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‘The quantitative nature of contributions of atomic orbitals in the
formation of molecular orbitals with the help of LCAO approxima-
tions have been studied using eigenvector values. The contribution

- of electrons in each occupied molecular orbitals has been calculated

- by adopting the population analysis method of Mulliken. The over-
lap population analysis has also been made to identify the bonding,
non-bonding -and antibonding - nature of molegilar orbital. The
results indicate that in bonding between cobalt and halogens,
3d,? - y*and dey orbitals of cobalt are the main contributors in all
the three halides; the next contributors are 3d,; and 4s orbitals. The
4p orbitals have a negligible role in bonding. The nonbonding
orbitals in chloride are 9th and 10th, in'bromide 7th and 8th and in
iodide 6th and 7th molecular orbitasl. The magnitude of splitting
of d orbital as evaluated by eigenvalues and eigenvector values
indicate the following order: CoCly < CoBry < Col.

Key Words: Cobalt(I) halides, sd Hybridization, Population
analysis, Eigenvalue, Eigenvector. '

- INTRODUCTION

In the last decade, there has been a phenomenal advancement in theoretical
inorganic chemistry, much faster computers are available and commercial pro-
grams incorporating the latest methods have become widely available and are
capable of providing more information about molecular orbitals, with a simple
input of chemical formula. The focus of attention has been on computational
transition-metal chemistry® 2. This is largely due to the successful employment
of gradient corrected density functional theOry in calculating molecules, particu-
larly of the heavier atoms®™® and in the use of small-core relativistic effective core
.potential7‘9 which set the stage for calculation of geometries, bond energies, and
chemical reaction and other important properties of transition metal compounds
with impressive accuracy® %11, Application of molecular mechanics to organo-
mettalic and transition metal compounds is growing'?. Molecular orbital para-
meters such as eigenvectors, overlap matrix and eigenvalues are well calculated
with this method. In this paper we present the calculations of eigenvector, overlap
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matrix and population analysis of cobalt(Il) halides, in order to study the extent
of contribution of 3d, 4s and 4p orbital in the formation of molecular orbitals.
Such a quantitative study will provide correct information about the involvement
of 4p orbital of cobalt in bonding and will help to resolve the controversy raised
by Landis’*™!% and other!”™*' workers.

EXPERIMENTAL

The study materials of this paper are halides of cobalt. The 3D modelling and
geometry optimization of the halide have been done by CAChe software using
molecular mechanics with EHT option. Eigenvalues, eigenvectors and overlap
matrix values have been obtained with the same software, using the same option.
With the help of these values, eigenvector analysis, magnitude of contribution of
atomic orbital in MO formation and population analysis have been made and
discussed. The method adopted for various calculations is based on the following
principles. L , ‘

The molecular orbitals are formed by the linear combination of basis functions.
Most molecular quantum-mechanical methods (suﬁch as SCF, CI etc.) begin the
calculation with the choice of a basis function Ar» Which are used to express the
MOs ¢; as §; = Zc),. (c = coefficient of ¥, r=number of atomic orbital, i =
molecular orbital number). The use of an adequate basis set is an essential
requirement for the calculation. The basis functions are usually taken as AQs.
Each AO can be represented as a linear combination of one or more Slater-type
orbitals (STOs)'*?*2, Each molecular orbital ¢;, is expressed as ¢; = Zcy),,
where the x,’s are the STO basis functions. Here we use the STO-6G basis set
(which is contracted Gaussian)*** for the SCF calculation.

‘The coefficients of linear combination for each molecular orbital have been
found by the solution of the Roothan equation®®. The most efficient way to solve
‘the Roothan equation is to use matrix-algebra methods. In matrix-algebra
~ methods, the matrix elements are computed” and the secular equation is solved
to give the set of orbital energies (i.e., eigenvalues). These orbital energies>®>?
are used to solve Roothan equations for the set of coefficients (i.e., eigenvectors)
giving a set of molecular orbitals. The calculations are done using a computer.

By the above calculation, the values of orbital energies (eigenvalues) and
coefficients (eigenvectors) have been calculated and are given in Table-6 and
Tables 1 (a—c) respectively.

A widely used method to analyze SCF wavefunction is population analysis,
introduced by Mulliken®® 34, He proposed a method that apportions the electrons
of an n-electron molecule into net populations n, in the basis functions X and
overlap populations n,_ for all possible pairs of basis functions.

- For the set of basis functions 1, %y, - . . X, €ach molecular orbital ¢; has the
form §; = Zcxg = 3% + Xz + .+« + Cpi X For Simplicity, we shall assume that
the cg;’s and x,’s are real. The probability density associated with one electron in
¢; is (s and b are the number of the atomic orbital other than r)

2_ 2.2, 2.2 AT
[0 = cliki + caida + - - - +2e1CXa)a + 201C3Xa X5 + 205 Caidads F - - -
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Integrating this equation over three-dimensional space and using the fact that
¢; and the ¥,’s are normalized, we get

2 2
1= Ci; + Coi +...% 2CliCZiSIZ + 201ic3isl3‘+ 2clic3i823 +... (A)

where the S’s are overlap integrals: $;5 =f%17€2 dv,dv,, etc. Mulliken proposed

that the terms in (A) be apportioned as follows. One electron in the molecular
orbital ¢; contributes c?; to the net population in %, ¢5; to the net population in
X2, etc., and contributes 2cy;¢5;,S, to the overlap population between %1 and %5,
2¢1i¢3S13 to the overlap population between y; and 3 etc.

