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Polyesters with dicyanovinyl group were newly prepared 

from 3 and common diols with terephthaloyl chloride. They 

showed an enhanced solubility in polar aprotic and common 

organic solvents.

The polymers showed two consecutive exotherms in DSC 

thermograms attributable to the chemical change of dicyano

vinyl group along with decomposition.

They undergo a curing reaction at around 350 °C, and 

show a 50-60% of residual weight at 500 t indicating that 

the themal stabilites were enhanced.
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The interaction of oxygen molecule with Ni44(lll) model surface to which the molecule approaches is studied by 

calculating the relevant DOS and COOP with 나】e tight-binding EHT method. It is found that 나le dissociative adsorption 

of oxygen takes place as a result of electron transfer from the Ni Jn orbital to the antibonding ln^ orbital of the 

oxygen molecule. This finding is noteworthy to contrast with the case of Ni(100) surface in which the electron transfer 

takes place from the Ni d8 orbital of the nickel surface.

Introduction

It is widely accepted that oxygen is dissociatively adsorbed 

on nickel metal surface via molecular precursor state. Shaye- 

gan et al.1 studied the work function of Ni(lll) surface at 

5.5 K with varying degrees of oxygen coverage, and reported 

the existence of molecular oxygen which might be the pre

cursor species to the dissociatively adsorbed oxygen. The 

life-time of this m이 ecular precursor is so short that it can 

hardly be detected. Ahn et al? showed an evidence of the 

molecular precursor state by calculating the activation energy 

of the dissociative adsorption of oxygen molecule on a polyc

rystalline nickel surface by means of the X-ray photoelectron 

spectroscopy. Beckerle et al.? on the other hand, reported 

that they were unable to find an evidence of the molecular 

state precursor at 8 K from EELS and work function measu

rements.

The experimental studies with LEED,45 AES,6-8 XPS910 

and many other surface analyzing techniques show that the 

dissociatively adsorbed oxygen atoms on the nickel surfaces 

form p(2X2) structure initially. This structure changes to 

c(2 X 2) structure followed by NiO formation with increasing 

oxygen adsorption.4,61112 Ahn et aL13 observed that the disso- 

ci가ively adsorbed oxygen atoms on polycrystalline nickel 

surface show several different degrees of oxidation from the 

XPS measurements at the temperature ranges from 300 K 

through 500 K. Marcus et al.u investigated 나le p(2X2) oxy

gen layer on a Ni(lll) plane with LEED spectroscopy and 

concluded that the oxygen atoms occupy the three-fold cen

tre of the nickel surface with the Ni-0 distance of 19.4 nm.

Hoffmann et «/.15-17 introduced the Hiickel type tight-bin

ding method in the MO calculation of the dissociative ad

sorption of diatomic molecules on metal surfaces. In case 

of CO on Ni(100) and Ni(lll) surface,1617 they found that 

the overlap population between the two atoms of carbon mo

noxide decreases by filling the CO 2n orbital with the dn 

electrons of Ni surface to result in the dissociation of the 

CO molecule. In a previous paper of authors,18 the MO calcu-
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Rgure 1. The Ni44(lll) model surface and 나】e vertical adsorp

tion model of oxygen molecules on three-fold sites of the surface.

lation has been made for a system of oxygen molecule inte

racting with a Ni24(100) model surface to find the dissocia

tive adsorption through the electron transfer from Ni d& 

instead of dm to of the oxygen molecule. It seems neces

sary to calculate further with Ni(lll) plane in order to see 

if the d8 orbital is solely responsible for the dissociative 

adsortpion of oxygen molecule on the Ni surfaces.

In this work, the interaction of oxygen molecule with the 

Ni(lll) surface to which the molecule approaches, and the 

dissociation mode are studied by calculating the electron 

density, the density of state (DOS), and the crystal orbital 

overlap population (COOP) for the oxygen p(2 X 2) layer on 

a Ni44(lll) model surface using the extended Hiickel type 

tight-binding method.

Results

The Ni(lll) surface consisting of 44 atoms is taken 죠s 

the model surface of this work and oxygen molecules are 

assumed to occupy vertically the three-fold centre14,19 of this 

model surface to form p(2 X 2) layer as shown in Figure

1.

