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We present the photoelectron spectrum of CsO-, recorded using 2.540 eV photons. This spec- 
trum provides a direct measurement of the X ‘2+-A %I energy splitting in CsO, which is found 
to be 0.135+=0.025 eV. This work also establishes that the ground state of CsO- is ‘Zf. In 
addition, the adiabatic electron afhnity of CsO is found to be 0.273 AO.012 eV, while the D,, 
value for the X ‘2+ state of CsO- (with respect to Cs+O-) is found to be 1.84+0.15 eV. 
Molecular parameter estimates for CsO- are also extracted from the spectrum. 

1. INTRODUCTION 

The electronic structures of the alkali monoxides has 
been a topic of longstanding interest in chemical physics. 
The bonding in these systems is best described as highly 
ionic with the alkali atom donating its valence electron to 
the p orbitals of the oxygen atom. This leads to configura- 
tions in which a hole can exist either in a S- molecular 
orbital, or in a u orbital along the bond axis. The resulting 
*H and ‘2+ states correspond to the ground and first ex- 
cited states of the alkali monoxides with the unusual be- 
havior that the ground state changes from *IT to 2Z+ upon 
traversing the periodic series, LiO...CsO.‘-to Goddard and 
co-workers have attributed the reversal in ground state 
electronic symmetries to a competition between an attrac- 
tive quadrupole interaction which favors a *IT ground 
state, and Pauli repulsion which favors a *2+ ground 
state.7’8 

There have been no direct measurements of the 
*2+-*II splittings in any of the alkali monoxides, and the 
small transition moments predicted by theory indicate that 
a direct spectroscopic observation of these splittings may 
be ditlicult.“‘** Consistent with this, Hirota and co- 
workers searched without success for the A *2+ +-X *l-l 
transition in Na0.5 Furthermore, theoretical studies by 
Langhoff, Partidge, and Bauschlicher found that the mea- 
surement of transitions to the 22+ and *Il states from 
higher excited states of the alkali monoxides also does not 
offer a likely route for determining the 22+-2H energy 
separations by difference. l3 Nevertheless, important, and 
probably rather accurate, indirect experimental measure- 
ments of this splitting have been made. It has been esti- 
mated for LiO by Klemperer3 and by Hir~ta,~ and for NaO 
by Hirota.’ These A-X energy splittings were derived from 
the A-type doubling in these molecules assuming a pure- 
precession hypothesis. Also, in matrix ESR experiments, 
Lindsay, Herschbach, and Kwiram used the observed shift 
in gl to estimate an upper bound for the splitting in Rb0.4 

Photoelectron spectroscopy of the alkali monoxide 

negative ions is an alternative method for measuring the 
*2+-*II energy splitting s in neutral alkali monoxides. 
With this in mind, we have recorded the photoelectron 
spectra of NaO-, KO-, RbO-, and CsO- using visible 
photons. Calculations on alkali monoxide anions have been 
carried out by O’Hare and Wahl14 on NaO- and more 
recently by Bauschlicher, Partridge, and Pettersson” on 
LiO-, NaO-, and KO-. The calculations of Bauschlicher 
and co-workers on these anions and the corresponding 
neutrals have been invaluable in guiding the analysis of our 
photoelectron spectra. Their calculations find a 311 ground 
state for LiO- and a ‘2+ ground state for KO-. In the 
case of NaO-, the calculations tind a 3H ground state but 
the possibility of a ‘Zf ground state could not be ruled out. 
There is a broad consistency between the theoretical results 
and our experimental data, and the two taken together 
indicate a change (from 3H to ‘2+ ) in alkali monoxide 
anion ground states in going from light to heavy alkali 
atoms that is analogous to the ground state reversal seen in 
the neutrals. Here, we present the photoelectron spectrum 
of CsO- which provides a direct measurement of the 
X 22+-A *II energy splitting in CsO, and establishes that 
the ground state of CsO- is Ix+. In addition, we report 
values for the electron afhnity of CsO and the dissociation 
energy of CsO-. Molecular parameter estimates for CsO- 
are also extracted from the spectrum. The photoelectron 
spectra of NaO-, KO-, RbO-, and CsO- will be dis- 
cussed in detail in a future publication.r6 

