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Variable photon energy photoelectron spectroscopy (PES) is used to determine the valence band electronic structure and to study 
the covalent bonding properties of three tetrahedral, 3d1° transition-metal complexes with a-donor, r-donor ligands: ZnO, ZnC1,2-, 
and CuCI. PES data obtained over the photon energy range of 16.7-1486.6 eV show dramatic intensity changes of valence band 
features that are caused by changes in photoionization cross sections and resonance effects at the metal 3p absorption edge. Intensity 
changes with photon energy allow detailed assignments of spectra to be made by using molecular orbital theory. Analyses of the 
peak intensities and binding energies provide a measure of the covalent bonding. Larger ZnO 3d band splitting relative to that 
for ZnC1:- indicates greater ligand field strength (IODq) for the oxide ligands, which arises from the stronger o-bonding interactions 
of the Zn2+ 3d with the Oz- 2p orbitals. The increased effective nuclear charge on Zn2+ shifts the d levels below the ligand levels, 
making them bonding and reversing the sign of the tetrahedral lODq value. This greater effective nuclear charge on Zn2+ also 
significantly lowers the energy of the empty metal 4s and 4p levels, resulting in greater covalent stabilization of the ligand bonding 
levels in ZnC1.,- than in CuCI. The relative contributions of ionic and covalent bonding in ZnCI, and CuCl are examined and 
related to the much greater thermodynamic stability of ZnZt complexes with donor ligands. 

I. Introduction 
The elucidation of the electronic structure and bonding prop- 

erties of transition-metal complexes is a fundamental goal in 
physical inorganic chemistry. Many spectroscopic techniques, 
particularly optical absorption and electron paramagnetic reso- 
nance, have been used to probe the bonding interactions of the 
d-orbital manifold of transition-metal complexes.' These methods, 
however, require an incompletely filled d subshell. This precludes 
the study of a very important set of compounds with d'O electron 
configurations. In the first transition series, 3dI0 complexes exist 
for both Cu(1) and Zn(I1) ions, and in this work, the electronic 
structures of tetrahedral metal ion sites in ZnO, ZnClZ-, and CuCI 
are studied with photoelectron spectroscopy (PES), a technique 
ideally suited for d'O systems. 

PES is a direct probe of the electronic structure of d10 systems 
as electrons in all levels can be ionized to continuum states, al- 
lowing the binding energies of the complete set of valence levels 
to be determined. Several authors2s3 have successfully used PES 
to study gas-phase Zn(I1) d10 molecules, with crystal field and 
spin-orbit coupling effects invoked to explain the observed 
splittings of the Zn 3d orbitals. In addition, solid-state Zn04-' 
and C U C ~ * - ' ~  have been studied with PES, with the goal of un- 
derstanding the electronic properties and band  structure^^*^^^^ or 
the chemisorption behavior of these important m a t e r i a l ~ . l ~ ' ~  We 
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have extended this work by exploiting variable photon energy 
effects on valence band PES spectra of solid ZnO, ZnC1,2-, and 
CuC1, which enable detailed assignments of valence band features 
and an experimental analysis of dI0 electronic structure and 
bonding interactions. 

The effects of varying the input photon energy on PES peak 
intensities are basically twofold. First, the cross sections of the 
various valence levels of metal complexes often change in dra- 
matically different ways with changes in photon energy. In 
particular, metal 3d cross sections show a delayed intensity 
maximum in the photon energy region of 40-50 eV (30-40 eV 
above threshold) while both 0 2p and C1 3p cross sections peak 
near their ionization thresholds before declining with increasing 
photon energy.20 The C1 3p cross section declines precipitously 
after threshold, going through a local intensity minimum (called 
a Cooper minimum) near 50 eV photon energy.21 The second 
effect of changing photon energy involves resonance at metal 
absorption edges.22 At the edge, a metal core level electron (most 
often from 3p states) is excited to a metal-centered orbital, x in 
Scheme I. This excited state then decays through a highly allowed 
Super Coster Kronig (SCK) Auger process involving two d 
electrons to an ionized final state. For dIo, x in Scheme I cannot 
be a d orbital. This requires the final state achieved by resonance 
to be a d ionization plus shake-up state, enhancing a satellite peak. 
The SCK decay mechanism is highly allowed as the transitions 
occur among orbitals with the same principal quantum number 
and the metal 3d electrons have large repulsive interactions fa- 
cilitating the Auger process. The binding energy position of the 
satellite and its resonance behavior can provide information about 
the metal d electron Coulomb repulsion present in the complex 
(as in Hubbard t h e ~ r y ~ ~ - ~ ~ )  and the nature of x in Scheme I. 
Scheme I 

absorption 3p63d" - 3p53dnx1 

SCK Auger decay 3p53d"x1 - 3 ~ ~ 3 d " - ~ x '  
In ref 26, these variable photon energy effects are described 

in more detail and used to study the electronic structure of d9 
CuC1,2- complexes with both D4,, and Dzd geometries. The valence 
band peak intensity changes with photon energy in combination 
with theoretical atomic photoionization cross sections are used 
both qualitatively to assign spectral features and quantitatively 
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to determine initial-state mixing coefficients with the Gelius model 
(vide infra). These methods give mixing coefficients for the 
CUCI,~- complexes averaged over the d manifold of 75-80% Cu 
3d character. The paper also probes the changes in electronic 
structure occurring on ionization. Significant out-of-resonance 
intensity of the valence region shake-up transition and the reso- 
nance behavior of the PES peaks show that large changes in the 
initial-state wave functions occur on ionization, requiring a fi- 
nal-state analysis of the PES spectra. Both SCF-Xa-SW cal- 
culations and configuration interaction analyses of the PES data 
show that the initial-state wave functions of predominantly metal 
d character become predominantly ligand in character upon 
ionization. This means that ionization of the lowest energy d 
electrons from the 3d9 initial state (a process that corresponds 
to oxidation of the complex) results in a final state with mainly 
d9L (one-hole metal, one-hole ligand) and dIoL2 (two-hole ligand) 
character. The implications of this on the redox properties of 
Cu(I1) complexes are also discussed. 

In this work, we extend the d9 PES study to examine the 
electronic structure and bonding of three tetrahedral dIo complexes 
with a systematic variation in both ligands and metal ion. First, 
the valence band spectra of ZnO are contrasted with those of 
ZnC1,2- to determine the effects of changing ligands on the PES 
band shapes, particularly the metal d band, and the differences 
in bonding implied by these spectral changes. Next, ZnCIhZ- is 
compared to CuCl to examine the differences in bonding on 
changing the dIo metal ion in the tetrahedral site. It should be 
emphasized that this study focuses on the simplest case where 
bonding interactions involve only a-donor and a-donor ligands. 

The PES methods used to study these 3d1° complexes follow 
those of our earlier 3d9 work. We apply the cross section de- 
pendence on the input photon energy to assign valence band 
features and quantify the mixing through the Gelius analysis of 
the peak intensities. The energy splittings of peaks are analyzed 
in conjunction with a simple molecular orbital model. In par- 
ticular, the splitting of the 3d photoemission peak in the spectra 
gives the ligand field splitting (1ODq) and the cross sections provide 
information about the u and P contributions to 1ODq. With the 
d levels and their ligand complements completely filled in dI0 
complexes, any interactions of the metal d orbitals with the ligand 
p levels will result in no net covalent bonding. This fact makes 
a study of the ligand levels interacting with the empty metal 4s 
and 4p orbitals very important, as any covalent bonding must occur 
through these interactions. The variable photon energy PES study 
of the ligand levels, therefore, should provide information on the 
covalent bonding present in these complexes, usually considered 
to be dominantly ionic. The discussion then considers the ther- 
modynamic properties of Zn(I1) and Cu(1) complexes with the 
goal of understanding covalent contributions to the significantly 
greater stability of Zn(I1) complexes with donor ligands in both 
solids and solutions. 

The materials studied are interesting in their own right, and 
an understanding of their electronic structure and bonding 
characteristics has implications in many areas of chemistry and 
materials science. These metal sites are important as models for 
catalytic active sites in heterogeneous, homogeneous, and biological 
systems. Zinc oxide and copper-promoted zinc oxide catalysts 
are active in methanol synthesis and water-gas shift chemistry, 
where both Zn(1I) and Cu(1) sites appear to be important for 
catalytic activity.17 Several metalloenzymes involve Cu ion active 
sites, and the Cu(I)/Cu(II) redox couple is one of the most im- 
portant in biological systems. ZnO and CuCl are also semicon- 
ductors, making knowledge of their electronic structure of interest, 
while CuCl has also attracted some attention for its supercon- 
ducting properties.** 
11. Experimental Section 

The ZnO samples were single crystals grown from the vapor phase 
with oriented (0001) and 1070) surfaces of the wurtzite unit cell prepared 

(27) Klier, K. Appl. Surf. Sci. 1984, 19, 267 and references therein. 
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by aligning the samples to within l o  by Laue backscattering and then 
cutting a - 1 mm thick slice with a wire saw. The samples were polished 
with alumina grit down to 0.5 p n  until no pits were observed with optical 
microscopy and then etched with a 5% HCI solution. Cleaning under 
ultrahigh vacuum (UHV) was performed by a series of sputter/anneal 
cycles. Successively lower Ar ion accelerating potentials were used to 
sputter the surfaces a t  1000, 500, and 250 V while the samples were 
heated at 450 O C .  Sample cleanliness was checked with Auger spec- 
troscopy (2 keV, 0.5 FA electron beam), and sputter cycles were repeated 
until no surface contamination was detected (<1% C, S ,  CI). The sam- 
ples were then annealed two additional times to 450 OC, and the surface 
order was checked by low-energy electron diffraction (LEED). 

Large (25 mm2), single-crystal Rb2ZnC14 samples were grown from 
a stoichiometric aqueous solution of ZnC1, and RbC1. The ZnC1:- units 
exist as isolated molecular ions with nearly tetrahedral geometry in the 
orthorhombic crystals of space group Pnarn.29.30 Samples were mounted 
with UHV-compatible silver epoxy (EPO TEK H21) and cleaned under 
a nitrogen environment by polishing with 9 pm grit plastic lapping sheets. 
After transfer to UHV under N,, further sample cleaning was performed 
by grinding with 100 km grit diamond particles embedded in a nickel 
wheel or by Ar ion sputtering at 500 V for 5 min. The cleanliness of the 
samples was checked by core level XPS (C Is, 0 1s) or by the ability to 
obtain satisfactory valence band spectra a t  low photon energies, where 
the cross sections for valence levels of common contaminants are very 
high. The samples were considered to be clean when the general shape 
and resolution of the spectra were comparable at low and high photon 
energies after accounting for changes in cross sections of the ZnCId2- 
features. 

