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due to this complex. In the present study this was accomplished 
by thorough electrochemical or chemical reduction to obtain pure 
solutions of the [V(3,5-di-terf-butylcatecholate)3]

2"ion. It should 
be noted that the extinction coefficient reported by Sawyer et al. 
is less than half of the correct value for [V(3,5-di-/e/-r-butyl-
catecholate)3]~; this indicates the extent of oxidation of the V(IV) 
starting material and implies that over half of the vanadium 
remained in the tetravalent state to give rise to the EPR spectrum 
(g = 1.98, A = 107.8 G) observed by Sawyer et al. It is likely 
that this EPR spectrum is due to unreacted VO(acac)2, which 
has g = 1.969 and A= 105 G in the same solvent. Thus the data 
reported by Sawyer et al.21 represent the optical spectrum of the 
V(V) complex with the EPR spectrum of a V(IV) complex. In 
the absence of base, [V(3,5-di-re/-r-butylcatecholate)3]

2" does not 
form in MeOH (similar results are obtained for catechol); pre
sumably [V(3,5-di-ter?-butylcatecholate)3]'~ does form because 
its higher metal ion charge leads to a higher stability constant, 
which permits it to displace the catechol protons without need for 
exogenous base. 

More particularly, we have been able to identify the putative 
"oxygen adduct" as a vanadium(V) catechol complex. This 
complex is formed by reaction with NO or O2, although not 
stoichiometrically in the former case; we have found that purple 
solutions generated by introduction of NO exhibit an EPR 
spectrum with two sets of hyperfine couplings {A = 107 and 97 
X 10"4 cm"1), which are characteristic of vanadyl acetylacetonate 
and mono(catecholate). Thus the "complicated EPR spectrum 
that is consistent with the patterns that have been observed for 
square-pyramidal geometry",21 which Sawyer et al. attributed to 
superhyperfine splitting from the nitrogen of an axially symmetric 
NO ligand, is in fact due to a mixture of simple vanadyl complexes. 

The adsorption of CO on ZnO is an important problem in 
relation to methanol synthesis.2 The CO-ZnO bond is unusual 
because of the observation of a ~70-cm_1 increase in the CO 
stretching frequency upon chemisorption of CO on ZnO powders.3 

This is in contrast to the decrease in the stretching frequency 
relative to the gas-phase value of 2143 cm"1, which is normally 
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We have not in any of our experiments observed generation of 
the purple V(V) complex by exposure to pure CO as reported by 
Sawyer et al. and suggest that the improbable observation of 
superimposable optical spectra for both CO and O2 adducts is more 
reasonably explained by exposure to oxygen in both cases. 

Some of the more puzzling aspects of the report by Sawyer et 
al. remain unexplained—in particular the "reversibility" of "adduct 
formation", which we have not been able to reproduce. However, 
it is clear that the observations of Sawyer et al. are not due to 
reversible oxygen binding by vanadium catecholate complexes. 
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observed upon chemisorption to metals and in organometallic 
complexes. In an effort to gain a detailed microscopic under
standing of the nature of the CO/ZnO interaction, we have re
cently reported a variety of ultraviolet photoelectron spectroscopic 
(UV PES) studies on four chemically different surfaces of ZnO:4"6 

(0001), which contains only coordinatively unsaturated zinc sites; 
(1010) and (1120), which contain both zinc and oxide ions with 

(4) R. R. Gay, M. H. Nodine, E. I. Solomon, V. E. Henrich, and H. J. 
Zeiger, J. Am. Chem. Soc, 102, 6752 (1980). 

(5) M. J. Sayers, M. R. McClellan, R. R. Gay, E. I. Solomon, and F. R. 
McFeely, Chem. Phys. Lett., 75, 575 (1980). 

(6) M. R. McClellan, M. Trenary, N. D. Shinn, M. J. Sayers, K. L. 
D'Amico, E. I. Solomon, and F. R. McFeely, J. Chem. Phys., 74, 4726 (1981). 

Angle-Resolved Ultraviolet Photoelectron Spectroscopic 
Studies of CO Binding to Three Chemically Different 
Surfaces of ZnO. Confirmation of Step-Binding Sites on 

(oool) 
K. L. D'Amico, M. Trenary, N. D. Shinn, Edward I. Solomon,*1 and F. R. McFeely* 

Contribution from the Department of Chemistry, Massachusetts Institute of Technology, 
Cambridge, Massachusetts 02139. Received December 7, 1981 

Abstract: Angle-resolved photoelectron spectroscopy (ARPES) has been performed on the ZnO(OOOl)-CO system. These 
measurements are compared with previous ARPES results on (1010) and (0001) surfaces and strongly support earlier suggestions 
that the CO which is observed to chemisorb to this surface binds to (lOlO) step sites which contain coordinately unsaturated 
zinc ions but not to the (0001) terrace sites which contain only coordinatively unsaturated oxide ions. 

