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The DOS, COOP and 0 Is binding energy are calculated for Ni24(100) model surface with oxygen adsorbed on 
it. The calcul가ion is made with PC/386 using the program obtained by converting EHMACC(VAX version) into PC 
version. The calculation shows the dissociative adsorption of oxygen molecule, of which the main cause is attributed 
to the transfer of the dr and d8 electrons of Ni to the antibonding 1改 of oxygen molecule. The O Is shift on the 
adsorption is calculated usin용 the valence potential method, and the results agree fairly good with the experimental 
values.

Introduction

The interaction between oxygen (from the gas phase) and 
nickel surface, such as the identification of the adsorbed oxy­
gen species, adsorption sites of the surface, geometrical struc­
ture formed by adsorbed species and Ni-0 bond strength, 
have been the very interesting subjects for those working 
on the catalytic activity, corrosion, passivity of transition me­
tals, and etc.

Bielanski et 이J and Dyrek2 studied oxygen species ad­
sorbed on a nickel surface with EPR and concluded that 
the oxygen is adsorbed to form O- or O2 . Tsyganenko et 
al? also studied the oxygen on NiO 옹urface with IR and 
found an evidence of O2- species formation. Hedge 안 al.4 
asserted that oxygen is dissociatively adsorbed on nickel su­
rface to take a non-integral oxidation state between O~ and 
O2-. Meanwhile, the X-ray photoelectron spectra of oxygen 
adsorbed on nickel support invariably the evidence of the 
dissociatively adsorbed species only, although their Is bin­
ding energy shows several peaks corresponding to varying 
degree of oxidation.5-8 A peak at 531.3 eV among these peaks 
is especially dubious. Some attribute this peak to Ni2O3 oxy­
gen while Ahn et al? attribute it to nonstoichiometrical ex­
cess oxygen on the surface NiO. Arnaud et al? found several 
desorption peaks of oxygen on the temperature programmed 
desorption spectrum of nickel oxide, and attributed it to the 
different coordination numbers the oxygen atom takes on 
the surface and in the bulk.

The geometrical structure is another important factor in 
considering the interaction of oxygen with the nickel (100) 
surface. Stohr et a/.10 studied the same system with SEXAFS 
and found that the oxygen atom occupies 4-fold site of the 
surface to form the 力(2X2) 아ructure at 1.5 L exposure 
and the c(2 X 2) structure at 20-30L exposure. Preceding 
to this finding, Rahman11 found using EELS that the adsor­
bed oxygen atom interacts with the 4 nearest neighbour Ni 
atoms only, and that the Ni-0 bond in the c(2 X 2) structure 
is shorter than the one in the />(2X2) structure. Antogna- 
ngeli et al.12 found with SEELFS experiments the generation 
of NiO islands at an oxygen coverage of 0.7 preceded by 
the c(2 X 2) structure formation at low coverage of oxygen.

The studies of interaction between oxygen and nickel sur­

face may lead to diverse interpretations depending on the 
experimental instruments and the methods as outlined 
above. Theoretical consideration based on MO calculation 
can be a great help in interpreting as well as understanding 
the experimental results as a whole. Anderson et al.13 applied 
the extended Hiickel MO theory, to the surface adsorption, 
and Blyholder14, using the Hiickel MO theory, interpreted 
successfully the IR spectrum of CO chemisorbed on the me­
tal surface. Hoffmann, Whangbo and their coworkers15 18 ap­
plied the band theory in interpreting the interaction between 
adsorbate species and the metal surface.

In the first part of this work, the energy band, density 
of state (DOS), and crystal orbital overlap population (COOP) 
for an Ni24(100) surface are calculated using the method 
developed by Hoffmann, Whangbo et tzZ.19-21 These calcula­
tions are applied further to the exploration of the dissociative 
adsorption of oxygen molecules on the model surface. In 
the latter part, the interaction between the adsorbed species 
and the model surface is studied to estimate the O Is bin­
ding energy shift upon the adsorption.