The bond distance between two adjacent nickel atoms and 

that of oxygen molecule are taken as 24.9 nm17,20 and 12.1 

nmt21 respectively. The interaction of the oxygen molecule 

with the three-fold center of the model surface to which 

the molecule approaches vertically is calculated to investigate 

the degree of contribution from the different neighboring 

nickel atoms. It is found that the oxygen molecule interacts 

mainly with the nearest neighbor nickel atoms which form 

the three-fold site and hardly with the 2nd nearest neighbor 

nickel atoms nor the adjacent oxygen molecules as shown 

in Ta비 e L

The similar result of the nearest neighbor interaction has 

been obtained with the Ni24(100) model surface in the pre

vious works of others including authors.18,22 The result of 

this nearest neighbor interaction is extended to the unit lat

tice interaction, assuming that the unit cell simplification will 

give the same Ni(lll) surface properties, relevant to the 

surface-adsorbate interaction, with those calculated using the 

wh이e model surface. The unit cell taken in this work is 

indicated by two vector arrows in Figure 1. To validate fur-

Table 1. Interaction between the oxygen molecule and the nic

kel atoms in the Ni44(lll)-p(2 X 2)O2 system

neighbors
Interaction energy3 

of Ni and Q (kj/mol)

Overlap population8 

of Ni and O (e)

1st -106.48 0.05

2nd 1.57 0.00

3rd 0.51 0.00

4th 9.3X10-3 0.00

a These are the average values of the interaction with the 1st, 

2nd, 3rd and 4th Ni neighbors which contains 3, 3, 6 and 6 

atoms, respectively.

ther the assumption of the unit cell simplication, 산le Fermi 

energy lev이 is calculated in this work with 74 K point set 

to obtain — 9.231 eV. It agrees well with the value, —923 

eV, calculated recently by Simon et 시.公 with Ni605(lll) sur

face using the extended Huckel type method.

The electron density, the DOS, and the COOP are calcula

ted for the adsorption system of the oxygen molecule on 

the top of the 아iree-fold site of this unit cell as 아iown in 

Figure 1. The calculation method and the parameters used 

are given in the appendix at the end of this work.

Ni d-DOS. The Ni d-DOS is calculated with the varying 

vertical distances of the oxygen molecule from the model 

surface in order to investigate the Ni d-electron density 

change upon the adsorption of oxygen onto the nickel sur

face. From this total DOS of the Ni d-orbital( its constituents, 

dr\ 胜)，db (dx2-y2,呵)，and do (dz2)are projected out, and 

the results are shown in Figure 2.

The figure 아k)ws that the DOS of Ni t/n (d収 Q, d8 (d*2—诧 話), 

and do (dz2)orbitals shift up gradually above the Fermi level 

(—9.23 eV) as the oxygen molecule approaches close to the 

nickel surface. This means that the electron density in these 

Ni d-orbitals decrease upon the adsorption of oxygen mole

cule. (Fig. 2(a), k丄=13 nm). It is noted that the shifts are 

most prominent in the dn-DOS among the three d-DOS, sug

gesting that the dix orbital makes a main contribution to the 

Ni(lll)-O2 interaction. The COOP between two adjacent nic

kel atoms are calculated with the oxygen molecule separated 

at three different R 丄's above the Ni surface in order to cla

rify the Ni(lll)-O2 interaction and the results are shown 

in Figure 3.

It can be seen that the overlap population between the 

nickel atoms is positive near the Fermi level when the oxy

gen molecule is infinitely separated from the surface, and 

it turns gradually into negative as the oxygen molecule ap

proaches close to the surface, suggesting concentrated elec

trons between the nickel surface and the oxygen molecule.

Intramolecular bonding of oxygen molecule. The 

COOP of the oxygen molecule is calculated with the varying 

vertical distances above the nickel surface, and the results 

are shown in Figure 4.

It can be seen that the bonding 3% orbital shifts from 

—15.29 eV to —15.80 eV as the oxygen molecule approaches 

to the surface as close as to & 丄=13 nm, and the overlap 

population of antibonding lng orbital at —13.0 eV decreases 

at the same time. These are the result of the weakening
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Figure 2. Projected d-DOS of Ni: a) d卩 orbitals; b) d8 orbitals, and c) de orbital. Each figure consists of three parts corresponding to 

the vertical distance, from top, R丄,of infinity, 20 nm, and 13 nm, respectively.

