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Zinc oxide and its anion: A negative ion photoelectron spectroscopic study
C. A. Fancher, H. L. de Clercq, O. C. Thomas, D. W. Robinson, and K. H. Bowena)

Department of Chemistry, Johns Hopkins University, Baltimore, Maryland 21218

~Received 18 May 1998; accepted 14 August 1998!

We have recorded, assigned, and analyzed the photoelectron spectrum of ZnO2. The adiabatic
electron affinity (E.A.a) of ZnO and the vibrational frequencies of both ZnO and ZnO2 were
determined directly from the spectrum, with a Franck–Condon analysis of its vibrational profile
providing additional refinements to these parameters along with structural information. As a re-
sult, we found that E.A.a(ZnO)52.08860.010 eV, ve(ZnO)5805640 cm21, ve(ZnO2)5625
640 cm21, and thatr e(ZnO2).r e(ZnO) by 0.07 Å. Since our measured value of E.A.a(ZnO) is
0.63 eV larger than the literature value of E.A.~O!, it was also evident, through a thermochemical
cycle, thatD0(ZnO2).D0(ZnO) by 0.63 eV. This, together with the literature value ofD0(ZnO),
gives a value forD0(ZnO2) of 2.24 eV. Since the extra electron in ZnO2 is expected to occupy an
antibonding orbital, the combination ofD0(ZnO2).D0(ZnO), ve(ZnO2),ve(ZnO), and
r e(ZnO2).r e(ZnO) was initially puzzling. An explanation was provided by the calculations of
Bauschlicher and Partridge, which are presented in the accompanying paper. Their work showed
that our experimental findings can be understood in terms of thea 3P state of ZnO dissociating to
its ground-state atoms, while theX 1S1 state of ZnO formally dissociates to a higher energy atomic
asymptote. ©1998 American Institute of Physics.@S0021-9606~98!01843-1#
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INTRODUCTION

Bulk zinc oxide is an-type, large band gap semicondu
tor, and it finds uses in pigments, catalysts, and topical m
cines. While considerable empirical information1–3 is avail-
able about zinc oxide as a solid and even about zinc ox
nanoparticles, somewhat less is known about the prope
of individual ZnO molecules, impeding progress in modeli
the materials properties of zinc oxide. Nevertheless, sev
studies have been conducted on molecular zinc oxide o
the years. Much of the experimental work has focused on
sublimation and thermodynamic properties of zinc oxide.
1951, Brewer and Mastick4 found that zinc oxide sublime
by decomposition to its elements, and in 1953, Brewer5 es-
timated an upper limit of 3.9 eV for the heat of dissociati
of ZnO. There followed several studies of the unusual su
mation behavior of zinc oxide.6–10 Then, in 1964, Anthrop
and Searcy11 utilized high-temperature mass spectrometry
set an upper limit of 2.86 eV for the dissociation energy
ZnO, D0(ZnO), even though they did not actually obser
the zinc oxide parent ion. Next, in 1983, Wicke12 proposed a
lower limit of 2.8 eV for D0(ZnO) based on his Zn1N2O
chemiluminescence measurements. Both prior and su
quent theoretical studies, however, all gave results
D0(ZnO) which were well below this value.13–17 More re-
cently, in 1991, the issue of the dissociation energy of Z
was revisited by Armentrout and co-workers.18 Gas-phase
thermochemical information, includingD0(ZnO), was ex-
tracted from guided ion beam mass spectrometric studie
the Zn1 and NO2 reaction. Their value ofD0(ZnO) was
1.6160.04 eV. Since then, Watson and co-workers,19 using
high-temperature mass spectrometric techniques, have s
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upper limit of 2.3 eV forD0(ZnO). In addition to the fore-
going work, Prochaska and Andrews20 also conducted matrix
isolation studies of ZnO in nitrogen, determining the vibr
tional frequency for ZnO in the matrix environment~808.6
cm21, average value over Zn isotopes!.

Here, we present results from our negative ion pho
electron spectroscopic study of ZnO2. Much of the informa-
tion provided by such experiments pertains not only to
anion, but also to its corresponding neutral at the geom
of the anion. Assignment of the vibronic features in the ph
toelectron spectrum led not only to the determination of
adiabatic electron affinity for ZnO, E.A.a(ZnO), but also to
the vibrational frequencies of both ZnO and ZnO2 in the gas
phase. The measured value of E.A.a(ZnO), together with
literature values ofD0(ZnO) and E.A.~O!, led, through a
thermochemical cycle, toD0(ZnO2). A Franck–Condon
analysis of the spectrum gave the change in bond len
between ZnO and ZnO2, as well as further refinements t
the vibrational frequencies of ZnO and ZnO2. In addition,
complementary electronic structure calculations on ZnO
ZnO2 were conducted by Bauschlicher and Partridge,17 and
their work, which played a key role in the interpretation
our results, is presented in the accompanying paper. Prio
this collaborative effort, neither experimental nor theoreti
studies had been conducted on the zinc oxide anion, Zn2.