The CuCl sample used was a large polycrystal (20 X 5 X 2 mm) of 
the zinc blende material, and initial sample cleaning was performed by 
polishing under a nitrogen atmosphere with lapping sheets. Further 
cleaning was performed as necessary in UHV by Ar ion sputtering at 500 
V” or by mechanical polishing with the diamond wheel. As with the 
ZnC12- samples, surface cleanliness was monitored with core level XPS 
or by the resolution of valence band features at low photon energies. 

PES data were obtained on two different instruments, one using con- 
ventional radiation sources (a Vacuum Generators [VG] ESCALAB Mk 
11) and the other employing synchrotron radiation (Perkin-Elmer PHI 
system). The ESCALAB contains a rare-gas discharge lamp that was 
operated with both He (21.2, 40.8, and 48.4 eV) and Ne  (16.7 and 26.8 
eV) as well as a twin-anode X-ray source (Mg Ka, 1253.6 eV; AI K a ,  
1486.6 eV). The system has been described elsewhere,26 although it is 
important to note that the ESCALAB uses a hemispherical electron 
energy analyzer with a fairly small 6’ cone of acceptance, which allows 
angular effects to be observed with single-crystal surfaces. All ES- 
CALAB spectra were obtained at normal emission unless otherwise 
stated. The discharge lamp is located at an angle of 6 5 O ,  and the X-ray 
anodes (run at 100 W) are at 45O relative to the analyzer. The analyzer 
pass energy was kept at 5 eV for the intense photon lines (He I and Ne  
I) and at 20 eV for all other photon energies. Base pressures of better 
than 5 X lo-’’ Torr were regularly achieved; the pressure rose to -2 X 

Photoelectron spectra at photon energies other than those listed above 
were obtained with synchrotron radiation from the Grasshopper mono- 
chromator on SPEAR beam line 111-1 at the Stanford Synchrotron Ra- 
diation Laboratory (SSRL) under both dedicated and parasitic condi- 
tions. Variable inlet and exit slits on the monochromator allowed a 
constant photon energy resolution of 200 meV to be m a i ~ ~ t a i n e d . ’ ~ - ~ ~  In 
addition, beam line transmission filters that minimize higher order con- 
tributions to the inonochromatized r a d i a t i ~ n ’ ~ . ’ ~  were used up to 70 eV 
(the filters lose effectiveness and are less essential at higher photon 
energies). The UHV system used was a Perkin-Elmer PHI system with 
a double-pass cylindrical mirror analyzer (CMA) and a base pressure 
better than 1 X Torr. The system has been described elsewhere.26 
Synchrotron radiation entered the chamber at an angle of 85’ relative 
to the central axis of the analyzer, and all samples were rotated by 
10-15’ to accept more light and eliminate the possibility of light imp- 
inging on the sample holders. The pass energy for all synchrotron PES 
spectra was maintained at 25 eV. 

Torr during operation with the discharge lamp. 
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Figure 1. Variable photon energy valence band PES data of ZnO 

Resonance PES data were collected at SSRL by tuning the radiation 
near the metal 3p absorption edge, -90 eV for Zn(I1) and -76 eV for 
Cu(1). Constant initial state (CIS) spectra of the valence band features 
were obtained by simultaneously scanning the photon energy and ana- 
lyzed kinetic energy such that the intensity profile of a peak at constant 
binding energy is obtained. In these spectra, the beam line slits were 
adjusted such that the photon energy resolution was always better than 
200 meV and the analyzer pass energy was increased to 50 eV to increase 
the signal intensity. Constant final state (CFS) spectra are absorption 
edges collected with partial yield d e t e c t i ~ n . ~ ~ . ~ ~  The photon energy was 
scanned while electrons in the secondary tail a t  a kinetic energy of 8.0 
eV were analyzed. The beam line slits and pass energy were set as with 
the CIS scans. 

All spectra were signal-averaged until sufficient signal to noise had 
been established. For PES data, the semiconducting ZnO and CuCl 
samples normally needed only 10-20 scans at one photon energy. The 
insulating ZnC142- samples required a charge-neutralizing electron flood 
gun to obtain spectra. The flood gun energy (0-2.0 eV) and current at 
the sample (10-100 nA) were adjusted until the energy position of the 
valence band features did not shift with time. Data for ZnC1,2- were 
collected in sets of I O  scans, which were then added together after com- 
pensting for any kinetic energy shifts that occur with time due to dif- 
ferential charging from changing radiation intensity or flood gun insta- 
bility. All data taken at SSRL were normalized to the incident photon 
flux by a monitor consisting of a stainless steel or nickel mesh located 
in the path of the monochromatized radiation and a total yield chan- 
neltron detector. The number of photoelectrons emitted by the mesh is 
proportional to the photon this signal was collected simultaneously 
with the spectra and used to normalize the data. 

Standard versions of the Xa-SW code were used to calculate the 
molecular orbital energy levels and wave functions of a CUCI,~- cluster. 
The a values of S c h w a r ~ ~ ~  and l values of 5, 5, and 3 for the outer, 
copper, and chloride spheres, respectively, were used for the tetrahedral 
molecular ion with Cu-CI bond lengths of 2.34 A. The Norman criteria39 
were used to determine the sphere radii (2.72 bohr for Cuf and 2.596 
bohr for C1-). 

111. Results 

(A) ZnO. Variable  photon energy valence band PES spectra 
of ZnO over t h e  r ange  of 21.2-1486.6 eV (Figure 1) show two 
sets of peaks, one centered a t  10.7-eV binding energy a n d  t h e  

(35) Stohr, J.; Jaeger, R.; Brennan, S. Surf. Sci. 1982, 117, 503. 
(36) Hecht, M. Ph.D. Thesis, Stanford University, 1982. 
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(39) Norman, J. G . ,  Jr Mol. Phys. 1976, 31, 1191. 
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Figure 2. Comparison of the PES d bands of the three complexes: (a) 
ZnO at 21.2 eV; (b) ZnC142- at 40.8 eV; (c) CuCl at 21.2 eV. 

Table I. Binding Energies (ev), Listed with Spectrometer EF = 0 eV for 
ZnO and CuCI" 

ref to Zn 2p,,, ref to CI 2p3/, 
ZnO ZnCi42- c u c l  ZnC14*- 

M 2pji2 1021.70 1021.70 932.35 1022.35 
M 2 p I l 2  1044.70 1044.80 952.25 1045.45 
C1 2P3/2 198.00 198.65 198.65 
CI 2P,;, 199.40 200.20 200.05 
M 3p3/* 88.60 88.70 74.40 89.45 
M 3p,,, 91.20 91.30 76.80 91.95 
3d*4si 31.70 32.40 15.70 33.05 

satellite 
M 3d 

11.10 [ I  (t2)] 10.55 [ l  (t2)] 1.70 [4] 11.20 [4] 
10.30 [2 (e)] 10.05 [2 (e)] 2.75 [3] 10.70 [3] 

ligand 
valence p 

7.60 [3a] 8.25 [3a] 
7.30 [3] 5.80 [3b] 6.65 [ I ]  6.45 [3b] 
5.90 [4] 4.80 [4] 5.35 [2] 5.45 [4] 
3.50 [SI 3.90 [5] 4.55 [5] 

3p - 4s 89.0 90.3 76.9 90.3 
91.6 93.1 78.9 93.1 

metal 4s +0.4 + 1.5-1.8 +2.5 +0.85-1.15 

"Values listed for metal 4s levels are above EF and are given as +. Peak 
numbers are shown in brackets. 

second between 4 a n d  8 eV. T h e  deeper binding energy feature  
becomes more intense relative to  t h e  lower energy peaks with 
increasing photon energy, allowing t h e  assignment of the  deeper 
binding energy peak a s  arising from Zn 3d photoemission and the  
lower binding energy features a s  ionization from 0 2p states  by 
comparison t o  a tomic  subshell photoionization cross sections.20 
This assignment is consistent with previous work.7 

Closer examination of spectra a t  selected photon energies shows 
a complex splitting pat tern with peaks exhibit ing interesting in- 
tensity changes with photon energy. First, our highest resolution 
d a t a  of t h e  (0001) d band  a t  21.2 e V  (Figure 2a)  shows a pro- 
nounced shoulder on the high-binding-energy side of the peak with 
a spli t t ing of 0.7-0.8 eV. T h e  intensity of the  shoulder depends 
on the  angle  of detection ( the  angle  of incident radiation also 
changes a s  t h e  sample is rotated).  Further ,  angle  integrated 
spectra taken in the  photon energy range of 37-65 e V  with syn- 
chrotron radiation (Figure 1 )  show tha t  a t  least  three peaks a r e  
present in the  oxide band, with approximate binding energies of 
7.5, 6.0, and  4.5 eV.  Spectra  a t  all photon energies were fit with 
five Gaussian/Lorentzian peaks (labeled 1 a n d  2 in the  d band  
and 3-5 in the  oxide band in Figure 1) by an iterative peak fitting 
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Figure 3. Absolute integrated intensities of peaks 1-5 from the fits of 
the angle integrated synchrotron spectra of ZnO. Beam line transmission 
filter changes at  37 and 70 eV lead to discontinuities in the intensity plots. 
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Figure 4. Valence band PES of ZnO taken before the Zn 3p edge at  85 
eV, at  the Zn 3p - 4s transition energy of 89 eV, and after the edge a t  
95 eV. 

procedure that varied the peak position, Lorentzian peak width, 
and peak height to minimize the x2 difference between the fit and 
the spectrum after a linear background had been subtracted. 
These fits gave consistent splittings of 0.8 eV in the d band, 1.5 
eV between peaks 3 and 4, and 1.4 eV between peaks 4 and 5. 
The binding energies of these valence levels and selected core levels 
as determined by XPS are given in Table I. 

The absolute integrated intensity profiles of the five peaks from 
the fits of all synchrotron data are shown in Figure 3 (the changes 
in analyzer transmission function and electron escape depth with 
changing electron kinetic energy have not been accounted for). 
Peaks 1 and 2 show delayed intensity maxima near 40 eV, which 
confirms their assignment as Zn 3d photoemission. Peak 4 starts 
very high in intensity and drops rapidly with increasing photon 
energy as expected for ionization from pure 0 2p levels. Peaks 
3 and 5, however, display important differences from the atomic 
0 2p cross section. Peak 5 starts very intense and shows an initial 
decrease before going through a relative maximum in the 40- 
50-eV region, indicating that this peak has a mixture of 0 2p and 
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Figure 5. Comparison of the ZnO satellite CIS intensity profile to the 
CFS  edge data. 

90 100 

18 16 14 12 10 8 6 4 2 0 
Binding Energy (eV) 

Figure 6. Variable photon energy PES data of Rb2ZnC1,. The spectra 
taken at  40, 80, and 1253.6 eV are extended to show the CI 3s and R b  
4p ionization. 

