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The pseudolattice calculations in the CNDO/2 level of approximation are carried out for polymeric beryllium hydride, 
polyethylene and polymeric boron hydride. Since there is no evidence on the geometry for polymeric boron hydride, the 
two possible geometries are assumed. One is a polyethylene-type geometry and the other is a polymeric beryllium 
hydride-type geometry. In order to compare their relative stability, we calculate polyethylene and polymeric beryllium 
hydride and then compare with polymeric boron hydride having the assumed structures. The total energy calculation indi­
cates that a polymeric beryllium hydride-type geometry is more stable than a polyethylene-type geometry. Our results 
obtained for polyethylene are in good agreement with those given by CNDO/2 crystal orbital. From the convergence pro­
blem with respect to the number of unit cells (M), the calculation with value of 4 for M can be considered to give the con­
vergence limit resets.

Introduction

The molecular orbital methods at various levels have been 
used to discuss the conformational energy of "polymers" 
by starting with the monomer and adding monomer unit 
one by one.1

Even though one can make a guess for a high-molecular 
weight polymer by continuing this process, the calculation 
.becomes prohibitively difficult as the polymer grows and one 
never reaches a really large polymer. The polymer has been 
assumed to be an infinite chain of monomers having transla­
tional symmetry. Hence, the pseudolattice method can be 
also applied to polymeric systems.

In this study, polyethylene, polymeric beryllium hydride 
and polymeric boron hydride are adopted as model compounds 
for polymeric systems.

As a first example for our model studies, the polymeric 
beryllium hydride is treated. Because of experimental difficul­
ties the structure of polymeric beryllium hydride has not yet 
been determined. It has been suggested2 that a hydrogen 
bonded polymer might be a conceivable structure which could 
exist in polymeric beryllium hydride. Recent quantum 
mechanical calculations3 supported this point of view.

Next, we employed the experimental result4'5 that polye- 
xhylene is planar zig zag in the single crystal. Polyethylene has 
been studied by the ab initio MO method6*7 and CNDO/2 

crystal orbital.8'14 Our MO calculation using 반le pseudolat­
tice method is performed and compared with that of CNDO/2 
crystal orbital.

Finally, polymeric boron hydride is chosen. This model is 
assumed to have the two possible geometries.

In order to determine the relative stability of these two 
possible geometries, MO calculations for both geometries 
are carried out and compared with each other. In this study, 
the coulomb lattice sums are involved in our MO calcula­
tions for polymeric system and becuase of computational 
limitation of ab initio method, CNDO/2 approximation15-17 
is used.

Theory

(A) Pseudolattice method. The pseudolattice method pro­
posed by No and Jhon was applied to several ices18 and solid 
HF.19 In order to give the same environment for all molecules 
in a chosen cluster, overlap and coulomb integral matrices 
are composed of the submatrices which are obtained by mak­
ing use of translational symmetry of molecules.

The pseudolattice method is therefore set up as follows.
(i) If the distances between two molecules is more larger 

than the interaction range considered (R) the overlap and 
coulomb integrals between the molecules are neglected. Hence, 
the matrix elements expressed in the atomic basis set can be 
written as follows.
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F心(丁一R”) (1)
S网，膈=<〔气(尸一氐?(質一R”)〉 (2)

for \Rn-Rm\<iRc

and

■F网，祯=&僞加=0 (3)
for 质―

where F is the one-electron Hartree-Fock operator and Sun, 
is matrix elements of overlap integral. 為 is the

atomic orbital centered on each site n, where //= 1, 2,.......o
denotes the atomic basis function (IS, 2S, 2PX, 2P” 2PZ).

(ii) Using the translational symmetry of molecules in a 
crystal or the polymeric system (not a translational symmetry 
of 냐nit cell), the molecules located at the boundary of the 
model are translated to the nearest position of the other bo냐n- 
dary molecules.

(B) Long-Range Coulomb Interaction. The long-range 
Coulomb interaction can be considered by calculating the 
coulomb lattice sums. The basic equations for the LCAO-SCF 
Hartree-Fock matrix in the CNDO/2 approximation can be 
written as follows.

