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field level is suspected to be of predominantly ligand 
character.22 It is interesting that the first spin-allowed 
band appears a t  13,400 cm-' for Au(mnt)z- and a t  
18,500 cm-l for Pt(mnt)22-. This gives A1 = 16,900 
cm-l (using C = 3500 cm-') for Au(II1) and A1 = 
22,000 cm-1 for Pt(1I) in the mnt2- case, which nicely 
follows the predicted A trend. 

Some comment is in order regarding the exceptionally 
low position of z2 in the ligand-field levels of PtC142-. 
As MTK have pointed out, neither the xz,yz > z2 nor the 
xz,yz = z2 result is compatible with a point-charge 
crystal-field calculation,2 which gives x2 - y2 > xy > z2 
> xz,yz. Fortunately, the molecular orbital model is 
compatible with the very low position of z2 in PtC1d2-, 
probably as a result of very large participation of the 6s 
orbital in the u bonding. Since the 6s and 5d,a bond 
with the same ligand combination, the large participa- 
tion of the 6s orbital in the Pt(I1)-C1 bonds leaves 5d,, 
a t  a relatively stable position.23 We note that the limi- 
tation of a purely d orbital set and the neglect of over- 
lap in the ionic model is unrealistic and can easily give 
an incorrect ordering of levels, particularly in cases 
where metal d orbitals are involved with the same ligand 
symmetry orbitals as are the metal s and p orbitals. 
However, it  should be stated emphatically that the 

ordering x 2  = y2 > xy > xz,yz > z2 need not be correct 
for all square-planar complexes. I n  fact, the halides 
probably represent the case in which z2 is a t  its lowest 
relative position in the ligand-field level scheme. We 
make this suggestion because of the low spectrochemical 
position of halide ligands, indicating good rr-donor and 
poor (u --t d)-donor capabilities. With ligands of 
better rr-acceptor or (u + d)-donor potential (or both), 
the z2 level in many cases should move significantly 
above the xz,yz orbitals. Simple 0- and N-donor 
ligands would be in this category, as well as CN- and 
CO. We note that the best available experimental 
evidence3vZ4 gives z2 > xz,yz in the case of Ni(CN)r2-. 

A final observation of interest is that  the calculated 
charge distributions (see Table I) in PtC1d2- and PdC142- 
are not significantly different. This result is in agree- 
ment with similar conclusions concerning the relative 
charge distributions in the two complexes deduced 
from measurements of their nuclear quadrupole reso- 
nance spectra.26s26 
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The electronic ground state of PtC1hZ- calculated by semiempirical molecular orbital theory of the extended Hiickel type is 
a 'AI, with a P t  d orbital order and occupation of (d.a)2(d,,,d,,)4(d,,)2(d,2_,2)0. This result was obtained over a wide range 
of variations in the P t  valence state ionization potentials, the P t  wave functions, and the Wolfsberg-Helmholz factor in 
both the Mulliken-Wolfsberg-Helmholz and the Ballhausen-Gray approximations. The numerical dependence of the Pt-C1 
bond order and the one-electron molecular orbitals of PtClaz- have been examined as functions of variations in the Pt 6s, 
6p, and 5d wave functions, the corresponding valence state ionization potentials, and the weight given to the off-diagonal 
terms in the Hamiltonian matrix. A method is outlined for computing Slater-type orbital (nodeless wave functions) overlap 
integrals that accurately approximate overlap integrals between self-consistent field wave functions. Using what appear 
t o  be optimum choices of parameters, results in excellent agreement with the nuclear quadrupole coupling constant for %'1 
are obtained. 

Introduction proposed a Pt 5d orbital order of (dzz;dy,), (dza) ,  (dzu), 
Previous studies of the electronic structure of PtCl42- (dz2-d. Fenske, Martin, and Ruedenberg4 proposed 

have led to several ambiguities concerning the splitting the same order by considering the problem in terms of 
of the pt 5d orbitals. Ballhausen and Gray3 have electrostatic crystal field theory. Chatt, Gamlen, 
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and Orgelj and more recently M a r t i r ~ ~ , ~  have proposed 
a (dZ2)) (d,,;dyl), (dzu)> (dz*-p) orbital order. Un- 
fortunately, the elcctronic spectrum of KaPtCle both 
in the solid state7-Ia and in various solvents5 can be 
interpreted using either splitting scheme. In  an at- 
tempt to resolve these ambiguities, MartinG has studied 
the vibrational fine structure of the polarized spectrum 
at low temperatures and has concluded that the latter 
orbital sequence is the more probable. Mortensen,lo 
on the other hand, has briefly reported the polarized 
spectrum a t  5°K and has stated, without detailed 
discussion, that the results (which closely resemble 
Lxartin's room-temperature results) are in agreement 
with Gray and Ballhausen's ordering of the levels. 