Zn 3d photoionization character. In the synchrotron data in Figure 
3, peak 3 is less intense than peaks 4 and 5 at low photon energies, 
has nearly the same intensity as peaks 4 and 5 at 37 eV, and decays 
with peaks 4 and 5 at  higher photon energies. The 21.2-eV 
spectrum in Figure 1 shows that peak 3 has very little intensity 
relative to the rest of the oxide band. This pattern is characteristic 
of the Zn 4s cross section$0 which displays a Cooper minimum 
in the photon energy range of 15-22 eVSz0 

As the photon energy is increased from 85 to 89 eV in Figure 
4, a satellite peak becomes evident a t  a binding energy of 31.7 
eV41 while the d-band intensity decreases by 11%. The CFS data 

(40) The theoretical atomic subshell photoionization cross sections of ref 20 
predict the metal 4s cross section to be 20-30 times smaller than those 
of the metal 3d which would make its influence on the valence band 
peak intensities insignificant. However, experimental results on atomic 
Cu show that u4a has about the same magnitude as ujd in the photon 
energy region cnsidered here, indicating that it would, in fact, make an 
important contribution to the valence band spectrum as we observe. See: 
Dyke, J .  M.; Fayad, N.  K.; Morris, A,; Trickle, I .  R. J .  Phys.  B 1979, 
12.  2985. 
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Figure 7. Absolute intensity profiles of the ZnC1:- features determined 
by peak area measurement of the synchrotron spectra. 

in Figure 5 provide the absorpiton spectrum at the Zn 3p - 4s 
edge, indicating that this transition occurs from -88 to 93 eV. 
The satellite CIS intensity profile (Figure 5 )  shows two maxima 
at photon energies of 89.0 and 91.6 eV which correlate to the broad 
absorption feature in the CFS data, indicating that the satellite 
is in resonance with the edge transition. The 2.6-eV splitting of 
the satellite CIS is attributed to the spin-orbit splitting of the Zn 
3p hole. The satellite has roughly 5% of the d-band intensity at 
89 eV. 

(B) ZnC142-. Valence band spectra of ZnC142- obtained at  
several photon energies are shown in Figure 6. Photoemission 
from the counterion (Rb') can be assigned immediately from the 
intensity changes in the peak at 13.5-eV binding energy. The peak 
is very intense at 40 eV and decreases by a factor of about 100 
at 80 eV, leading to its assignment as the Rb 4p levels as theo- 
retical cross sections predict this large change.20 The remaining 
features at binding energies of -16, 10.3, and 8-3 eV arise from 
ionization from the ZnCI,2- species. The 16-eV peak is the C1 
3s level, determined by comparison to spectra of CuCl,*- com- 
pIexes.26 

Peak 1+2 at 10.3 eV is visible only at  photon energies above 
35 eV in Figure 6, as the large Rb 4p peak obscures it a t  lower 
photon energies. Peak 1+2 shows a delayed maximum near 50 
eV in the integrated intensity plots of Figure 7 and occurs a t  a 
binding energy similar to that of the Zn 3d band in ZnO, leading 
to its assignment as ionization from the Zn d band. As shown 
in the high-resolution data in Figure 2b, no splitting can be resolved 
in the ZnC142- d band and the peak is only approximately 0.7 times 
as broad as that of ZnO (e.g., at 40 eV, ZnO has a fwhm of 1.75 
eV; the fwhm is 1.20 eV for ZnC142-). As with ZnO, two peaks 
(labeled 1 and 2 in Figure 2b) were used to fit the d band, pro- 
ducing features a t  binding energies of 10.55 and 10.05 eV. 

The lower binding energy set of valence band peaks in Figure 
6 is very intense at  low photon energies and decreases rapidly as 
the photon energy increases (Figure 7), demonstrating the as- 
signment of these levels as the C1 3p valence levels, which have 
a Cooper minimum in their atomic cross section near 50 eV. While 
the ligand band clearly shows a well-resolved, small peak (3a) 
at 7.6 eV in Figure 6, the dominant intensity at low energy is broad 
and somewhat featureless relative to that in the ZnO spectra in 
Figure 1. 

Our highest resolution data of the C1 band taken at 21.2 and 
48.4 eV (Figure 8b,c) reveal at least three features near 7.6, 6.0, 
and 4.7 eV. It proved impossible to fit spectra a t  all photon 
energies with only three peaks in the Cl band as this constraint 

(41) Two satellite peaks are evident for all the samples studied, and the 
deeper binding energy, more intense peak is labeled as the satellite. The 
presence of more than one peak is attributed to the multiplets of the 
3d84s' final state, with the two features usually attributed to the 2G and 
4F states of the metal ion. 

40 3 0  2 0  10 
Relative Binding Energy (eV) 

Figure 8. Comparison of the PES ligand bands of the d'O complexes: (a) 
ZnO at 37 eV; (b) ZnC1:- at 21.2 eV; (c) ZnC142- at  48.4 eV; (d) CuCl 
at  21.2 eV. The apparent shift in peak 3a in spectra b and c is due to 
an additional photon line a t  51 eV exciting the Zn 3d band (*) .  

30 2 0  10 
Binding Energy (eV) 

Figure 9. Resonance PES data for ZnC142- taken before the Zn 3p edge 
at  85 eV, at the 90-eV 3p - 4s transition energy, and after the edge at 
96 eV. The peak moving to lower binding energy with increasing photon 
energy arises from the ionization of the Rb 3d levels with second-order 
radiation (*). 

required significant changes in the binding energies and widths 
of these peaks to obtain satisfactory fits a t  different photon en- 
ergies. The C1 band, therefore, was fit with four peaks as labeled 
in Figures 6 and 8b, giving the following binding energies: peak 
3a, 7.6 eV; peak 3b, 5.8 eV; peak 4,4.8 eV; peak 5, 3.9 eV. The 
overlap of peaks 3b, 4, and 5 still prevented the generation of a 
meaningful intensity plot similar to that obtained for ZnO in 
Figure 3. Binding energies listed in this paragraph and in Table 
I are obtained by referencing the valence band peaks in the XPS 
spectrum to the binding energy of the Zn 2p3 core level. This 
core level in the insulating sample is assumed to have the same 
binding energy as the 2p3i2 level in ZnO. 

Resonance PES data for ZnC142- are presented in Figure 9. 
The satellite peak again has little intensity out of resonance but 
becomes evident in the 90-eV spectrum at  a binding energy of 
32.4 eV. The CIS satellite intensity profile in Figure 10 shows 
intensity maxima at photon energies of 90.3 and 93.1 eV, coin- 
cident with the features in the CFS edge spectrum. The satellite 
peak has -20% of the d-band intensity at 90.3 eV. A CIS scan 
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Figure 10. CIS intensity profiles of the ZnC1:- d band, the top edge of 
the CI band, and the intense, deeper binding energy satellite. The CFS 
edge spectrum is included to show the energy position of the Zn 3p - 
4s transition. 
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Figure 11. Variable photon energy valence band PES data of CuCI. 

of the Zn d band through the 3p edge shows two distinct intensity 
minima at  these same photon energies. Finally, a CIS scan taken 
at  the top portion of the CI band at  a binding energy of 3.7 eV 
shows two very weak minima at 90.3 and 93.1 eV. 

(C) CuCI. The variable photon energy PES spectra of CuCl 
are shown in Figure 11 and have been presented elsewhere.% Two 
principal peaks are evident (A at  low binding energy and B at  
deeper binding energy), each of which is split into two peaks, 
producing features a t  binding energies of 1 . I ,  2.1 eV and of 5.5, 
6.8 eV. The dramatic decrease in the relative intensity of peak 
B as the photon energy is increased to 45 eV identifies peak B 
as photoionization from the C1 3p levels and peak A as Cu 3d 
photoemission. This assignment is consistent with previous 

and shows that the CuCl d band is above the ligand band 
in contrast to the case for ZnC14z-. The synchrotron data were 
fit with four Gaussian/Lorentzian peaks as shown in Figure 11, 
and the intensity profiles of peaks 1-4 are presented in Figure 
12. The two peak fits of feature B give a 1.3-eV splitting between 
peaks 1 and 2, and the intensity plots in Figure 12 show that C1 
3p character, with a Cooper minimum near 50 eV, predominates 
in the peaks. Peak 2, however, retains more intensity through 
the minimum, indicating that this feature also contains some Cu 
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Figure 12. Absolute intensities of CuCl peaks 1-4 as a function of photon 
energy from the fits of the synchrotron data. 

3d character as the 3d cross section has a maximum in intensity 
near 45-50 eV. The relative intensities of peaks 1 and 2 at very 
low photon energies are also quite interesting, as peak 1 has little 
intensity relative to that of peak 2 at 16.7 eV and goes through 
a relative maximum at 21.2-26 eV (Figure 11). The low intensity 
of peak 1 at 16.7 eV indicates the presence of 4s character (much 
the same as peak 3 in the ZnO spectra) as the Cu 4s Cooper 
minimum occurs a t  a slightly lower binding energy than the Zn 
4s minimum.20 

The two peak fits of the d band (Figure 2c) give a peak 3-peak 
4 splitting of 1.05 eV (0.25 eV smaller than the C1 band splitting) 
with the two components having distinctively different intensity 
profiles in Figure 12. Peak 3 clearly shows the delayed intensity 
maximum of an essentially pure Cu 3d level in the photon energy 
range of 40-50 eV. Peak 4 also has a delayed local maximum, 
but only after an intensity decline at lower photon energies, re- 
vealing the additional presence the of C1 3p cross section. 

The core level binding energies of CuCl obtained from XPS 
are given in Table I and are referenced to the spectrometer Fermi 
level. For comparison to CuCI, the binding energies of the ZnC1:- 
levels have also been referenced to the C1 2p levels. This method 
of referencing gives 0.65 eV higher binding energies for ZnCl,*- 
than referencing to the Zn 2p levels.42 

Resonance PES data on CuCl have been presented else- 
and the results are summarized in Figure 13. First, 

the satellite appears a t  a binding energy of 15.6 eV and has very 
little intensity out of resonance. The satellite CIS intensity profile 
shows maxima at photon energies of 76.9 and 78.7 eV, in the same 
photon energy region as the features corresponding to the Cu 3p - 4s transition in the CFS edge spectrum (bottom of Figure 13). 
The spectrum at the top of Figure 13 was taken at 76.9 eV, where 
the satellite has 11% of the d-band intensity. A broad intensity 
minimum is observed in the Cu d band CIS profile in the region 
of 77-79 eV. 

(42) The exact binding energies for the Zn 2p levels in ZnC142- are likely 
between the two extremes given in Table I. The shift to deeper binding 
energy from the ZnO core levels relates to a chemical shift from greater 
effective positive charge on the Zn2+ ion in ZnC14*-. 