Let there be n; electrons in the MO ¢; (n; =0, 1, 2) and n. ; and n,. ; electrons
in the MO ¢; to the net population in %, and to the overlap population between
X and 7y, respectively. We have '

)
by j = ICq

0, ¢ ! = ni(zcricsisrs)

Based on the above principle, the contributions of electrons in each occupied
MO have been calculated with the help of eigenvector values given in Tables
la—c and the results are presented in Tables 2a—. The overlap population analysis
has also been made with the help of the values of eigenvector and overlap matrix
(Tables 3a—c) for distinguishing the bonding, nonbonding and antibonding nature
- of MO and the results are presented in Table-5.

RESULTS AND DISCUSSION

Cobalt(Il) halides are triatomic molécule,'having the following optimized
as obtained from molecular mechanics®” ™ method.

geometry35"3 6

Bond length = 2.450 A, bond angle = 117.37°  Bond Length = 2.300 A, Bond Angle = 120°

Fig. la. Structure of CoCl, Fig. 1b.  Structure of CoBr,

Bond length = 2.488 A, bond angle = 179.84°

- Fig. Ic.  Structure of Col,
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TABLE-1d
COEFFICIENT VALUES OF 3dxy, 3dxz, 3d;2 -2, 4s, 4p,, 4p,, 4p, ORBITALS

MOs Cobalt halides 3dxy 3dXZ' dez —y2 4s 4px 4py 4pz

#; Cobaltchloride 0.0129 0.0002 0.653 0.0774 00000 0.0000 0.0000
Cobalt bromide  0.0168 0.0002 0.0856  0.0925 0.0000 -0.0000 0.0000
Cobaltiodided ~ 0.0271 0.0003 0.1377 0.1307 0.0001 0.0000 0.0000

®, Cobaltchloride 0.0000 0.0001 0.0000 0.0000 00293 0.0029 0.0000
Cobalt bromide  0.0000 0.0000 0.0000 0.0000 00410 0.0040 0.0000
Cobaltiodide 0.0000 0.0000 0.0000 0.0000 0.0597 0.0058 0.0001

¢3 Cobaltchloride 0.0551 0.0007 0.2800 0.1809 00000 0.0000 0.0000
Cobalt bromide  0.0816 ~ 0.0010 04147 0.1611 0.0000 0.0000 0.0000
Cobaltiodide ~ 0.0908 0.0011 04617 0.1454 0.0000 0.0000 0.0000

¢4 Cobaltchloride 0.0087 0.4983 0.0011 0.0000 0.0001 0.0000 0.0000
Cobalt bromide  0.0104 0.6933 0.0012 0.0000 0.0000 0.0000 0.0000
Cobaltiodide ~ 0.0195 0.7925 0.0029 0.0000. 00000 0.0000 0.0000

¢s Cobaltchloride 04913 0.0087 0.0967 0.0000 0.0000 0.0000 0.0000

" Cobaltbromide 0.6834 0.0104 0.1345 0.0000 0.0000 00000 0.0000"
Cobaltiodide 07813  0.195 0.1537 0.0000 00000 0.0000 0.0000

¢¢ Cobaltchloride 0.0000 0.0001 0.0002 0.0003 00000 0.0012 0.0658
Cobaltbromide ~ 0.0000  0.0001 0.0001 0.0000 0.1373 0.0134 0.0002
Cobaltiodide 00011 0.0970 00002 0.0000 0.0000 0.0000 0.0000

¢7 Cobaltchloride  0.0001 0.0001 0.0000  0.0000 00064 0.0655 00012
Cobalt bromide ~ 0.0011 0.0970  0.0002 0.0000 0.0000 0.0002 0.0000
Cobaltiodide ~ 0.0965 0.0012 0.4906 0.0000 00000 0.0000 0.0000

03 Cobaltchloride ~ 0.0000 0.0001  0.0000 0.0000 0.1238 0.0121 0.0001
Cobalt bromide ~ 0.0965 0.0012 ~ 0.4906 0.0000 0.0000 0.0000 0.0002
Cobaltiodide ~ 0.0001 0.0001 0.0003 0.0001 0.1452 00142 0.0002

¢g Cobaltchloride  0.0011 0.0970 0.0002 0.0000 00000 0.0001 0.0000
Cobalt bromide  0.0004  0.0000  0.0019 0.0001 0.0000 0.0009 0.0624
Cobaltiodide ~ 0.0001 0.0001 '0.0003 0.0001 0.0001 00014 0.0574

