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Vibrationally resolved photoelectron spectra of Mg@&nd ZnO have been recorded at several photon energies
under varied experimental conditions. Peaks in these highly structured spectra have been assigned to
photodetachment transitions from the Mgé@nd ZnO ground stateX?=") to vibrational progressions in the
ground and several low lying neutral excited states. In addition, a high-temperature $pgCtrum shows
spectral features due to photodetachment from an excited electronic state of theakig®, which has been
assigned to an AT anionic state. From the MgOspectra, the electron affinity of the MgO ground state
(X=") is determined to be 1.630 (0.025) eV. Four electronic excited states of MgD AdI1, b®=*, and

Bi=*, were found to lie 2510, 3390, 8390, and 20 000 tabove the X=t neutral ground state, respectively.

The excited MgO AZIT anion state was found to lie 4791 chabove the MgO X2+ anion ground state.

The photoelectron spectra of Zn(presented here at higher photon energies, extend a previous photoelectron
study by Fancher et al. to the first two excited neutral statd$,and A1, which have been found to lie

2460 and 4960 cnt above the XX ground state, respectively. From Frandc&ondon analyses of the well-
resolved vibrational progressions for each electronic transition, equilibrium internuclear distances and
fundamental vibrational frequencies of the MgO and ZnO neutral electronic states were determined. Moreover,
because the sources employed produced vibrationally hot anions, the bond length and vibrational frequencies
of both the MgO ground and excited states were found from the vibrational hot band transitions.

1. Introduction In 1977, Ikeda, Wong, Harris, and Field investigated tHé-a
XIZ* perturbations in photoluminescence spectra of MgO and

and they have been found to have3X ground states? provided an estimated set of spectroscopic constants foffhe a

However, there have been vigorous debates on the nature ofgtf‘ti% Their results also provided exper_imental proof for the
the ground state due to the presence of a number of low-lying X' = 9ground state. More recently, Field and co-workers
electronically excited staté$® In particular, MgO is distin-  Performed rotational analysis of théB"—°I1 (0,0) and (0,1) -
guished from other alkaline earth metal oxides in that it has intercombination bands measured by fluorescence excitation
closely lying IT excited state$? Up to the early 1970s the  Spectroscopy* This was followed by Faraday laser magnetic
experimentally known electronic transitions for MgO were those resonance spectroscopy experiments ofrtiitet al., who
involving the three lowest singlet states>X, A1, and B=*.10 reported the first direct observation of transitions between the
Because the AT state was found to lie only¥3500 cm* above X1+, &1, BI=T, and AT state<1° These studies also found
the X!Z* state, it was proposed that the triplet counterpart to an X'=* ground state and furnished rotational constants and
the AL state, the I state, might lie below the ¥ state. In perturbation parameters for the'X", &1, and B=* states.
1972, Schamps and Lefebvre-Brion performed LCAO-MO SCF of the low-lying states of MgO, this left only the triplet
calculations on the electronic states of MgO and predicted thatcounterpart to the Bt state, i.e., the &t state, to be

a proper cqnsideratiog of correlations in the elect.ronic configu- investigated. Its spectroscopic properties were given by several
][altllonscljntdhlcatedtad)_ﬁ %Loglgd ft?té'lnthe ex;i')_en{ngntths thath theoretical predictions. Bauschlicher, Lengsfield, Silver, and
oflowecd these studies, state was investigated throug Yarkony performed MCSCF/CI calculations for the low-lying

weak spin-forbidden optical transitions whose oscillator strengths ; o
" : tates of MgO and estimated the transition enefigy ¢f the
are borrowed from allowed transitions between singlet st&is. > -
g b3+ state to be 8308 800 cnT 1.8 A similar value, 8414 cmt,

* Corresponding authors. was found by Thmmel et gl., who cal_culated the potentl_al
t Visiting from School of Chemistry, Seoul National University, Seoul ~€nergy curves for the low-lying electronic states of MgO using
15%"342 K?fefé-d Devartment of Chemistry. Howard Universit a multireference configuration interaction (MRD CI) metH8d.
resent aadress: epartment o emistry, owar niversity, . . . .
Washington, DC 20059. Experimentally, Ip et al. analyzed mter_cor_r!blnatlon systems
§ Present address: Stanford Research Systems, Sunnyvale, CA 94089related to the HI state and showed a significant effect from

MgO and ZnO are two relatively simple diatomic molecules
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interactions with the X+ and B=" states on the\-doubling dissociation energy for ZnO compared with the other transition
in the ZI1 state, confirming indirectly the location of thé3 metal oxides, such as the well-established vatu2.g eV) for
state!? Cuo®d

In addition to spectroscopic interest, the importance of  Until recently, spectroscopic measurements of ZnO were
magnesium oxide as a catalyst in hydrocarbon reactions haslimited to the 1980 study of the ZnO molecule in a solid nitrogen
motivated a number of thermochemical investigations upon the matrix by Prochaska and Andrewsand were later revised by
bulk solid, the bulk surfaces, particles, and more recently, Chertihin and Andrews in a solid argon matrix study in 1997.
clusters. To understand these processes at a molecular levelThe first spectroscopic measurements of the isolated gas-phase
and to help model them theoretically, an understanding of the molecule were reported in 1997 by Fancher, de Clercq, Thomas,
monomer is necessary. Consequently, several thermochemicaRobinson, and Bowen, who measured the photoelectron spec-
studies have been conducted on molecular magnesium oxidelrtum of ZnO" at 2.707 eV photon energy (457.9 nfFancher
to determine its dissociation enerdys. Most reported experi- €t al. observed a single vibrational progression for the neutral
mental values from recent decades are greater than 3.5 eV. Therground state (X2*) and obtained the electron affinity of ZnO
have been, however, controversies regarding the purity of the (2.088 4 0.010 eV). A Franck Condon analysis yielded the
samples used for the techniques employed, such as flamefundamental vibrational frequency for both the neutral and anion
photometry and Knudsen cell mass spectrom&b initio ground state and the bond length and well depth for the anion.
calculations by Langhoff et al. fourldo = 2.71 eV, measured !N @n accompanying paper by Bauschlicher and Partidge, ab
relative to the lowest energy dissociation asymptote, Mg, (3s initio calculations on the electronic structure of Z_nO a_nd ZnO
1S)+ O (2p4 3P), a result smaller than the previously reported were performed at the coupled cluster level with single and

valuest In a Fourier transform mass spectrometry examination doublé excitations and noniterative inclusion of all triple
of MgO and MgOH by Operti et al., thBy of MgO™* cation excitations (CCSD(T)J2 The calculated ZnO and ZnGspec-

and the ionization potential of MgO neutral were measured by trosgoplc const?nt_s{hatr;]d electron affl_nlty were fourt1d| to be in
photodissociation and charge-transfer reactions, respectiely. good agreement wi € accompanying expenimental measure-