0002-7863/82/1504-5102501.25/0 © 1982 American Chemical Society 



Confirmation of Step-Binding Sites on (0001) 

[oool] 

l / ^ z / ^ z / ^ Z r / ^ z / 

J. Am. Chem. Soc, Vol. 104, No. 19, 1982 5103 

101 Ol 

^ / z X ^ n N / z ' X / z n N y -
a r4> 

Zn Zn i n Zn i n Zn 

p o p 
7n- ^ n X / z n A - ^ Z n - 7 n Zn Zn Zn Zn 

Figure 1. Structure of the ZnO (0001) surface, illustrating the double-
layer step site known to exist on this surface. Such a step exposes a 
(IOIO) type site onto which a CO could bind to a coordinatively unsat
urated Zn ion. The Zn-C-O surface complex is oriented parallel to the 
[IOIO] direction which is approximately 20° out of the plane of the paper. 
Due to the symmetry of the (0001) surface, this site exists in six equiv
alent domains. 

coordinatively unsaturated positions; (0001), which nominally 
contains only oxide ions with open coordination positions directed 
normal to the surface. These studies have clearly demonstrated 
that CO binds carbon-end down4 to the coordinatively unsaturated 
zinc site on the (0001) and (IOIO) surfaces, forming approximately 
linear Zn-C-O complexes. Here CO acts as a 5<r donor by 
transferring electron density from this weakly antibonding orbital, 
with little IT back-bonding to the CO 2;r* orbital, resulting in a 
net donation of charge to the surface zinc ion. Hence the CO 
bond order is increased, and the CO molecule is polarized with 
some positive charge at the carbon. A puzzling aspect of these 
studies, however, was the observation4 of a small but nonzero 
amount of CO 4<r photoelectron intensity indicative of CO bonding 
to the (OOOl) surface, which ideally contains only oxide ions. The 
temperature and pressure dependence of this 4<r intensity further 
indicated that the CO binds with the same heat of adsorption at 
zero coverage to (OOOl) as to the other three surfaces. This led 
to the proposal that CO binds to zinc-containing step-defect sites 
on this surface. LEED studies7 on (OOOl) indicate a significant 
density of (IOIO) steps, which expose zinc sites with coordinatively 
unsaturated positions ~70° off the surface normal (Figure 1). 
In this paper we present angle-resolved UV PES data that dem
onstrate that CO binds with an angle a of ~70° with respect to 
the surface normal, strongly supporting the proposal that CO binds 
to these step sites. 

Experimental Section 
The crystal used in these experiments was cut from a needle of va

por-phase-grown material and was oriented by Laue diffraction to within 
±1°. The surface was then polished with 1 j*m Al2O3 and etched with 
dilute HCl to produce a surface free of etch pits as detectable by optical 
microscopy. 

The surface was cleaned in situ by repeated cycles of mild (<500 eV) 
Ar+ ion bombardment, followed by repeated thermal cycling of the 
crystal between 700 and 80 K. This procedure was used in earlier studies 
on this surface, where it produced an atomically clean and well-ordered 
surface based on Auger and LEED analysis. The LEED pattern was 
indicative of surface order and a lack of reconstruction.4 

The photoemission spectra reported here were obtained with a con
ventional DC discharge lamp producing He II resonance radiation (Ac 
= 40.8 eV) which was polarized (P =* 0.83) with a triple-reflection 

(7) (a) M. Henzler, Surf. Sci., 36, 945 (1976); (b) D. Kohl, M. Henzler, 
and G. Heiland, Ibid., 41, 403 (1974); (c) G. Heiland, in 2nd Int. Con/. 
Eletrophotogr, D. R. White, Ed., Society of Photogr. Science Engineering, 
Washington, D.C., 1974, p 117; (d) M. Henzler, Appl. Phys., 9, 11 (1976); 
(e) V. E. Henrich, H. J. Zeiger, E. I. Solomon, and R. R. Gay, Surf. Sci., 
74, 682 (1978); (f) R. Nosker, P. Mark, and J. Levine, Surf. Sci., 19, 291 
(1970). 
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Figure 2. Angle-resolved photoelectron spectra for the ZnO (0001) 
surface at T = 80 K, with a 2 X 10"6 torr ambient of CO. The substrate 
Zn 3d and O 2p features and the CO 4<r feature are indicated as follows: 
(A) p-polarized light, normal emission; (B) p-polarized light, detector 
80° away from normal toward [1210]; (C) s polarization, detector 80° 
away from normal toward [1010]. 