II. EXPERIMENT 

Negative ion photoelectron spectroscopy is conducted 
by crossing a mass-selected beam of negative ions with a 
fixed-frequency photon beam and energy analyzing the re- 
sultant photodetachcd electrons. Our negative ion photo- 
electron spectrometer has been described previously. l7 An- 
ions generated in an appropriate ion source are accelerated, 
collimated, and transported via a series of ion optical com- 
ponents before_ being mass-selected using an E XB Wien 
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FIG. 1. The photoelectron spectrum of CsO- recorded using 2.540 eV 
photons. This spectrum was calibrated using the photoelectron spectrum 
of as-. No signal was observed outside the displayed energy window. 
(COM = center-of-mass) 

velocity filter. The mass-selected ion beam is then focused 
into a field-free, collision-free interaction region, where it is 
crossed with the intracavity photon beam of an argon ion 
laser operated at 488 mn (2.540 eV) and circulating pow- 
ers of w 100 W. A small solid angle of the resulting pho- 
todetached electrons is accepted into the input optics of a 
magnetically shielded, hemispherical electron energy ana- 
lyzer, where the electrons are energy analyzed and 
counted. 

Cesium monoxide anions were generated using an ion 
source developed here for producing alkali monoxide and 
associated negative ions which circumvents many of the 
source roblems associated with such high temperature 
species. ps In this source, cesium monoxide anions are 
formed in an expanding supersonic jet in the region just 
outside its nozzle orifice. Essentially, this is achieved by 
interacting a cesium-argon jet with an effusive flow of ni- 
trous oxide near the nozzle while injecting relatively low 
energy electrons into this region in the presence of a mag- 
netic field. Alkali monoxide anions have been previously 
observed mass spectrometrically in two other environ- 
ments.1g*20 

III. RESULTS AND DISCUSSION 

The 488 nm photoelectron spectrum of CsO- is pre- 
sented in Fig. 1. The two peaks in this spectrum are as- 
signed to different electronic bands resulting from photo- 
detachment transitions from CsO- to the ground and first 
excited states of CsO. Experimentally derived information 
pertaining to neutral CsO has been provided by the crossed 
molecular beam magnetic deflection experiments of Herm 
and Herschbach2 which found CsO to be paramagnetic 
indicating a *Zc ground state; by the ESR experiments of 
Lindsay, Herschbach, and Kwiram4 on matrix isolated 
CsO which gave signals indicative of a *Z+ ground state; 
by infrared studies on matrix isolated CsO carried out by 
Spiker and Andrews which provided the vibrational fre- 

quency for the ground state of CSO,*~~~* and by the 
chemiluminescence studies of Woodward, Hayden, and 
Gole in which emission from the B state of CsO was ob- 
served.23 The establishment of a *2+ ground state for CsO 
led us to assign the lower electron binding energy (EBE) 
feature to transitions from the ground state of CsO- to the 
X 22+ state of CsO and the higher EBE feature to transi- 
tions from the ground state of CsO- to the A 211 state of 
cso. 

The comparable intensities of the two photoelectron 
bands led us to assign the ground state of CsO- as ‘Z+, 
and this result is in line with the ground state reversal 
trend in alkali monoxide anions predicted by Bauschlicher, 
Partridge, and Pettersson.” The leading configuration of 
the ‘Z+ state in alkali monoxide anions is given by 
Bauschlicher et al. as ( 1d17r4+2a2177tt> in valence orbital 
notation. Photodetachment transitions from the *2+ state 
of the anion to both the ‘Z+ (la’l?r4) and the 2H 
(l&d) states of the neutral result from the removal of 
single electrons. The remaining candidates for the CsO- 

3 ground state are the I: , + 311, and ‘l-l states. In these states, 
one valence electron can be viewed as residing in an alkali 
atom-centered orbital as in the alkali halide negative 
ions24-27 and in the lithium hydride anion.27*28 The 32+ 
state has a ( la’2a’ l?r4) configuration, while the 3H and ‘II 
states have ( la22a’17r3) configurations. For each of these 
three anion states, the photodetachment transition to one 
of the two low-lying neutral states (22+ or 2H) is a two- 
electron process while the transition to the other is a single 
electron process. Since calculations indicate that the 32f, 
3H, and ‘H states of alkali monoxide anions are all well 
described by single configurations,29 in each case, the spec- 
tral feature corresponding to the two-electron process 
would be significantly less intense than that from the one- 
electron process. This would result in a spectrum having 
one strong and one weak feature, but two comparably 
strong peaks are actually observed in the photoelectron 
spectrum of CsO-. Therefore, the lower EBE feature in 
the spectrum is assigned to the CsO, X *Z’ +e- + CsO-, 
X 1x:$ photodetachment transition and the higher EBE 
feature to the CsO, A 2H+e- +CsO-, X ‘ZZ+ transition. 