(43) Ishii, T.; Taniguchi, M.; Kakizaki, A,; Naito, N.; Sagawara, H.; Na- 
gakura, I .  Phys. Rev. B Condens. Matter 1986, 33, 5664. 



2244 Inorganic Chemistry, Vol. 27, No. 13, 1988 Didziulis et al. 

PHOTON E'iiRCY eV 

Figure 13. Top: CuCl valence band spectrum taken at 76.9 eV. Bottom: 
CIS intensity profiles of the Cu d band and the satellite compared to the 
CFS 3p - 4s edge. 
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IV. Analysis 
(A) PES Peak Assignments and Comparison to Molecular 

Orbital Calculations. Assignment of the PES spectra and analysis 
of the bonding interactions occurring in these d'O complexes are 
based on the Td molecular orbital diagram given in Scheme I1 
for the ML4 cluster, where the metal d levels are below the ligand 
valence p levels for Zn2+ (left) and above the ligand valence p 
levels for Cu+ (right). This relative order of the metal d and ligand 
p orbitals is based on the PES data presented here and on atomic 
s p e c t r o ~ c o p y , ~ ~  which both indicate that the greater effective 
nuclear charge on the Zn2+ ion shifts the d levels below the ligand 

Table 11. Xcu-SW Calculated Energy Levels (eV) and Wave 
Functions 

(A) ZnO (ZnO?-)" 
level energy 5% Zn % O  
3t2 +0.75 26 61 
I t 1  0.00 0 100 
2e -0.15 23 66 
2t2 -1.25 6 65 
1 %  -2.30 
le -3.65 77 14 
1 t 2  -3.74 77 18 

(B) ZnC12-* 
~ 

level energy % Zn % CI 
3t2 +0.25 15 79 
It1 0.00 
2e -0.25 6 80 
2t2 -0.90 8 80 
la1 -2.25 
le -4.67 94 4 
1 t 2  -4.88 87 13 

(C) CuCl (CuClr'-) 
level energy % cu B CI 
3t2 +3.16 84 11 
2e +2.84 91 5 
1tl 0.00 1 83 
2 t 2  -0.47 8 74 
le -0.57 6 74 
1 t 2  -0.89 15 76 
la1 -1.77 21 71 

"Taken from ref 47. bTaken from ref 50. 

levels. In 3d1° metal oxide and halide complexes, the filled metal 
d and the empty 4s and 4p levels interact with the filled valence 
levels of the o-donor, r-donor chloride and oxide ligands. The 
tetrahedral ligand field splits the d levels into e and t2 sets with 
the magnitude of the splitting reflecting the relative amounts of 
CT (tz) and K (e) interaction of the d orbitals with the ligand valence 
p levels. As stated in the Introduction, the metal d and ligand 
p levels are full and cannot contribute to the overall covalent bond 
stabilization of these materials. The a-bonding interactions of 
empty metal 4s and 4p orbitals stabilize the a l  and t, ligand levels 
and it is these interactions that produce net covalent bonding. In 
the dIo complexes, it appears from the PES data (vide infra) that 
the Zn 4s and 4p orbitals are in a much more favorable position 
than the unoccupied valence orbitals of Cu. 

(1)  ZnO. For ZnO, peaks 1 and 2 can be assigned as com- 
ponents of the d band with the 0.8-eV splitting reflecting the t2-e 
separation, which is lODq in ligand field theory. This splitting 
is much too large to derive from crystal field repulsion45 or 
spin-orbit splitting (6 = 0.14 eV)j of the 3d9 final state and must 
result from covalency. Correlation of the ZnO d band in Figure 
2a to the CuCl d band of Figure 2c indicates a reversed splitting 
pattern; the variable-energy PES data for CuCl are used in Section 
IV(A)(3) to assign peaks 3 and 4 in Figure 2c as the e and t2 levels, 
respectively. This leads to the assignment of peaks 1 and 2 as 
the t, and e levels, respectively, which is the inverse splitting pattern 
expected from crystal field perturbations for a tetrahedron but 
is consistent with strong covalent bonding interactions of the d 
levels with the oxide 2p levels (vide infra). Note that the intensity 
ratio in the 21.2-eV data of Figure 2a is not that predicted from 
level degeneracy (t,:e ratio should be 3:2) and cannot arise from 
from contributions of ligand cross section ( u , ~  > b j d  at 21.2 ev) .  
While angular effects will contribute to this de~ia t ion ,~  the dom- 
inant contribution is likely t2-band dispersion. Band structure 
calculations including the d levels show the t2 states to appear to 
deeper binding energy and to be dispersed over 1.0 eV, which 

(44) Moore, C. E. Aromic Energy his; US. National Bureau of Standards 
Circular 467; US. Government Printing Office: Washington, DC, 
1952. 

(45)  Figgis, B. N. Infroduction ro Ligand Fields; Interscience: New York 
1966; Chapter 2. 
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would lead to a broad PES feature, while the e states are more 
localized (<0.4 eV).46 This sort of behavior is not distinguished 
by the peak-fitting procedure, causing the t2 level to have an 
apparently smaller contribution to the valence band intensity. This 
order of levels but not the magnitude of splitting is also consistent 
with Xa-SW calculations in Table IL4' 

The three peaks in the oxide band show dramatically different 
intensity profiles (Figure 3). Peak 4 shows essentially pure 0 2p 
cross section with changing photon energy and is assigned as 
ionization from nonbonding 0 2p Itl levels. Peak 5 is destabilized 
from these nonbonding levels by 1.4 eV and exhibits an intensity 
profile with mixed 0 2p and Zn 3d character. The mixed 
character and destabilization of peak 5 lead to its assignment as 
ionization from the antibonding 2e* and 3t2* levels from the 0 
2 p Z n  3d interaction. The X a  calculation predicts the 3t2* levels 
to lie at lowest energy, split by 0.75 eV from the nonbonding levels, 
but this study represents the first experimental confirmation of 
d character in the oxide band. Many band structure calculations 
on ZnO treat the d levels as noninteracting low-lying core lev- 
e l ~ , ~ ~ , ~ ~  which is clearly inaccurate. 

The dominant contribution to net covalent bonding in ZnO must 
arise from the stabilization of peak 3 by 1.5 eV relative to the 
nonbonding levels. The low intensity a t  21.2 eV is ascribed to 
the presence of Zn 4s character arising from the a-bonding in- 
teraction of an 0 2p level with the empty Zn 4s leveL6 The 
intensity of peak 3 at  37-eV photon energy in Figure 1 shows that 
this peak must contain more than just the l a ,  (0 2p-Zn 4s) 
bonding level, as this level would contribute only about 8% of the 
total oxide band intensity. The Xa calculation in Table IIA 
predicts the next deepest level to be the 2t2 level stabilized through 
a-bonding with the Zn 4p levels. We therefore assign peak 3 as 
containing ionizations from both the bonding l a ,  and 2t2 levels 
of ZnO. 

The PES data exhibit a satellite peak a t  21.0 eV above the d 
band, which the CIS and CFS spectra in Figure 5 indicate is in 
resonance with the Zn 3p - 4s transitions at  89.0 and 91.6 eV. 
As will be discussed in Section IVD, this allows an assignment 
of the satellite peak as a 3dI0 - 3d84s' d ionization plus d + s 
shake-up transition. The binding energies of the spin-orbit split 
Zn 3p levels are 88.6 and 91.2 eV (Table I), which in conjunction 
with the 3p - 4s edge transition energies place the Zn 4s based 
2al* level about 0.4 eV above the Fermi level and 3.8 eV above 
the top edge of the valence band. The 2al* position obtained above 
is reasonable, as the optically measured band gap is 3.4 eV at room 
temperature with the conduction band having mostly Zn 4s 
c h a r a ~ t e r . ~ ~ . ~ ~  This treatment ignores any differences in orbital 
relaxation resulting from transitions to bound states as opposed 
to ionization, which can be substantial. The Zn 3d-4s splitting 
in ZnO is thus determined to be 11.1 eV, which is larger than 
the observed free ion splitting of 9.6-10 eV.44 

(2) ZnC142-. The ZnC142- spectra in Figure 6 have important 
similarities to and differences from those of ZnO (Figure 1). The 
overall shape is similar, with the 3d band at 10.3 eV, well separated 
from the ligand features. The most significant difference in the 
ZnC142- d band shown in Figure 2b is that it has only about 70% 
of the width of the ZnO d band and has been fit with two peaks 
split by 0.5 eV. This decreased splitting is indicative of less ligand 
p-Zn 3d a-interaction in ZnC142-. Consistent with this smaller 
Zn 3d-Cl 3p interaction is the fact that little d character is evident 
in the chloride band in the variable photon energy data (Figure 
7). While a smaller d-band splitting is not predicted by the X a  
calculations in Table IIB,50 generally less covalent mixing and 
smaller splittings in the antibonding ligand levels are. In addition, 
the Zn 2 p 3 d  splitting is 0.4 eV greater in ZnC14*- (see Table I), 
indicating that the d band is stabilized to a lesser degree by 
bonding with the chloride ligands. 

(46) Lee, D. H.; Joannopoulos, J .  D. Phys. Reu. B: Condens. Mutter 1981, 
24, 6899. 

(47) Tossell, J. A. Inorg. Chem. 1977, 16, 2944. 
(48) Ivanov, I . ;  Pollmann, J. Solid State Commun. 1980, 36, 361. 
(49) Ivanov, I.; Pollmann, J. Phys. Reu. B: Condew. Mutter 1981, 24, 7275. 
(50) Tossell, J. A.; Vaughan, D. J.  Inorg. Chem. 1981, 20, 3333. 
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Although its general shape is similar, the chloride band of 
ZnC142- in the spectra in Figure 6 does not have the distinct 
features observed in the ligand band of ZnO (Figure 1) with the 
exception of the deep binding energy peak 3a. Peak 3a has 
approxitnately 6% of the total C1 intensity a t  21.2 eV, increases 
to 10% at  30 eV, decreases to 3% at  47 eV (C1 3p Cooper min- 
imum), and finally returns to about 10% in the XPS valence band 
spectrum. The low relative intensity at 21.2 eV reflects the 
presence of a Zn 4s Cooper minimum while the large decrease 
at 47 eV indicates that the peak has principally C1 3p cross section. 
In parallel with the case for ZnO, peak 3a is assigned as ionization 
from the Zn 4s stabilized l a l  a-bonding level. Overall, this peak 
has much lower intensity than peak 3 in the ZnO spectra and 
contains approximately the correct relative intensity (8%) to be 
only the la ,  level. If the peak contained both the a, and t2 bonding 
levels, as assigned in ZnO, the peak should have about 33% of 
the total C1 3p photoemission intensity (see Figure 8a). 