F]中=一专(4+電 + [ (Paa 一 Za) — 专(P以一1) ] 丁a a

+窟(F bb-写海 ⑷
8(•후 A)

珏=弘 fS邮-yPpp/AB (5)

Where the atomic orbital X卩 belongs to atom A and 心 

t。atom B, —1/2(/#+/&) is Mulliken-type atomic 이ectrone- 
gativity, PAA is the total charge density on atom A, 
is a density matrix, ZA is a core charge of the neutral atom 
A, and ;-AB is an average electrostatic repulsion between any 
electron on A and any electron on B.

For large interatomic distances, will be approximately 
equal to RrX so that the last terms in Eq. (4) becomes as 
follows.

廠(Fbb-Zb)海=[急(Fbb-Zb) 7ab

crystal
+ *二(Fbb—Z)，R島 (6)

Where m denotes the maximal interaction atom. The last 
term in Eq. (6) is called 나le coulomb lattice sums and pre 
viously is taken by Bacon and Santry20 in the perturbation 
approach.

Since coulomb lattice sums are added to F呻 나雄 new cor­
responding total energy can be expressed as follows.

%e=星二 %(H"+F胡 + £二华冬+ 2 ecrystai (7) 

Z 计 A<B 穴 AB a

denotes a Fock matrix elements except coulomb lat­
tice sums. Energy terms in the total energy expression are 
associated with one or two atoms in CNDO/2 calculation, so 
that an energy breakdown into monoatomic and diatomic 
contribution is possible.

^•total —Z 公+ £二 &Ab+ Zj ©crystal (8)
A A<B A

The detailed expressions for eA and sAB are;

£ab~ S S(2尸“w%厂“『Tab)

+ (ZaZb 孩小一 一PaaVab—尸1汨 V

+P aaT bb/ab) (10)

For large intermolecular separations, the potential 匕展, 

Pba and 7ab are approximately equal to R品 so that the 
last group of terms in E이, (10) becomes QaQbRa& where 
Qb is the net charge on atom B. This shows that the coulomb 
lattice sums provide a very efficient way of taking into account 
the electrostatic interaction between the charged atom. The 
energy of crystal field can be therefore expressed as follows.

-i crystal
S e„ys(ai=STiE3 QaQb孩a (11)

Calculation

MO calculations using the pseudolattice method for selec­
ted polymeric systems are carried out in order to determine 
the stabilities of the possible geometries and to test the con­
vergence problem with respect to the number of unit cells 
(M), The total energy per 나nit cell and atomic charge densities 
are calculated as the function of the number of the cells (M) 
interacting with the origin cell.

The pseudolattice method involving coulomb lattice sums 
on polymeric systems have been performed for various numbers 
of the cells (M), M — 2, 3, 4, and 5. In order to investigate 
the eflect of cut-off range of coulomb lattice sums on the total 
energy and atomic charge, MO calculations are performed 
for three different cut-off ranges.

The geometries adopted for three polymeric systems are as 
follows.

(A) Polymeric Beryllium Hydride. The most likely geometry 
is that of a linear chain of beryllium atoms linked by bridging 
hydrogen atoms tetrahedrally disposed around the beryllium 
atoms as shown in Figure 1. The beryllium 2P slater type- 
Orbital (STO) exponent employed the optimum value. The 
hydrogen atom IS STO exponent and the beryllium-hydrogen 
interatomic distance are also taken from the optimized vlaue. 
The optimum value21 of the three parameters were:

Bezp, 1.114; R-Be-H, 1.345(A); 1.143.
The angle of H-Be-H is set at a bond angle of 90

(B) Polyethylene. The elementary cell and molecular geo­
metry chosen for polyethylene are shown in Figure 2. The 
planar trans extended geometry is considered and bond angles 
HCH and CCC are taken as 110° and 112°,respectively from 
the experimental data.22-23 The C-C and C-H distances are

Figure 1. The geometry of polymeric beryllium hydride 
([(BeH2)2]M) Large open circles correspond to the berylli니m 
atom, small hll ci「이es to the hydrogen atom.
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Figure 2. The geometry of polyethylene in a\\-trans zig zag 
conformation ([(CH2)2]„) - Large open circles correspond to 
the carbon atom, small full ci「이es to the hydrogen atom.