¢10 Cobaltchloride 0.0965 0.0012 0.4906 0.0000 0.0000 0.0000 0.0001

~ Cobaltbromide  0.0000 0.0003 0.0001 - 0.0000 00061 0.0621 0.0009

~ Cobaltiodide  0.0001 0.0000 0.0000 0.0000 0.0056 0.0571 0.0014

011 Cobaltchloride 0.1508 0.0018 0.7664 0.3504 0.0000 0.0000 0.0000
Cobaltbromide  0.1387 0.0017 0.7048  0.3893 0.0000 0.0000 0.0000
Cobaltiodide 01325 0.0160 06734 03913 0.0000 0.0000 0.0000

¢12 Cobaltchloride ~ 0.8559 0.0151 0.1684 0.0000 0.0000 0.0001 0.0000
Cobalt bromide  0.7089 0.0107 0.1395  0.0000 0.0000 0.0000 0.0000

Cobaltiodide 05971 0.0149 0.1175 0.0000 00000 0.0001 0.0000

Summation

Cobalt chloride  1.6724 0.6234 1.8689 0.6090 0.596 0.0819 0.0672
Cobaltbromide ~ 1.7378 0.8159 1.9732 0.6430 0.1844 0.0806 0.0637
Cobaltiodide 17462 09427 2.0383 0.6676 02107 00786 0.0591
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CONTRIBUTION OF ELECTRONS IN MO OF CoCl,

TABLE-2a

Asian J. Chem.

Majbr contribution

Minor contribution

MO No.
@ Basis functions (X,) i = nic; Basis functions () Ry, = nicg,-
1 4s (Col) 0.0119 3d,% - (Col) 0.0085

— — 3d,2 (Col) 0.0029
3s (C12) 0.9250 — —_
35 (CI13) 0.9250 — —
2 4p, (Col) 10.0017 — —
35 (Cl2) - 0.9769 e _
35 (CI3) 0.9749 — —_
3 3d,2 .2 (Col) 0.1568 45 (Col) 0.0654
e ot 3d,? (Col) 0.0543
— L 3d,y (Col) 0.0060
3p, (C12) 0.6265 35 (C12) 0.0250
3p, (CI3) 0.6269 35 (ClI3) 0.0250
b o 3p, (C12) 0.0059
— gt 3py (C13) 0.0059
4 3d,, (Col) 0.4966 3Py, (Col) 0.0047
3p, (C12) 0.6610 — —
; 3p, (CI3) 06626 —_ —
5 “3d,, (Col) 0.4827 3d2_,*(Col) 0.0187
3py (C12) 0.6548 3p(C12) 0.0062
3py (CI3) 0.6564 3p, (CI3) 0.0062
6 4p, (Col) 0.0086 L —
3p, (C12) 0.9671 e —
3p, (CI13) 09646 e —_
7 4py (Col) 0.0085 s —_
3py (C12) 0.9580 3p, (C12) 0.0090
3py (CI3) 10.9557 3p,(CI3) 0.0090
8 4p, (Col) - 0.0306 — —_
3px (C12) 0.8693 3py (CI2) 0.0082
3py (CI3) 0.8683  3p,(CI3) 0.0082
— e 35 (C12) 0.0025
— it 35 (C13) 0.0025
9 3d,, (Col) 1.9812 3dy, (Col) 0.0188
10 4d2 (Col) 1.4999 3d,2 -2 (Col) 0.4813
—_— — 3d,y (Col) 0.0186
1t 3d* _? (Col) 1.1747 3d2 (Col) 0.4068
— i 4s (Col} 0.2455
- e 3dyy (Col) 0.0454
3px (C12) 0.0567  3s(Cl2) 0.0024
3px (CI3) 0.0567 35 (CI3) 0.0024
12 3dyy (Col) 0.7325 3d,2_,* (Col) 0.0283
3py (C12) 0.1739 3p,(CI12) 0.0016
3py (CI3) - 3pe(C13) 0.0016

01742
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)  TABLE-2b
CONTRIBUTION OF ELECTRONS IN MO OF CoBr;

MO No. B Major contribution - 4 Minor contribution
® ’ Basis functions ()} "n,,,-=n,-c%,~ Basis functions (%) n,,,-=nic%i
1 2 4s(Col) © 00171 3d,2 -2 (Col) 0.0147

- s 3d2 (Col) 0.0051
4s (Br2) 09172 — —
4s (Br3) 0.9158 — —

2 2 4p.(Col) 0.0034 - -
4s (Br2) 09635 - .
4s (Br3) - 0.9705 e —

3 2 3d2_;*(Col) 0.3440  3d2(Col) . 0.1191

— s 45 (Col) 0.0524
— S AT 3d,, (Col) 0.0133
4p, (Br2) 0.5178 45 (Br2) 0.0356
4py(Br3) 05173 4s(Br3) 0.0356
Lo Co— . 4p,(Br2) 0.0049
— ; e 4p,(Br3) 0.0049

4 2 3dy (Col) 09613 3d,, (Col) ; 0.0091
4p, (Br2) 04360 — —
4p, (Br3) -~ 04352 = —

5 2 3dy (Col) 09341 3d,2 _,2 (Col) 0.0362
4py (Br2) 04319 4p . (B12) 0.0041
4p, (Br3) 04311 4p. (Br3) 0.0041

6 2 4p,(Col) 00377 — —
dpy(Br2) 08513  4p,(Br2) 0.0081
4p, (Br3) 08518 4p,(Br3) 0.0081