The electron binding energy difference between the 
CsO, X 28+ +e- cCSO-, X tZ+ and CsO, A *II 
few+ CsO-, X ‘2+ bands gives the X *8+-A *II energy 
splitting in CsO directly. The peaks in the spectra are as- 
signed to the vibrational origin bands in both electronic 
transitions. This assignment is supported on the strength of 
calculations by Bauschlicher et al. I5 who predict the (0,O) 
transitions for the MO, 22+-MO-, ‘Zf and MO, 
211+MO-, ‘2+ electronic bands to be dominant in the 
photoelectron spectra of LiO, NaO-, and KO-. The 
CsO X *8+-A *Il energy splitting measured from the spec- 
trum is 0.135 f 0.025 eV. This value is in reasonable agree- 
ment with theoretical calculations on CsO by Goddard and 
co-work.ers,7r8 by Laskowski, Langhoff, and Siegbahn,30 
and by Langhoff, Bauschlicher, and Partridge,‘*” with the 
experimental value being a little larger than the predicted 
values, which are all about 0.1 eV. 

The EBE of the CsO, X2Xf+e-&SO-, ,Y ‘8+ or- 
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igin transition gives the adiabatic electron affinity (EA,) of 
CsO. This value was determined to be 0.273=l=O.O12 eV 
accounting for rotational energy corrections.3’ With this 
electron affinity value in hand, a thermochemical cycle was 
used to determine the dissociation energy of CsO-. Using 
our value of EA, for CsO along with the Do value reported 
by Herm and Herschbach’ for the X ‘2+ state of CsO and 
the literature value for the electron affinity of the oxygen 
atom,32 the Do value for the X ‘2’ state of CsO- (with 
respect to CsfO-) was found to be 1.84kO.15 eV. In 
addition, another cycle was used to determine D,, for the 
A 211 state of CsO, and this value is 2.90&O. 15 eV. 

Finally, we estimated some of the molecular parame- 
ters for the ground state of CsO- via a Franck-Condon 
analysis. Of the spectroscopic constants needed for this 
analysis, the vibrational frequency measured by Spiker and 
Andrews2’p22 is the only one determined in previous exper- 
iments. Accordingly, the remaining parameters for the 
X 22+ and A 211 states needed for this analysis and not 
determined in this work were taken from the most recent 
theoretical study,’ which was also found to be in excellent 
agreement with all available experimental spectroscopic 
constants pertaining to neutral alkali monoxides. Esti- 
mated values of 2.516 8, for r,, 0.1865 cm-’ for Be, and 
275 cm-’ for w, (along with a temperature of 700 K) for 
CsO- were found to be consistent with the observed spec- 
tral profile, although some of the broadening along the 
high EBE portion of the spectrum was outside the fit. The 
bond distance determined for CsO- was found to be be- 
tween the theoretically predicted bond distances for the 
X 28+ and A 211 states of CsO, consistent with the situa- 
tion predicted by theory for KS) and KO-. In addition, the 
results of this modeling supported the values for the 
X ‘2+-A 211 splitting in CsO and the EA, of CsO reported 
above. 

ACKNOWLEDGMENTS 

We are especially grateful to C. W. Bauschlicher for 
many helpful discussions and for making the results of his 
calculations available to us prior to their publication. We 
also thank L. Andrews, P. J. Dagdigian, G. B. Ellison, J. L. 
Gole, D. R. Herschbach, W. Klemperer, D. M. Lindsay, 
W. C. Lineberger, and D. R. Yarkony for stimulating dis- 
cussions. Grateful acknowledgment is made to the Donors 
of The Petroleum Research Fund, administered by the 
American Chemical Society, for partial support of this re- 
search and to the National Science Foundation under 
Grant No. CHE9007445. 

3360 Letters to the Editor 

‘R. A. Berg, L. Wharton, W. Klemperer, A. Biichler, and J. L. Stauffer, 
J. Chem. Phys. 43, 2416 (1965). 