EXPERIMENT

Negative ion photoelectron spectroscopy is conducted
crossing a mass-selected beam of negative ions with a fi
frequency photon beam and energy analyzing the resu
photodetached electrons. This is a direct approach for de
mining electron binding energies~EBE!, relying as it does on
the relationship

hn5EBE1KEe , ~1!
il:
6 © 1998 American Institute of Physics
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in which hn is the photon energy, andKEe is the measured
electron kinetic energy. Our apparatus21 has been describe
in detail previously. The photoelectron spectrum of ZnO2

was calibrated against the well-known photoelectron spe
of K2 and O2 and was recorded at an electron energy a
lyzer resolution of 23 meV, using both the 488.0 nm~2.540
eV! and 457.9 nm~2.707 eV! lines of an argon ion laser
Switching the photon energy from one to the other caused
apparent change in the observed spectrum~electron intensity
vs EBE!.

Zinc oxide anions were generated in this experiment
ing a ‘‘pick-up’’ version of our hot, supersonic expansio
ion source.22 Because bulk zinc oxide decomposes upon
ing heated to temperatures at which it vaporizes, ther
evaporation of solid ZnO samples is not a suitable met
for getting ZnO molecules into the gas phase, and no do
this state of affairs has impeded the experimental study
molecular ZnO in the past. Our pick-up ion source circu
vented this problem by preparing ZnO2 in the partially ion-
ized gaseous environment just outside the nozzle of
source. This was accomplished by evaporating zinc meta
the stagnation chamber~oven! of the source at 650 °C, ex
panding it through a 125mm dia nozzle orifice~@700 °C!
with 200–300 Torr of argon, and adding~via an effusive
flow! a small amount of N2O to the region immediately out
side the nozzle via a separate pick-up line. In this same
gion, anions were formed by injection of electrons from
thoriated iridium filament directly into the expanding jet
the presence of an axial magnetic field. Typically, the fi
ment was biased at275 V relative to the stagnation cham
ber, giving an emission current of;10 mA. The stagnation
chamber itself was floated at2500 V, i.e., the beam energy
Under these conditions, this ion source provided 20–30
of ZnO2 ion current in the ion–photon interaction region
the spectrometer.

RESULTS AND ANALYSIS

Because of its closed-shell electronic structure, z
stands apart from the other first row transition metals
bonds primarily through its 4s and 4p orbitals, leaving its
3d subshell largely unengaged and making it more ana
gous to the alkaline earth metals than to other transition m
als. Thus, just as in the cases of MgO and CaO, ZnO
expected to have a1S1 ground state.14,17The ground state o
ZnO2, on the other hand, is expected to be2S1, with its
extra electron having gone into an antibonding orbital.17

The photoelectron spectrum of ZnO2 recorded with the
457.9 nm~2.707 eV! line of an argon ion laser is presente
in Fig. 1. We attribute the observed vibronic profile primar
to ZnO2(X 2S1:v9)→ZnO(X 1S1:v8) transitions. The vi-
brational spacings observed toward the high EBE side of
profile compare well with the literature value20 for the vibra-
tional frequency of neutral ZnO, while the lone, distinct v
brational spacing observed on its low EBE side is somew
smaller. Given that the vibrational frequency of ZnO2 is ex-
pected to be significantly less than that of ZnO, and that
bands appear most prominently on the low EBE side of
bronic profiles, the assignment of this spectrum is straig
forward ~see Fig. 2!. The EBE of the (v950, v850) transi-
Downloaded 08 May 2009 to 128.220.23.26. Redistribution subject to AI
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tion ~indicated in both Figs. 1 and 2! is equal to the value of
the adiabatic electron affinity, and for ZnO, we have det
mined E.A.a to be 2.088 eV.

The relationship between the E.A.a(ZnO), E.A.~O!,
D0(ZnO), and D0(ZnO2), where D0(ZnO2) pertains to
ZnO2 dissociating into Zn(1S)1O2(2P), is

E.A.a~ZnO!2E.A.~O!5D0~ZnO2!2D0~ZnO!. ~2!