— : e 4s (Br2) 0.0033
e S 4s (Br3) 0.0033

7 2 3dy,(Col) 1.9812 3dy, (Col) 0.0188

8 2 3d2(Col) : 14999 342 ,2(Col) 0.4814
- C—  3dy(Col) 0.0186

9 2 4p,(Col) - 0.0078 S —
4p,(Br2) 09741 = _

 4p,(Br3) 09755 = — —

10 2 4py(Col) 00077 — ' —
4py (Br2) : 0.9649  4p,(Br2) 0.0092

; dpy(Br3) 0.9663  4p,(Br3) 0.0092

11 2 3d?2_,?(Col) 0.9935  3d2(Col) 0.3440

o — ' = 4s (Col) ' 0.3031

— ‘ — 3dyy (Col) 0.0385
4p, (Br2) 0.1414  4p,(Br2) 0.0013
4p, (Br3) L 01414 dp,(Br3) 0.0013

12 1 3d,, (Col) 05025 3d,2_,2(Col) 0.0195

4p, (Br2) 0.2836 4p, (Br2) 0.0027

dpy (Br3) 0.2832 4p, (Br3) 0.0027
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CONTRIBUTION OF ELECTRONS IN MO OF Col,

TABLE-2¢

Asian J. Chem.

MO No. Major chtribution Minor contribution
@ Basis functions () Ay i = n,—c%i ‘Basis functions Gt By, = n,-c%i
1 3d;? -2 (Col) ~0.0379 4s (Col) 0.0342
— s 3d,? (Col) 0.0131
o i 3dyy (Col) 0.0015
55 (12) 0.8675  Sp12) 0.0008
55 (I3) 0.8636 Spy(13) 0.0008
2 4p«Col) 0.0071 R -
55 (12) 109563 o —
55 (13) 0.9608 S —
3 3d;2 . ,H(Col) 0.4263 3d,? (Col) - 0.1476
S L 45 (Col) 0.0423
e = 3dy(Col) 0.0165
Spy (12) 04648 55(12) 0.0724
Spy (13) 04637  5s(I3) 0.0721
— — Spy(12) 0.0044
i o Spy (I13) 0.0044
4 3d,, (Col) 1.2561 3d,,(Col) 0.0119
5p, (12) 10.3040 S =
- 5p,(13) 0.3025 e —
5 3d,(Col) 1.2209 3d,2 .2 (Col) 0.0472
Spy (12) 0.3011 Sps(12) 0.0029
o Spy (13) 0.2997 Spr(13) 0.0028
6 3dy(Col) = 1.9812 3d,; (Col) 0.0188
7 3d.2 (Col) 1.4999 3dy2 -y (Col) 0.4814
— - 3dy(Col) 0.0186
8 4p, (Col) 00422 - —
Spy (12) 0.8450  Sp,(12) 0.0080
Spy (13) 0.8463 Spy (13) 0.0080
- i 55 (12) 0.0046
— — 55 (I3) 0.0046
9 4p,(Col) 00066 — _
' 5p, (12) 09775 - Sp(I3) 0.9817
10 4p, (Col) 0.0065 i —
Spy (12) 09683 Sp,(12) 0.0092
Spy (13) , 0.9725 Spx(13) 0.0092
11 3d -2 (Col) 09069 . 3d2(Col) 0.3139
' - e 45 (Col) 0.3062
e SEy 3d,y (Col) 0.0351
Spy (12) . 0.1879 Spy (12) 0.0018
Spe(13) - 01881 Spy(13) 0.0018
12 3dyy (Col) 03565 3d_,?(Col) 0.0138
Spy (12) 0.3482 Spx (12) 0.0033
Spy (13) 0.3467 0.0033

s
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The MOs of these halides are formed by linear combination of 9 cobalt orbitals
and 4 orbitals from each halogen. In total 17 AOs are involved in the formation of
MO. The details of the valence orbitals involved in the formation of MO are as
detailed below.

Co-1=4s, 4p,, 4p,, 4p,, 3d? -2, 342, 3dyy, 3d,, 3d,, =9

X-2 = ns, np, np, np,=4 :
X-3 =ns, np, np, np,=4

Total =17 ! :

where, n =3 for Cl, n =4 for Br, and n =5 for I.

In order to examine the contribution of various atomic orbitals in the formation
of molecular orbitals the LCAO has been studied. The 17 AOs give LCAO
approximations to the 17 MOs of cobalt(Il) halides. The various AOs are repre-
sented by 7, and MOs by ¢. 1-9 y are atomic orbitals of cobalt and 10-17 % are
atomic orbitals 'Of halogcns (X1 =45, Xp=4Ps X3 =4y, Ya=4D, As=3d2_ 2,
X = 3dz X1 = XS xz’ Xo = 3dyz’ %10 = 1S, Y11 = NPy Y12 = nPy, X13= np, for
X-2 and 4 = ns, Xls = ”Px, X16= 1Py, K17 = np, for X-3.

The forms of the 17 MOs, that is the magnitude of contribution of various AOs in
the formation of MO of the halides are demonstrated in Tables 1a~c. In these tables
the coefficients of y( is the eigenvector.