These measurements were used with published enthalpies ofhents, while the vyell dept_h of the neutrddd = 1.63 eV) .
formation to findDo = 2.56 eV through a thermochemical cycle reproduced the earlier experimental value of 1.61 eV, determined
Note, however, that while these investigations have in general experimentally by Armentrout and co-workers.

found the dissociation energy relative to the ground state !N the work reported here, the Zn(photoelectron spectra

separated atoms, the!X" molecular ground state arises from &€ measured at 532 and 355 nm and extend the earlier
ionic and covalent separated atom asymptotes’ k&gt 2S) photoelectron study of ZnOto the &IT and A1 excited states

+ O~ (2p52P) and Mg (33 1S) + O (2p* D). Both asymptotes of ZnO. The current report represents the first experimental
lie at (enpergie)s highegr (thin t)he gr(()ueld st)ate Mg (é)li 0 measurements of these states for the ZnO molecule. The
(2p? °P) separated atoms. Rather, the ground state separate hotoelec:rotn gpec]:ctrum qf Mngal\t/l o232 n_m 1\'125 rtlapotrtes(zzl3|n
atoms are associated with the excited molecular st&fé, a _?_l;r r?\;l:e(njs uh yt ola tserles 0 (t gan = " d) ¢ “tsh?f :
Accordingly, the electronic structure of MgO has been consid- € Mgl photoelectron spectra presented In this paper

ered a matter of significance in thermochemical, as well as cqmblne two separate expenmenFaI Investigations, covering a

SpeCtroscopic. aspects wide photon energy range and various experimental conditions.
P P _’ Pects. L Four low-lying electronic states of MgOd, A1, b=+, and

The behavior of the group II-B metals () is similar in B1xt) are observed and reported here for the first time, in

many respects to that of the alkaline earth metals. However, 5qgition to the observation of the first excited state of the MgO
due to the difficulty in thermally generating gas-phase ZnO, gpion.

(solid ZnO sublimes by dissociatiqn to its eleméf)isthere The MgO" photoelectron spectra measured by The Johns
are only a fgw experlmgntal studies of the ZnO molecule. Hopkins University (JHU), and the Pacific Northwest National
Thermochemical properties of the ZnO molecule have been Laboratory and Washington State University (PNNL/WSU)

investigated by measurements of the reaction of Zn with various esearch groups have been collected under significantly different
oxidants. The kinetic energy dependence of the chemilumines- g, harimental conditions in both the photon energy range and
cence from the oxidation reaction of Zn atoms WithO\Wwas  anion production. Most noticeably, the two ion sources em-
studied by Wicke, who estimated the lower limit of the oved have produced MgQanions with dramatically different
dissociation energy of ZnO to be 2.8 eV from a threshold in \;prational temperatures. The 488 nm spectrum measured at JHU
the chemiluminescent reaction cross sectiohiowever, an  jncjudes photodetachment transitions from the ground-state
earlier high-temperature mass spectrometry investigation set thegnion to the X=+, &1, and AT neutral electronic states. In
upper limit to the dissociation energy at 2.86 eV, and theoretical aqdition, the spectrum contains a significant amount of vibra-

studies at the time also found the dissociation energy to be welltional hot band transitions, which provide vibrational frequencies
below 2.8 eV. In 1986, Bauschlicher and co-workers investi- for the anion ground state. However, a |arge number of hot

gated the low-lying electronic states of ZnOi3X, 211, A'I, bands, interspersed with transitions from the ground state, makes
and =*, using Cl and coupled pair formalism (CPF) methods  Franck-Condon modeling difficult at the instrumental resolution
and predicted the dissociation energy for ti&X state,De = of 0.023 eV. This problem was amplified in the case of MgO,

1.20 eV (relative to ground state atomsjubsequent thermo-  where the neutral electronic states are close enough that their
chemical experiments using a guided ion-beam mass spectromvibrational progressions overlap. A preliminary analysis assigned
etry technique on the reaction of Zmand NQ by Armentrout (0—0) peaks for the three neutral states, finding the electron
and co-workers yielded a dissociation energy of 1.61 eV for affinity of the X 1= ground state and transition energies of the
neutral ZnO® The apparent discrepancy from Wicke's lower &1 and AT state$* Ab initio calculations were performed
limit was explained by noting that an electron in the fully by Bauschlicher and Partridge to assist in the interpretation of
occupied 4s and 3d orbitals of the ground state zinc atom shouldthe JHU spectrur® The results of these calculations were in
be excited to a 4p orbital for bonding, which implied a smaller good agreement with the experimental results for theQ)0
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photodetachment transitions to the MgO electronic states. oxidant produced MgO diatomic with higher intensity than
Nevertheless, FranekCondon modeling of the vibrational O, seeded gas, which produced mainly higher,®lg™ clusters.
structure of the JHU spectrum was not successful at the timeZnO~ anion was produced in a similar fashion, except that a
due to the extreme spectral congestion. Consequently, experi-0.5% G seeded He carrier gas was used. After anion production
mental values for the fundamental vibrational frequencies and and mass selection, the monoxide anions of each metal were
bond lengths were not reported for these states and could notintroduced into a photoelectron analyzer where they were
be compared to the calculated values. Interestingly, the JHU illuminated with the output of a Nd:YAG laser. The photode-
spectrum also contains features due to an excited electronic statéachment wavelengths were varied from 532 to 266 nm to
of the anion, which, in the absence of a Fran€ondon adequately match the electronic states of interest. Typical
analysis, were not assigned at that time. resolution of this analyzer was20 meV (fwhm) for 1 eV