focusing gold mirror polarizer. Photoelectrons were collected and energy 
analyzed by means of a two-dimensionally rotatable spectrometer of our 
own design.8 

In all cases reported here, the spectra were obtained under an ambient 
atmosphere of 2 X 10"6 torr of CO at a surface temperature of 80 K. 
Many repetitions of standard collection geometries were made in the 
course of these experiments. This ensured that the observed angular 
variations in the intensity of CO-derived spectral features were due to 
the inherent angular distribution and not due to variations in total surface 
coverage. The procedure used to establish the integrity of each spectrum 
is the same as described earlier in our work on ZnO (OOOl).6 

Results and Discussion 
Three representative angle-resolved photoelectron spectra are 

shown in Figure 2. A clean ZnO valence-band UV PES spec
trum4 has a feature at ~ 23-26 eV due to Zn 3d electrons and 
a feature at 29-33 eV due to O 2p electrons with some Zn 4s and 
4p admixture. Upon CO chemisorption a feature at 22 eV arises 
due4 to emission from the 4<r orbital of the adsorbed CO, while 
emission from the lir and 5cr molecular orbitals of the CO 
molecule strongly overlap the zinc 3d band. Figure 2A shows the 
spectrum observed at normal emission (along [000I]) with p-
polarized light (i.e., polarized in the plane of incidence) incident 
at 60° (as shown in Figure 3C). Very little 4<r intensity is 
observed. However, when the detector is moved 80° toward 
[1210], the 4o- intensity increases substantially (Figure 2B). When 
the polarization is rotated to s polarization (i.e., polarized per
pendicular to the plane of incidence) and the detector moved 80° 
toward [IOIO], the spectrum in Figure 2C is observed. This 
represents the largest 4tr intensity observed for any combination 
of polarization and emission angles. 

This behavior is strikingly different from that exhibited by either 
the nonpolar (1010) or the zinc-terminated (0001) surfaces.5,6 In 
both of these cases the maximum in 4<r intensity occurs in p 
polarization near normal emission conditions (as in 2A). The 
extent of this contrast is evident from Figure 3, which compares 
p-polarized Aa angular distributions in the plane of incidence for 
CO adsorbed on (1010), (0001), and (0001) surfaces. While the 
angular distributions can be strongly affected by both the moj; 
lecular orientation and the orientation of the vector potential A 

(8) (a) M. J. Sayers, Ph.D. Thesis, Massachusetts Institute of Technology, 
Cambridge, MA, 1980; (b) M. R. McClellan, Ph.D. Thesis, Massachusetts 
Institute of Technology, Cambridge, MA 1981. 
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Figure 3. Photoelectron angular distributions for the CO Aa intensity in 
the plane of incidence for (A) (1010), (B) (0001), and (C) (0001) sur
faces. In each case the light is incident at 60° away from the normal and 
in the p-polarized configuration. For all three cases, \p = 0° is the surface 
normal, and \fr increases toward (A) [0001], (B) [1210], and (C) [1210]. 

with respect to the molecule, there is a straightforward relationship 
between the peak position in these particular distributions and 
the molecular orientations. When A and the molecular axis are 
coincident, the Ao intensity maximum is along the molecular axis.9 

The above condition is met almost exactly for the (1010) 
surface, in Figure 3A, where the molecules are directed at 30° 
to the surface normal in the direction of [OOOl].5 On the (0001) 
surface, the CO molecules stand perpendicular to the surface, and 
thus a coincidence of this axis and A is impossible.6 The maximum 
is thus slightly shifted (by 10°) away from the molecular axis and 
toward A (Figure 3B). In strong contrast, the intensity distribution 
from (OOOl) shows no maximum but rather a continuous mono-
tonic increase out to 80° (Figure 3C). Examination of this (OOOl) 
angular distribution, along with the observation that the maximum 
CO 4a intensity is obtained at an angle of 80° off normal (s 
polarization (Figure 2C), strongly suggests that it is the electric 
vector component parallel to the surface that is primarily re
sponsible for the strong intensity at large angles. This is confirmed 
by the observation (not shown) that the intensity of the 4<r peak 
increases as the angle of incidence of the light decreases. These 
observations require that the angle between the adsorbed molecules 
and the surface normal be large and therefore suggest that the 
CO molecule binds at sites other than the terrace oxides for which 
the coordination unsaturation is normal to the surface. 