Theories

Dissociative Adsorption. It has been known that a 
model of at least 20 met자 atoms is necessary in order to 
study the interaction of metallic crystal surface to an adsor­
bate gas molecule theoretically.22 A model surface of 24 nick­
el atoms are used to repre용ent the (100) surface in this work 
in order to consider the symmetry of the surface as shown 
in Figure 1.

The band structure of the model surface is then calculated 
with the tight-binding extended Hiickel theory applied to 
a unit cell of the model surface using the boundary condi­
tions of the corresponding Brillouin zone. The double zeta 
function is used for the atomic orbitals, of which the parame­
ters are given in the Appendix. The DOS of the calculated 
band structure is smoothed out to the following gaussian 
function.23

DOS= J［蹈(。) ⑴
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Figure 1. Ni24(100) surface model, on which 4-fold adsorption 
sites are numbered.

g仞=段 xp[ T 끄)2] ⑵

where, 8 is an adjustable parameter affected by the number 
of /f-points of the Brillouin zone, and pi is a probability den­
sity at the energy level et. The summation rms over M band 
energy levels and the number of the K-points, L.

The COOP between two atoms in an oxygen molecule and 
those between oxygen and the surface nickel atoms are cal­
culated by23

Pa血)=J g(现知(务) (3)
i

where, Pab0) is the overlap population between two bonding 
species at energy level %

Core-electron binding energy shift. The binding 
energy of core-electron shifts upon the change of valence 
electron distribution in chemical or physical changes, since 
the core electron is partially shielded by outer valence elect­
ron distribution.24-27 The shift is estimated theoretically 
using the valence potential model27 in this work. This model 
is good enough for atoms such as oxygen, which have the 
K shell only in the core.

The binding energy shift of oxygen Is level, AEf is obtain­
ed in reference to a standard state of the free molecule27

(4) 

where, is the difference of the valence potentials, and 
the valence potential, Q is calculated by24,27

鱼=—2 Z〈쎄 1/끼 e,〉+ y Zb/Rab (5) 
详 care A^B

Here, RA is the distance of the zth valence electron from 
the nucleus A,⑭ is the wave function of the valence electron 
and summation runs over all the doubly occupied molecular 
orbitals. The second term is a potential energy due to the 
effective nuclear charge ZB of the neighbouring atoms at Rab-

Results and Discussion

Dissociative Adsorption. The DOS and the COOP are 
calculated varying the vertical distance of oxygen molecule 
from the 4-fold site of the nickel model surface. For the 
Ni(100) surface, a square lattice with 2.49 A for Ni-Ni sepa­
ration is used.28 And the calculation is made with a 25 K

Figure 2. Total DOS of (a) Ni(100) surface, and (b) Ni(100)-O2 
system. Oxygen atom is adsorbed right on the 4-fold site, the 
vertical distance R丄 from the Ni(100) surface to oxygen being 
1.66 X. (Ref. 29-32).

Figure 3. Projected DOS of total Ni-J; (a) R丄=g, (b) #丄=2.0 
A, and (c) &丄= 1.5 X. The numbers in the figures are the en­
ergy levels.
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Figure 4. Projected total DOS of O2; (a) &丄= 2.5 A, (b) R丄= 2.0 
A, and (c) &丄= 1.5 A. The numbers in the figure are the MO 
energy levels of O2.

Figure 5. COOP of O2 on the Ni(100) surface at (a) J?丄=2.5 
A, (b) R 丄=2.0 A, and (c) R 丄=1.5 A. The overlapping population 
of antibonding ln« decrease as the molecule approaches to the 
surface.

points set of the corresponding Brillouin zone. It is known 
that the small unit cell simplication is sufficient in estimating 
the surface-adsorbate interactions and the electronic nature 
of the surface rather than using the whole model surface.17 
For the adsorption system a unit containing 4 Ni atoms and 
one oxygen molecule is used to calculate the band of the 
oxygen molecule adsorbed on the Ni(lOO) surface. The total 
DOS of the adsorption system, the projected DOS of NiM, 
and the 02 calculated are shown in Figure 2, 3, and 4, respe- 
ctiv 이 y.