In order to examine the extent of involvement of 3d, 4s, 4p orbitals in the
formation of molecular orbitals the values of coefficient of these orbitals have been
separately tabulated for each molecular orbital and are given in Table 1d. The
nonbonding orbitals 3d,2 and 3d,, are excluded. The coefficient values of each
orbital have been added to see the total involvement in all the molecular orbitals
(¢; — 015)- The summation values are placed at the bottom of the table. It is clearly
indicated that the maximum involvement is of 3d2 _ yorbital and the minimum of
4p, orbital. The involvement of p orbital is negligible. The value of coefﬁciem is
between 0.2107 and 0.0591, which is very low in comparison to d orbitals (d,,, d,,

2 which is in the range 2.0383-0. 6234. The value for 4s is in the range
0 6676—0 6090. The extent of involvement of various cebalt orbitals in the forma-
tion of MO in CoCl,, CoBr, and Col, is very well demonstrated by the values given
“in the following table and also by the graphs (Figs. 2, 3, 4) drawn between the
orbitals and the summation values of their coefficients or eigenvector. Itis clear that
the involvement of p orbitals is negligible. The summations of coefficient values of
various orbitals are highest in case of iodide and lowest in chloride. It is perhaps on
this account the splitting of d orbitals as discussed later is maximum in iodide and
minimum in chloride.

- Summation of coefficient values of orbitals

Orbitals

‘, CoCly . CoBry . Coly
3,y 1.6724 ; 1.7378 1.7462
3d,, ‘ 06234 0.8159 0.9427
3d3 ) 1.8689 1.9732 ' 2.0383
4s ~ 0.6090 o 0.6430 0.6676
4p, 0159 01844 0.2107
4p, ; 0.0819 - 0.0806 0.0786

4p, 0.0672 : . 0.0637 0.0591
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Let there be n; electrons in the MO ¢; (n;=0, 1,2) and let n, ; symbolize the
contribution of electrons in the MO ¢; to the net population in %,, we have

- nj=neq (1)
where, ¢ is the coefficient of atomic orbitals for the ith MO (r=1 —~17).

Equation (1) has been solved for 23 electrons of 12 molecular orbitals. Two
electrons in the 1st MO to 11th MO and one electron in 12th MO have been
considered. The five molecular orbitals having no electron are left over. The data
relating to ¢ have been taken from Tables 1a—c. The results of solution of eqn. (1)
are included in Tables 2a—c which enlist the contribution of electrons in molecular
orbitals under two sections: major and minor. It is evident that major contribution
is from 3d and 4s orbital. The p orbitals have negligible contribution.

Besides contribution of electrons the Mulliken’s method is also used for
evaluating overlap population, in order to distinguish bonding, nonbonding and
antibonding molecular orbitals. This method allocates proportionally the overlap
population n_ for all possible pairs of basis functions, svhich is shown by eqn. (2).

, : ‘“r-é, i .: Hi(zcricsisrs) (2)
where, 'cri = the coefficient of atomic orbitals for one atom, ‘
= the coefficient of atomic orbitals for other atom
and S = the overlap integrals between the two AOs (one of an atom and
one of the other atom).

It is evndem from eqn. (2) that for overlap populatxon analysis of MOs of a
molecule, we need eigenvector values (coefficients), values of overlap matrix
(overlap integrals) and number of electrons in each MO. The eigenvector and
overlap integral values for halides of cobalt have been taken from Tables la—c and

~Tables 3a—c respectively and the number of electrons is taken as two for Istto 11th
MOs, one for 12th MO and zero for 13th to 17th MO. With these values Table-4 is
- constructed for overlap population contributions n, ; of one molecular orbital.
~* This table has 7 columns, defined as below. There will be 17 such tables for 17 MO
but only 12 tables for each halide are constructed, because remaining five which
have no electrons are left over. In such a'way there will be 36 tables for all the three
‘halides.

Column I—number of electrons (ni) ,

Columns 2, 4—atomic orbitals of cobalt and halogen

Column 3—coefficients of AOs of one atom (c,;)

Column 5—coefficients of AOs of other atom (cg;)

Column 6—overlap integral between two AOs of different atoms (S,,)

Column 7—overlap population contribution n,_ ;.

The possible overlaps between the various AOs of meta]; and halogens in each

, mo]iecular orbital will be 88, as detailed below.

8 overlaps—4s AO of cobalt with ns, np,, npy,' np, AOs of both halogen.

8 overlaps—4p, AO of cobalt with ns, np,, NPy, np; AOs of both halogen.

8 overlaps—4p, AO of cobalt with ns, 1Py, npy, np, AOs of both halogen.

8 overlaps—élpz AO of cobalt with ns, np,, npy, np, AQOs of both halogen.

8 overlaps—3d,2 _ 2 AO of cobalt with ns, np, npy, np; AOs of both halogen.

8 overlaps—3d,? AO of cobalt w1th ns, npx, npy, np, AOs of both halogen.
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8 overlaps—3d,,, AO of cobalt with ns, np,, npy, np, AOs of both halogen.