Having determined E.A.a(ZnO) to be 2.088 eV and knowing
the literature value23 of E.A.~O! to be 1.46 eV, it is clear
from our data alone thatD0(ZnO2).D0(ZnO) by 0.63 eV.
Armentrout’s experimental value18 of 1.6160.04 eV for
D0(ZnO) is in excellent agreement with Bauschlicher a
Partridge’s very recent, high level computational value17 of
1.63 eV, further supporting the reliability of his measur
ment. Using 1.61 eV forD0(ZnO) in Eq.~2!, gives a value
for D0(ZnO2) of 2.24 eV. At first sight, our finding tha
D0(ZnO2).D0(ZnO) is surprising, since the excess ele

FIG. 1. The photoelectron spectrum of ZnO2 recorded with 2.707 eV pho-
tons.

FIG. 2. The measured~dots! and the simulated~smooth trace! photoelectron
spectra of ZnO2. Spectral assignments are indicated as (v9,v8) for the
transitions, ZnO2(X 2S1,v9)→ZnO(X 1S1,v8). A vertical arrow marks
the suspected origin of transitions from theX 2S1 state of ZnO2 to the
exciteda 3P state of ZnO.
P license or copyright; see http://jcp.aip.org/jcp/copyright.jsp
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tron in ZnO2 is thought to reside in an antibonding orbital
ZnO. This dilemma is explained, however, both in the a
companying paper by Bauschlicher and Partridge17 and in
the Discussion section below.

Franck–Condon analysis of the ZnO2 photoelectron
spectrum corroborated our assignment of the spectrum
provided values for several molecular constants. This an
sis was conducted using a program developed by Ervin
Lineberger.24,25 It models both anion and neutral electron
potential curves as Morse oscillators. Experimental deter
nations of the vibrational frequency of ZnO,ve(ZnO), were
available both from the peak spacings in our spectrum
from the matrix study by Andrews.20 The spectral simulation
was run using both numbers and was found to converg
the same value. The hot band vibrational spacing obse
on the low EBE side of the spectrum served as initial in
for the vibrational frequency of ZnO2. Because there wer
no values available forvexe , these were estimated for bot
the neutral and the anion from analogous molecules. S
ZnO should have similar bonding to the alkaline earth me
oxides, the anharmonicity of CaO~4.8 cm21! was used to
estimatevexe in ZnO. The anharmonicity of GaO~6.24
cm21! was used to estimatevexe in ZnO2, since GaO is
isoelectronic with ZnO2 and close in mass. The intensity an
spectral position of the~0,0! transition was measured direct
from the photoelectron spectrum. During the simulation
the spectrum, the vibrational frequencies of the anion
neutral, the vibrational temperature,r e of the anion, and the
full-width-half-maximum of the peaks were allowed to var
The best fit to the spectrum is shown in Fig. 2, along w
our assignments. Refined~best fit! vibrational frequencies
coming from this analysis wereve(ZnO)5805640 cm21

and ve(ZnO2)5625640 cm21. This value forve(ZnO) is
the first gas-phase determination of the vibrational freque
of ZnO. The vibrational temperature converged to;900 K,
roughly the temperature of the stagnation chamber of
source. This analysis also provided the change in the b
length (r e) of ZnO compared with ZnO2, i.e., Dr e . The
Franck–Condon analysis of our spectrum alone found
ZnO2 bond to be 0.07 Å longer than the bond in ZnO, i.
Dr e510.07 Å. Using the calculated value ofr e(ZnO) from
the work of Bauschlicher and Partridge17 implies that
r e(ZnO2)51.79 Å. The molecular constants derived fro
this analysis are summarized in Table I, along with th
calculated values from the work of Bauschlicher a
Partridge.17

Like the alkaline earth oxides, ZnO is expected to hav
3P first excited state. Unlike the alkaline earth oxides, ho
ever, the3P state in ZnO is predicted to be quite low lying
Recent calculations by Bauschlicher and Partridge,17 pre-
sented in the companion paper, put the3P state of ZnO just
0.26 eV above itsX 1S1 state. This implies that photode
tachment transitions to the3P state of ZnO should be ob
servable within our experimental energy window, their o
gin starting at an EBE of 2.35 eV and extending to high
EBE. This predicted~origin! point in the spectrum is marke
with an arrow in Fig. 2. While most of the features in th
photoelectron spectrum of ZnO2 fit the simulated spectrum
rather well, the fit near the arrow is relatively poor. Noti
Downloaded 08 May 2009 to 128.220.23.26. Redistribution subject to AI
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especially the shoulder just to the right~to the low EBE side!
of the arrow in the actual spectrum. It is not duplicated in t
simulated spectrum. Notice in addition that the vibration
features to the left~to the high EBE side! of the arrow are
also fit poorly, not only in height, but in position as we
While these observations are not definitive, they may in
cate the presence of weak intensity, photodetachment tra
tions to the3P state of ZnO. Based on the possibility that w
have indeed observed these transitions, we have tabu
values ofT0 andD0 for this state in Table I.