It can be seen that new peaks appear at —15.4 eV and 
—13.0 eV in the d-DOS spectrum as the vertical distance 
approaches to 2.0 A from the infinity, and another new peak 
at —16.3 eV as the vertical distance approaches more closely 
to 1.5 A. It is found that the closer the oxygen molecule 
approaches to the nickel surface, the more fZ-DOS peaks ap­
pear at the low energy region in general. It is noted also 
that DOS at —13.0 eV increases notably as the vertical dis­
tance is decreased to 1.5 k.

The COOP between two oxygen atoms in a molecule is 
calculated varying the vertical distance, and the results are 
shown in Figure 5. The positions of the peaks of the COOP 
between two oxygen atoms are also tabulated with their inte­
nsities in Table 1. It can be seen that the intensity of the 
COOP corresponding to the antibonding lnrorbital decreases 
and new COOP appear in the energy region heigher than

Table 1. The COOP between two oxygen atoms in a O2 m시e- 
cule on Ni(100) surface

Position (eV) Intensity of COOP (e)

3당 lnw 坑 3死 1改

Free O2 -16.27 -15.13 -13.01 3.41 1.49 -4.72
月丄二2.0 A -16.27 -15.41 -12.96 3.40 1.56 -4.66
R丄=L5 A -16.27 -15.62 -13.03 3.47 1.59 -4.23

— 10.0 eV as the vertical distance becomes shorter. It is no­
ted that the new COOP peaks in the heigher energy region 
correspond to the Ni d・DOS. The positional coincidence of 
the two COOP peaks is an indication of the interaction bet­
ween the oxygen molecule and the nickel surface.

The COOP between the oxygen and nickel confirms fur­
ther the interaction between the oxygen and the nickel sur­
face as can be seen in Figure 6.

The peaks of Ni-0 COOP show bonding in the lower en­
ergy region and antibonding in the heigher energy region. 
Especially, it is noticeable that the intensity of the bonding 
COOP at —13.1 eV increases very strongly compared to 
other peaks with the decreasing vertical distance. The posi­
tion of this peak coincides with that of the antibonding ln£-
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Hgure 6. The COOP between Ni and 0 in Ni(100)-O2 system; 
(a) &丄二：2.5 A, (b) 7?^ = 2.0 A, and (c) &丄= 1.5 X. The Ni-0 bon­
ding increase as the R _ becomes shorter.

Table 2. Overlap population between two atoms

Ni-0 0-0

Free O2 0.79
R丄= 2.0 A 0.01 0.45
&丄=L5 A 0.06 0.47

orbital of the oxygen molecule and also that of d・DOS of 
the nickel atoms as shown in Figure 2. These coincidences 
are an indication of strong interaction between O2 In^-orbital 
and Ni J-orbital. The interaction is well agreed further with 
the atomic population calculations shown in Table 2. The 
overlap populations between the nickel and the oxygen atoms 
increase while those between the two oxygen atoms decrease 
with the decreasing vertical distance. This is an indication 
of increasing Ni-0 intreaction at the expense of 0-0 interac­
tion to result in a dissociative adsorption of oxygen on nickel 
surface. The weakening of the 1 쟈-orbital intensity of COOP 
with the decreasing vertical distance R丄 is another proof 
which support the dissociative adsorption. The weakening 
of the 0-0 bond results from the transfer of Ni (/-electron 
to the partially filled In矿orbital.

