Two isomers of CuO ,: The Cu(O,) complex and the copper dioxide
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Photoelectron spectroscopy of Cu®as been studied at three detachment wavelengths: 532 nm,
355 nm, and 266 nm. Vibrationally resolved spectra for two distinct isomers are observed: the
Cu(O,) complex and the copper dioxide molecule. The(@y complex has an electron affinity

(EA) of 1.503(10) eV with a ground state vibrational frequency of 580) cm . Its first electronic
excited state is 7400800 cm™ ! above the ground state. The @y)~ anion is also observed to
undergo photodissociation to Ct+O, at both 532 nm and 355 nm detachment wavelengths. The
copper dioxide molecule is found to have a high EA of 3(46eV. Three low-lying excited states

are observed within 1 eV above the ground state. The first two excited states of the copper dioxide
molecule both possess a totally symmetric vibrational frequency of (6@ cm t. © 1995
American Institute of Physics.

The interaction between Cu atom angi®an important CuQO, anions are decelerated by a momentum decelerator to
process and has been studied both in low temperatureliminate Doppler broadening to the subsequent photoelec-
matrix'~® and in the gas phage® Ground state Cu atom tron analyses®
forms a molecular complex with Qwhich takes on a bent In the current version of our magnetic-bottle TOF elec-
CuOO0 (C structure!®~*2 Upon photolysis of a Cu/Pma-  tron analyzer, a permanent magnet replaces the solenoid
trix, a new form of CuQ is formed with distinct spectro- electromagnet which was described previod3h?. The per-
scopic characteristics that are different from that of themanent magnet is found to yield superior spectral resolution
Cu(O,) complex}~3 This new form has been proposed to beand has been used befdférhe electron energy resolution in
a linear copper dioxide molecule, OCuO. a TOF analyzer depends on the electron energies. The best

The CUO,) complex has been well established bothresolution achieved is about 20 meV FWHM at 1 eV kinetic
experimentally~® and theoretically®~*? However, there are energy with full deceleration of the anion beam. Typically,
few studies on the copper dioxide molectfé,and its struc-  the spectral resolution ranges from 20 to 40 meV, depending
ture is not firmly established. The electronic structure andn the degree of anion deceleration. A weak anion signal
low-lying excited states for both isomers are not well known.often does not allow full deceleration, rendering an inferior
In this Communication, we report the first gas phase spectrcelectron energy resolution. At 266 nm detachment wave-
scopic characterization of both these isomers by using aniolength, PES spectra are taken at 20 Hz with the cluster beam
photoelectron spectroscogPES, which provides key elec- on and off at alternating laser shot for background subtrac-
tronic structure information for the two molecules. tion. Both the 532 and 355 nm spectra are taken at 10 Hz as