TABLE 1: MO Calculation Results for two Possible Geometries 
of Polymeric Boron Hydride0

Geometry Total energy6 
per BH2

Total charge density

B H

Polyethylenetype -5.1886 2,9826 1.0087
Polymeric
Beryllium hydridetype

一 5.3508 3.2490 0.8739

a With four cells (M = 4) and coulomb lattice sums 
b All values are expressed in units of atomic unit.

up to 80A;

TABLE 2: Total Atomic Population Calculated for both Geometries 
of Polymeric Boron Hydride a

Geometry
Atomic ------------------------------------------------------------- -
呗니淇両 pgethylEype 賭囂勢忑ryllium

fixed at 1.54A and 1.09A, respectively.
(C) Polymeric boron hydride Two possible geometries are 

assumed. First, a polyethylene-type geometry is employed, 
with all the interbond angles set at 110° and B-H bond lengths 
at 1.195A.The B-B bond length is 2.25A. In the second geome­
try, the bridging hydrogen bonds are assigned length 1.329A 
in a model identical to the one employed for polymeric bery­
llium hydride. A HBH angle is set at 80 °.

Res미and Discussions

In order to determine the more suitable of two possible 
geometries, MO calculations for both possible geometries 
of polymeric boron hydride are performed and these results 
are represented in Table 1 and 2, From our calculations, it 
is found that the bridging-hydrogen bond model is more 
stable than the polyethylene-type model.

The electronic structure of the BH2 polymer poses an in­
teresting question with respect to the linear polymeric 
beryllium hydride of similar 음eomeiry. If the band topology 
are basically the same, the extra two electrons given by boron 
would have to occupy the first degenerate pair of conduction 
bands, thus giving a linear metal.

The Mulliken population analysis for the wave function of 
both polymeric boron hydride are given in Table 2. In the case 
of the bridging-hydrogen bond model, there is a small electron 
drift from the hydrogen to the boron atom and a relatively 
small electron population in boron 2P&： orbitals. This confirms 
the weak nature of the framework bonds, on the other hand, 
in the case of the polyethylene-type model, there is a small 
electron drift from the boron atom to the hydrogen. This 
shows the reversed tendency in comparison to that of the 
bridgin홍一hydrogen bond model. That is, the electron distribu­
tion also supported our calc니lated result that the bridging- 
hydrogen bond model is more suitable. Next, in order to 
investigate the convergence problem for the polymeric system 
with respect to the number of unit cells (M), we also calculate 
polyethylene and polymeric beryllium hydride. Our MO 
calculation res니Its for polymeric beryllium hydride are listed 
in Table 3. The total energy calculation shows that polymeric 
beryllium hydride is more stable than the monomer. The total

B 2S 0.9755 0.6389
2已 0.6754 0.5805
2P, 0.8814 0.7768
21% 0.4503 1.2528

total 2.9826 3.2490
H 1.0087 0.8739

a With four cells (Af = 4) and coulomb lattice sums up to 80A.

TABLE 3: Total Energy per BeH2 Calculated for oly P이ymeric 
Beryllium Hydride

Number of 
unit cells (M)

Total energy per BeH/

a b c

1 一 3.5798 -3.5798 -3.5798
2 一 3.7582 -3.7582 一 3.7582
3 一 3.7769 -3.7769 -3.7769
4 一 3.7752 — 3.7752 一 3.7752
5 一 3.7755 — 3.7755 -3.7755

a With coulomb lattice sums up to 70 A; b With coulomb lattice
sums up to 140 A; c With coulomb lattice sums;up to 210 A;
d All values are expressed in units of atomic unit.