For a number of reasons, we have wished to devise a 
practical even if crude scheme for carrying out ex- 
tended Huckel-type molecular orbital calculations on 
complexes of the heavy transition elements (e.g., those 
which form metal atom cluster compounds and their 
neighbors). In  view of the facts that  (I) the PtC1e2- 
problem is inherently interesting and important, (2) 
there is a substantial possibility that experimental 
studies will, in due course, resolve the question of the 
d-level order and, (3) the square or nearly square MCl, 
grouping recurs often in heavy metal complexes (in- 
cluding metal atom cluster compoundsll such as 
Re2Cls2-), the PtCla2- ion seemed to be a suitable ex- 
ample with which to explore the possibilities for devis- 
ing a useful computational approach. 

Method of Calculation 
The LCAO-MO theory used in this case is a modifi- 

cation of the extended Hiickel M O  theory. The 
modification is a stringent but necessary restriction 
on the values of the "molecular" valence state ioniza- 
tion potentials,12 of the basis set orbitals. In 
every calculation all overlaps, Si j ,  are evaluated. In  
our treatment no assumption is made as to the extent 
of hybridization of the ligand and/or metal wave func- 
tions. This ensures that the variational principle, l 3  
aE/dci = 0, where ci is the R10 coefficient and E is 
the M O  eigenvalue, is satisfied for all atomic orbitals 
in the basis set. These conditions and the LCAO 
assumption,14 i.e., lIrj = cctj& where lIri is the j th  A I 0  

z 

and @i is the ith atomic orbital, leads directly to the 
familiar condition for the secular determinant, ;.e. 
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(12) The  distinction between molecular valence state ionization poten- 
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detjlg, - ES,] = (I (1) 
where the Hi, are the usual Ilamiltoiiian matrix ele- 
ments between the &th the +,th atomic orbitals and 
S, is the overlap integral between these atomic orbitals. 

Choice of Atomic Orbitals and the Evaluation of 
Overlap Integrals.-A basis set of 25 orbitals, the Pt Bs, 
Gp, and 5d and the C13s and 3p atomic orbitals, wereused 
to construct the molecular orbitals. \Ve assumed that 
the nonvalence electrons do not participate in bonding 
and these, together with the nuclei, form a core po- 
tential that is invariant to the interactions between thc 
valence shell electrons. 

The atomic orbitals were expressed as nodeless 
Slater-typeI5 orbitals (STO) of the form 

*(n ,~ ,m)  = exp(-acrir) yirn(o>p) (2 )  

where A' is the normalization coefficient, ai is the shield- 
ing parameter, and Yi"(O,p) is the usual spherical 
harmonic. 

The shielding parameters, ai, were chosen in the 
following fashion to best approximate overlaps be- 
tween self-consistent field (SCF) wave functions. The 
Hartree-Fock wave functions of Watson and Freeman 
were used for Cl0 and C1-.I6 Herman-Skillman wave 
functions1' for the Pta 6s and Sd orbitals were used; 
the 6p wave function was approximated by assuming a 
slightly smaller CY than for the 6s. First an interpolated 
numerical radial wave function for C1'''- was obtained 
from SCF wave functions of Cl0 and C1-.I6 Numeri- 
cal overlap integrals between the SCF wavc functions for 
"cis" C1 3s-3s, 3p-3p, and 3s-3p orbitals were then 
calculated. The CY'S in eq 2 were varied so that  the 
overlap integrals between the STO wave functions dif- 
fered insignificantly ( < 4%) from those obtained from 
SCF wave functions. In  this way the C1 3s and 3p 
shielding parameters were fixed. The same procedure 
was followed for Pta-Cll"- overlap integrals of the 
type 6s-3s, Bs-Sp, 5d-3s, and 5d-3p ; however, only 
the Pta ai's needed to be varied. The shielding 
parameters so obtained were: C1(3s), 2.245; C1(3p), 
1.850; Pt(5d), 3.150; Pt(Bs), 2.600; Pt(Bp), 2.450. 
The overlap integrals obtained using these parametersls 
are on file with the American Documentation In- 
stitute, and Figure 1 shows the coordinate system 
used. 

We have assumed that the overlap integrals do not 
change appreciably with variation of the charge dis- 
tribution in the course of self-consistent charge refinc- 
ment. The error inherent in such an assumption can 
be estimated if we assume that the Pt wave functions 
have a dependence on charge and configuration similar 
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Auxiliary Publications Project Photoduplication Service, Library of Cotl- 
gress, Washington, D. C. 20540. A copy may be secured by  citing the 
document number and by an advanced remittance (51.25 for photoprints 01- 

$1.15 for 3.5." microfilm) payable to: Chief, Photoduplicalioti Service, 
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Figure 1 .--I-’tC142- iiiolecular coordinate system used to calcu- 

Subscript numbers correspond to the late the overlap integrals. 
identifying numbers used in Table V. 