‘R. R. Herm and D. R. Herschbach, J. Chem. Phys. 52, 5783 (1970). 
‘S. M. Freund, E. Herb&, R. P. Mariella, Jr., and W. Klemperer, J. 

Chem. Phys. 56, 1467 (1972). 
*D. M. Lindsay, D. R. Herschbach, and A. L. Kwiram, J. Chem. Phys. 

60, 315 (1974). 
5C. Yamada, M. Fujitake, and E. Hirota, J. Chem. Phys. 90, 3033 

(1989). 
6C. Yamada, M. Fujitake, and E. Hirota, J. Chem. Phys. 91, 137 (1989). 
‘5. N. Allison and W. A. Goddard III, J. Chem. Phys. 77,4259 (1982). 
‘J. N. Allison, R. J. Cave, and W. A. Goddard III, J. Phys. Chem. 88, 

1262 ( 1984). 
‘S. R. Langhoff, C. W. Bauschlicher, Jr., and H. Partridge, 3. Chem. 

Phys. 84, 4474 (1986). 
‘OS. R. Langhoff, C W. Bauschlicher, Jr., and H. Partridge, in Compar- 

ison of Ab Inito Quantum Chemistv with Experiment for Small Mole- 
cules, edited by R. J. Bartlett (Reidel, Dordrecht, 1985), p. 357. 

“K. Yamashita (unpublished), quoted in Ref. 5. 
“S. R. Langhoff, H. Partridge, and C. W. Bauschlicher, Jr. (unpub- 

lished) . 
13S. R. Langhoff, H. Partridge, and C. W. Bauschlicher, Jr., Chem. Phys. 

153, 1 (1991). 
14P. A. G. O’Hare and A. C. Wahl, J. Chem. Phys. 56,4516 (1972). 
“C! W Bausch&her, Jr., H. Partridge, and L. 0. M. Pettersson, J. . . 

Chem. Phys. 99, 3654 (1993). 
16H. W. Sarkas, J. H. Hendricks, S. T. Arnold, V. L Slager, and K. H. 

Bowen (manuscript in preparation). 
“J. V. Coe, J. T. Snodgrass, C. B. Freidhoff, K. M. McHugh, and K. H. 

Bowen, J. Chem. Phys. 84, 618 (1986). 
‘*J. H. Hendricks, H. W. Sarkas, S. T. Arnold, and K. H. Bowen (to be 

published). 
19M. F. Butman, L. S. Kudii, and K. S. Krasnov, Sov. J. Chem. Phys. 3, 

2127 (1986). 
*OR. ‘Middleton, Negative Ion Cookbook (University of Pennsylvania, 

Philadelphia, 1989). 
“R. C. Spiker, Jr. and L. Andrews, J. Chem. Phys. 58, 713 (1973). 
“R. C. Spiker, Jr. and L. Andrews, J. Chem. Phys. 59, 1851 (1973). 
23J. R. Woodward, J. S. Hayden, and J. L. Gole, Chem. Phys. 134, 395 

(1989). 
24J. L. Carlsten, J. R. Peterson, and W. C. Lineberger, Chem. Phys. Lett. 

37, 5 (1976). 
=S.. E. Novick, P. L. Jones, T. J. Mulloney, and _W. C. Lmeberger, J. 

Chem. Phys. 70, 2210 (1979). 
“T. M. Miller, D. G. Leopold, K. K. Murray, and W. C. Lineberger, J. 

Chem. Phys. 85,2368 (1986). 
“K. D. Jordan, K. M. Griffing, J. Kenney, E. L. Andersen, and J. Si- 

mons, J. Chem. Phys. 64, 4730 ( 1976). 
28H W Sarkas, J. H. Hendricks, S. T. Arnold, and K. H. Bowen, J. . . 

Chem. Phys. (in press). 
“C. W. Bauschlicher, Jr. (private communication). 
“B. C. Laskowski, S. R. Langhoff, and P. E. M. Siegbahn, Int. 3. Quan- 

tum Chem. 23, 483 (1983). 
3’The only previous determination was given by Butman, who found an 

EA, of 0.5 =!=0.3 eV based on mass spectrometric data. See Ref. 19. 
32H. Hotop and W. C. Lineberger, J. Phys. Chem. Ref. Data 14, 731 

(1985). 

J. Chem. Phys., Vol. 100, No. 4, 15 February i994 