8 overlaps——&d AO of cobalt with ns, np,, npy, np, AOs of both halogen.

8 overlaps—3d,, AO of cobalt with ns, np,, np,, np, AOs of both halogens.

4 overlaps—ns AO of X-2 with ns, np,, np,, np, AOs of X-3.

4 overlaps—np, AO of X-2 with ns, np,, np,, np, AOs of X-3.

4 overlaps—np, AO of X-2 with ns, np,, np,, np, AOs of X-3.

4 overlaps—np, AO of X-2 with ns, np,, np,, np, AOs of X-3.

Total—88 overlaps.

For the study of overlap populatlon we have to construct twelve tables for each
halide, each having 88 possible overlaps, but while building up the table we have
dropped the values of zero eigenvector value [Tables 1 (a—c)], hence each table of
overlap population contribution differs in its number of orbitals. For obtaining the
values of overlap population contributions (n,., ;), we have to discuss each table
separately, but for brevity we here discuss Table-4 for molecular orbital number 1

~of cobalt chloride only.

This table has 39 possible overlaps outof which 30 provide coefficient values of
cobalt orbitals and 9 for CI-2 in column 3, i.e., ¢;;. Columin 5 is the coefficient value
¢ for both the chlorines. Up to 30, both the chlorines are involved and for the

- remaining nine only CI-3. Column 6 is overlap integral S and exhibits the
magnitude of overlap between the AOs represented in columns 2 and 4. The values
-are self-explanatory for indicating the magnitude.

The overlap population analysis also shows negligible involvement of 4p
orbitals of cobalt. It has earlier been suggested that much smaller radius of the 34
orbital than the 4s orbital makes the involvement of 4s orbital dominant contribu-
tion in the bonding*!* 42, This hypothesis is the central theme of a recent text book of
transition metal chemistry by Gerloch and Constable*. While the i importance of the
valence ns and (n — 1)d functions for the description for transition metal bond is
undxsputed the status of the empty np orbital is controversially discussed.

Our results indicate that involvement of np orbital in transition metal bond is
. negligible and the main role is played by ns and by (n — 1)d orbital. Landis'>'® has
also emphatically denied the involvement of np orbital in hybridization. He has
supported sd hybridization and has based his observation on the bond angles. The
idealized sd hybridization has been shown to have angles of 90°.This is because the
energy curves are a function of the bond angles and have two minima one below 90°
and one above 90°. The bond angles as prcsentcd in Fig. 1 also support the Landis
concept.

Column 7 of Table-4 enhsts the values of overiap population, derived from
eqn. (2). The sum of the values of overlap populations decides the nature of MO
in a covalent molecule. If the sum of this interatomic overlap population
contribution is substantially positive, the MO is bonding if substantially negative,
the MO is antibonding and if zero or near zero, the MO is nonbonding. Table-4
indicates that the sum of overlap population contribution in first MO of CoCl, is
0.1238. Similarly the sum of overlap population contribution has been worked
out for CoBr, and Col, and the values are 0.1292 and 0.0623 respectively, which
are positive indicating or supporting the bonding nature of MO.

Similarly the sum of overlap population for the 12 MOs in all the halides has
been worked out and the resuits are tabulated in Table-5.
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TABLE-4
OVERLAP POPULATION CONTRIBUTIONS OF Ist MOLECULAR ORBITAL OF CoCl,

Asian J. Chem.