to some other known wave functions. The wave func- 
tions of Pt are not available for configuration and 
charge states other than the PtO state 5dg6s1. Roslg 
has already given simple diatomic overlap integrals 
for a limited number of charge distributions and con- 
figurations of CUCI~~-.  Since the 3d to C1 overlaps 
were not listed for Cu dlosl and dl0p1 configurations, 
we restricted the comparison to Cu 4s and 4p to C1 
overlap integrals. Table I lists the overlap integral 

Cl0a6l- for the orbitals and configurations listed. Since 
a Pt charge of +0.439 was obtained after full charge 
refinement] we concluded that although a 9% error is 
introduced in certain cases (6p-3s; 6s-3s) by neglecting 
to recalculate overlap integrals as a function of charge, 
the average error is only 5 to 6V0. 

ratios CuLC10.6- : Cu+-C10.76- and CuO-C10.6-: CuO.44- 

TABLE I 
Cu-C1  OVERLAP^ INTEGRAL RATIOS OVER 

CHARGE AND CONFIGURATION 
CuO-ClO~SO -: CuO-ClO~SO- : 

Cunfigui ation Cu f-ClO.76- Cu0.4LCl0.61- %i 

d d j  
3d44s2 4s-3s 1.16 1.09 9 

4s-3pu 0.96 0.98 2 
3dg4p2 4p-3s 1.07 1.04 4 

4P-3Pu 0.83 0.91 9 
4P 7-3P i7 0.93 0.96 4 

a All values calculated from ref 19. 

Evaluation of the Diagonal Matrix Elements, ETtt.- 
Ht i  is the energy of an electron in the i th atomic orbital 
moving in the field of the nuclei and other electrons 
in the molecule. In terms of the Hamiltonian operator 
and orthogonal wave functions, x t ,  these matrix ele- 
ments can be expressed in the Dirac notation as 

 it = (xi1 - 1 1 / 2 ~ t 2 [  x l )  - ~ x i / z a / ~ a l x t )  + 
( X i 1  c x , x ~ / y ~ ~ l x i )  - (Xi1 c q9/r, lxt> + ( X * ~ C X . k X L / ~ * L ~ X d  

k > z  
k Z j  

i > z  b+a 

(3) 
( l Y )  P. Kus, Thesis (dhernistiy), Xindhoven, Holland, lYti4. 

where l / zV t2  is the kinetic energy operator, Z J r ,  
is the nuclear attraction operation of the a th  nucleus 
on which the i th atomic orbital is centered] and 
x j x J / r t J  are the electron repulsion operators where the 
j t h  atomic orbital is on the CY nucleus. k designates 
atomic orbitals centered on the p nuclei. 

If we define the free-ion contributions to Hti, namely 
the first three terms in eq 3, as Aii and the remaining 
terms as Mi, which are the contributions to H i ,  from 
other atoms in the molecule, we can reexpress Htt as 

Hit = Att + Mti (4) 

For specific free-ion electron configurations the A 
can be explicitly evaluated. They have, however, been 
traditionally estimated by the valence state ionization 
potentials ( VSIPiJ. 

The A,,’s for the process Cl0 3 C1+ + e- were esti- 
mated as the VSIP’s given by Hinze and JaffdZ0 for the 
3s and 3p orbitals in the configurations sp2p2p2 and 
s2p2p2p, respectively. 

Pt+ + e- were esti- 
mated by averaging the spectral states and multiplici- 
ties given by Moore21 for the configurations and proc- 
esses listed in Table 11. Since the spectral states of 
Pt2+ have not been recorded, we have estimated the 
AZt’s for the process P t+  + Pt2+ + e- according to the 
following considerations. 

The Ais's for the process PtO 

TABLE I1 

FOR PtO -+ Ptf + e- 

z state Final state + oibital (Att). ev 

65 5d96s1 + 5dg + 6s 
5d*6s2 + 5d86s + 6s -9.80 
5d86s6p + 5d86p + 6s 

6P 5d86s6p + 5d86s + 6p -5.35 
5d96p + 5dg + 6p 

5d 5d10 + 5d9 + 5d 

5d86e’ + 5d76s2 + 5d 
5d96p -+ 5d86p + 5d 

Pt  STATES AND PROCESSES AVERAGED” TO OBrAIN A , ,  

Initial P tQ 

5d96s + 5d86s + 5d -10.61 

a All states were averaged over multiplicities and were obtained 
from ref 21. 

Zerner and Gouternian22 have obtained VSIP’s for 
many of the first-row transition metals, M. They 
found that the VSIP’s for M +  were about 10 ev higher 
than for Mo for 4s and 3d electrons and about 7 ev 
higher for 3p electrons. Since the ionization poten- 
tialsZ1 for Ni+, Pd+, and Pt+ are 10.52, 11.09, and 9.56 
ev higher than the ionization potentials for Nio, PdO, 
and PtO, we feel that i t  is reasonable to expect that the 
behavior of the VSIP’s of the Pt states is similar to 
the behavior of those for metals of the first row. 
Therefore, the approximation was made that the A 
for Pt+ were 10 ev higher than the A,*’s of PtO for the 
6s and 5d atomic orbitals and 7 ev higher for the 6p 
atomic orbitals. 

