note that the theoretical bind-should be due to the Mn{ending mode, suggesting a large
ing energies are all lower than the experimental values byond angle change upon removing @ &lectron. Our mea-
0.2-0.6 eV. This discrepancy is probably not surprising;sured vertical binding energy of 3.09 eV is in good agree-
considering the complexity of the MnO systems. The excitednent with the theoretical value of 3.39 eWable V). The
state manifold of MnO is not very well known and our as- calculations predict that there should be four detachment
signment should be viewed as tentative. Definitive assignehannels within a narrow energy range between 3.9-4.4 eV.
ments appear to require more accurate calculations for th€his prediction is consistent with the observation of the
MnO-MnQO™ pair, which contains partially occupied degen- “cold” 266 nm spectrum{Fig. 8§(d)], which revealed several

erate MOs. features between 3.5-4.3 eV. However, exact assignments
~ are not possible here because the spectrum is congested and
3. MnO; and MnO; may contain overlapping features. Tentative assignments are

The MnQ, spectrum also shows very strong temperaturemade, as shown in Fig(@). All of the observed features due
effects. In the “cold” 355 nm spectrurfFig. 8b)], a weak to detachment from the ground state of Mnh@re compared
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with the theoretical calculations in Table V. X2A¢
The two low energy isomers of MnOpossess very MnO3"

similar detachment energies and spectral patterns.*Bhe 266 nm

isomer gives a vertical binding energy of 1.88 eV, which is

almost exactly the same as the experimental value of 1.89

eV. The®A, isomer, which is about 0.16 eV higher in energy

above the’B, isomer, gives a vertical binding energy of 1.84

eV, which is also in excellent agreement with the experimen-

tal value. However, their adiabatic binding energies are quite

giﬁerent as can be obta_ined.fror.n tl!feot in Table Il. The P o '320' AR a0 45

B, isomer gives an adiabatic binding energy of 1.85 eV, Binding Energy (eV)

which is in excellent agreement with the experimental esti-

mate of 1.84-0.03eV. On the other hand, tﬁé\l isomer FIG. 9. Photoelectron spectrum of MaCat 266 nm(4.661 e\f. “HB”

gives an adiabatic binding energy of 1.70 eV. Based on thj&dicates hot band transitions.

observation and energetic considerations, we conclude that

the observed isomer of MnOin our experiment is théB,

species. Even though only broad bands were observed for thghserved to be predominant at higher source temperatures.
higher binding energy detachment channels forBeiso-  The ground state of MnOwas predicted to b&S * and the
mer[Figs. 8a) and §c)], the estimated binding energies are excited state to bé3 ", about 0.14 eV above the ground

in good agreement with the theoretical values as compared iftate. Various one-electron photodetachment channels were

Rel. Electron Int.

HB

N

Table V. calculated and used to interpret the observed complicated
photodetachment features. The Mn@Gpectra also exhibited
4. MnO 3z and MnO 5 a strong temperature dependence, which was found to be due

to the presence of two isomers of the anion. Theoretical cal-
D4, symmetry with a singlet ground statEig. 5. The low- culations predicted _that th_e grour51d state of Mni® a_high-
est energy isomer is a triplet state 0.33 eV higher in energ))./?lem(qhﬂ]o) and _h:gg-spln state de)_- 'Ir']hehlowte):st Isomer
Our photoelectron spectrum of MgGat 266 nm revealed 0 Mn02 as a triplet’B, state and is higher by 0.15 e\{.
only a single vibrationally resolved band, with an 840 ¢m Various one-electron detachment channels of the two iso-
vibrational spacing and an adiabatic binding energy of 3.3341€S Of MnQ were calculated and compared to the experi-
eV. No indication of an isomer was observed. Therefore, thdnental findings. Only one isomer was observed for NInO
observed features were assigned to detachment transitiod4!ich gave a single detachment band corresponding to tran-
from the ground state of MnDto that of MnQ,. The ob- sitions from the ground state of the anion to that of the neu-
served binding energy is in very good agreement with théral. Theoretical calculations predict that the ground state of
_ . N
calculated value of 3.21 eYTable VI). The observed short MnO; has D3, symmetry \_Nlth a’A; term, wgereas the
vibrational progression should be due to symmetric Mn—cdround state of the neutral is@, species with &A, term.
vibrations, consistent with moderate Mn-O bond |engthCaIcuIated adiabatic and vertical binding energies of NInO

changes between the ground state of Mréhd MnQ, (see are in excellent agreement with the experimental values. We
Figs. 4 and & show that theoretical calculations are very helpful in inter-

In Table VI, we summarize all the experimental e|ectr0npretations of the photoelectron spectra of the complicated

affinities of MnQ,(x=1—4), their stretching vibrational fre- MNOx anions, and in understanding the electronic and geo-
quencies, and the electron affinities of O, Mn, ang Gm- metrical structures and chemical bonding in both the anions

pared to theoretical values obtained currently. Except foPNd the neutral species.
MnO, which has five unpairedd3electrons and many low-

lying states, the theoretical electron affinities are all in very

good agreement with the experimental measurements. TH®CKNOWLEDGMENTS
theoretical vibrational frequencies obtained currently seem to

be over estimated in all cases, relative to the experimental e thank Dr. Hai-Feng Zhang for the Franck—Condon
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