Comparing the 21.2- and 48.4-eV spectra (Figure 8b,c), one 
observes that peak 3b at  5.8 eV drops dramatically in intensity 
relative to the lower binding energy portion of the band (from 
15% to 7%). This intensity pattern suggests that this peak is 
principally C13p but has about the correct intensity at low photon 
energies to be the Zn 4p stabilized t2  bonding level. Consistent 
with this assignment, the ground-state Xa-SW calculation in 
Table IIB predicts the ZnC1,2- 2t2 level to be the next lowest in 
energy and to have a greater splitting from the la ,  level than that 
predicted for ZnO. This assignment is more reasonable than 
concluding that the peak contains photoemission from both the 
2t2 and nonbonding It,  levels, as these features combined should 
produce 50% of the C1 intensity a t  low photon energies. Peaks 
4 and 5 retain the majority of the C1 band intensity at the C1 3p 
Cooper minimum (48.4-eV spectrum in Figure 8c) and, therefore, 
must be assigned as containing some 3d cross section and hence 
the antibonding 2e* and 3t2* levels. These peaks must also contain 
ionization from the nonbonding I t ,  levels to complete the as- 
signment. The assignments are supported by the X a  results (Table 
IIB), which predict a 2t2-lt, splitting of 0.9 eV with the 2e, I t l ,  
and 3t2 levels spread over only 0.5 eV. Our best effort a t  de- 
termining the energy positions of these levels comes from the four 
peak fits to the C1 band regions, which gave the following average 
binding energies: peak 3a ( la , ) ,  7.6 eV; peak 3b (2t2), 5.8 eV; 
peak 4 (I t l ) ,  4.8 eV; peak 5 (2e*/3t2*), 3.9 eV. 

The resonance PES data for ZnC12- are similar to the ZnO 
data but show quantitative differences. From Figure 9, the 
dominant shake-up satellite peak in ZnC1,2- is located at a binding 
energy of 32.4 eV, split from the d band by 22.1 eV. The satellite 
CIS intensity profile and CFS edge spectrum in Figure 10 show 
that the resonance enhancement of the satellite results from the 
Zn 3p -+ 4s transition, which occurs at photon energies of 90.3 
and 93.1 eV (more than 1 eV greater than in ZnO) and confirm 
the satellite final state as 3d84s1 (vide infra). From the binding 
energy positions of the Zn 3p levels in Table I, the Zn 4s (2al*) 
level can be placed at  about 1.6 eV above the spectrometer Fermi 
level, giving a Zn 3d-4s splitting of 12.0 eV. The intensity minima 
of the d-band CIS profile show that the satellite gains intensity 
a t  the expense of the d-band photoemission. The fact that slight 
minima are observed in the CIS spectrum at the top edge of the 
C1 band at  3.7 eV confirms that a small amount of metal d 
character is present and gives the approximate location of the C1 
3p-Zn 3d antibonding levels. 

(3) CuCI. The valence band spectra of CuCl in Figure 11  are 
quite different from those of ZnC142-, primarily becaude the Cu 
d band (A) is at a much lower binding energy, above the ligand 
levels as shown in Scheme I1 (right). The d-band splitting in CuCl 
is 1.05 eV, with an inverted intensity pattern as compared to that 
of ZnO (Figure 2a,c). The two peaks used to fit the d band have 
markedly different intensity profiles in Figure 12. Peak 3 displays 
the delayed intensity maximum of an essentially pure Cu 3d level 
while peak 4 loses some of its low photon energy intensity before 
going through a tocal intensity maximum between 40 and 50 eV, 
indicating the presence of both Cu 3d and C1 3p cross section. 
Peaks 3 and 4 are thereby assigned as the 2e* and 3t2* levels, 
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respectively, which arise from metal d-ligand p bonding in a 
tetrahedral ligand field. In this assignment, the 2e* *-level, at 
deeper binding energy relative to 3t2*, must be considered to be 
weakly antibonding in nature while the 3t2* u-level is strongly 
antibonding due to the clear presence of C1 character. We thereby 
obtain the ligand field ordering of levels t2 above e for a tetrahedron 
but with a splitting much larger than that predicted by ligand 
repulsion. As observed earlier in the split ZnO d band, the in- 
tensity pattern of the CuCl metal d band splitting is not consistent 
with a 2:3 (e:t2) ratio but angular effects cannot be important here 
as the CuCl sample is polycrystalline. Alternatively, band 
structure  calculation^^'-^^ indicate that the e level should be 
localized (about 0.2 eV wide) while the t2 states form a band 1.5 
eV wide that overlaps the e levels. 

The C1 band is split into two peaks separated by 1.3 eV (Figure 
Sd), a larger splitting than that for the Cu d band. The intensity 
plots of peaks 1 and 2 in Figure 12 clearly show different changes 
with increasing photon energy, with peak 2 retaining more of its 
intensity through the C1 Cooper minimum. This effect leads one 
to assign peak 2 as containing more Cu 3d character than peak 
1. Moreover, peak 1 is relatively weak at 16.7 eV and goes through 
a maximum near 21.2 eV in Figure 1 I .  The peak 1 intensity 
pattern is similar to that of peak 3 in the ZnO spectra discussed 
earlier, which is assigned as containing the metal 4s/4p stabilized 
ligand l a ,  and It2 bonding levels. The u-bonding I t2  level should 
also contain some Cu 3d character, although it is not clearly 
evident. The Xa-SW calculations on a C U C ~ , ~ -  cluster in Table 
IIC predict these levels to fall a t  deepest binding energies. Peak 
2 can then be assigned as arising from the remaining CI 3p levels, 
including the *-bonding 2t2 and le  and the nonbonding I t ,  levels. 
Comparison of the C1 bands of CuCl and ZnC1,2- at 2 1.2 eV in 
parts d and b of Figure 8 shows the similarity of these features 
with the important exception of the much more deeply stabilized 
la ,  bonding level in ZnCld2- (peak 3a). Finally, it is interesting 
to note from Table I that if the C1 2p3,2 core level binding energies 
of CuCl and ZnC1," levels are aligned, the C13p nonbonding levels 
fall at very nearly the same binding energy for both samples, near 
5.4 eV relative to the Fermi level and roughly 11.9 eV relative 
to the vacuum level (with 4 = 6.5 eV for CuCl). This 1 t, binding 
energy is quite close t o  the nonbonding 1 t, binding energies for 
gas-phase tetrahedral chlorides (including ccI4,s4 SnC1,,54 TiC14,55 
and VCl,55), which range from 11.7 to 12.2 eV. 

The resonance PES data in Figure 13 indicate that the shake-up 
satellite corresponding to the 3d84s1 final state appears a t  12.3 
eV above the center of the d band. The satellite CIS and the CFS 
edge spectrum indicate that the Cu I -+ 4s(2a,*) transition 
occurs at 76.9 and 78.9 eV. The measurdCCu 3p binding energies 
of 74.4 and 76.4 eV place the unoccupied 2a,* level at 2.5 eV 
above the Fermi level and 3.2 eV above the top of the valence band. 
This 3.2 eV is comparable to, although smaller than, the 3.4 eV 
optically measured band gap at  room t e m p e r a t ~ r e . ~ ~  The 
measured Cu 3d-4s splitting is 4.8 eV, which is again larger than 
the Cu(1) free ion value of 3.0 eV.,, 

(B) PES Peak Intensities. The intensities of peaks in valence 
band PES spectra can be analyzed to determine metal-ligand 
mixing coefficients through the use of the Gelius-Siegbahn 
m ~ d e l . ~ ' , ~ *  The model assumes that the intensity of a molecular 
orbital is proportional to the sum of the atomic cross sections (uao) 
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Table 111. Mixing Coefficients ( D ~ )  from the Gelius Model 

(A) ZnO 
photon energy, 

eV uLa I j + 2 l I 5  a2 11+2/14+5 a2 
28 5.5 1.74 0.22 0.84 0.16 

120 0.24 8.14 0.22 5.34 0.27 
1253.6 0.060 17.1 0.15 10.4 0.22 

(B) ZnCl? 
photon energy uLo 11+2/13b+4+5 a2 

50 0.18 1.80 0.12 
80 0.21 1.50 0.15 

120 0.18 2.25 0.04 
150 0.18 2.15 0.06 

1486.6 0.32 1.31 0.05 

(C) CuCl 
012 

photon energy uLa 4 + 4 l I 2  e 4- t2 t2 
16.7 14.7 0.58 0.16 0.27 
40 0.13 10.5 0.14 0.24 
80 0.21 1.73 0.15 0.25 

1253.6 0.3 1 6.00 0.14 0.24 

"The relative atomic cross sections for the ligand electrons with ud = 
1.0 from ref 20. 

of its components weighted by their molecular orbital mixing 
coefficients ( ci): 

This expression is most useful when one atomic cross section 
dominates all others in a particular orbital or at high photon 
energies (>200 eV) such that cross terms can be neglected.59 The 
relative intensities of different peaks in the same valence band 
spectrum at a given photon energy are used as these photoelectrons 
will have essentially the same kinetic energy, allowing the analyzer 
transmission function and electron escape depth contributions to 
PES peak intensities to be ignored. In this section we focus on 
the comparison of the d-band intensity to that of its related t2 and 
e ligand band counterparts, considering only the relevant parts 
of the molecular orbital diagram (Scheme I11 shown for Zn ions). 
A general equation comparing the intensity of the d band to that 
of the ligand features is 

P [ ( l  - .*)U3d + a2q]  

NL[a2u3,3 + (1 - d ) U L ]  + P b U L  
(2) - I d  _ -  

I L  
where Nd is the number of d electrons present, fl is the number 
of ligand electrons participating in the bonding interaction with 
the d band, Pb is the number of ligand nonbonding electrons being 
considered in the analysis, and u is the theoretical atomic pho- 
toionization cross section for the metal 3d (a3d) or ligand valence 
(uL) electrons. The relative peak intensities will thus produce 
mixing coefficients averaged over the d manifold of states. 

(1) ZnO. In the application of the Gelius model to the PES 
spectra of ZnO, the sum of intensities of peaks 1 and 2 (e and 
t2 levels of the d band) is compared to that of peak 5 (assigned 
as the e* and t2* ionizations). We also consider an alternative 

(59) Kono, S.; Kobayasi, T. Solid State Commun. 1974, 15, 1421 
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analysis that includes peak 4 as the nonbonding I t ,  level to 
eliminate any ambiguity in assignments due to the overlap of peaks 
4 and 5 in the spectra in Figure 1. For all of these calculations, 
eq 2 is used with Nd = 10 electrons. The number of ligand 
electrons reflects the correct stoichiometry of the material, re- 
quiring a total of 6 oxide 2p electrons for ZnO. Thus, is equal 
to 2.5 electrons and Wb is 1.5 electrons when peak 4 is included. 
For ZnO, the Gelius model is most useful at low photon energies, 
where the oxygen cross section is much greater than the Zn 3d 
cross section (<30 eV), and at  high photon energies, where the 
reverse is true (>lo0 eV). The relative cross sections used in these 
calculations (uL in Table 111) were taken from the atomic subshell 
cross sections calculated in ref 20. 