The MgO™ photoelectron spectra measured at PNNL/WSU electron kinetic energy. The MTGRPES collects emitted
were taken at three photon energies, 2.331 (532 nm), 3.496 (353hotoelectrons with high efficiency-(00%). Electrons guided
nm), and 4.661 (266 nm) eV, and include photodetachment by a weak magnetic field were energy analyzed according to
transitions from the ground-state anion to th&X, aIT, AT, their flight time in a 3.5 m TOF tube. The photoelectron spectra
b3=, and B neutral states. Detachment to thi&Istate is the ~ of MgO™ and ZnO were calibrated to the known energy levels
first direct measurement reported for this species. The ion sourceof Rh™ and Cu'.2°#0For the 532 and 355 nm experiments, the
employed in these experiments produced a significantly smaller detachment laser and the vaporization laser were operated at
degree of vibrational excitation in the anion than that observed 10 Hz. At 266 nm, the repetition rate of the detachment laser
in the JHU spectrum. Consequently, the photodetachmentwas doubled with the ion off at alternating laser pulses for
transitions for all five neutral electronic states observed are well background subtraction.
resolved. Even though the progressions for the first three low- JHU. The beam line of the photoelectron spectrometer at JHU
lying neutral electronic states overlap to some degree, thesehas been designed to accommodate a wide variety of ion sources.
spectra have been successfully modeled by Fra@dndon In these experiments, MgCanion was produced using a high-
analyses, from which fundamental vibrational frequencies and temperature supersonic nozzle ion source. This source has been
equilibrium bond lengths have been obtained for the five neutral constructed so that it may be operated continuously, producing
electronic states. From the moderate amount of hot-banda stable ion beam, over many hours, at temperatures reaching
transitions present, the spectroscopic constants of the anion werdghe softening point of stainless steetg00 °C). Magnesium
also obtained. The well-characterized spectroscopic constantgnetal (99.5% purity) was evaporated in the stainless steel oven
for the neutral states derived from the PNNL/WSU spectra were at 850°C under 208-300 Torr of preheated argon. The resultant
then used to model the JHU spectrum to find spectroscopic Mg-seeded argon vapor was expanded supersonically through
constants for the excited state of the anion. Together the JHUa 125um diameter nozzle, which is heated to S@to prevent
and PNNL/WSU MgO photoelectron spectra reported here nozzle clogs. A “pick-up” line placed immediately in front of
provide the electron affinity of the ground state, term values the nozzle tip introduced an effusive flow ot @ be entrained
for the first four excited neutral states, and the first excited state in the expanding jet. A negatively biased hot thoriated iridium
of the anion. FranckCondon analyses of the spectra provide filament injected electrons into the expanding jet {at5 V
fundamental vibrational frequencies and equilibrium bond bias, 10 mA emission current), creating a weakly ionized plasma.
lengths for all five neutral and both anion electronic states. The A predominantly axial magnetic field was used to confine the
calculations performed by Bauschlicher and Partrifgeitially plasma and greatly enhanced the anion production. Negative
to assist in the interpretation of the JHU spectrum, are in good ions were extracted from the ionized jet, accelerated to 500 eV,
agreement with the combination of experiments performed at and transported by a series of ion optics into a Wein velocity
JHU and PNNL/WSU, and conclusions based on these calcula-filter for mass selection. Although 49 is typically used to

tions are consistent with those presented in this work. produce monoxide cluster anions, (it producesty dissocia-
tive electron attachment more efficiently than does oxygen),
2. Experimental Section during these experiments we usegl$0 that MgQ~ could also

) _ ) _ be made abundan®y (although the data of MgQ is not

In this study, two representative methods in anion photo- reported here). Under these conditions, the ion source produced
electron spectroscopy were employed to investigate the elec-0 pA continuous ion current of MgOand 5-10 pA MgQ,™.
tronic structure of MgO and ZnO. The experiments at PNNL/  The mass selected anion beam was focused into a field-free
WSU were performed on an apparatus composed of a pulsedinteraction region where it was crossed with an intracavity
laser vaporization source, a time-of-flight (TOF) mass spec- photon beam of an argon ion laser operated at 488 nm (2.540
trometer, mass gate, momentum decelerator, and a magneticgy/) at typical circulating powers of 150 W. The distance from
bottle TOF photoelectron spectrometer (MTEFES). AtJHU,  the jon source to the ion beartaser interaction region is-2
the photoelectron spectrum of Mg@vas obtained with a high-  m_ photoelectrons were collected through a small solid angle
temperature continuous supersonic nozzle beam soureeBE  defined by the input optics of the hemispherical electron energy
Wein velocity mass filter, and a hemispherical electron energy analyzer located below the interaction zone. The voltages of
analyzer. Here only brief descriptions will be presented. Details the input optics are scanned, and the electron analyzer is
of each apparatus are given elsewr#éré? operated at a constant pass energy of 5 eV. The electron energy

PNNL/WSU. To generate a sufficiently high-intensity beam  resolution with the hemispherical analyzer is constant. The
of MgO~, a carrier gas of 1% JO in He was used to react photoelectron spectra of MgOwas recorded under a typical
with laser-ablated Mg atoms in the laser vaporization cluster resolution of 23 meV (fwhm) and calibrated with the known
nozzle. The neutral and ion products formed via complex plasma O~ photoelectron spectruf.
reactions were co-expanded through a conical nozzle with the .
helium carrier gas and collimated by a skimmarl kV high- 3. Results and Analysis
voltage pulse extracted anionic species from the beam perpen- 3.1. MgO~. The photoelectron spectra of MgGaken at
dicularly into a TOF mass spectrometer. UsingONas the PNNL/WSU (532, 355, and 266 nm) and JHU (488 nm) and
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Figure 1. Photoelectron spectra of Mgt (a) 532, (b) 355, and (c) Binding Energy (eV)
266 nm. Figure 2. Franck-Condon analysis of the photoelectron spectra of