Figure 3. COOP of Ni-Ni with oxygen molecule at of a) 

oo, b) 20 nm, and c) 13 nm.

Hgure 4. Projected COOP of 0-0 bond when the R丄 is equal 

to a) oo, b) 20 nm, and c) 13 nm.
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Table 2. Electronic structure of the oxygen and Ni(lll) sur

face

Electron density with R노 = s

02 Ni(lll) surface

1 叫 de di\ d8 total EF (eV)

2.00 4.00 2.00 1.98 4.00 3.39 9.37 一 9.23

Electron density with R丄=13 nm

It* do 赤 d8 total EF (eV)

1.81 3.89 3.55 1.92 3.82 3.48 9.22 -9J26

Electron density change upon adsorption

A3% AItTj, Al자 Adn AJ8 At아al (eV)

—0.19 -0.11 L55" -0.06 -0.18 0.09 -0.15 -0.03

Overlap population

Ni-0 0-0

R丄=8 0.00 0.77

J?x = 13 nm 0.10 0.47

aThe electron density of is for the two degenerate orbi

tals, which means 0.78e for each.

of the 0-0 bond strength. R丄=13 nm corresponds to 19.4 

nm of Ni-0 distance14 when the oxygen molecule occupies 

the three-fold site of Ni(lll) surface at equilibrium.

Dissociation of oxygen molecule on adsorption.

As the changes in electron densities and overlap populations 

of Ni dn, and O2 1% orbitals are shown as the main cause 

of the interaction between the oxygen molecule and Ni(lll) 

surfaces, their magnitude and the relevant overlap population 

between the nickel and oxygen atoms are calculated with 

R丄=13 nm to investigate the interaction in terms of the 

frontier orbitals, and the results are shown in Table 2.

According to the table, the electron density of the bonding 

3항 and lnM orbitals of the oxygen molecule decreases by 

0.19e and O.lle, respectively, while that of the antibonding 

orbitals increases by 0.78e each as the molecule is ad

sorbed on the nickel surface. Meanwhile, the electron density 

of Ni d orbitals decreases as a whole. However, the decrease 

is most prominent in Ni Jn (d珞 “)orbitals. The overlap popu

lation between the Ni(lll) surface and the oxygen atom, 

calculated in this work, increases by O.lOe, while the overlap 

population between two oxygen atoms decreases by 61% 

from 0.77e to 0.47e upon the adsorption.

The DOS of the oxygen molecule and Ni dn orbitals, and 

the COOP between the nickel surface and the oxygen atom 

calculated in this work are shown in Figure 5.

The figure shows that the Ni dr orbital and the O2 區 

orbital interact at —13.1 eV and —6.9 eV, and the overlap 

population between the nickel surface and the oxygen atom 

is positive at —13.1 eV, while it is negative at —6.9 eV. 

Thus the interaction is bonding at —13.1 eV, while it is 

antibonding at —6.9 eV. These bonding and antibonding in

teractions can be explained in terms of the bonding overlap 

and the antibonding overlap schemes as shown below.

E(eV)

Figure 5. a) The total-DOS of Q2, b) the tZn DOS of Ni, and 

c) the COOP of Ni-O; at 7?± = 13 nm.

In conclusion, in case oxygen molecule adsorbs on the 

Ni(lll) surface, the Ni-0 bond is formed through the elec

tron transfer from the Ni dn orbital into the antibonding 

orbital of the oxygen molecule. This is contrasted with 

the electron transfer from Ni into 02 ln^ orbitals in case 

the m이ecule adsorbs on the Ni(lOO) surface.
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Table 3. EHT parameters used in this calculation

J 氏 J H呻 Ji H" Cf J 財

Ni 2.100 一 7.80 2.100 -3.70 5.750 -9.90 0.5683 2.00 0.6292

O 2.275 -32.30 2.275 -14.80

fl coefficient of double expansion
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Appendix
The calculations are made with the tight-binding EHT me

thoFusing PC/386 and PC/486. The QCPE 571 (VAX ver

sion)24 is converted into the MS-Fortran version10 and this 

program is compiled by MS-Fortran version 5.0 under OS/2 

version 1.1. The parameters used in this calculation are, by 

the charge interaction method due to Hoffmann, shown in 

Table 3.
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