The electron densities of various orbitals in oxygen mole­
cule and nickel surface are tabulated in Table 3, along with 
their changes due to the interaction between both species. 
The difference, A/Zn and are —0.04 and —0.49, respec­
tively, showing the relatively large contribution of Ni d8 (or 
d^-yZ and d邛)electrons and Ni dn (or d口 and dy2) electrons 
as shown in Figure 7. Contrary to these differences, the inte­
raction with da (or df) is relativerly small as a consequence 
of the adsorption of oxygen on the 4-fold site. It can be

Table 3. Electronic structures of the oxygen and the Ni(100) Surface
O2 Ni(100) surface

Electron densities of free O2 Electron densities of Ni(100) surface

lnM s 加 如 do dn d8 *V)
2.00 4.00 2.00 0.21 0.02 0.01 1.90 4.00 3.87 -9.28

Electron densities of chemisorption system

3 허 lnH If s 如 加 do d8 Eg
1.93 3.71 3.88 0.22 0.02 0.01 1.94 3.96 3.38 -9.38

Electron density change

AlnM △Mg △s 서K 어m MB AEXeV)
-0.07 -0.29 1.88" 0.01 0.00 0.00 0.04 -0.04 一 0.49 -0.10

Overlap population

Ni-0 0-0
0.01 0.43

Electron density changes are the differences between the system of O2 and Ni(100) surface infinitely separated and the system 
of 02 and Ni(100) surface interacting in an adsorbed state. “This is the total electron density in two degenerate lng orbitals, that 
is, each big orbitals gain 0.94e.
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Hgure 7. Projected DOS of d in Ni(100) and Ni(100)-O2 system at 1.66 A; (a) d。(or df), (b) dn (or d^, d埒)and (c) d8 
(or du dxy).

Table 4. The minimum potential energy between the oxygen 
and the nickel atoms and their separation

Position R 丄(A) E (eV)

2-fold bridge 1.73 -76.6
3-fold hole (edge) 1.66 -76.1
4-fold hole 1.66 -76.7

concluded that the d8 and dfn electrons are transferred to 
lr\g antibonding orbitals of oxygen molecule, effecting the 
dissociation of the adsorbing oxygen molecule.

Bimling Energy Shift of Oxygen Core Electrons. 
The minimum potential energies and the vertical separations 
of the oxygen atom above the model cluster surface are also 
listed in Table 4.

The result of calculation shows that oxygen atom can be 
adsorbed on the 4-fold sites as well as on the 2-fold bridge 
sites, whereas the experimental results favor the 4-fold sites. 
10 Meanwhile, the potential energy of oxygen atom interacting 
with the nickel atoms on the 4-fold site is calculated exten­
ding the number of nickel atoms from 4 to 6, 12, and 24, 
in order to estimate the effect of the 2nd and the further 
nearest neighbor nickel atoms. The effect on the potential 
is found to be less than 0.1%, confirming the experimental 
findings that the oxygen interacts mainly with the 4 nearest 
nickel atoms.11 The core electron binding energy shift of the 
oxygen atom adsorbed on the site 5 in Figure 1 is also calcu­
lated using Eq. (5) by the EHT method under various atmos­
phere of neighboring oxygen atoms in order to estimate any 
effect of neighbouring adsorbed oxyygen atoms, and the re­
sults are shown in Table 5. The values in the second column 
of the table is for the oxygen atoms adsorbed at the initial 
stage prior to any ordered structure formation. The 3rd co­
lumn is for /> (2 X 2) structure, and all the remaining columns 
are the results for the c(2X2) structure. The Table 5 indica­
tes that the Is binding energy shift of oxygen atoms adsor­
bed on the 4-fold site is unaffected by the 2nd nearest nei-

A班;(in free O2), ◎=29.92 eV.

Table 5. Binding energy shift of Is electron of oxygen 
on the center of the model surface

adsorbed

c SubmonoStructure ,-layer p(2X2) c(2X2) c(2X2) c(2X2) c(2X2)

adsorbed 2,3,5 
atomic number

1,2,3
4,5

5,6,7 3,5,6 2,3,5,6
8,9 7,8,9 7,8,9

123,4,5
6,7,8,9

6 (eV) -18.53
ABE (eV) 11.39

-18.61
11.31

-18.55 -18.30-18.28
11.37 11.62 11.64

-18.41
11.51

Numbers in the parenthesis are adsorbed oxygen atoms in Fig.