MgO~ obtained at PNNL/WSU. The dots are experimental results,
whereas the solid lines represent simulations. Particularly for the 532
the results of FranckCondon analyses of the data are displayed nm (a) spectrum, individual fits to excited states are also shown as
in Figures 4. The detachment energy of the photoelectron dotted (&IT) and dot-dashed (AI) lines, respectively.
peaks corresponding to{®) vibrational transitions defines the
adiabatic electron affinity for the respective neutral states, within Condon simulation of the well resolved neutral vibrational
the accuracy of rotational correction. The observed detachmentprogression in the X state of the 532-nm spectrum, including
energies and spectroscopic information are summarized in Tablethe (1-0) hot band transition, gives direct spectroscopic
1. information for the ground state of both MgO and MgQn
3.1.1. The 532 and 488 nm Spectra, Mg(X%x) — MgO the Franck-Condon simulation, the equilibrium bond length
(Xiz, &%, AMI) + e~. The 532-nm PNNL/WSU spectrum and anharmonicity constant for the ground-state MgO were
(Figure 1a) and 488-nm JHU spectrum (Figure 3) are largely taken from ref 8. The fundamental vibrational frequencies of
consistent, with the notable exception that the spectrum takenthe ground states of MgO and MgQvere determined to be
at JHU contains an exceptionally high degree of vibrational hot 780 (40) cm* and 670 (80) cm?, respectively. This analysis
banding. Each spectrum finds photodetachment transitions toalso provided am. value of 1.794 A for the MgO ground state.
the three lowest electronic states of the MgO molecule, 2 X Accordingly, the information on the anionic ground-state made
a1, and AT states. However, there is a small shift in absolute further Franck-Condon analyses on the observed excited neutral
energies between the two spectrdd(020 eV), which is within states possible. In Figure 2a, the results of Frar€&ndon
the experimental uncertainties. The MgQX2s, v"' = 0) — simulations for the X=, &1, and AT states are compared with
MgO (XZ, v' = 0) “(0—0)” transition in the 532 nm spectrum  the experimental data.
was measured to be 1.620 (0.025) eV. The detachment energies 3.1.2. The 355 and 266 nm Spectra, Mg“=") — MgO
of the MgO™ (X&) — MgO (&1, AI) (0—-0) transitions are (b3, BIZ*) 4+ e~. At higher photon energies, photodetachment
1.930 and 2.040 eV, respectively, locating these stat&s &t to two additional MgO excited states®® and B=*, were
2510 and 3390 cmt above the ground state. observed at 2.660 and 4.100 eV, respectively, locating these
The low intensity MgO (X2, v" = 1) — MgO (XIZ, v = states afTp = 8390 and 20 000 cri above the MgO X
0) hot band transition, the {10) peak labeled as HB in Figure  ground state. The®&" feature at 2.660 eV is distinctly different
1a, falls on the low binding energy side of the intense @ from the others in that it consists only of an intense-Q)
peak. This feature is well resolved in both spectra. Franck transition with no appreciable neutral vibrational progression,
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Figure 4. Franck-Condon analysis of the photoelectron spectra of
MgO~ obtained at JHU. The solid circles are experimental results,
whereas the solid line and dotted line represent simulations.

indicating that there is little change in geometry between this
state and the anionic ground state. Th@alue obtained from
the Franck-Condon simulation for this state (Figure 2b) is
shorter than the anion by only 0.003 A.

3.1.3. Detachment from a Low-Lying Anion State, MgO - . :
(A2IT) — MgO (&1, ATI) + e~. Examination of the low I L S e N B B L m m e e e S e |
binding energy region of the 488-nm spectrum (Figure 3) finds 1 9 24 29
photodetachment transitions at energies lower than that required Binding Energy (eV)
to detach an electron from theX ground-state anion. In fact,  Figure 6. Franck-Condon analysis of the photoelectron spectra of
these features extend to lower detachment energies than th&@nO- obtained at PNNL/WSU. The dots are experimental results,
ground-state anion to ground-state neutrak-@), (2-0), . whereas the solid lines represent simulations. For the 355 nm (b)
(v"-0), hot band transitions, (whose thermally populated hlgher spectrum, individual fits to excited states are also shown as do#d)l (a
order intensities drop off exponentially). These are the lowest 2"d dot-dashed (Al) lines, respectively.
energy transitions expected for a single anion state. Since the
possibility of impurity in the MgO beam can be ruled out, the  for all electronic transitions that appear in the 488-nm spectrum
lower binding energy transitions that appear in the spectrum using the neutral state information derived from the above
should correspond to detachment from a low-lying electronic analyses of the colder PNNL/WSU spectra. FranClondon
state of the anion. A FranekCondon simulation was performed analyses of the transitions from the ground-state anion, MgO
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TABLE 1: Observed Vertical Detachment Energies (VDE) and Spectroscopic Constants of MgO from the Photoelectron

Spectra of MgO~

VDE (eV) term value (cm?)’ bond length (A) vib. freq. (cm?)
PNNI JHU PNNL JHU ref 8 calc. current ref8 calc. current ref8 calc.
MgO~
X+ —13070 —13240 —12561 1.794 1.794 670(80) 897
(60%27*70Y) 1.801 739
A2[1 0.594(0.023) —8440 -7710 1911 1.970 593(80) 519
(60%27%70?)
MgO
O 1.623(0.025) 1.64%0.023) O 0 0 1.749 1.787 780(40) 785 806
(60%27%) 1771 760"
a1 1.930(0.025) 1.953(0.023) 2510(140) 2520(140) 2623929 1.864 1.870 1.908 600(80) 648 61%
1766 1.888 645
ATI 2.040(0.015) 2.062(0.023) 3390(150) 3400(150) 3563 2666 1.854 1.864 1.889 650(80) 664 677
(60227370%) 2621 1.884 654
b=+ 2.660(0.020) 8390(150) 84414  1.791 1.868 ~670 616
B>+ 4.100(0.025) 20000(160) 19984 20212 1.730 1.737 1.767 890(80) 824 84%
(60%27*70Y)

2 The measured adiabatic electron affinity of MgO. An average of these two values,IE830 eV, is within the uncertainty of these measurements
(ref 35 gives a theoretical value of 1.639 eV at the CCSD leVYé¥yevious experimental valueskErom ref 1 (experimental}. From ref 12, the
potential curves calculated using the multireference configuration interaction (MRD CIl) méthodptimized value in the FranekCondon
analysis using the bond length of MgO (1.749 A) given in ref Brom ref 35 (calculatedy. MgO~ A2IT-MgO &1 = 1.349 eV and MgO
X2=—MgO &1 = 1.953 eV detachment energies place ti&lA&nion 0.594 eV above the?X* ground state? Calculations from ref 25, the term
values have had the “zero” moved from the ground-state anion to the ground-state neutral for comparison pérgue@sental term values are
To. Calculated term values afie.