(20) J. Hinze and H. H. JaffC, J .  Am. Chem. SOC., 84, 540 (1962). 
(21) C. E. Moore, “Atomic Energy Levels,” U. S .  National Bureau of 

Standards Circular 467, U. S. Government Printing Office, Washington, 
17. C., 1949 and 1952. 

(22) M. Zerner and M. Guuterman, 2‘heorel.  Chim. Acta, 4, 44 (1966). 



In principle the multicenter integrals oE M<, can be 
calculated, but this would be a formidable undertaking 
requiring an unjustifiable amount of computer time. 
They can, however, in part be estimated by the point 
charge approximationz3 

M,, c-‘ c Z c f f l Y p  (6) 
P f a  

where Zeff is the effective point charge of the p nucleus. 
The sum is over all nuclei except the nucleus (a)  on vhich 
the ith atomic orbitals is centered. The internuclear 
distance between the 0: and f i  nuclei in Bohr radii is rP. 

Table I11 lists the values of i l i i  and Mft resulting 
from such an approximation for the Pt Gs, 6p, and 5d 
atomic orbitals. A t i ,  defined in Table 111, is significant 
in two respects: (1) it is larger for the inore covalent 
Pt-C1 bonds (i.e.> Pt charge closer to zero); (2) i t  is 
larger for the more diffuse Gp orbitals. These results 
suggest that Aii  is in some may related to the penetra- 
tion of the Pt wave function into the C1 inner core, 
an effect which is neglected in the point charge ap- 
proximation of Mtt.  The potential field around the Cl 
atom changes from negative to positive a t  some point 
approaching the C1 nucleus; therefore, the larger the 
amplitude of the Pt wave function, the greater will be 
the stabilization of the Mi; from the positive portion of 
the C1 potential field. Thus, the Pt Gp atomic orbital 
should be stabilized more by this effect than the 6s and 
5d orbitals. 

TABLE I11 
Hii’s (IN EV) FOR PLATINUM AS A Fuscm)x OIC CIIARGE 

1’1 charge (E a )  0 0 . 5  1.0 1 . 5  2 . 0  
CI charge -0.500 -0.625 -0.750 -0 .875  - 1 . 0  

1 2 . 3  15.4 18.3 2 1 . 7  24 .7  

-10.61 -13.61 -20.81 -28.81 -30.61 
-5 .35  -10.36 -13.33 --20.85 -23.35 

1 Point charge 
approx 
for 3Iii 

5d 
A ii 

6~ 

5d - 1 2 . 3  -10.4 - 8 . 6  - 6 . 7  - 4 . 7  
6~ -15.3 -13.4 -11.5 - 0 . 7  - 7 . 7  

A . . a  

Ai, = /lit(I’to) - Abt(I’tq) - AT;i. 

Rather than neglect this penetration corrcction, At ,  
was assumed to  be functionally related to it. The molec- 
ular terms H,, corresponding to the Pt+ states were 
therefore restricted to values 1 ev higher than values 
for the corresponding PtO states. The C1 orbital ener- 
gies were also assumed to change by 1 ev per unit change 
in C1 charge. All intermediate values were obtained 
by interpolation. This is a stringent constraint on the 
H,,’s. However, in a later section of this paper it will 
be shown that the one-electron molecular orbitals can 
only be justified empirically if one does in fact impose 
such a constraint. 

Evaluation of the Off -Diagonal Matrix Elements, 
Htj.-The Hrj’s are the usual Hamiltonian matrix 
elements between the ith and j t h  atomic orbitals. 
They have been evaluated seinienipirically by the 
Ivlulliken-\\-olfsberg-Helmholtz (MWH) approxima- 

tio11,24,2” eq 6. K is thc \Volfsberg-Helniholt~~~ factor 

IT,, = KS,(II,Z + U?J/2 (6) 

and S,, is the overlap integral bctwcen the it11 and j t h  
atomic orbitals. 

This approximation was used for the main body of 
the calculations. Honever, the 1IWH approxiniation 
n-as compared to the Ballhausen-GrayZb (BG) approxi- 
mation (eq 7) for various values of IC and K’. The 

results of this variation are listed in Table IV for sev- 
eral molecular properties. 