n; AOs Cri AOs Csi Srs Ppes, i = i (2C7i°Cyi*Srs)
2 -45(Col) ~0.0774 3s5(CI2) -0.6801 0.2075 0.0437
2 4s(Col) 00774 3p,(C12)  -0.0122 -03267 -0.0012
2 4s(Col) -0.0774 3py, (C12) 0.0012 - 0.0381 0.0000
2  4s(Col) 00774 3s(CI3) -0.6807 0.2076 0.0438
2 4s(Col) -0.0774 3p,(CI3) 0.0123 0.3269 -0.0012
2 4s(Col) -0.0774 3p, (CI3) -0.0012  -0.0318 0.0000
2 3d?_*(Col) -0.0653 3s(Cl2) ~0.6801 0.0789 0.0140
2 342.,2(Coly -0.0653 3p,(Cl2) -0.0122  -0.1001 -0.0003
2 3d?-,*(Coly -0.0653 3py (C12) -0.0012 0.0246 0.0000
2 3d2. y2 (Coly ~0.0653 3s(CI3) 7—0.6807 , 0.,0790 0.0140
2 342 _yz :(COU -0.0653 . 3p, (C13) 0.0123 0.1001 -0.0003
2 3dj?_ yz (Col) -0.0653 3py (C13) 00012 0246 0.0000
2 342(Col) 0.0385 35(Cl12) - ~0.6801 ~0.0465 0.0049
2 3dz2‘(C6]1) 0.0385  3p, (CI2) 00122 0.0597 -0.0001
2 3d?(Col) 0.0385 3py(CI2) 0.0012 ‘—-0.0058 0.0000
2 342 (Col) 0.0385 3s (C13) ~0.6807 - -0.0465 0.0049
2 3d?(Col) 0.0385 3p, (C13) 00123 -0.0598 -0.0001
2 3d? ((;01) 0.0385 3p, (C13) ~0.0012 0.0058 0.0000
2 3dy (Col) 0.0129 3s(C12) -0.6801 . -0.0155 0.0005
2 3dy (Col) 0.0129 3p,(C12) -0.0122 0.0273 0.0000
2 3d,y (Col) 0.0129 3p, (C12) 0.0012 0.7290 0.0000
2 3dy (Col) 0.0129 3s5(CI3) -0.6807 -0.0155 0.0005
2 3dy (Col) 0.0129 3p, (C13) 0.0123 - -0.0273 0.0000
2 3dy(Col) 0.0129 3p, (CI3) =0.0012  -0.0729 0.0000
2 3d, (Col) ~0.0002 3.3 (C12) =0.6801 0.0000 0.0000
-2 34, (Col) -0.0002 - 3p, (C12) -0.0122 0.0000 0.0000
2 3d,(Col) -0.0002 3p, (C12) 0.0012 0.0000 0.0000
2 3d,, (Col) ~0.0002 3s(CI3) -0.6807 0.0003 0.0000
2 . 3dy, (Col) =0.0002 3p,§ (C13) 0.0123 0.0006 0.0000
2 3d}z (Col) -0.0002 3p, (CB) -0.0012 -0.0001 0.0000
2 3s5(Cl2) -0.6801 3s(CI3) - =0.6807 0.0006 0.0011
2 3s5(C12) 06801 3p, (C13) 0.0123 0.0040 ~0.0001
2 3s(C12) -0.6801  3p, (CI3) =0.0012 -  -0.0004 0.0000
2 3py(C12) 0.0122 3s (C13) -0.6807  -0.0040 - -0.0001
2 3p(C12) -0.0122 3p, (C13) 00123  =0.0153 0.0000
2 3py (C1) -0.0122 3p, (CI3) =0.0012 0.0017 0.0000
2 3py (CI2) 0.0012 3s(Cl13) -0.6807 0.0004 0.0000
2 3py(C12) 0.0012 3p,(CI3) 00123 0.0017 0.0000
2 3py(Ci2) 0.0012 3p, (CI3) -=0.0012 0.0016 0.0000

Srpes, i =0.1238
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TABLE-S

NATURE OF OCCUPIED MOs
MO No. Sum of overlap- population contribution (Zn,—s. ;) Nature of MOs
COBALT(H) CHLORIDE

1 0.1238 ; (Positive) Bonding

2 0.0461  (Positive) Bonding

3 04744 (Positive) Bonding

4 03976  (Positive) Bonding '
5 02197 ~ (Positive) Bonding

6 0058  (Positive) Bonding
7 00590 (Positive) Bonding

8 02095  (Positive) | Bonding

9 0.0000 (zero) : Nonbonding
10 0.0000 " (zero) ' Nonbonding
11 0.0079 ~' {Positive) Bonding

12 ~0.1127 : ~(Negative) -« - Antibonding

r COBALT(H) BROMIDE

| 0.1292 - (Positive) Bonding

2 0.0563 (Positive) Bonding

3 03553  (Positive) Bonding

4 0.1579 . (Positive) Bonding

5 0.1814  (Positive) Bonding

6 02362  (Positive) Bonding

7 0.0000 . L ((zero) k Nonbonding
-8 0.0000 . {zero) , Nonbonding
9 0.0423 - (Positive) Bonding
10 0.0418 (Positive) Bonding

I1 “0.0340 i g "(Posmve) Bonding

12 -0.0472 iy (Negatwe) ‘ Antibonding

COBALT(H) JODIDE

1 0.181 < -(Positive) Bonding

2 0.0751 . (Positive) Bonding

3 0.2857 k (Positive) . Bonding

4 01243 (Positive) Bonding

5 0.1243 N (Positive) Bonding A
6 0.0000 (zero) \ Nonbonding
7 0.0000 k (zero) ‘ Nonbonding
8 £ 0.2409 . (Positive) , ‘Bonding

9 00331  (Positive) ‘Bonding
10 00332  (Positive) Bonding

11 0.0577  (Positive) Bonding

12 0.0727  (Negative) Antibonding
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Fig.2. Extentof involvcment‘ of metal orbital in the formation of MOs of CoCl,
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Fig.3. Extent of involvement of metal orbital in the formation of MOs of CoBr,
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2.0000
1.5000
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Sumimation vaiues of coafficient of :
orbitals
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Fig.4. Extent of involvemenf of metai orbital in the formation of MOs of Col,
Population Analysis L '

The contribution of electrons in each “oc‘cﬁpiéd MO is calculated by using the
population analysis method, introduced by Mullikcn.‘ This method apportions the
electrons of n-electron molecule into net population n, in the basis function Ap-
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The population analysis as presented in Table-5 shows that the nonbonding
electrons are present in 9th and 10th molecular orbitals in CoCly, 7th and 8th
molecular orbitals in CoBr, and 6th and 7th molecular orbitals in Col,. The
difference in position of nonbonding molecular orbital prompted us to examine the
eigenvalues of cobalt ion and to compare them with the eigenvalues of the halides.
The eigenvalues of the molecular orbitals of the halides are included in Table-6. The
nonbonding orbitals are degenerate in all the cases. The eigenvector analysis as
presented in Tables 1a—c indicates that these orbitals are 3d,, and 3d 2. The energies
of these orbitals in cobalt ion and in its three halides are demonstrated in Table-7.