TABLE 2: Observed Vertical Detachment Energies (VDE) and Spectroscopic Constants of ZnO from the Photoelectron Spectra

of ZnO~
VDE (eV) Term value (cm?) Bond length (A) Vib. freq. (cm?)

current ref 22 ref 22 current current ref 21 ref 22 current ref 21 ref 22
Zn0O~
Xzt —16750 1.767 1.787 1.764 610 625 664
(90%47*100%) (80)
Zn0O
Xz 2.077 2.088 2.03 0 1.719 770 805 727
(90247 (0.020) (40)
2l 2.382 2.338 2.29 2460 1.850 1.857 540 567

(0.025) (120) (80)
A1 2.692 4960 1.838 1.848 600 617
(90%47%100%) (0.015) (150) (80)

2The measured adiabatic electron affinity of Z®revious negative ion photoelectron spectroscopy results by Fanchet &b ahitio calculations
at the CCSD(T) level by Bauschlicher and Partrid§edn optimized value in the FranekCondon analysis using the bond length of ZnO (1.719
A) given in ref 22.¢ A single-reference Cl calculation based upon SCF orbitals by Bauschlicher and Langhoff (ref 2).

(X22) — MgO (X1, &1, AMI), confirmed that the high-

temperature JHU spectrum is consistent with the spectroscopic~107° s for a 40 amu ion.

parameters found from the colder PNNL/WSU 532-nm spec-

interaction region in the JHU photoelectron spectrometer is

3.2. ZnO~. The 532 and 355 nm photoelectron spectra of

trum. Using the neutral spectroscopic constants obtained fromZnO~ taken at PNNL/WSU and the corresponding Franck

the 532-nm spectrum, a Frane€ondon simulation of the lower

Condon analysis results are shown in Figure 5 and Figure 6,

binding energy spectral features found that photodetachmentrespectively. The (60) transition to the neutral ground state

of the excited anion electronic state produced a tripsatglet

at 2.077 (0.020) eV is consistent with the adiabatic electron

pair of IT neutral electronic states (Figure 4). The detachment affinity of 2.088 (0.010) eV obtained in the previous 457.9 nm

energy of the excited-state anion to the neutal atate was
measured to be 1.349 eV. Subtracting this from the MYE=—

(2.707 eV) photoelectron study at JHU within the experimental
uncertaintie2! The spectroscopic constants obtained from

MgO &1 spacing locates the excited-state anion 0.594 eV above Franck-Condon analyses are also consistent with the prior result
the ground-state anion. With the anion states thus positioned,and are summarized in Table 2. The greater photon energy range
photodetachment from the excited anion to th&Xground- employed in the current study accesses photodetachment transi-
state neutral would appear at 1.047 eV electron binding energy,tions to the first two excited states of ZnO. The detachment
but was not observed, as is evident in Figure 3. The excited energies of these two states are found to be 2.382 and 2.692
MgO~ anion is expected to have a relatively long lifetime (on eV and hence lie ap = 2460 and 4960 cr# above the ground

the order of 10 s), because fluorescence lifetimes are inversely state, respectively. In addition to the<{Q) hot band transition
proportional tov® and the 0.594 eV radiative transition to the located at~2 eV (Figure 5a), spectral features are also observed
ground-state anion lies in the infrared. Radiative lifetimes and at lower binding energies~1.4 eV) in the 355 nm spectrum
transition moments in neutral MgO have been calculated by (labeled X in Figure 5b). These features are most likely due to
Diffenderfer, Yarkony, and Dagdigiaid.The authors found that  transitions from an excited state of the anion, analogous to that
the AITI—-X1ZT transition (~0.4 eV) has a lifetime of 0.23 ms.  observed in the 488-nm spectrum of Mg@eported above. It
Transit time from the ion source to the ion bealaser is interesting to note that this feature is not observed in the 532
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nm spectrum (Figure 5a), consistent with the assignment to anthe same symmetry. lonic and covalent diabats and the resultant
excited anion, which can be produced only under certain potential curves for the low-lying states of MgO have been
experimental conditions. Due to insufficient resolution and count calculated using a multireference configuration interaction
rates in this region of the 355 nm spectrum, this feature is not (MRD-CI) method in an extensive study of the electronic

subjected to a more detailed analysis.

4. Discussion

4.1. MgO/MgO. The 1=t states of MgO are not well
described by a single configuration. In particular, th&X
ground state and the IB* state are composed of varying
mixtures of @227, 6012770, and &'27*3x! configura-
tions3334 Peyerminhoff and co-workers find that the'>
ground state is dominated by the closed-shefPs* structure,
where @ is a bonding orbital derived from Mg 3s and O,2p
atomic orbitals, and 2 has a nonbonding O 2pcharactef?
Electronic transitions from these occupied orbitals to the 7
antibonding orbital produces the low lying neutral electronic
states, &1, AT, b%X, and BZ. In the ground-state MgO

structure of the MgO molecule by Thumel, Klotz, and
Peyerminhoff:? This work included a thorough investigation
of the covalentionic interactions at long internuclear distances
where the avoided crossings occur. The bonding in ground-
state MgO, a state witHX symmetry and noted for its
multiconfigurational nature, thus arises predominantly from an
avoided crossing of the ionic curve dissociating to™gS) +

O™ (P) and the covalent curve associated with the singlet atomic
oxygen limit, Mg ¢S)+ O (!D). The bonding in the first excited
molecular state, the’H state, arises from an avoided crossing
between curves derived from the ionic M@S) + O~ (?P)
asymptote and the covalent potential associated with triplet
oxygen, the ground state separated atoms Mg O (3P).