In an effort to quantify further the binding geometry of CO 
on the (OOOl) surface, four complete angular distributions were 
measured by utilizing s- and p-polarized light with both in-plane 
and out-of-plane sweeps. For clarity, the details of the experi
mental geometry for the angle-resolved experiment are shown in 
Figure 4. 

The general detector angle is (x, f), where x is the polar angle 
and is referenced to the crystal normal N, (OOOl), which is the 
Z axis of Figure 4. \p is the azimuthal angle. When ^ is held 
at 0°, varying x from 0 to 90° corresponds to varying the detector 
toward [IOTO]. This represents the out-of-plane of incidence sweep 
of Figure 5A and B. When x is held at 0°, varying \p from 0 to 
90° corresponds to varying the detector toward [1210]. This 
represents the in-plane sweep of Figure 6A and B. We note that 

(9) J. W. Davenport, Ph.D. Thesis, University of Phennsylvania, Phila
delphia, PA, 1976. 
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Figure 4. Coordinate system used in these experiments for defining the 
position of the electron detector with respect to the crystal direction. The 
surface normal TV is the [0001] and the Z axis, while X is along [lOlO] 
and Y is along [1210]. For all measurements reported here, the 40.8-eV 
He II photons are incident upon the crystal such that their plane of 
incidence contains the [T2I0], [0001], and [1210] directions, and the 
angle of incidence is 60° away from [0001] toward [1210]. 
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Figure 5. CO Aa photoelectron angular distributions measured out of the 
plane of incidence for (A) s-polarization and (B) p-polarization condi
tions. The dashed and solid curves in A represent theoretical curves for 
a molecular orientation where the CO axis is oriented 60 and 70°, re
spectively, away from the surface normal toward the six symmetry-
equivalent (lOlO) directions. 

Figure 6A and B also includes the point (0°, -10°), which cor
responds to moving the detector, in the plane, 10° toward [1210]. 
In all of the above four sweeps, the photon beam is incident upon 
the crystal from the angle (xx*P) = (0°, -60°). Polarization in 
the s configuration is when A is perpendicular to the plane of 
incidence, while the p configuration is for A oriented within the 
plane of incidence. 

The angular distributions were analyzed by using a model 
previously discussed in detail for the (0001) surface.6 This model 
assumes that the form of the angular distribution of the CO 4 IT 
orbital is unchanged upon adsorption and is adequately described 
by space-fixed free-molecule calculations.9 The only role of the 
surface, then, is to modify the applied (partially polarized) 
electromagnetic field. This approximation has been repeatedly 
tested and has been found to yield physically reasonable and 
self-consistent results for the orientation of CO molecules on other 
ZnO surfaces,5,6 as well as on a variety of low- and high-index 
metal surfaces.10 
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Figure 6. CO 4a photoelectron angular distributions measured in the 
plane of incidence for (A) s-polarization and (B) p-polarization condi
tions. The dashed curve (60°) in A and the solid curve (70°) in both A 
and B represent theoretical plots for CO orientations as discussed for 
Figure 5 above. 

Comparisons11 of all four of the angular distributions in Figures 
5 and 6 with our previous ZnO (IOTO) and (0001) results lead 
to two conclusions: (1) the CO Aa intensity is uniformly quite 
low throughout; (2) while the angular distributions do not show 
the well-defined structure of the (0001) and (1010) surfaces, they 
do indicate an increase in intensity at angles very far from the 
surface normal. As an aid in interpreting the experimentally 
observed intensity profiles, we have included theoretical plots for 
molecules oriented 60 and 70° away from the surface normal 
where these plots are the sums of the contributions from the six 
symmetry-equivalent < IOTO) directions. 

Figure 5B shows the angular distributions as the detector is 
scanned from normal emission toward [1010], obtained with 
p-polarized excitation. Due to the low intensities exhibited in this 
scan and the rapidly sloping background, (see, e.g., Figure 2A), 
the values obtained for the peak areas are strongly dependent upon 
the details of the background-subtraction procedure. The rather 
large error bars in this (and similar) distributions largely reflect 
this ambiguity. However, for the purposes of the analysis presented 
here, it is sufficient to characterize the emission into these angles 
as weak and unstructured. Due to this low 4a intensity, we have 
omitted any theoretical plots from Figure 5B. The important point 
to realize is that for molecules bound perpendicularly to the 
surface, a sharp monotonic falloff of the intensity would be ex-