DISCUSSION

Among the experimental findings of this work are th
inequalities:D0(ZnO2).D0(ZnO), ve(ZnO2),ve(ZnO),
and r e(ZnO2).r e(ZnO). At first glance, the first of thes
seems inconsistent with the others, since it says that
ZnO2 bond is stronger than the ZnO bond, while the seco
and third inequalities imply the opposite. Most reasona
electronic structure arguments envision the addition of
extra electron to the lowest energy antibonding orbital
ZnO to form ZnO2, implying a weaker bond, a smaller v
brational frequency, and a longer bond length for ZnO2 than
for ZnO. In light of this, it is the stronger bond in ZnO2 than
in ZnO that is the anomaly.

An understanding of these initially perplexing resu
springs from a detailed examination of the bonding in neu
ZnO. This is provided by Bauschlicher and Partridge17 in
their accompanying theoretical paper on ZnO and ZnO2.
There, they reconcile our seemingly contradictory expe
mental results, while at the same time confirming them. C
sider, as they did, the1S1 and the3P states of neutral ZnO
and the separated atom states to which they dissociate. T
work shows that the3P state dissociates into the groun
state atoms, Zn(1S)1O(3P), while the 1S1 state formally
dissociates into Zn(1S)1O(1D), 1.97 eV in energy above
the Zn(1S)1O(3P) asymptote. Even though the3P state
dissociates to its ground-state atoms, however, it is not
ground state of ZnO. Their calculations show that the1S1

potential-energy curve dips below the3P curve in energy,
making the1S1 state the ground state of ZnO. They expla
the depth of theX 1S1 curve as being due to a strong co
tribution from the heterolyticB 1S1 state. This state corre
lates to the Zn1(2S)1O2(2P) asymptote, located;6 eV

TABLE I. Results of the Franck–Condon analysis of the photoelect
spectrum of ZnO2.

ve(cm21) D0(eV) r e(Å) T0(eV)

X 2S1 (ZnO2) expt. 625~40! 2.24~5! 1.787~5!d 22.088~10!
X 2S1 (ZnO2) calc.a 675 2.20 1.764 22.03
X 1S1 (ZnO) expt. 805~40! 1.61~4!b

¯ 0
X 1S1 (ZnO) calc.a 731 1.63 1.719 0
a 3P (ZnO) expt. ¯ 1.36c

¯ 0.25
a 3P (ZnO) calc.a 573 1.38 1.857 0.26

aReference 17.~The calculateda 3P –X 1S1 splitting is Te not T0 .)
bReference 18.
cUsing D051.61 eV andT050.25 eV.
dRelative to the calculated value of 1.719 Å for ZnOX 1S1. Dr e

510.07 Å.
P license or copyright; see http://jcp.aip.org/jcp/copyright.jsp
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above the Zn(1S)1O(1D) asymptote. Figure 3 shows th
X 1S1 anda3P potential-energy curves for ZnO along wit
theX 2S1 curve for ZnO2, all modeled as Morse potentia
using parameters from the work of Bauschlicher a
Partridge.17

The D0(ZnO2).D0(ZnO) anomaly can now be ratio
nalized. The value ofD0(ZnO) measured by Armentrout18

and used by us in Eq.~2! above to computeD0(ZnO2) was,
in all likelihood, the dissociation energy of theX 1S1 state26

of ZnO to the Zn(1S)1O(3P) asymptote. Referenced to th
asymptote, Armentrout’s value forD0(ZnO) remains valid,
and thus, so is our value forD0(ZnO2). Referring to Fig. 3,
it is now easy to see that the energy required for theX 1S1

state of ZnO to dissociate into its formal atomic asympto
Zn(1S)1O(1D), is indeed larger than the energy requir
for theX 2S1 state of ZnO2 to dissociate into its asymptote
Zn(1S)1O2(2P). Thus, when the dissociation energy of t
X 1S1 state of ZnO is computed relative to its formally a
propriate Zn(1S)1O(1D) asymptote, its value is 3.58 eV, a
compared to a value of 2.24 eV for the dissociation energ
the 2S1 state of ZnO2 into Zn(1S)1O2(2P). With these
changes in reference asymptotes, the inequality,D0(ZnO2)
.D0(ZnO), is reversed to becomeD0(ZnO2),D0(ZnO),
in accord with intuition.
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