To derive a thermochemical value of the dissociation energy

anion, the additional electron occupies the lowest available of MgO, the energy spacing between the ground state and the

unoccupied molecular orbital, therorbital. Electron detach-
ment from the excited state of the Mg@nion has been found
to produce the 31, AT neutral states, but not the’X* ground
state, indicating a predominantly®z3702 configuration. All

first excited state, measured from the photoelectron spectra,
To(2%I1) = 0.310 eV, was added to tHee(a%Il) = 1.82 eV
calculated by Thmmel et al. (neglecting zero point energy,
which is on the order of a few meV). From this estimation we

of the detachment channels leading to the states observed irPbtain a thermochemical dissociation energy of 2.13 eV, for

the photoelectron spectra of Mg@nay be described in terms
of these configurations as follows:

60°27°70" (MgO ™, X’=*) — 60%°27* (MgO, X'=*) (1)
— 60°27°76*(MgO, &T1, A'TI) 2)
— 60727701 (MgO, b’=", B'=H) ©)

60°27°70% (MgO ™, A?IT) —
60°27° 76 (MgO, &T1, A'TI) (4)

Detachment of an electron from the orbital of the ground

state anion produces the ground state neutral (eq 1). Detachment.

of the more tightly bound.2 and & electrons produces excited
IT (eq 2) andZ (eq 3) states, respectively, each with a triplet
singlet splitting due to detachment of eitheraor /5 electron.
Detachment of an electron from the @rbital of the excited-
state anion produces th& states with a tripletsinglet splitting
due to detachment of either aror § electron (eq 4). Electronic

configurations, detachment energies and spectroscopic constan
are collected in Table 1 and compared with literature values

dissociation to ground-state atoms. This is consistent with,
though somewhat lower than, recent experiméhtahd theo-
retical* results, 2.56 and 2.71 eV, respectively. As in prior
experimental and theoretical work, these determinations of the
dissociation energy neglect the triplet-to-singlet atomic oxygen
promotion energy needed to reach the asymptote to which the
X1t state dissociates. Including the 1.97 eV atomic oxygen
O(EP)—0O('D) transition energy, we find thd, (X'=*) = 4.10

eV, dissociating to its natural dissociation products, NMg) ¢~

O (*D). Experimental dissociation energy values from flame
photometry assuming a'X* ground staté!? find Dy = 4.34

and 4.14 eV, in good agreement with our result.

4.1.2. The &1 and ATI StatesBonding in the triplet and
singletIT states arises from avoided crossings between the ionic
Mg™ (3S) + O~ (?P) potential, and covalent curves dissociating
to ground-state triplet and singlet atomic oxygen, Mg)& O

(®P), and Mg 1S) + O (*D). With the IT molecular states
measured to be only 0.110 eV apart and with separated atom
limits 1.97 eV apart, we find that the dissociation energy of the

téll'l state is 1.86 eV larger than that of thélla state.

Referenced t®(a%I1) = 1.82 e\!2 (again, neglecting zero point

where available. The 1.630 eV adiabatic electron affinity we €N€rgy) we findDo(A'IT) = 3.68 eV. Thell state vibrational
report is in good agreement with the calculation of Gutsev et frequencies are significantly lower and equilibrium bond lengths

al. (1.639 eV) at the CCSD level of theoi§/The vibrational
frequency for the MgO X=* ground-state found by these
investigators e = 818 cnT!) compares reasonably well to that
obtained herap. = 780 cnT™. IR spectra measured from matrix
reactions of magnesium with various oxidants,(Os, and NO)
in solid argon and solid nitrogen by Andrews ef@¥’ found
similar results, with values ranging from 787 to 825 dm

Relative dissociation energies may be derived from the vertical

detachment energies of the corresponding@Ppeaks in the
photoelectron spectra by a thermochemical cyal§ + ADg

longer than that of théX ground stateqe(2%I1) = 600 cnt?,
weo(ATT) = 650 cnTt vs we(X1=T) = 780 cnr?l, andr(a’)
=1.864 A ro(AT) = 1.854 A referenced to(X1=+) = 1.749

A8 The relative vibrational frequencies, equilibrium bond
lengths, and well depths are consistent with promotion of an
electron from the bondings2 orbital to the antibonding &@
orbital.

4.1.3. The EETand BZ" States.The X pair of excited
molecular states,®&+ and B=", observed in the 355 and 266
nm photoelectron spectra, show an unusual behavior in that their

= AE (dissociation asymptotes), and are discussed in the triplet—singlet splitting is considerable (1.440 eV) and the

sections that follow.
4.1.1. The X% Ground State.For predominantly ionic

spectral envelope of each state does not exhibit any similarity.
Indeed, there has been no experimental observation ofie b