TABLE 4: Tot지 Energy of BeH? in Various Configurations

Total energy

BeH2(linear) 一 3.5617
BeH2(angular) 一 3.0864
BeH2(unit in polymer) -3.7752

energy and atomic charge densities are calculated as the func­
tion of various numbers of unit cells (M). The results thus 
obtained indicates that four cells are enough to predict in­
formations for infinite chains.

On comparing the total energy per unit cell of polymeric 
beryllium hydride with twice that of monomeric BeH2, the 
energy of polymerization for molecules is large, so the polymer 
is more stable. The energy change in the hypothetical process 
BeH2(linear)-BeH2(angular)-BeH2 (unit in polymer) are all 
calculated and listed in Table 4. This indicates that the linear- 
angular reorganization process is energetically unfavored. 
However, on the polymerization, this reorganization energy 
is more than offset by the new hydrogen bridges formed.

The Mulliken population analysis is presented in Table 5.
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TABLE 5: Total Charge Density of P이ymeric Beryllium Hydride

Number 
of

unit cells

Total charge density

a b c

Be H Be H Be H

1 1.4985 1.2508 1.4985 1.2508 1.4985 1.2508
2 2.1717 0,9141 2.1717 0.9141 2.1717 0.9141
3 2.2061 0.8969 2.2061 0.8969 2.2061 0.8969
4 2.1959 0.9021 2,1959 0.9021 2.1959 0.9021
5 2.1983 0.9003 2.1983 0.9008 2.1983 0.9008

and c are the same notations 니scd in Table 3.

TABLE 6: Total energy per CH2 and the Total Charge Densities Calculated with Various Numbers of Cells (Jf) fbr P이yethylene in Fully
M-trans Conformation

Number 
of

unit cells (M)

Total energy per CH2C Total charge density

C H
a b -------------------------------------------- ---------------------------------------------

a b a b

흐

3
4
5

一 8.6967 - 8.6967 3.9917 3.9917 1.0042 1.0042
-8.6853 -8.6853 3.9872 3.9872 1.0064 1.0064
-8,6884 -8.6884 3.9872 3.9872 1.0064 1.0064
— 8.6886 — 8.6886 3.9871 3.9871 1.0064 1.0064

a With coulomb lattice sums up to 50 A;5 With coulomb lattice sums up to 100 A;c All values arc expressed in units of atomic unit.

The overall tendency is for donation to take place from the 
hydrogen to beryllium with a net charge of approximately 
0.198e accumulating on the beryllium atom.

Surprisingly enough, a slightly hi흥her total energy per 
BeH .; is found in [(BeH2)2]s. This could in principle be traced 
back to a not yet sufficiently converged total energy per unit 
cell.

M. O. calculation results for polyethylene in the fully exten­
ded all-trans zigzag conformation are presented in Table 6. 
The result reveals that four cells are enough to predict the 
accurate total charge densities.

The total charge densities of polyethylene in the all trans 
conformation are compared with those of the central methyle­
ne group of propane, w-pentane, and zz-heptane in all trans 
states in Table 7. It is noteworthy that the charge density of 
the carbon atom of polyethylene is very close to that of n- 
heptane and not to n-propane and zz-pentane.

As shown in Table 7 and 8, our result for polyethylene 
agrees extremly well with that of CNDO/2 crystal orbital. 
From the Table 6, the calculation with the value of 4 for M 
can be considered to give the converged total energy per CH2.

On comparing with the results of pseudolattice method 
applied to several ices18 and solid HF,19 those of our study 
show a slower convergence. This may be the reason why the 
polymeric system has much more interactions through bon­
dings.

The variation of the charge distribution with the number of 
cells is investigated similarly as that of total energy per CH2. 
Our result shows with only a small charge separation.
From our results, the efect of cut-off range of coulomb lattice 
sums on the total energy per unit cell and charge densities is 
negligibly small.