The CuQ species is produced and studied using a lasethere is no need for background subtraction at these wave-
vaporization cluster beam apparatus, equipped with a madengths. The 266 nm spectrum is smoothedhvat5 meV
netic bottle time-of-flight( TOF) photoelectron analyzéf:'®  window while the 355 and 532 nm spectra are smoothed
The details of the apparatus have been publisheavith a 3 meV window. All PES spectra are calibrated with
elsewheré?® Briefly, the Cug species is generated by laser- the known spectrum of Cy and are subtracted from the
vaporizing a pure Cu target into a He carrier gas containing @hoton energy to arrive at the presented binding energy spec-
small amount of @ (0.1 and 5% @QHe, 10 atm backing tra.
pressurgl’ As will be shown below, the CuD anions, Figure Xa) shows the spectrum of CyQbbtained at 355
formed in the laser plasma between copper atoms and Onm detachment wavelengiffluence: 30 mJ/c). Surpris-
contain two forms of Cu@. Their ratio can be slightly ingly, the much familiar peaks due to Cwsed in our rou-
modified by seeding different amounts of i@ the He carrier  tine calibration are observed in the spectrum as the strongest
gas. Typically, 10 mJ vaporization laser powsecond har- signals. When the detachment laser fluence is reduced to 7
monic output from &Q-switched Nd:YAG laseris used. The mJd/cnt the ratio of the electron signals due to Tand
laser beam is focuse® a2 1 mmdiameter spot onto the Cu CuGQ, is substantially decreasdFig. 1(b)]. This suggests
target. The clusters formed in the laser vaporization nozzl¢hat the Cu anion comes from photodissociation of the par-
undergo a supersonic expansion to form a collimated bearant CuQ ion within the same detachment laser pulselse
by two skimmers down stream. The anions are extractesvidth 8 ns FWHM). A vibrationally resolved band near 1.5
from the cluster beam perpendicularly into a TOF mass anaeV is observed due to CyOwith a frequency of about 530
lyzer. A mass gate is used, and only allows Gu® enter the  cm™ . Transitions to excited states of Cu@re also observed
photodetachment chamber. Before, interaction with the destarting at about 2.4 eV binding energy. The electron signals
tachment laser beartb32 nm, 355 nm, and 266 nmthe  coming from the Cu® anion are rather weak at the 355 nm
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05 5 20 25 30 that we are dealing with two entirely different isomers. One
Binding Energy (eV) isomer, constituting a very small portion of the Cu@nion
beam, is probed at 355 niffrig. 1). It has a low electron
FIG. 1. Photoelectron spectra of CRQt 355 nm, showing signals from affinity of about 1.5 eV. The second isomer with dominating
Cu due to photodissociation and that from a(Oy)~ complex(see text abundance yields the four main spectral features in the 266
(a) high laser fluence, 30 mJ/émb) lower laser fluence, 7 mJ/én nm spectrumX, A, B,and C in Fig. 2). This isomer has a
rather high EA of about 3.46 eV. Therefore, the 355 nm

detachment wavelength even though the Gu@ass signal detachment wavelengit8.496 eV is barely enough to de-

is quite strong. However, a strong and rising signal is oblach this species, yielding the rising signal observed in Fig. 1
served near 3.45 eV binding energy, suggesting strong trart the high binding energy end. _

sitions may be observed at higher photon energies. It is reasonable to assume that these two isomers corre-

Figure 2 displays a PES spectrum of Gu@ken at 266 spond to the two isomers observed in the previous matrix
nm (fluence: 3 mJicA. Four intense and well-resolved studiest™® The observed vibrational frequencies provide the
bands (X, A, B, and C) are clearly observed. Vibrational key evidence. Figure 3 shows a spectrum taken at 532 nm
structures are resolved for the and B bands both with a detachment wavelengtfiluence: 40 mJ/c# to enhance the
similar frequency of about 640 ¢ Interestingly, the Cu speqtral resolution for the 1.5 eV band. The wbrgﬂopal struc-
peaks as seen in the 355 nm spe¢E. 1) are not present ture is resolved much bftter _than at 355 nm, _yleldlng a fre-
in the 266 nm spectrum while the 1.5 eV band is observed agueéncy of 530(50) cm ™. This frequency is in excellent
a very weak feature. This indicates photodissociation doeddreement with the CUO,) stretching frequency observed
not take place at 266 nm for the CgiGanion. This is true or the CUO,) complex?*®*while the 640 cm* frequency
even at higher detachment laser fluerfap to 8 mJ/crf). ~ Observed in theA and B bands in Fig. 2 agrees with the
The intensity of the 1.5 eV band increases slightly with theSymmetric stretching frequency assigned to the copper diox-
0, content in the He carrier gas when two different gas mix-1de isomer in previous ma}tr|x.stud|é‘53. Therefore, we con-
tures are used: 0.1% and 5%/Be. But its intensity never ~clude that the minor species in our Cu®@eam corresponds
exceeds 5% compared to theband. When the 0.1% gHe  to the Cy{0O,) complex, which has a low EA and is probed at

is used, this feature can become undetectable under certdft® 532 and 355 nm detachment wavelengths. The dominat-
ing species generated in our Cu®eam corresponds to the

copper dioxide molecule, which has a very high EA and is

0Cu0 probed at the 266 nm wavelength. Due to the weakly-bonded

A nature of the C(D,)~ complex, it is most likely that it is the
dissociating species. A previous mass spectrometry study
showed that the CuOis the major dissociation product of
the copper dioxide positive ichWe observed neither CuQ
nor O . Hence, we conclude that the copper dioxide anion
does not dissociate at any of the three wavelengths used. In
the following, we will discuss each isomer separately.