molecules such as MgO, strongly bound ionic potential curves, state prior to this study, which appears as a sharjQeak
whose dissociation asymptotes lie above the neutral separatedt 2.66 eV in our photoelectron spectra with no appreciable
atoms, cross mostly repulsive covalent curves, producing vibrational progression, (note the very low intensity feature
avoided crossings at some intermediate distance for curves ofindicative of the (6-1) transition at~2.75 eV in Figure 2b).
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Because photodetachment is a vertical process that accesses the 4.1.4. The Ground State of MgOX2=+. As discussed earlier,
neutral at the geometry of the anion, the lack of a vibrational neutral MgO has molecular orbitals ordereg &z, 70, where
progression for the® ™ neutral state indicates that this neutral the 2r molecular orbital has mainly O 2pcharacter and the
state has a geometry (bond length and well shape) similar to 6¢ and % orbitals are the bonding and antibondimgholecular
that of the ground-state anion. The equilibrium bond length orbitals derived from the Mg 3s and O 2xtomic orbitals. The
found from the FranckCondon simulation;s(MgO, B’=) = ground-state anion is formed by electron addition to the lowest
1.791 A vsrg(MgO—, X25+) = 1.794 A, is consistent with this  unoccupied molecular orbital and thus has@%*70! con-
expectation. With only a trace intensity for the«(D) peak, we figuration. With threes electrons, this configuration corresponds
are not able to confidently report a vibrational frequency for to the Mg¢S)+ O~(2P) ion—neutral dissociation limit with the
the BP=* state but expect it to be similar to that of the ground- “hole” in the O~ 2p° subshell located along the internuclear
state anion (670 cm). axis, a2=* molecular anion state. Here the &nd & molecular
Unlike the 5=+ state, the spectral profiles of thé®' singlet orbitals are expected to have mainly Q'2p Mg 3< character.
state detachment transitions show a vibrational progression with Through a thermochemical cycle, as described earlier, the anion
a relatively intense (81) peak, indicating that the geometry of  dissociation energy is found to Ha(MgO~, X2%) = 2.289
the Bl="state is significantly different from that of the ground- eV, significantly lower than that of the ground-state neutral.
state anion. The shorter bond length and higher vibrational Franck-Condon simulation of the 532 nm MgQpectrum finds
frequency found from the FranelCondon simulation is con-  a longer anion bond length, and lower anion vibrational
sistent with this expectationg(BI=") = 1.730 A, w¢(BZ) = frequency. These results are consistent with electron addition
890 cnTl vs rf(MgO~, XZ=+) = 1.794 A we(MgO~ XZ=+) = to an antibonding orbital. The bonding in neutral MgO is due
670 cnmL. Thus, the photoelectron spectra find that the potential to the interaction of ionic M§ + O~ potentials and repulsive
curves for these two excitéistates have significantly different  covalent Mg+ O potentials. For the molecular anion, the
spectroscopic characteristics and energetics. In contradi] the “covalent” curve is the iofrneutral interaction which will also
triplet—singlet pair, discussed previously, lie close in energy be mostly repulsive with a shallow well at long bond length.
(0.110 eV) and have similar vibrational frequencies and equi- For exampleDo(O~Ar, X22) = 0.097 eV?* Thus in MgO',
librium bond lengths. A viable explanation for the behavior of additional anion stabilization is expected from avoided crossings
theX states can be given based upon the set of potential energywith Mg+ + 02~ charge-transfer potentials &£+ symmetry,
curves and transformed diabats calculated for MgO in ref 12. analogous to the role played by the ionic curves in neutral MgO.
The avoided crossing, involved in the potential curve for the The lowest energy charge-transfer asymptote for the molecular
b*s* state, was analyzed from an ionic diabat and a covalent anion is Mg (3s, 2S) + 0%~ (2p2pxy*, 1S), which produces a
counterpart whose electronic configurations and dissociation 25 molecular state. Like the iemeutral Mg+ O~ limit, this
limits are as follows: charge-transfer limit corresponds to @8r*70* configuration,
though here the®and & molecular orbitals are expected to
MgO (60'27*76%) — Mg™ (35}, 2S)+ O (2p° ?P) (ionic) have mainly &~ 2p? + Mg" 3s' character. With similar
molecular orbital occupancies, the iemolecule and charge-
MgO (60'27°7¢™3pr") — transfer configurations are expected to have the same qualitative
13 43 photodetachment behavior. Thus the stabilizing influence of the
Mg (3513p, P)+ 0 (2p,"P) (covalent) charge-transfer limit in the bonding of the ground-state anion
is evident in our photoelectron spectrum from the measured

. A.S IS typ|cal_ in av0|_ded Crossings of lonic rr_lolecules, the detachment energies (from which we derive relative dissociation
ionic curve will provide the major contribution at short energies)

internuclear separations, whereas the repulsive covalent diabat . o
P P Further light may be shed upon the bonding in the ground-

plays an important role at longer internuclear distances. The ; )
state MgO anion by reference to the CCSD(T) calculation of

Cl expansion results in ref 12 also indicate that thi$2a*70! VB 2
configuration is the dominant component (about 90%) at the the similar ZnO and ZnO systenr? The analogous valence
molecular orbitals in ZnO ared 4z, 100. As in MgO the 4

equilibrium distance in a proper Cl description of ti&bstate. ) : s :

Hence it is reasonable to approximate the equilibrium config- °rPital was found to be mainly O 2p with some donation to
uration of MgO in the BS* state to be the #2470 ionic Zn. In molecular states with 3 electrons, for example ZnO
configuration. In contrast, the 1Bt state at the equilibrium &l (90?47°100") and ZnO 2 (90%47*100%), the Zn atom was
distance has appreciable contribution from ionic potentials of found to undergo 4s4p hybridization to fommando™ orbitals
configuration @22733prt [Mg*+ (2P) + O~ (2P)] and @22 with O 2p,. This o bonding was fOL_Jnd to be enhar_u_:ed byr2p
[Mg2* (1S) + 02~ (1S)], in addition to the 62747 config- donation. Consequently, the Zn@nion, with an addmo_nal 2p
uration. As expected for an ionic molecule, the character of the €lectron, was found to be more strongly bound, with a more
orbitals involved in these configurations changes with inter- covalent and less ionia character, than the ZnGH neutral.
nuclear distance. These have been examined by PeyerimhoffBecause the ZnO 3 (90°47*) state has only two electrons,
and co-workerd? who find that the 6 orbital has a 2g0) no promotion energy is required for Zn hybrldlzat|on.and the
character at short distance and a bonding(@) + 3s(Mg) ZnO XX ground state was fou_nd to be stro_nger than elther ZnO
character at intermediate distance. TheoPbital was foundto ~ &@I1 neutral or ZnO' X2x anion. Interestingly, the relative
have a semidiffuse 3s(Mg) slightly antibonding character, which dissociation energies found from the photodetachment of the
evolves to the antibonding 2(0)—3s(Mg) linear combination ~ analogous MgO and MgOstates in this work follow the same
at intermediate distance. The singletsB state, with less  trend,Do(MgO, X'X) = 4.10 eV > Do(MgO~, X?%) = 2.29
contribution from the @ orbital, may be expected to have €V > Do(MgO, &I1) = 1.82 eV, and indicate that a similar
increased bonding character relative to the trip@'bstate. ~ bonding interaction is occurring in MgO and MgOo

Thus, the longer equilibrium distance for the triplet state (1.791  4.1.5. The Excited State of MgQAI1. When the singly

A vs 1.730 A) can be understood through comparison with the occupied O 2p orbital is oriented perpendicular to the inter-
singlet as discussed above. nuclear axis, the Mg (3s'S) + O~ (2p2 py,°, 2P) ion—neutral
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limit gives rise to a2l state. With fourc and three 2p configuration of the MgO anion states to be significant but
electrons, this limit corresponds to a Mg®o?27°702 config- under 50%. A predominantly Mg- O~, 60%27%70?, configu-
uration. Photodetachment of a @lectron produces thes®z370t ration for the MgO AZIT state is consistent with the detachment

(%1, AI) neutral states as the lowest detachment energy observed in the 488 nm photoelectron spectrum. The experi-
electronic transitions. Notice that single electron detachment mental observations and conclusions drawn from them are
does not produce the neutrat®®z* ground state configuration.  consistent with the results of Bauschlicher and PartAtigbo
Consequently, we assign the excited-state anion observed in the&alculated spectroscopic constants for the Mg&II excited