The results of the analyses including only peak 5 (Wb = 0) at 
28, 120, and 1253.6 eV are given in Table IIIA and show an 
average mixing coefficient of a2 = 0.20. When peak 4 is also 
included, the results are quite consistent with the first method, 
giving a2 = 0.22. The consistency of the two methods over a wide 
range of photon energies lends support to the assignments of peak 
4 as containing primarily nonbonding electrons and peak 5 as being 
the antibonding level ionizations.60 

(2) ZnCl,". A similar approach was used in applying the Gelius 
model to ZnC142-, with the following exceptions: (1) The total 
number of electrons in the ligand levels is 24 and fl= 10 electrons 
as ZnC142- exists as isolated molecular ions. (2) The entire CI 
band except for the peak 3a has been used in the intensity analysis, 
and the It, and 2t2 levels have been included as nonbonding levels, 
making iVb = 12 electrons (Scheme 11, left). With chloride 
ligands, the Gelius model may be applied at very low photon 
energies (<20 eV), where the relative C1 3p cross section is much 
greater than the 3d, as well as a t  and above the CI 3p Cooper 
minimum (>45 ev) ,  where b3d >> ujP .  With Rb2ZnCI4 samples, 
however, an accurate determination of the d-band intensity can 
only be made at photon energies greater than 45 eV due to the 
overlap of the intense Rb 4p peaks at  lower photon energies. The 
results obtained at various photon energies are presented in Table 
IIIB. The average ligand npmetal 3d mixing coefficient obtained 
from the Gelius model is about 8%, much smaller than that 
observed for ZnO. A smaller mixing coefficient is consistent with 
the qualitative observations of smaller d-band splitting (Figure 
2c) and lack of much obvious d character in the variable photon 
energy PES of the C1 band. Limited mixing is, however, implied 
by the CI band CIS intensity minima at  resonance in Figure 10 
and the remaining intensity in peaks 4/5 at  the CI 3p Cooper 
minimum (Figure 8c). 

(3) CuCI. The Gelius analysis for CuCl is applicable in the 
same photon energy regimes as for ZnC142-. The low photon 
energy data (1 6.7 eV in Figure 1 l ) ,  however, is useful for CuCl 
as no interference from counterion photoemission exists. In ap- 
plying the model to CuCI, we will compare the intensities of the 
complete d band (peaks 3 and 4) with the intensity of peak 2 in 
the C1 band, which has been assigned as containing the ligand 
p-metal d bonding l e  and 2t2 levels as well as the nonbonding 
It,. Two methods of comparing these intensities have been em- 
ployed. The first considers the average mixing over the entire 
d band as was done for both Zn complexes (eq 2 with N'- = 2.5 
electrons and Wb = 1.5 electrons), and the second considers only 
mixing in the 3t2 level by treating the 2e set as nonbonding (eq 
3). The results for CuCl are listed in Table IIIC. The model 

13+4  - 6[(1 - a2>.d + a2'J3p] + 4.d 
(3) - -  

12 1.5[a2bd -k (1 - a2)a3,] + 
gives consistent results over the wide range of photon energies 

(60) If the intensity of the entire oxide band is used in the Gelius analysis 
and the la ,  and 2t2 levels are included as pure 0 2p (Le. nonbonding), 
then mixing coefficients of 24% at 28 eV, 25% at 120 eV, and 24% at 
1253.6 eV are obtained. This method is obviously an approximation, 
as it does not include any Zn 4s or 4p contributions but does eliminate 
any possible error in the assignment of peaks in the oxide band. The 
fairly close agreement with the other approaches, however, is quite 
satisfying. 
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analyztd, with an average mixing over the entire d band of 15% 
and mixing in the 3t2 level alone of 25%. Greater metal d-ligand 
p mixing is expected for CuCl as compared to that for ZnC142- 
from the observation of greater d-band splitting (compare parts 
b and c of Figure 2) and the peak intensity profiles in the Cu 
complex in Figure 12. 

( C )  PES Peak Energies. The lack of shake-up peak intensity 
out of resonance indicates that the effects of final-state relaxation 
on the nature of the wave functions are limited, and the energy 
level splittings of the ground-state molecular orbitals of the di0 
systems can be directly related to the assigned peaks in the PES 
spectra. Since we have determined the binding energy positions 
of the ligand nonbonding levels in all three complexes, the energy 
stabilizations of the ligand bonding a, and t2 levels and, in the 
case of Zn2+, the destabilizations of the ligand e* and t2* levels 
can be obtained in a straightforward manner. As an example, 
for the ligand p-metal 4s interaction we need consider only the 
a ,  portion of the molecular orbital diagram of Scheme 11, shown 
in Scheme IV. The energy stabilization of the l a ,  level (or 
destabilization of 2a,), x is obtained by solving the secular dp- 
terminant: 

1L P) IM 4s) 

e L - E  T 

T e4s - E 
= o  (4) 

The bonding interaction matrix element (7') has the form T = 
( L  plH(M 4s), and eq 4 produces eigenvalues stabilized and 
destabilized from their nonbonding positions by 

(A2 + 4T2)'/2 - A 
2 (5) x =  

where A = eL - e4, and eL (e,)  is the energy of the ligand p (metal 
4s) orbital prior to interaction. The molecular orbitals produced 
are simply 

*(la,) = cos OIL p) + sin 6lM 4s) 
*(2al*) = sin OIL p ) - cos 6IM 4s) (6) 

where tan 26 = 2T/A.  The parameters x and A can be obtained 
directly from the PES data, allowing T and the covalent mixing, 
cos2 6, of the wave functions to be obtained. Analogous equations 
can be written for both the metal 3d-ligand p (e and t2) and the 
metal 4p-ligand p (t2) bonding interactions. 

(1)  ZnO. This analysis is relatively straightforward for the a ,  
levels of ZnO. The value of x = 1.5 eV is the peak 3-peak 4 
splitting in the PES spectrum in Figure 1, as these features have 
been assigned as containing the bonding l a ,  and the nonbonding 
It,  levels, respectively. To determine A, we must find the energy 
of the Zn 4s level prior to the bonding perturbation. Our Zn 3p 
edge data have placed the perturbed 4s level in ZnO at  0.4 eV 
above the Fermi level, and if it is assumed that tnis level has been 
destabilized by the same amount that peak 3 has been lowered 
in energy from the nonbonding position, then the Zn 4s level prior 
to bonding (e4s) is a t  1.10 eV below EF. The value of eL = 5.90 
eV (Table I) makes A equal to 4.8 eV. Values of T and cos2 0 
obtained from this analysis are given in Table IVA along with 
the input parameters. The la ,  level is found to have approximately 
20% Zn 4s character. The model can be used to study the Zn 
4p/O 2p interaction with x also equal to -1.5 eV, as peak 3 
contains both the la ,  and 2t2 stabilized levels. The value of A 
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Table IV. Molecular Orbital Model Parameters and Mixing 
Coefficients 

x. eV A. eV T cos2 0 

peak 2, e 
peak 1, t2  

peak 3, a ,  

peak 3, t2 

peak 1, e 
peak 1, t2 

peak 2, a ,  

peak 3, t, 

peak 3, e 
peak 4, t2 

peak 1 ,  a ,  

peak 1, t2 

(A) ZnO 
(1) 2 p 3 d  Levels 

1 .O -3.4 
1.8 -3.4 

(2) 2p-4s Level 

(3) 2 p 4 p  Level 

(B) ZnC1,Z- 
(1) 3 p 3 d  Levels 

1.5 4.8 

1.5 11.8 

0.65 -4.6 
1.15 -4.6 

(2) 3 p 4 s  Level 

(3) 3 p 4 p  Level 

(C) CuCl 
(1)  3 p 3 d  Levels 

2.8 3.7 

1 .o 10.7 

0.0 2.8 
1.05 2.8 

(2) 3 p 4 s  Level 

(3) 3p-4p Level 

1.30 6.5 

0.30 12.5 

2.10 
3.06 

3.1 1 

4.47 

1.85 
2.57 

4.27 

3.42 

0.0 
2.01 

3.18 

1.96 

0.82 
0.74 

0.81 

0.90 

0.89 
0.83 

0.70 

0.92 

1 .oo 
0.79 

0.86 

0.95 

(the 0 2 p Z n  4p splitting) has been estimated from the Zn2+ free 
ion 4s-4p splitting to be 1 1.8 eV.44 The results of the calculation 
for the t2 level in Table IVA show a larger value of T than that 
obtained for the a ,  level, but a smaller mixing coefficient (10% 
Zn 4p). 

This treatment can be extended to both the e and t2 levels of 
the d band independently, as we have been able to experimentally 
estimate their splitting. The average stabilization of the d levels 
is given by the amount of destabilization of the ligand antibonding 
2e* and 3t2* levels (peak 5 in Figure 1) relative to the nonbonding 
level I t l  (peak 4 in the spectrum) and has been determined to be 
1.4 eV. Since we have concluded that the It2-le (peak 1-peak 
2) splitting is 0.8 eV for ZnO (Figure 2b), the stabilizations due 
to bonding are 1.8 eV for It2 and 1.0 eV for le. The value of A 
= 3.4 eV is the same for both levels and is the difference between 
the nonbonding I t l  (peak 4 at 5.90 eV) and the average d-band 
splitting prior to bonding (10.7 - 1.4 = 9.3 eV). It should be noted 
that this gives a 3d-4s splitting prior to bonding of 8.2 eV, a value 
which should be independent of ligand type for Zn(I1) although 
it is 1.4-1.8 eV smaller than the optically measured free ion 3d-4s 
splitting. The results of these calculations are presented in Table 
IVA, where the average 3d mixing coefficient of 23% 0 2p is very 
close to the values obtained from the Gelius results in Table I11 
and the Xa-SW calculations (Table 11). 

(2) ZnC142-. This analysis is extended to the valence band 
spectra of ZnCl,*- given in Figure 6. The energy splittings were 
taken from the fits of the data, leading to a larger value of the 
la ,  stabilization (peak 3a) of 2.8 eV (compared with 1.5 eV for 
ZnO) and a smaller stabilization of the bonding 2t2 level (peak 
3b) a t  1.0 eV relative to the nonbonding peak 4. The greater 
stabilization of the a l  level in ZnC142- arises from both a decreased 
value of A relative to that of the oxide ligand and a larger T (Table 
IVB). The results of the C1 3p-Zn 3d interaction again reflect 
the intensity analysis, showing smaller mixing in the d band than 
for ZnO, -85% Zn 3d. The smaller amount of ligand p-metal 
d interaction can be traced to two factors in Table IV, the larger 
value of A and the much smaller T for tz. Finally, the Zn(I1) 
3d-4s splitting prior to bonding is determined to be 8.3 eV, 
consistent with the value obtained from ZnO. 