Table 6. Binding energy shift of 0 Is electron at edge site and 
excess site

Structure Edge (1,2,3,4) Excess (10) Excess (10,11)

adsorbed 123,4,5 123,4,5 1,2,345,6,
atomic number 6,7,8,9 6,7,8,9,10 7,8,9,10,11

O (eV) 一 16.92 一 19.25 —19.36
ABE (eV) 13.00 10.67 10.56

ghbor oxygen atoms and is about 11.5 eV independent almost 
of their geometrical arrangement on the model surface.

The binding energy is calculated for the atoms adsorbed 
on the edge of the model surface and for those interstitially 
adsorbed in excess of the ordered structure and the results 
are shown in Table 6. The small shift shown by the intersti­
tially adsorbed oxygen atom can be attributed to the fact 
that most of the valence electrons of the nearby nickel atoms 
have been transferred to other orderly adsorbed oxygen 
atoms.

In this work, three different values are obtained for the 
O Is binding energy shift, 10.6, 11.5, and 13.0 eV. These
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Table 7. The experimental binding energy (BE) and binding
energy shift (ABE) of O Is electron on Ni surface (eV)

BE 厶BE State of O

Free Oxygen Atom33 543.1± 0.2 0
Kim5 531.3 11.8 Ni2O3

533.1 10.0 NiO血

Evans6 529.8 13.3
531.0 12.1

Brun 키 e， 529.5 13.6 oxide Form
531.4 11.7 Ni2O3
532.2 10.9 Precursor
533.2 9.9 Submonolayer

Ahn8 529.7 13.4 Oxide
530.2 12.9 Dissociative
531.3 11.8 Non-stoichiometry

Table 8. EHT parameters

4 Hs q hp
Ni 1.400 -7.635 0.860 - 3.99
O 2.895 -32.48 2.475 一 14.90

Cdl Hd Cf
Cd2 C 空

5.700 -11.9 0.5705 1.68 0.6317

0 Coefficients of double zeta expansion.

values lie in a very close proximity to the XPS measureme­
nts.5-8 Some of the 0 Is shifts on nickel surface, reported 
by some investigators, are quoted in Table 7 for reference. 
Definite proof can not be obtained beyond the encourage­
ment in this work which will ascribe the dubious 531.3 eV 
0 Is peak (11.8 eV in ABE) either to non-stoichiometric 
excess or to Ni2O3. Further necessary work is in progress 
with other low index surfaces.
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Appendix

AH the calculations are made with the tight-binding EHT 
type, using PC/386. The program used in this work is obtain­
ed by converting the QCPE571(VAX version) into the PC 
version. The coulomb integral Hu in the band calculation 
are obtained by the charge iteration method.34 The iteration 
parameters A, B and C are taken from reference 35. The 
ionization potential Hti in the EHT calculation are adjusted 
to bring the calculated atomic separations in Ni-0 system 
close to the experimentally observed values (Table 8). The 
Hiickel con몽taut used in this work is 2.25 and the Ni-Ni 
and 0-0 distances are 2.49 A28 and 1.21 A36 respectively. 
All other parameters used in this work is taken from the 
table given by Hoffmann.16
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Spectroscopic Properties and Ligand Field Analysis of 
Tris[(±)-£rans-i,2-cyclohexanediamine]아iromium(III) Chloride1
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The low temperature luminescence and excitation, room-temperature UV-visible and infrared spectra of [Cr(±)chxn3] 
Cl3 (chxn = trans- 1,2-cyclohexanediamine) have been measured. It is found that the zero-phonon line in the excitation 
spectrum splits into two components by 47 cm \ The eight electronic transitions due to spin-allowed and spin-forbidden 
are assigned. As expected, nitrogen atoms of chxn ligand have strong o-donor properties toward chromium(III). The 
positions and splittings of sharp-line transitions are analyzed as a function of the Cartesian bite (a) and twist (p) 
angles to predict the metal-ligand geometry.