As can be seen in Fig. 1, several excited state features
can be identified for the Q®,) complex between 2.42 and
3.3 eV hinding energies, overlapped with the tfid peaks
of Cu. These excited state features are hardly observable at
FIG. 2. Photoelectron spectrum of Cu@t 266 nm, showing the strong 266 nm, as shown in Fig. 2. Thus, the weak abundance of the

signals from the copper dioxide isomer at high binding energies and th&U(O2) .complex in the anion be.am, plus the dissociation
weak signals from the G@,)~ complex at lower binding energies. and the interference from the Cisignal at 355 nm detach-
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TABLE I. Spectroscopic constants and energies of théOgucomplex. 20,
Term valuesgcm™?) Vibrational frequencycm™?) 45—---6—g(’/ 10, o,
‘\ ,/ \‘\«—
X 0 530(50) y i /,,/ G . 2ps
A 7,400(300 AN A ¥ TR
EA (eV) 1.503(10) —= 22020 e P
/ N ! !
; R
! ' 4,
I’I Tcu I,/’ 271:“ I’I
ment wavelength, prevents us from characterizing these ex- 3d® i R
: — )
cited states of the @Q@,) neutral complex. We can only con- 54 5.4
clude that the lowest excited state of(Oy) occurs near 2.42 - S
eV binding energy, as shown in Fig. 1, yielding a term value
Cu2+ OCuO 20°

of about 7,400 cm'. The obtained spectroscopic informa-
tion for the CyYO,) complex is summarized in Table I.

The ground state of Q(])Z), 2Au’ has a bent CuOO struc- FIG. 4. A schematic molecular orbital diagram for the copper dioxide mol-
ture with an unpaired electrdfi=*?Its main bonding charac- cule.
ter can be described as O, with covalent bonding char-
acter. The bonding energy is measured to be about 1
kcal/mol® The ground state of the anion is expected to b
closed shell with &A” symmetry. The fact that we observe

lqsualitative interpretation of the PES spectrum and the elec-
Sronic structure of the copper dioxide molecule, whose true
. . L round state structure is not known. However, a linear OCuO
:2:82 pngoféfsohcgl?gsizgiieagisgf t?;?q;ua%gtehsézéhj\}atv fructure is consistent with previous matrix studies and was
P y . bSorplions . ?ssumed for the copper dioxide isomer previodsiThere
lengths. It appears that the dissociation efficiency is lower a

. iIs only one previousab initio calculation on the OCuO
532 nm than at 355 nm, judged from the moderate Cu tcfsomer.13 The authors adopted a linear structure and calcu-

Cu(OdZ) pea_k ratio |nhF|g. 3 and th%.h'gh _quenpe used f(.:onlq'lated its low-lying electronic states without optimizing the
g'sartee S-tcl) '(__:'g+ag) ' -Ir;mz Tln'%nufgg gilc;ms:gcgg Itv:/so O'Q_a geometry. The predicted first excited state is 2 eV above the
cerved in our ex;z),eriment.. on thé basis of the neutrDQu ground state, and this put it in doubt that this calculation is
bonding energy and our measured EA for(Os) and the useful to mtererlzeJE t@e PES spectrum at _hand. Oznral_.
known EAs of Cy1.235 eV and G (0.451 eV, we estimate ﬁ}riﬁZSigpigC diogdef%gg?:%g?ﬂt]?s dizsgnfeeag;i:kslgd:s?
the bonding energies of Q0;)  anion with respect to | and sumption by considering the related diatomic CuO, which

Ir:etroe ki)seli(r)ﬁig dag;i ti].enboen\{j’irzgsgr?g:g;lgf mgtiégﬁa?grac as been more extensiyely studi‘@d?hg CuQ r.'nlolecule can
which has a quite large error bt The large bonding en- be approximately described as G~ with significant cova-