(3) CuCI. For CuCl the 4s/4p stabilized a , / t2  levels are as- 
signed as peak 1 in Figure 11, which gives the stabilization of 1.3 

eV for each relative to the nonbonding levels of peak 2. We must 
further realize that the It2 (s) level is also interacting with the 
Cu 3d t2 level, which should stabilize it by about 1.0 eV (from 
the d-band splitting), leaving only 0.3 eV as the value of x for 
the 4p stabilization. Values for the respective A's were obtained 
as with the Zn complexes, which gives A4s-3p = 6.5 eV and 
= 12.5 eV as the 4s-4p splitting for a Cu' ion is -6 eV.@ These 
parameters give T(a,) = 3.18 and T(t2/4p) = 1.96, values which 
display a trend similar to those of ZnCld2- but which are sig- 
nificantly smaller. The smaller values of T and larger A's both 
contribute to the reduced 4s/4p mixing in CuCl and hence less 
covalent bond stabilization. 

In analyzing the peak energies of the d band 2e* (peak 3) and 
3t2* (peak 4) of CuCI, we assume the 2e* level to be nonbonding. 
This is necessary as the stabilization of the ligand bonding le  level 
from the nonbonding Itl cannot be determined from the spectra. 
This gives x(t2) = 1.05 eV with the value of A3p-3d taken as the 
peak 3-peak 2 splitting of 2.8 eV. The results in Table IVC give 
a t2 level having 79% Cu 3d character, which is in reasonable 
agreement with the Gelius analysis, which gave 75% Cu 3d.61 

(D) Determination of d-Electron Coulomb Repulsion from 
Resonance PES. As stated earlier, the multielectron satellite in 
the spectra of the three dIo complexes represents a 3d84s1 final 
state. This assignment results from the resonance enhancement 
of this feature a t  the metal 3p - 4s transition energy, as shown 
in Scheme V. The binding energy difference between the satellite 
and the d band in the PES spectrum reflects the energy difference 
between the 3ds4s1 and 3d9 final states. The ionization of a dl0 
electron to reach a d9 final state (ed) is simply the energy difference 
between the d10 and d9 configurations. The d10 configuration 
energy can be expressed in terms of the potential and kinetic 
energy of an electron in the field of the nucleus ( K )  and the 
two-electron Slater repulsion integrals (F,,, F2, F4) as 10K + 45F0 
+ 450, where 0 = - I4 l9F2 - 14F4.62 Similarly, the d9 configu- 
ration energy is 9K + 36F0 - 360, giving ed = E(d9) - E(dIo) = 
-K - 9F0 + 9D.26363 The d9 ionization energy is equal to E(d8) 
- E(d9) = -K - 8F0 + 8 0 .  The energy difference between the 
d9 (d band) and 3d84s' (satellite) final states in the PES spectrum 
is the difference in the d'O and d9 ionization energies plus the 3d - 2al transition energy, -Fo + D + e3d-.ZaI. The term -Fo + 0 
is the difference in electron repulsion in the d levels of these two 
states and is the Coulomb repulsion integral, U, for the d electrons. 
Scheme V 

ABS SCK 
resonance 3p63dI0 - 3p53dI04sl - 3p63ds4s' 

d band ionization 3p63dI0 - 3p63d9 

shake-up satellite 3p63dI0 - 3p63d84s' 

The satellite-d-band splitting in ZnO is 21.0 eV (Figure 4), 
and the 3p edge data determine the 3d-4s splitting to be 1 1.1 eV 
(see analysis l ) ,  producing U = 9.9 eV. The U value determined 
for ZnC142- is 10.2 eV, and for CuCl U = 8.5 eV. The larger values 
for the zinc complexes reflect the greater effective nuclear charge 
present for this ion, which brings about d orbital contraction and 
larger electron repulsion. Finally, the U values for these complexes 
are greatly reduced from the free ion values of 19.7 eV for Zn 
and 16.5 eV for CU.~,  These reductions represent changes due 

As it is unlikely that the e levels are purely nonbonding, the parameters 
were modified to reproduce the 25% mixing of the t2 level of the Gelius 
analysis; we then obtain A = 2.55 eV, x(t,) = 1.30 eV, and x ( e )  = 0.25 
eV, which give T(t2) = 2.21 and T(e) = 0.84. The mixing coefficients 
of the e level of the d band become 92% Cu 3d and 8% CI 3p, and there 
is an average mixing of 18% as compared to 15% from the Gelius 
analysis. 
Ferguson, J. Prog. Inorg. Chem. 1970, 12, 159. 
Griffith, J. S. The Theory of Transition Metal Ions; Cambridge 
University Press: London,.l961. 
Calculated from ref 41 with the equation ud, = E(dIo) + E(d*) - 
2E(d9) = 16.5 eV for Cu. To determine the extent of Cu 3d-4s re- 
pulsion, this calculation is compared to E(d'O4s') + E(d84s1) - 2E- 
(3d94sl) = U,, + Lid+ = 16.0 eV with the d84s' and d94s' multiplet 
energies averaged. This implies that metal 3d-4s electron repulsion 
contributes little, and it has thus been ignored. 
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to nephelauxetic expansion of the d orbitals through covalent 
interactions with the ligands and, hence, reflect this covalency.26 
In comparing ZnO to ZnCI4,-, we see a larger reduction in U 
relative to that of the free ion, consistent with the increased 
covalency of the oxide d levels as determined from the d-band PES 
intensities and molecular orbital calculations (Tables 111 and IV). 

V. Discussion 
The PES spectral changes produced by the systematic variation 

of ligand and metal ions reveal important differences in the 
bonding interactions of dio complexes. The most significant 
difference in the valence bands of ZnO and ZnCI4,- is the 
measurably broader d band of ZnO (Figure 2a,b), which indicates 
a larger splitting of the t2 and e d-band components. This variation 
in splitting shows that a significant change in the ligand field 
strength, lODq, is associated with chloride versus oxide ligation. 
It is first important to note that lODq is inverted for the Zn2+ 
complexes, with the t2 level appearing to deeper binding energy 
than the e level in tetrahedral symmetry. This inversion is due 
to the large effective nuclear charge of the Zn2+ ion, which shifts 
the 3d levels below the ligand levels (Scheme 11, left), marking 
these levels bonding instead of antibonding. The values of lODq 
are estimated from the PES spectra to be 6400 cm-' for ZnO and 
C4000 cm-I for ZnCI4,-; these relative values are consistent with 
the position of these ligands in the spectrochemical series. The 
source of the larger lODq for ZnO is evident in the variable photon 
energy data in Figure 1, which shows more d character in the 
destabilized, antibonding ligand levels (peak 5) than observed for 
ZnCI4,- in Figure 6. This qualitative behavior and the quantitative 
intensity and energy splitting analyses indicate that a larger u- 
bonding interaction is stabilizing the t, level more in ZnO. Greater 
u bonding of the oxide ligands is related to both a smaller A (Le. 
a smaller Zn 3d-0 2p splitting) and large T (Le. overlap) in the 
molecular orbital scheme (Table IV). 

In a comparison of the spectra of the two chloride salts, the 
principal differences are the much larger energy stabilizations of 
the a ,  and t2 ligand-based bonding levels (peaks 3a and 3b for 
ZnCldZ- and peak 2 for CuCl in Figure 8b,d). The larger sta- 
bilizations require greater covalent bonding in the ZnZ+ complex, 
which derives from two electronic contributions. The greater 
effective nuclear charge of Zn2' shifts the empty 4s and 4p levels 
to energies much closer to the ligand levels and thus at  a more 
favorable bonding position than in Cu' (for the 3p-4s splitting, 
A = 3.7 eV for Zn2+ and 6.5 eV for Cu'). From Table IV, large 
increases in T for the Zn 4s/4p-C1 3p interactions relative to those 
for Cu+ also contribute, which are not simply derived from overlap 
effects as the 4s and 4p orbitals of the more high charged ZnZ+ 
ion must be more contracted than those of Cu', and the bond 
lengths are quite similar (2.25 AZ9 for ZnCId2- and 2.34 A for 
CUCI). 

Zn2+ complexes with donor ligands are much more stable 
thermodynamically than their Cu+ counterparts as demonstrated 
by the substantially larger heats of formation of the Zn2+ sy~tems.6~ 
Specifically, ZnCl,(s) has AHf' = -99.4 kcal/mol while AH,' 
= -32.5 kcal/mol for CuCl(s), a trend which continues for all 
such comparable materials. In addition, Zn2+ ions have much 
larger heats of solvation than Cu', which is illustrated in the AHmlV 
value for each in DMSO: -506 kcal/mol for ZnZ+ and -155 
kcal/mol for C U ' . ~ ~  While the larger charge on the Zn2+ ion 
and its resulting smaller radius will obviously lead to greater 
Coulombic effects, the PES results summarized above indicate 
that greater covalent bonding in the Zn2+ complexes should also 
contribute to their enhanced stability. 

It has been noted by several a ~ t h o r s ~ ~ - ~ ~  that for many ex- 
tended-lattice transition-metal complexes, the lattice energies 

(65) For a compilation of AHf', see: CRC Handbook of Chemistry and 
Physics, 64th ed.; Weast, R. C., Ed.; Chemical Rubber Company: Boca 
Raton, FL, 1983. 