’rAB1,IG I\’ 
MOLECULAR PKUPERIIBS CALCULA~EI) EXIPLOYING VARIOUS 

VALUES OF K AKD K‘ (EQ G AND 7)  
lb2K#: .-+ lb,,:!: 

Pt-CI bond tran energy, 
IC Pt  charge order ev 

1 . 6  0.813 0.293 2.70 
1.8 0 I439 0.403 3.74 
2 . 0  0.138 0.476 4.80 
2 . 2  -0.116 0.520 5.90 

IC’ 
1 .5  
1 . 7  
2 .0  
2.2 

lfJLg:2 .-+ 11,: ,:< 

1’1-CI bund trail energy, 
I’t chal-b‘e order ev 

1 .23 0,057 2.14 
0.849 0.220 3.11 
0.397 0.3’71 4.62 
0.157 0.436 5.68 

Computation Procedure.-Using the wave functions 
and the H,{ values listed in Table V the secular dc- 
terminant (eq 1) was solved2’ for a full basis set of 
orbitals. The eigenvalues and eigenvectors were ob- 

T A B L E  v 
INPUT PARAMETERS 

01bl- 

tal Atom 
1 1  
2 1  
3 1  
4 1  
5 1  
6 1  
7 1  
8 1  
$1 1 

10 2 
11 2 
12 2 
13 2 
14 3 
15 3 
16 3 
17 3 
18 4 
19 4 
20 4 
21 4 
22 5 
23 5 
24 5 
25  5 

-Coordinates, A - - -  
X Y Z  

0 0 0  
0 0 0 
0 0 0  
0 0 0  
0 0 0 
0 0 0 
0 0 0  
0 0 0 
2 . 3 3  0 0 
2 .33  0 0 
2.33 0 0 
2 .33  0 0 

-2 .33  0 0 
-2.33 0 0 
-2 .33  0 0 
- 2 . 3 3  0 0 

0 2.33 0 
0 2.33 0 
0 2.33 0 
0 2 .33  0 

- - 2 . 3 3  0 0 
0 - 2 . 3 3  0 

- 2 . 3 3  0 0 
0 - 2 . 8 3  0 

0 0 o 

Orbi- 
tal 
exp 

2,600 
2 .  ,450 
2 . ‘150 
2.480 

3.150 
3 .  150 
3 ,  1 5 0  
3.150 
2.245 
1.850 
1.850 
1.850 
2.245 
1.850 
1.850 
1.850 
2.2‘15 
1.860 
1 , 8 5 0  
1.850 
2.245 
1 ,830 
1.850 
1.860 

3 . m  

If i i  

- 0 . so 
- 8 . 3 5  
- 3 .  3 5  
-5 .33 

-10.61 
-10.iil 
- 10. ti I 
-- IO. H I 
- 10 . 6 I 
- 24.00 
-15.10 
-15.10 
-15.10 
-24.00 
-15.10 
-15.10 
-16 .10  
- 21.00 
- 15.10 
-15.10 
-13.10 
- 2 4 . 0 0  
-18 .  Il l 
-15.10 
-16.10 

(24)  E?.. l i n l l i k r n ,  ./, Chi???, Phyi.., 46 ,  407 (1949). 
( 2 3 )  h l .  Wolfsbel-b. and L. 13clnih~~!z,  .I.  chi.^. Phys . ,  20, %37 (1052) .  
(26) C. J. Ballhausen and H. B. Gj-ay, f m r g .  Chcin., 1, 111 (1962). 
(27 )  A modified Fortran program written by Dr. I<. Hotfmaiin was uscil. 

Orbital a,  \-dues TT-ere calculated by a Mad Program “ W A V W F ”  wri t tcn 
by C. ll. Enrris. 
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tained, and a Mulliken population analysis of the 
eigenvectors yielded the reduced overlap populations 
(bond orders) and charge distributions. The calcu- 
lations were cycled n times such that the differences 
between the Pt charge a t  the (n - 1)th cycle was less 
than 0.001 charge unit from the nth cycle. All cal- 
culations were performed a t  the Massachusetts In- 
stitute of Technology Computation Center on the 
IBM 7094. 

Results 
K can be considered as a parameter that  artificially 

controls the extent of charge flow from the ligand to 
the metal in the bonding region. I ts  value directly 
affects the calculated covalent character of the metal- 
ligand bond. Thus, the calculated molecular charge 
densities, bond orders, and electronic transition energies 
are very sensitive to the choice of K. 

Table I V  lists the metal charge, metal-ligand bond 
order, and ‘bz,* + 1bl,* transition energy for various 
values of K in the MWH approximation and K’ in the 
BG approximation. It is unlikely that Pt has a 
charge less than + O . l ;  therefore, an upper limit to 
K = 2.0 and K’ = 2.2 can be assigned. The lower 
limits are more difficult to ascertain, If Pauling’s 
electroneutrality principle2* is qualitatively correct, the 
Pt charge should be lowered to a t  least + l . O .  This 
would then place lower limits on K and K‘ a t  1.5 and 
1.6, respectively. 

Figure 2 is a partial plot of the energy level diagram 
as a function of K .  The dependence on K’ is the same 
as on K except that energies are slightly shifted down 
(0.5 ev) for K’ = K .  