(10) (a) C. L. Allyn, T. Gustafsson, and E. W. Plummer, Solid State 
Commun., 24, 531 (1977); (b) C. L. Allyn, T. Gustafsson, and E. W. Plum
mer, Chem. Phys. Lett., 47, 127 (1977); (c) G. Apai, P. S. Wehner, R. W. 
Williams, J. Storr, and D. A. Shirley, Phys. Rev. Lett., 37, 1497 (1976); (d) 
R. J. Smith, J. Anderson, and G. J. Lapeyre, Phys. Rev. Lett., 37, 1081 
(1976); (e) T. Gustafsson and E. W. Plummer, in "Photoemission and the 
Electronic Properties of Surfaces"; B. Feuerbacher, B. Fitton, and R. F. Willis, 
Eds., Wiley-Interscience, New York, 1978; (f) N. D. Shinn, M. Trenary, M. 
R. McClellan, and F. R. McFeely, J. Chem. Phys., 75, 3142 (1981). 

(11) While it is not possible to normalize the s-polarization scans exactly 
to the p-polarization scans, clearly the point (x, <P) = (0°, 0°) is common to 
both in-plane and out-of-plane p-polarization scans, and their relative inten
sities can be compared. The same is true for the in-plane and out-of-plane 
scans for s polarization. 

pected. Instead, the distribution shows uniformly low intensity 
and little structure. 

When the polarization vector is rotated into the s configuration 
and the angles are rescanned, the distribution of the 4a intensity 
is strikingly altered (Figure 5A). A region of background-level 
intensity persists from normal emission to ~40° followed by a 
rise to the strongest peak observed in these experiments. The 
dashed curve illustrates the expected intensity pattern for molecules 
oriented 60° away from the surface normal N, and the solid curve 
illustrates the expected intensity pattern for molecules oriented 
70° off the surface normal. 

Figure 6B is the same plot as illustrated in Figure 3C. A smooth 
variation of the CO 4a intensity is present which shows no 
maximum but rather increases out to 70° off the surface normal. 
We have included a theoretical plot for molecules oriented 70° 
off the surface normal. The final angular distribution is the 
in-plane detector sweep under s-polarization conditions, shown 
in Figure 6A along with theoretical plots for molecules oriented 
60 and 70° away from the surface normal. 

One can see that the theoretical plots of 60 and 70° in Figure 
5A model the observed intensity quite well, with the 70° calcu
lation generating a somewhat better fit. Angles of orientation 
smaller than 60° or larger than 70° result in the qualitative trend 
of shifting the predicted distribution maximum closer to normal 
emission or closer to [ 10T0], respectively. This trend is also 
exhibited in Figure 6A and holds for the other plots; however, as 
mentioned above, the intensity is so low that inferring a particular 
molecular orientation from Figures 5B and 6B is inappropriate. 

It is clear from the preceding discussion that the angle between 
the (OOOl) surface normal and the CO molecular axis is quite large 
and that the data are best explained by a CO-ZnO angle of ~70°. 
This would place the molecule roughly along the coordinatively 
unsaturated position of the Zn ion on the (lOlO) step sites, in 
confirmation of our earlier proposal4 (Figure 1, a ^ 10°). This 
interpretation is quite consistent with the observation4 that the 
CO heat of adsorption on this surface is the same as on the other 
three low-index faces where CO has been shown to bind to the 
Zn terrace sites. This defect-binding geometry also explains the 
substantial CO 4<r intensity observed on the (OOOl) surface during 
our angle-integrated UV PES experiments4 because in those ex
periments the CO molecules were particularly well oriented with 
respect to the CMA cone of acceptance of photoelectrons. 

In summary, the results of our angle-integrated andangle-
resolved UV PES studies4"6 on the (1010), (0001), (0001), and 
(1120) low-index surfaces of ZnO have shown that CO consistently 
binds carbon-end down to the coordinatively unsaturated Zn sites 
and roughly along the unsaturated Zn direction. The angular 
behavior of the Zn-C-O surface complexes are completely con
sistent with the results of LEED studies7 where in all cases no 
symmetry-changing reconstructions are observed and where the 
polar surfaces are known to form a high density of (IOTO) de
fect-step sites.12 
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(12) Unfortunately, twoproblems arise with attempting to quantify directly 
the number of defect (1010) step sites on the (0001) face. First, even at 
liquid-nitrogen temperatures, the surface sites are not saturated,4 and second, 
direct comparisons of photoelectron intensities cannot be made between the 
(1010) and (OOOl) surfaces, due to the different angular anisotropics of the 
surfaces with respect to the electron analyzer. 