Introduction Experimental Section

Sharp-line electronic spectroscopy has provided a powerful 
tool for extracting geometric informations.2 The sharp-line 
electronic transitions are very sensitive to the exact bond 
angles around the metal. Thus it is possible to obtain a struc­
tural information from sharp-line electronic spectrum quick­
ly without a full X-ray structure determination.

Luminescence, absorption and excitation spectroscopic stud­
ies of chromium(III) complexes began with hexacoordinated 
nitrogen complexes, because their intensities tend to be quite 
strong. A number of such complexes have already been inves­
tigated.3 The spectroscopic properties of CrN6 complexes are 
very similar, although the photochemical quantum yields vary 
considerably. Wasgestian and Gowin have reported photosu­
bstitution quantum yields of chromium(III) complexes with 
CrNe skeletons in acid solution.4

When a cyclohexane ring is fused with a five-membered 
chelate ring, the chelate ring is not able to exhibit the pucker­
ing motion. Hence, it was possible to separate and character­
ize eight possible isomers of [Cr(chxn)3]+ ion.5 The X-ray 
crystal structure of 站-[CRchxn^HNOjMHQ has been stud­
ied.6 The electrostatic and hydrophobic interactions in the 
ion associations between the [Cr(chxn)3]+ ion and the sulfo­
nate anions have been investigated.7 The absorption and cir­
cular dichroism spectra in the spin-forbidden transitions have 
also been reported.8

We have measured the 77 K luminescence and 12 K exci­
tation, and room-temperature UV-visible and infrared spectra 
of [Cr(±)chxn3]C13. In this paper we describe its spectro­
scopic and ligand field properties. The relationship between 
the metal-ligand geometry and the sharp-line electronic tran­
sitions is discussed.

Synthesis. All chemicals were reagent grade quality and 
used without further purification. Tris[(+ )-ZnzMS-lt2-cyclohe- 
xanediamineJchromium(III) chloride was prepared accord­
ing to Pederson's method9 by use of racemic trans-l,2-cyclo- 
hexanediamine. The compound was recrystallized three ti­
mes for spectroscopic measurements.

Measurements and Computations. The room-tem­
perature absorption spectrum in aqueous s이ution was re­
corded with a Hewlett-Packard Model 8451A diode array 
spectrophotometer. The far-infrared spectrum was recorded 
with a Bruker 113 V instrument on a microcrystalline sample 
pressed in to a polyethylene pellet. These measurements 
were done at room-temperature by Dr T. Schonherr at the 
University of Dusseldorf. The mid-infrared spectrum was re­
corded with a Mattson 2020 Galaxy FT-IR spectrometer on 
a KBr pellet. The luminescence spectrum was measured at 
77 K on a Spex Fluorolog-2 spectrofluorometer as previously 
described产

The excitation spectrum of [Cr(士)chxiWCh at 12 K was 
measured by monitoring the luminescence intensity of the 
vibronic sideband at 709 nm. The light from an EG & G 
PAR Dyescan nitrogen laser-pumped dye laser was focused 
on a microcrystalline sample mounted with conductive grease 
on the c이d head of an Air Products Displex CSA-202E cryo­
stat. The emitted light was dispersed by a Spex Double 220 
mm monochromator with 0.5 mm slits. The output from a 
cooled Hamamatsu R928 photomultiplier was passed to an 
SRS boxcar integrator, triggered by a fraction of the laser 
pulse passed to a fast photodiode. The excitation wavelength 
was calibrated by using four neon optogalvanic resonance 
points. The excitation spectrum was corrected for the laser