Several features are apparent from this diagram. 
First, there is a strong K dependence of the energy 0: 

the first nonoccupied antibonding orbital (bl,*). 
The observed lbzg* 3 Ibl,* transition energy,6 how- 
ever, falls nicely within the above limits of K a t  a 
value of about 1.7 to 1.8. 

Secondly, there is no change in the order of the 5d 
orbitals over large ranges of K .  Specifically, the 
alg* (5dZ2) orbital is lower in energy than the e,*(5d,) 
orbital a t  all values of K from 1.4 to 2.8. 

Finally, we find the first orbital above the bl,* 
(5d,) is an a2u* (Bp,) orbital. Gray and Ballhausen,S 
however, placed the a1,* (6s) orbital in this position. 
Intuitively, one would expect the metal 6p, orbital 
to be very nearly nonbonding; consequently, the energy 
of the aZu* would be very near that of the atomic 6p 
orbitals. This is in fact clearly the case. The atomic 
6s orbital mixes significantly with the ligand u orbitals, 
resulting in a much higher energy for the molecular 
illg* orbital. 

Since the metal 5d orbitals transform under different 
irreducible representations in D 4 h  symmetry, one could 
choose a different value of K for each orbital (5d,, 
5d,, 5dJ. This choice should, however, be governed 
by the T character of the overlap integrals (Pt-C1)z9 

(28) L. Pauling, “The Nature of the Chemical Bond,” Cornell University 
Press, Ithaca, N. Y., 10GO. 
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Figure 2.-Energies of the one-electron MO’s YS. the Helmholz 
factor K .  

such that the T interactions have larger K’s than the 
u interactions. This would result in a lowering of the 
alg* energy relative to the eg*. However, no inversion 
of the eg* and b,,* levels would occur. Figure 3 
is a partial one-electron molecular orbital diagram in 
which K ( a )  = 1.75 a n d K ( r )  = 2.00. 

Variation of the Metal Shielding Parameters, ai.- 
The Pt 5d, Bs, and 6p shielding parameters were varied 
over the ranges listed in Table VI. A plot of the total 
electronic energy of PtC142- revealed an energy mini- 
mum extremely near the values of the shielding param- 
eter determined by our method, as shown in Figure 4. 
Furthermore, this energy minimum corresponded to a 
maximum in the reduced overlap population (bond 
order) between Pt and C1. 

The 5d orbital splittings are extremely sensitive to  
the radial part of the Pt wave functions as shown in 
Figure 5. Note also that while there is no inversion of 
any of the occupied 5d-type molecular orbitals, the 
energy of the first nonoccupied antibonding molecular 
orbital (big*) is especially sensitive to the choice of the 
values of the arc’s. 

Variation of the P t  Diagonal Matrix Elements, Htd’s .  
-The hardest parameters to estimate are the diagonal 

(29) L. C. Cusachs, “Sur L’Approximation de Wolfsberg-Helmholz,” 
Battelle Memorial Institute, Geneva, 1064. 
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TABLE VI  
Pt SHIELDING PARAMETER FOR POINTS IN FIGURE 5 

a x ’ s  
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Fig-ure 3 --Partial one-electron MO diagram of PtC142-: K ( a )  = 
1.75; K ( s )  = 200.  
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matrix elements, Hdi. In  most first-row transition 
metals the free-ion contribution, Att (eq 4) to Hit can 
be easily calculated from data given in Moore’s tablesz1 
for integral charge distributions. Analytic calculation 
of the multicenter integrals, Mtl (eq 4), is a formidable 
problem requiring an unjustifiable amount of com- 
puter time. In  lieu of any approximations, the Ht2’s 
of Pt were systematically varied in an attempt to 
arrive at  a simple empirical method of estimating these 
terms. 

Figure 6 is a partial plot of the one-electron molecular 
orbitals vs .  assumed HzZ’s for PtO. The values, Q (0 
through -15 ev), are added to the Pt+Hta’s  listed in 
Table V. If one were to assume that the Pt+ Hai’s  
were 10 ev higher than the corresponding matrix ele- 
ments for PtO, then region I would be where the cal- 
culation is self-consistent in charge. The molecular 
orbital diagram is erroneous a t  this point for the follow- 
ing reasons: (1) the ‘b2,* +- lblg* transition energy is 
much too large. ( 2 )  The all,* molecular orbital has a 
lower energy than the bzp* orbital. (3) The ligand 
bl, molecular orbital is much too high in energy. (4) 
The energy difference between the b2,* and eg* molec- 
ular orbitals is too large. The above conclusions are 
substantiated by spectral studies. 

=2 more reasonable interpretation of the spectra can 
be made in region I1 of Figure 6. This is, in fact, the 
region where we feel the H,,’s would be most nearly 
correct based on our earlier arguments. I n  region I1 
the Pt+ Hll’s are only 1-2 ev above the Pt” Hit’$. This 
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(Table V)  plus Q as a function of Q. 

is consistent with the behavior of carbon and boron as 
pointed out by Lipscomb30 and with that of copper as 
shown by Ros.19 

Furthermore, the energy minimum in Figure 4 in 
effect says that the final Hci's, obtained after charge 
refinement, are the "best" values for the wave functions 
used. 