(66) Ahrland, S. Pure Appl.  Chem. 1982, 54, 1451. 
(67) Waddington, T. C. Adu. Inorg. Chem. Radiochem. 1959, 1, 157. 
(68) Ladd, M. F. C.; Lee, W. H. Prog. Solid State Chem. 1961, 1 ,  37. 
(69) Tosi, M. P. Solid State Phys. 1964, 16, 1. 
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Table V. Thermodynamic Quantities (kcal/mol)" 

estimate AHI AH,,,,, AHMi AHL- AH,,, PES 
ZnC12 -99.4 -580 660 -108 -69.4 -133 
CUCI -32.5 -210 259 -54.2 -26.0 -25 

"The values of AHM+ and AHL- include both the heats of atomiza- 
tion and ionization potentials or electron affinities as in eq 7. The 
value of n in eq 8 is 10.5, taken from ref 72. 

calculated with the Born-Haber cycle exceed the lattice energies 
determined from simple electrostatic (Madelung-type) calculations. 
This difference has often been attributed to crystal field stabi- 
lization energies (CFSE) of the partially filled d levels.68 Wad- 
dingtod7 observed, however, that these lattice energy discrepancies 
do not closely follow the CFSE trends. In fact, a different trend 
related to the covalency of the complexes is present. For example, 
the differences between the Born-Haber and electrostatic cal- 
culations for CoF,, CoBr,, and CoI, are -20, -88 and -103 
kcal/mol, respectively, while the CFSE values are only -24.8, -20, 
and -26.5 kcal /m01.~~ Thus, an additional energy term related 
to the covalent energy Stabilization (IH,,alent) should be included 
in the Born-Haber calculation: 

AHf' = aAHAM + bAHAL + aIPM + bEAL + 

In this equation, AH? is the heat of formation of the solid MOLb, 
AHA is the heat of atomization of the metal (M) or ligand (L), 
IPM is the sum of the ionization potentials to form the metal ion, 
EAL is the total electron affinity to form the ligand anion, and 
AH,,,,, is the electrostatic lattice energy, which can be approxi- 
mated by the Born-Lande equation:70 

+ 
AHcovaient - nRT (7) 

In eq 8, N is Avogadro's number, A is the Madelung constant 
for the crystalline lattice, z is the charge on the metal (M) or ligand 
(L) ion, e is the fundamental charge unit, r is the shortest M-L 
distance, and n is the Born exponent. The term 1 - l / n  ap- 
proximates the repulsive interactions occurring, and n can be 
determined from compressibility data.69*71.72 

To use this analysis for d'O complexes, the thermodynamic 
values for CuCl are compared to those of ZnCI,. ZnC1, has an 
extended-lattice structure to allow calculation of AH,,,,c, and its 
thermodynamic properties are well-known. In addition, ZnCI, 
contains tetrahedrally coordinated Zn2+ ions73 and its PES 
spectrum74 is quite similar to that of ZnCI,,-. The values used 
in the Born-Haber calculations are presented in Table V, along 
with the calculated AHlonic value; AHcOvalen, is calculated as the 
difference between the Born-Haber lattice energy and the elec- 
trostatic lattice energy. A subatantially larger negative AHwvalent 
is obtained for ZnCI, (-69 kcal/mol) than for CuCl (-26 
kcal/mol), indicating larger covalent energy stabilization for 
ZnCI,. (As an aside, dio complexes can obviously have no CFSE, 
so AHcovalent clearly cannot be attributed to this CFSE.) For 
comparison, Waddingtod' has determined AHcovalent = -22 
kcal/mol for ZnF2, a value that is logically much less than we 
determine for the more covalent ZnCI,. 

There is consistency in both the PES and thermodynamic data 
requiring that ZnC1, have more covalent bond energy than CuCI. 
For both ZnCI2 and CuC1, however, covalent bonding accounts 
for only about 10% of the total energy stabilization of the complex 
from the free ions. As a first approximation to this covalent 
energy, the energy stabilizations of the bonding a i  and t2 levels 
relative to the nonbonding tl position obtained from the PES data 
were weighted by the total number of electrons in each level 

(70) Born, M.; Lande, A. Sitzungsber. Preuss, Akad. Wiss., Phys.-Math. KI., 
Berlin 1918, 45, 1048. 

(71) Born, M.; Mayer, J. E. 2. Phys. 1932, 7 5 ,  1. 
(72) Mayer, J. E.; Levy, R. B. J .  Chem. Phys. 1933, 1 ,  647. 
(73) Byrnestad, J.; Yakel, H. L. Inorg. Chem. 1978, 17, 1376. 
(74) Pong, W.; Okada, S .  K. Phys. Reu. B: Condens. Matter 1979.19, 5307. 
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stabilized per mole. This calculation leads to the values in the 
final column of Table V, -133 kcal/mol for ZnC1, and -25 
kcal/mol for CuCl, a trend which agrees with the thermodynamic 
data. The agreement for ZnCI, is, of course, far from quantitative, 
which emphasizes that valence band energy stabilizations are only 
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analogous Zn2+ complexes. Finally, we note that the low binding 
energies of Cu+ d levels also lead to clear energy separation from 
the ligand levels, allowing the unobscured study of the d manifold, 
a fact which could have important implications in the PES study 
of the Cu(I)/Cu(II) redox couple. 

one important contribution to the total energy changes occurring 
upon covalent bonding. 

Thus, Zn2+ complexes with a-donor, a-donor ligands have large 
ionic and substantial covalent contributions to the chemical bonds. 
Both the ionic and covalent terms should be much smaller in the 
case of Cu+. In particular, the low effective nuclear charge on 
Cu+ together with the filled d levels and limited charge donation 
lead to weak bonding with donor ligands. The very low binding 
energy of the Cu+ d10 levels, however, should make them readily 
accessible to back-bonding with a-acceptor ligands and lead to 
much stronger covalent interactions. In this regard. Cu+ comolexes 
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Gas-phase, ultraviolet photoelectron (PE) spectra and molecular orbital (MO) calculations are reported for O S , ( C O ) ~ ( ~ ~ - X ) ~  (X 
= S, Se). The spectra are similar to that reported for Fe,(CO),(p,-S), but have increased band definition. The HOMO, a 3c-2e 
(Os-Os-Os) bond, is dominated by the e,-like orbitals of the OS(CO)~ fragment and contains most of the net metal-metal overlap 
population. Ionization from this orbital occurs at lower energy than the remaining ionizations. The t,,-like orbitals on the Os(CO), 
fragments make little or no net contribution to Os-X or to Os-Os bonding. The e,-like and, to a lesser extent, the a,-like orbitals 
on the metal fragments are responsible for nearly all of the Os-Os and Os-X (X = S, Se) bonds in the cluster. 

Introduction 
Metal clusters with bridging chalcogens are an important class 

of compounds. Chalcogens possess a wide range of possible co- 
ordination numbers and form relatively strong bonds to transition 
metals.' Triply bridging chalcogens contain a lone pair of 
electrons that can bond to unsaturated metal fragments2 or to small 
 cluster^,^ forming higher nuclearity clusters. They can also provide 
a convenient route to the preparation of mixed-metal c l ~ s t e r s . ~  
Several theoretical papers have appeared on Fe3(CO),(p3-S),,5 
which can be considered a model for more complicated systems. 
Rives et al.5a used Fenske-Hall molecular orbital calculations6 
to evaluate the bonding in an idealized model of Fe3(C0)& with 
3-fold symmetry. They also used an empirical orbital localization 
procedure to determine which orbitals were bonds and which were 

(a) Adams, R. D.; Horvath, I .  T.; Mathur, P.; Segmueller, B. E.; Yang, 
L. W. Organometallics 1983, 2, 1078. (b) Vahrenkamp, H. Angew. 
Chem., Int. Ed. Engl. 1915, 14, 322. 
(a) Adams, R. D. Polyhedron 1975, 4, 2003. (b) Adams, R. D.; 
Manning, D.; Segmueller, B. E. Organometallics 1983, 2 ,  149. (c )  
Winter, A,; Jibril, I.; Huttner, G. J .  Organomet. Chem. 1983, 242, 259. 
(d) Seyferth, D.; Henderson, R. S.; Fackler, J. P., Jr.; Mazany, A. M. 
J .  Organomet. Chem. 1981, 213, C21. (e) Richter, F.; Vahrenkamp, 
H. Angew. Chem., I n f .  Ed. Engl. 1978, 17, 444. 
(a) Adams, R. D.; Dawoodi, Z.; Foust, D. Organometallics 1982, I ,  41 1 ,  
(b) Adams, R. D.; Horvath, I .  T.; Wang, L. W. J .  Am. Chem. SOC. 
1983, 105, 1533. 
(a) Adams, R. D.; Horvath, I. T.; Wang, S. Inorg. Chem. 1986, 25, 
1617. (b) Adams, R. D.; Horvath, I. T.; Mathur, P. J. J .  Am. Chem. 
Soc. 1983, 105, 7202. (c) Adams, R. D.; Horvath, I. T.; Segmueller, 
B. E.; Yang, L. W. Organometallics 1983,2, 1301. (d) Adams, R. D.; 
Hor, T. S. A.; Horvath, I. T. Inorg. Chem. 1984, 23, 4733. 
(a) Rives, A. B.; Xiao-Zeng, Y.; Fenske, R. F. Inorg. Chem. 1982, 21, 
2286. (b) Chesky, P. T.; Hall, M. E. Inorg. Chem. 1983, 22, 2998. (c) 
Van Dam, H.; Stufkens, D. J.; Oskam, A. Inorg. Chim. Acta 1978. 31, 
L377. 
Hall, M. B.; Fenske, R. F. Inorg. Chem. 1972, 11, 768 
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lone pairs. Chesky et aLSb used Fenske-Hall calculations and He 
I photoelectron (PE) spectra to evaluate the bonding in Fe3(C- 
O)& and related compounds with triply bridging sulfidos. The 
He I1 PE spectra have also been reported.5c The spectra in both 
papers consisted of two broad and relatively featureless groups 
of bands that were not amenable to detailed evaluation or com- 
parison with the calculations. 

This study will examine the bonding in O S ~ ( C O ) ~ ( ~ ~ - X ) ~  (X 
= S, Se) using gas-phase, ultraviolet He I PE spectroscopy. The 
PE spectra will be interpreted by observing trends and comparing 
the spectra with parameter-free molecular orbital calculations. 
It is widely accepted that the spectra of second- and third-row 
homologues of first-row metal compounds have increased band 
definition due to spin-orbit coupling, kinematic effects of the 
heavier metal on the band envelope, and larger photoionization 
cross sections of 4d and 5d orbitals.' With enhanced definition 
of the PE spectra, comparison with the theoretical calculations 
should yield a more detailed understanding of the bonding in this 
class of clusters. 
Experimental Section 

OS,(CO)~(~-S) ,  and Os,(CO),(p,-Se), were prepared according to a 
published procedure.* The ultraviolet photoelectron spectra were re- 
corded on a Perkin-Elmer Model PS-18 spectrometer. The total spectra 
were recorded as single slow scans with the argon 2P3i2 and 2 P , j 2  lines 
at 15.76 and 15.94 eV, respectively, used as the internal reference. No 
free CO spike at 14 eV was observed, indicating that both compounds 
were stable and did not decompose in the spectrometer. The resolution 
for all spectra was better than 40 meV for the fwhm of the argon 'P,,, 
peak. 

(7) Higginson, B. K.; Lloyd, D. R.; Burroughs, P.; Gibson, D. M.; Orchard, 
A. F. J .  Chem. SOC., Faraday Trans. 2 1973, 69, 1659. 

(8) Johnson, B. F. G.; Lewis, J.; Raithby, P. R.; Hendrick, K.; McPartlin, 
M. J .  Chem. SOC.,  Chem. Commun. 1979, 16, 719. 
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