' lent bonding character. Bondybey and English discussed the
¥)onding in OCuO by considering it as a 13 electron system
with a linear ground state structure and disregarding the Cu

d as a closed shell.The later assumption is problematic
because it is expected that there should be more extensive

the neutral molecule, yielding an EA of 3.46 eV, which is . -
. . covalent bonding contributions to the Cu—O bond between
considerably higher than the ;) complex. TheA, B, and the Cu 3 and O 2. We proceed to discuss the bonding in

C bands represent low-lying excited states of the copper di; I S o
) TR the copper dioxide molecule by considering &Cd®) ion
g’z‘ll:j;ur?:slevc\/li{[f.aB;)itrrr]]iltgrjAfgn?JEnt();angfs :g:&?'%ﬁ'g[aguogal interacting with 2 O (p°) ions in a linear structure.
q y ) Figure 4 shows a schematic of the MOs formed from the

pointed out above, th|§ IS In goo_d agreement' with the fre-3d and 4 orbitals of the Cu atom with thep2orbitals of the
guency of the symmetrical stretching mode derived from ma-

. ) ) 11 . O atoms. The relative ordering and occupations of these
trix studies V\.Ihl.Ch gave a value of 610 chr '3T.he obtained . MOs are not known. Figure 4 depicts one such possibility,
spectrosc_op|c information for the copper dioxide molecule IS hich we think is reasonable based on the MOs from the
gathered n Table I.I‘ . . CuO diatomics, and can give a reasonable account of the

We will use a simple molecular orbital scheme to give A pserved spectrum. The ground state of Cu®¥iswith an
MO configuration of ¥*17*10%26°27°, where B*17*16?
TABLE II. Spectroscopic constants and energies of the copper dioxide molare mainly from Cii 3d and 227 are mainly from O 2p,
ecule. respectively. In the CuO anion, whose PES spectrum has
been studied befor® the extra electron is added to ther 2

Cu is observed in the dissociation process.
Now we turn to the copper dioxide isomer spectrum a
shown in Fig. 2. TheX band represents the ground state of

> — )
Term valuesiem ) Mibrational frequencyem ) orbital, yielding a closed shell ground state for the anion. The

X 0 detachment of a2 electron yields théll ground state with

Q igggggg gjg Egg; a spin-orbit splitting of 277 cm'. The detachment of a2

p 6’370(250) electron yields &3 state, which has a higher intensity than

EA (eV) 3.46 (4) the %1 peak. We have also obtained a PES spectrum of

CuO  at 355 nn?! Our resolution is not high enough to
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resolve the spin—orbit component in tfié state, resulting in  cal studies on this molecule is surprising. The information
a broader peak. provided in the current work will be useful for the confirma-
According to Fig. 4, the copper dioxide ground statetion of an accurate theoretical description of the chemical
should be 2Hg, with  a  configuration  of bonding in the copper dioxide molecule.
1&lmi2mylog203lmy. Therefore, the OCUO anion Support for this research from the National Science
should have a closed shélt; ground state. Thed, and  Foundation under grant CHE-9404428 is gratefully acknowl-
20,4 orbitals are similar to the 2 and 2r orbitals in CuO. edged. Development of the cluster apparatus was funded by
Removal of an electron from these two orbitals results in thePacific Northwest Laboratory and the U. S. Department of
X andA bands that also have similar intensity ratio compared=nergy, Office of Basic Energy Sciences, Chemical Science
to that of the CuO spectrum, resulting in AT gand azzg Division. The work is performed at Pacific Northwest Labo-
state, respectively. Th¥ band has a width of about 75 meV ratory, a multiprogram national laboratory operated for the

compared to the 50 meV peak width of tAeband, consis- Us Department of Energy by Battelle Memorial Institute un-
tent with the assignment of thﬁ'[g ground state which is der Contract No. DE-AC06-76RLO 1830.

expected to have a small spin—orbit splitting. TGeband

a_lso has a broader width similar to th@band and IS @S- a1o whom correspondence should be forwarded.
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