Spectra.-We wish to emphasize that i t  is not the 
purpose of this study to attempt accurate ab initio com- 
putations of the positions of absorption bands in 
PtC142-, as we feel that  the present status of semi- 
empirical molecular orbital theory, especially when 
heavier metals are involved, does not lend itself well 
to  this end. One can, however, obtain qualitative 
information from MO theory that may be of some as- 
sistance in spectral assignments. The calculated 
transition energies are listed in Table VII. These are 
calculated from Figure 3. The eigenvectors for K = 
1 .SO have been filed with the American Documentation 
Institute.l* The eigenvalues (K = 1.80) and occupa- 
tions are listed in Table VIII. 

The relative energies of the e,* vs. &Ig* and alg* vs. 
aZu* are opposite to those proposed by Gray and Ball- 
hausen.2 This is presumably a result of their method 
of obtaining hybrid orbitals via the minimization of the 
VSIP/S,j(0) of the atomic orbitals. The variational 
principle is not rigidly satisfied in their method for 
those orbitals that  mix in the same irreducible represen- 

(30) M. D. Newton, F. P. Boer, W. E. Palke, and W. N. Lipscomb, 
Proc. Natl. A c a d .  Sci. U .  S., 63, 1089 (1965); W. N. Lipscomb, private com- 
munication. 

TABLE VI1 
CALCULATED TRANSITION ENERGIES FROX FIGURE 3 

Energy, Energy, 
Tiansition ev Transition ev 

'big* --+ 'bzg* 2 . 5  lbzg* -+ lagu* 5 .0  
leg* + lblg* 2.7 leg* -+ lazu* 5.2  
lalg* + bl,* 3.6 lalg* + laZu* 6 . 1  

MO 
1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 

tation. 

TABLE VI11 
PtCL2- ONE-ELECTRON MO EIGENVALUES 
Energy, Occupa- Energy, 

ev tion MO ev 

8.51 0 14 -14.58 
8 .51  0 15 -14.58 
4.24 0 16 -14.71 

-4.70 0 17 -14.82 
-6.76 0 18 -15.09 

-10.49 2 19 -15.09 
-10.68 2 20 -15.41 
-10.68 2 21 -16.10 
-10.98 2 22 -23.29 
-13.49 2 23 -23.50 
-13.83 2 24 -23.50 
-13.83 2 25 -24.04 
-14.18 2 

Sum = -625.73 

OCCUPR- 
tion 

2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 

As a result, the energy of the alg* MO is 
higher in their MO diagram than in ours. All wave 
functions in our calculation a t  least rigidly satisfy the 
variational principle for all atomic orbitals in the bask 
set. 

Nature of the PCC1 Bond.-The Pt-Cl bond is, 
classically, a two-center electron-pair bond. It is, 
however, more appropriate to discuss the ionicity or 
covalency of the Pt-Cl bond in the framework of MO 
theory. The amount of covalency or bond order, as 
defined by M ~ l l i k e n , ~ ~  can be calculated from the over- 
lap integrals and the eigenvectors of the molecular 
orbitals. Table IX lists the various contributions to 

TABLE IX 
Pt-Cl BOND ORDER CONTRIBUTIONS 

c1 -- 
3s 3P(W) 3Pu ~ P Z  

0.023 0.112 . . .  . . .  
0.040 0.132 . . .  . . .  
. . .  . . .  -0.005 ... 
. . .  . . .  . . .  0.022 

0.011 0.094 . . .  . . .  
0.002 0.008 . . .  . * .  

. . .  . . .  . . .  -0.018 

... . . .  -0.017 . . .  

the Pt-C1 bond covalency. Several things are apparent 
from Table IX: (1) The main contributions to the 
Pt-C1 bond order are from the interaction of the Pt 
6s, 6p,, and 5d, with C1 3p, atomic orbitals. ( 2 )  
The interactions of 6s, 6p,, and 5d, with C1 3s, are 
approximately equal but only contribute one-third 
that of (1) to the covalency. (3) The interactions 
of Pt 5d, and Pt 6p, to C1 3p, atomic orbitals are 
slightly antibonding and constitute a t  best a weak 
R field. 

(31) R. S. Mu'liken, .7. Chem. Phys., 23, 1841 (1055); 23, 1833 (1955). 



By summing all the above contributions to the co- 
valency, one obtains a total Pt-CI bond order. This is 
0.403 and is almost entirely u in character. It should 
be emphasized, however, that the number 0.403 
represents the covalency of the Pt-C1 bond. One 
minus this covalency is, then, the ionicity. 