From the total energy calculations for three polymeric

TABLE 7: The Electronic Structure of Polyethylene in Comparison 
with n-propane, n-pentane and ^-heptane3

Compound Reference 一

Total charge density

C H

polyethylene CNDO/2YO4 3.9871 1.0065
polyethylene"7 our study 3.9872 1.0064
n-propane5 CNDO/2-CO』 3.9753 1.0056
n-pentane* CNDO/2-CO』 3.9815 1.004-5
n-heptane5 CNDO/2- CO』 3.9874 1.0051
0 Assumed to be in the allTwis conformation; b The values of
the central methylene group of molecules; c With four cells 
(M=4); d Taken from reference 9.

TABLE 8: Comparison the Pseudolattice Meth여 with CNDO/ 
2-CO

Method Tatal 需gy 里。tai charge density
P5 c H

CNDO/2-Crystal Orbital 一8.6881“ 3.98726 1,0064"
Our result 一8,6884。 3.9872。 1.0064c
。With seven cells for the value of M (M=7); b With six cells 
(M=6); c With four cells (M~4)

systems adopted, the total energy for the two possible geome­
tries of polymeric boron hydride is similar to that of polymeric 
beryllium hydride and not to that of polyethylene. That is, 
the polymeric beryllium hydride-type geometry is more suita­
ble than the polyethylene-type geometry.

Because of the computational limitation of the application 
of ab initio MO Method to the polymeric system, our 
calculations used the CNDO/2 approximation.
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Kinetics and Mechanisms of the Oxidation of Carbon Monoxide on Ni-Doped a-Fe2O3

Keu Hong Kim, Jong Ho Jun and Jae Shi Choi

Department of Chemistry, Yonsei University, Seoul 120, Korea (Received September 15, 1983)

The oxidation of carbon monoxide has been investigated on Ni-doped a-FeaOs catalyst at 300 to 450 °C. The oxidation 
rates have been correlated with 1.5-order kinetics; first with respect to CO and 1/2 with respect to O2. Carbon monoxide 
is adsorbed on lattice oxygen of Ni-doped a-Fe2O3, while oxygen appears to be adsorbed on oxygen vacancy formed by 
Ni-doping. The conductivities show that adsorption of CO on O-lattice produces conduction electron and adsorption of O2 
on O-vacancy withdraws the conduction electron from vacancy. The adsorption process of CO on O-lattice is rate-determin­
ing step and dominant defect of Ni-doped a-Fe2O3 is suggested from the agreement between kinetic and conductivity 
data.

Introduction

A classification of solid catalysts based on electronic pro­
perties was formally announced by Dowden.1 This classifica­
tion sorted out catalysts into three distinct groups: (a) Con­
ductors (metals), (b) Semiconductors (metal oxides and sulphi­
des) and (c) Insulators (refractory oxides). From the stand­
point of widespread application as catalysts, extrinsic semi­
conductors, which owe their electrical conductance to defect 
lattice structure of nonstoichiometry or both, are of absorbing 
interest. Nonstoichiometry may arise out of the incorpora­
tion of extra atoms into the crystal at interstitial sites or due 
to the vacancies caused by the absence of atoms from normal 
sites. Oxygen vacancies in ZnO are due to excess Zn dissolved 
in 나interstitial sites of ZnO.2 On the other hand, oxygen 

deficiency in ZnO is due to excess Zn which can be dissolved 
in the interstitial sites of ZnO.3-7

The catalytic properties of a semiconductor, such as its 
specificity and activity for a particular reaction, are strongly 
dependent upon its electronic properties. This is strikingly 
demonstrated by the effect of doping on the electrical and ca­
talytic properties of the semiconductor. The sy아ematic studies 
of Schwab and Block유 on the oxidation of CO on Li- and 
Cr-doped NiO and on Li- and Ga-doped ZnO provide sui­
table examples to illustrate this correlation.

On a a-Fe2O3 catalyst, it was reported that an Fe『十 in­
terstitial and an oxygen vacancy mi횸ht be required to adsorb 
CO and O2 9. Ni-doped a-Fe2O3, however, the catalyst used 
in this work shows that CO is adsorbed on lattice oxygen of 
Ni-doped a-Fe2O3, while O2 appears to be adsorbed on