488 nm MgO photoelectron spectrum to arfiA state. Because ~ anion (in addition to the X ground state as discussed
both the X< and A1 MgO~ states dissociate to the M&S) previously). These are summarized in Table 1. The agreement
+ O~ (?P) limit (neglecting spir-orbit splitting), the difference ~ between the term energies is particularly good, WigtMgO™

in their transition energies, 0.594 eV, is also the difference in A%II, exp.) andT(MgO~ AZII, calc.) found to lie 4800 and
their dissociation energies. ThuBg(MgO~, A2[1) = 1.70 eV. 4850 cnt! above theTp and Te of the ground-state anion,
Although this dissociation energy is weaker still than the ground respectively. In addition, Bauschlicher and Partridge have
state anion, the interaction is still significantly stronger than an calculated electron detachment overlaps between the two anion
unalloyed ion-induced dipole interaction, where, for example, States and neutral MgO states. They find _that there is essentially
Do (O~Ar 2IT) = 0.064 eV2* Thus, additional anion stabilization ~ zero overlap between the MgOAZII anion and the X

is expected from avoided crossings with charge-transfer poten-neutral state, as found experimentally. _

tials of 2IT symmetry. The lowest energy charge-transfer limit _ 4-2. ZnO.In earlier theoretical work by Bauschllch.er and
with 2IT symmetry is M@ (3pL, 2P) + 0%~ (2p$ 1S), corre- Partridge? the_ ground state of ZnO molt_ecule was assigned as
sponding to a 6227470°3x configuration, where thesBorbital alx" state with a closed-shell electronic structure. They also
has mainly Mg 3p character. This configuration photodetaches calculated the spectroscopic properties and dipole moments of
to the @227* MgO XI3 ground-state neutral, which is not three lowest excited states’[& A'Il, and BX*) of the ZnO
observed in our photoelectron spectrum. This would appear to Melecule, using Cl and CPF methods. However, the accuracy
indicate that the bonding region of Mgs primarily described ~ Of their result was limited by insufficient consideration of
by the Mg + O~ ion—neutral limit with significant, if not electronic correlations. Boldyrev and Simons performed an

predominant, contribution from the charge transfer limit. There fgxtensze ab |n|(ti|o St“d{ of the borr:dlng of lbet|we;en Zn a?d a"d
are no analogous experimental investigations for the excited Irst and second row elements. These calculations confirme

anion state with which to compare these results. However, thethe Xz groun_d state fOF ZnO and p_rowd(_ad spectroscopic
neutral alkaline earth halides and hydroxides have been inves_consta?lts for this and the first three excited triplet states Qf ZnO
tigated both experimentally and theoretically and are isoelec- neutral.ilﬁlecent papers on the ph(_)toelectron speclroscopic s_tudy
tronic with MgO~. The bonding in MX (M= alkaline earth of _ZnO and the accompanying theoretical investigation
metal, X= halogen or hydroxide radical) is highly ionic and is refined at the CCSD(T). level for Zn? and Zn@y Bauschli-
generally envisioned as M + X~ + e, with the electron cher af‘?' Partridge confirmed the X ground state for ZnO.
localized mainly in amo* nonbonding (M & orbital in the In addl_tlon, very recently the electr_omc structure of 3d metal
MX (X 25) ground state. Low lying electronic states are formed monoxide anions were calculatgd using densny functional theory
by promotion of theno metal electron to the Nhpsz orbital to by Gutsev, Rao, and JefiTheir spectroscopic constants for

o e AT st o 1 th W bt o produc e e AP saie 210 anion e constrt, wih e st
B2X state. In the’= ground state, it has been found that the P : gy

covalent character of the bond increases with diminishing size ment channels for the three transitions observed in our photo-
. . lectron ra (Figur re given as follows:
of the alkaline earth atom (as the IP of the metal mcreases)eect on spectra (Figure 5) are given as follows

with the transition from predominantly ionic to covalent g 24 410, (ZnO™, X=*) — 90%4n* (Zno, Xis) )
occurring at Mg®-4° Comparing hyperfine constants for MgF ’ '
to fluorides of heavier alkaline earth metals, the unpaired — 90°47°106%(ZnO, &l1, AMTI) (6)

electron in MgF was found to have slightly more density on
the fluorine atom than the metal atom, indicating a greater degree
of covalent character for diatomic MgfBauschlicher and co-

workers calculated the structure and energetics of ground-state 3442 — A2 0,24 31 A1 1
alkaline earth monohydroxid&and the dipole moments of the S0"47°100% (ZnO", ATD) — 9o"47°100" (ZnO, &1, AT (7)

alkaline earth fluorides and chloridés.Ca, Sr, and Ba In the 355-nm spectrum (Figure 5b), the term values for the
hydroxides were found to be linear, as expected for an two IT states are measured to be 2460 and 49601cm
electrostatic interaction. MgOH was found to be linear with a respectively. The term value foPld reported here is greater
flat bending potential, and BeOH was found to be bént: than the 0.25 eV (2020 cr) value tentatively assigned in the
147, as expected for a covalent interaction. In the dipole earlier ZnO study by Fancher et al., which was inferred
moment study, the calcium monhalides were found to be indirectly from the deviation of the simulated FraregRondon
predominantly ionic, whereas BeF and BeCl were found to show factors at high binding energy. Current Fran€kondon analysis
signs of covalent character. For MgQhe degree of “covalent”  for the 355-nm spectrum (Figure 6) shows that there is
character (in the anion case, ion-induced dipole character) issignificant contribution from hot band transitions close to the
expected to be greater than in neutral MgX, where the high previously reported (0-0) transition energy of the first excited
electron affinity of the halogen favors ionic bonding. The state, which may have been responsible for the prior Franck
question is, to what extent is an electron transferred to the Condon fit deviations in that region. Hence, both of e
oxygen anion from neutral magnesium, since, unlike the halogen excited states have not been observed experimentally prior to
anions, G is not a stable gas phase species. Clearlyafion the present result. It seems that the theoretical prediction by
is not as willing to accept electron density as a fluorine atom. Baschlicher et a2 also somewhat underestimated the term value
Consequently, we expect the charge-transfer contribution to theof the 2I1 state. Howeverye and we values are in good

In addition, the weak signals attributed to an excited Zs€ate
are expected to be due to the following detachment transition:
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