The covalency of the Pt-C1 bond in PtCIA2- has been 
measured by nuclear quadrupole resonance (nqr) . 3 2  

Marrom, McNiff ~ and Ragle33 estimated a covalency of 
0.39 and a Pt charge of +0.44 using the usual Townes- 
Dailey treatment. li’e calculate a Pt charge of +0.439, 
using the input parameters of Table V and K = 1.8. 
The agreement is remarkably good, but perhaps open 

(32) T. P. Das and E. L. Hann, “Suclear Quadrupole Resonance Spec- 

(33) E. P. bIarrom, E.  J. VcNiff, and  J. I.. ltagle, J .  Phys.  C h m . ,  67, 
troscopy, Academic Press Inc., New York, N. Y. ,  1958. 

I719 (19fJ) .  

to question due to the assumptiofis inherent in the ap- 
plication of the Townes-Dailey equation to data. 

which permits direct calculation of the quadrupole 
coupling constant and asymmetry parameter from the 
LCAO-MO eigenvectors and overlap integrals. Us- 
ing our results for PtC1,’J- we obtain eQq = 34 Mc 
(for 35Cl), compared to the experimental value of 
36.1 hic. Thus, insofar as the charge distribution-co- 
valence criterion is concerned, the present treatment 
apparently gives very reliable results. 

We predict the 35Cl asymmetry parameter, 7,  equal 
to 0.072 with the x direction of the field gradient ten- 
sor perpendicular to the plane of the PtC1d2- moiety. 

(1966). 

However, we have recently derived an 

(34) P. A. Cotton and C. R. Harris, Pvor. Noll .  Acad. Srz 13 7 ,  66, 12 
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Extended Hiickel calculations, employing the Mulliken-T~’olfsberg-Helmholz approximation for the off-diagonal elements 
of the Hamiltonian matrix, have been carried out for the ReC1G2-, OsClo2-, IrC1G2-, and PtC1G2- ions. One of the key fea- 
tures of the procedure was the use of orbital energies for the metal ions very close to  those of the uncharged atoms and a 
very moderated dependence (1 ev/unit charge) of the metal d-orbital energies on effective charge of the metal atom instead 
of the large (-10 ev/unit charge) dependence which occurs for the free, gaseous metal ions. This moderated dependence 
is attributable to  the molecular environment of the metal ion. A previously described procedure for fitting single Slater-type 
orbitals to  give overlaps practically equal to those obtained with SCF orbital functions was also used. The results obtained are 
in generally satisfactory agreement with experiment in regard to  d-orbital splittings, charqe-transfer spectra, and, most par- 
ticularly, charge distribution and metal-ligand covalence as implied by esr and nqr results. The good agreement in the 
latter respects is due primarily to  the moderated dependence of orbital energy on charge and constitutes good evidetice for 
the reasonableness of this part of the procedure. 

Introduction 
I n  the preceding paper3 a molecular orbital method 

was developed and applied to the calculation of the 
molecular properties of PtClA2-. A method for the 
interpretation of nuclear quadrupole resonance, based 
on the principles of molecular orbital theory, has been 
derived recently4 and its applicability to the series 
MCls2- (X = Re(IV), Os(IV), Ir(IV), and Pt(1V)) 
mentioned. This paper provides the details of the 
MO calculations for this series of complexes and of the 
application of these MO results to the verification and 
prediction of molecular properties associated with 
these molecules. This particular series of complexes 
mas selected because of the opportunity thus provided 

(1) Work supported by the U. S. Atomic Energy Commission. 
( 2 )  Predoctoral Fellow of the National Institutes of Health, 1964-1906; 

(3) T”. A. Cotton and C. B. Harris, Inoig.  Chein., 6, 369 (1967). 
(4) F. A. Cotton and C. R. Harris, Pvor. h‘ntl. Acnd.  .%i. U .  S., 66, 12 

(1966). 

A.E.C. Postdoctoral Fellow, 1966-1967. 

to examine the effect of a steady increase in the atomic 
number of the metal ion in a homologous series of 
complexes for which quadrupole coupling constants 
are available. 

Procedure 
The metal 6s, 6p, and 5d atomic orbitals and the 

C1 3s and 3p atomic orbitals, a total of 33 wave func- 
tions, were used to construct molecular orbitals in the 
LCAO-MO appr~ximation.~ All wave functions mere 
expressed as Slater nodeless orbitalss using the same 
method described3 for treatment of PtClI12- to deter- 
mine the shielding parameters, at. 

Herman-Skillman radial wave functions7 were used 
for the metal 6s and 5d atomic orbitals. The radial 
portions of the 6p atomic orbitals were approximated 

( 5 )  J. H. Van Vleck, J .  Chem. Phys., 3, 22 (1934). 
(6) J. C. Slater, Phys.  Rea.,  36, 57 (1930). 
(7) F. Herman and S. Skillman, “Atomic Strricturr Calriilniious,” 

Prenfice-Hall, Rnglewood Cliffs, N. J., 1963. 