TABLE-6
~ EIGENVALUES OF ALL THE 17 MOs OF COBALT(I) HALIDES

MO No. CoCl, - CoBr3 , Coly
1 ~0.9740 : -0.8193 , -0.6738
2 09667 -0.8119 . -0.6631
3 -0.5680 - ~0.5341 : -0.5199
4 -0.5437 ~ 05116 -0.5006
5 ~0.5437 -0.5116 -0.5006
6 . -0.5240 . -04873 ; ~0.4843
7 ~0.5240 -0.4843 ! -0.4843
8 -0.5232 04843 -0.4734
9 -0.4843 04827 04677
10 -0.4843 204827 04677
11 ~0.4596 o -04524 ~0.4516
12 -0.4528 o -0.4486 -0.4467
13 -0.4528 L =0.4486 ' -0.4467
14 -0.1670 L =0.1786 -0.1831
15 -0.1670 ; 01786 -0.1831
16 0.0767 ~0.0620 -0.1075
17 03738 , 01780 - 0.0973

From Table-7, it is clear that all the d orbitals in ion are degenerate and their
. energy is —0.4843 eV. The energy of 3d,, and 3d? orbitals in all the halides is also
~0.4843 eV. In case of chloride the energy of 3d;? _ ;2is -0.4596 and in bromide and
iodide -0.4524 and -0.4516 eV respectively. The 3d,, and 3d,, are degenerate in all
the cases but their energies differ, being ~0.4528 ¢V in chloride, ~0.4486 eV in
bromide and 04467 eV in iodide. If the magnitude of splitting, i.e., difference in
energies of two nonbonding degenerate orbitals (3d,,, 3d2) and 3d *_y2or 3d,,
3d,, is evaluated, the highest value is in iodide and lowest in chloride.

TABLE-7
SPLITTING OF d ORBITALS IN COBALT(II) HALIDES

Energy : Co™ CoCly - CoBr, Col,
04843 3d2. )7 3d2 3dy, 3de, 3y 34y 3d2  3dy3d?  3dy,3d7
04596 — o 3dzp — —
~0.4528 = Sy 3dy _
-‘0.4524 ) ‘ : - ) N ‘ b 3dx2 -y2 -
04516 e e — 3d2_ )2
-0.4486 St = 3dy,3dg —

~0.4467 } — e 3g g
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The halogens enter into bonding through their s and p orbitals. The two orbitals
differ in energy significantly. It is worth noticing that energy difference in s and p
orbitals of the chloride, bromide and iodide are not the same. In chloride it is
—0.9665 (s) and ~0.5218 (p), in bromide it is -0.8110 (s) and —-0.4814 (p) and in
iodide ~0.6615 (s) and —~0.4667 (p). The difference between energy levels of s and
p orbitals in chloride is ~0.4447, in bromide —0.3296 and in iodide —0.1948. The
order is chloride > bromide > iodide. In other words, the s and p orbitals in iodide
are close as compared to s and p orbitals in bromide and chloride. The splitting of
d orbitals in the three halides as discussed can be related with the energy levels of s
and p orbitals of the halogens. The iodide in which the s and porbitals are very close,
cause greater splitting in d orbitals or they have greater overlap with d orbitals of
cobalt. It is perhaps on this account the splitting of d orbitals in iodide is more than
chloride or bromide. : ,

From the above discussion it is clear that no molecular orbital is formed by only
two atomic orbitals. All MOs have contribution of many basis functions or atomic
orbitals; as a result every MO has a definite shape having contributions from many
basis functions. e '

Conclusions . o g

1. Eigenvector analysis shows that 3d,2_ 2 and 3d,, orbitals of cobalt play a
major role in bonding between cobalt and halogen, 4s orbital is next and
4p orbitals have a negligible role. This supports the Landis observation and
concept of sd hybridization., The bond angles are also in the range
prescribed for sd hybridization. i

2. s and p orbitals of halogen are involved in bonding with cobalt. There is a
difference in the energy levels of s and p orbitals in the three halides. The
difference in chloride is 0.4447, in bromide 0.3296 and in iodide 0.1948.
The closeness in the energy levels of s and p in iodide makes it more
effective for overlap with orbitals of cobalt.

3. The overlap population analysis shows that nonbonding orbitals in chloride
are 9th and 10th, in bromide 7th and 8th and in iodide 6th and 7th molecular
orbitals. The energy of these orbitals in all the cases is ~0.4843 eV, The
degenerate d orbitals of Co®" has also the same energy.

4. The magnitude of splitting of d orbitals as evaluated by eigen values and
eigenvectors indicates the following order: CoCl, < CoBr, < Col,.

5. No moﬂecular orbital is formed by two atomic orbitals only. All MOs have
contribution from many atomic orbitals, the difference is only in extent of
involvement. i
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