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A semiempirical SCF MO method including all the valence electrons in a molecule has been applied

to Zeise’s salt, which is one of the most simple metal-olefin 7n-complexes.

The electron-repulsion integrals

are included explicitly in the present method. The results agree well with the available experimental data,
indicating that the C-C bond order is equal to 1.545 and that the ethylene is tightly bound to platinum.
An attempt to assign the observed bands to particular electron transitions has been made on the basis of a
calculation of the transition energies and transition moments. We identify the band at 40700 cm~! as the
charge-transfer band corresponding to the electronic transition from ethylene to platinum. Several pro-
perties of Zeise’s salt are calculated, and much information on the bonding is obtained.

Since Zeise isolated the first olefin complex, Kt-
[PtCl4(CoH,)]~-H,O, known as Zeise’s salt,1:2) a very
large number of olefin complexes of platinum and other
metals have been reported. Many reviews of the
research of metal-olefin complexes have been reported
by many investigators.3—® Zeise’s salt is one of the
most simple metal-olefin z-complexes. The research
into the structure and bonding mechanism is interesting
and important. The X-ray structure determination
has shown that the ethylene molecule forms an appro-
ximately symmetrical m-type bond with the platinum
atom and that the C—C bond length is 1.44(3)A.?
Infrared studies of Zeise’s salt have been reported by
many investigators.®~1% Recently, Raman and in-
frared spectra have been obtained by Hiraishi.l®
He identified the C~C stretching frequency as a strong,
polarized Raman line at 1243 cm~!, while the two
Pt-C stretches were thought to be at 405 cm~! (sym-
metric) and 493 cm~! (antisymmetric). He concluded
that the C,H, group has many similarities to the CyH,
group in ethylene oxide and that the ethylene is tightly
bound to the Pt(II) atom.

Various electronic structures have been proposed to
explain the bonding scheme between the ethylene
molecule and platinum, but that scheme was not
satisfactorily explained until 1953. Chatt and Dun-
canson®) then applied Dewar’s description!® of the
bonding in silver-olefin complexes to Zeise’s salt. The
o-type bond is formed by the overlap of a 5d656p2
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hydrid orbital of the platinum atom with the filled
m-orbital of the ethylene molecule. The n-type bond
is formed by the overlap of a 5d6p-hydrid orbital of the
platinum atom with the vacant anti-bonding s-orbital
of the ethylene molecule; this is referred to as “back-
bonding.” This interpretation of the bonding is
now generally accepted for metal-olefin 7#-complexes.5

This paper will describe the results of a molecular
orbital investigation of the electronic structure and
bonding mechanism in Zeise’s salt. The electronic
spectra of Zeise’s salt have been reported,” 2! and
three attempts have been made to assign the observed
bands to particular transitions,®-21) but in their molecu-
lar orbital treatment the electron repulsion integrals
have not been considered explicitly. The electron-
repulsion integrals are considered explicitly in the
present semiempirical self-consistent molecular orbital
calculation for all the valence electron systems. A
new assignment based on the calculation of the exci-
tation energies and on the calculation of the transition
moments is proposed in this article. The C-C bond
order, the dipole moments, and H-1%Pt coupling con-
stant are also discussed.

Method of Calculation

A semiempirical LCAO-MO-SCF method includ-
ing electron repulsion for all valence electrons is present-
ed. The valence electrons are represented by LCAO
molecular orbitals, as given by:

@, =1C;, %, (1)

where X,’s are valence atomic orbitals. We take as a
X, Slater-type AO (atomic orbital)?? centered on cach
atom:

X, (n.l,m) = Nrn—Yexp (—Cr) Y,™(0, ¢) )

where n is the principal quantum number. We use
orbital exponents, {'s which have been preferably
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determined by a variational procedure.?® For a
molecule with a closed-shell configuration, the varia-
tional treatment of the orbital coefficients, C,,, leads to
the Roothaan equations:?%

2 F/vaiv = Eici,u

where F., are matrix elements of the Hartree-Fock
Hamiltonian. The ecigenvalues, E,, are roots of the
secular equation:

|Fuy — Edpu,| =0

Using zero differential overlap approximation, we
approximate the matrix elements, Fu., as:

Fup = I";;(:.e — 1/2P, . (up|pu) + ; P, (uulw), (3)

Fuyiusesy = Hy™ — 12P,, (pu|w), 4)
Ho'® = —T(p) — (N — 1) () ) ~(§ON (up|wv), (5)

core

aoGusvy = 0.258,, [2(uu|w) — (up) pu) — (vv|w)

+ (ulw) + i) — (wlpw) — ©Iw)] (6)
where I, is the wvalence-state ionization potential,
where N, is the number of valence electrons occupying
X., where S., is the overlap integral between X, and
X., and where P,, is the charge-density and bond-
order matrix:

P, =23 CiuCi, (7)
1]

The one-center Coulomb repulsion integrals (uul
p) are semiempirically estimated by:

(up| upr) = Ip () — Ex(p) ®)
The valence-state electron affinities, FE,, are assumed
to be equal to the experimental values, and the valence-
state ionization potential, I, is assumed to be equal
to the values of the valence orbital ionization potential
(VOIP).25:26  The required term energies and ioniza-
tion potentials are taken from Moore’s table.?” The
values of I, and E, are summarized in Table 1.

TabLE 1. VALENCE ORBITAL IONIZATION POTENTIAL ([p)
AND VALENCE STATE ELECTRON AFFINITY (E,) oF AO’s

Atom AO I, (eV) E, (eV)
H 1s 13.60 0.85
C 2s 21.01 8.91

2 11.27 0.34
cl 3s 24.02 14.45
3p 15.03 3.73
Pt 6s 8.74 0.1
6p 4,59 0.1
5d 8.61 0.1
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The one-center and two-center Coulomb repulsion
integrals are calculated by:28)

14.3986

— T - 9
(upe|vv) R+a 9)
L 28.7972 (10)

(up py) + (vv|w)

where R is the distance between the centers, p and v,
with R represented in A units, and (pulw), in eV’s.
The molecular integrals, (u[»), are evaluated by means
of the product of the effective nuclear charge and (uu|w).

The calculated results obtained by this procedure
do not vary with respect to an orthogonal transfor-
mation of the atomic orbital basis function. This
can easily be proved by the invariance of the F-matrix
under the unitary transformation.

The molecular dipole moments, gorqz, are obtained
as a sum of two parts:2®

(1) A contribution from the net atomic charge
densities, Q ,,

to
fpoine(debyes) = 4.803 3 Q1 (11)
A
(2) A contribution from atomic polarizations,
ﬂatom(debyes>
atom
= 4.803 % Pns(A),np(A)fonsrxAnpdT (12)

where r is the vector of the appropriate cartesian co-
ordinate in units of A.

Calculations on the [PtCl,C,H,]|~ Ion
and Results

In order to apply this method of calculation, it is
necessary to know the coordinates of the atoms in the
molecule. The molecular structure of Zeise’s salt in the
crystal was determined by X-ray diffraction;” it was
found that the deviations from ideal symmetry (C,,)
are small. The Raman and infrared spectra of an
aqueous solution of K+[PtCl;(C,H,)] .

H,01% were measured, and it was concluded that
the [PtCl;C,H,]~ ion has C,, symmetry, whether the
C,H, group is planar or whether the CH,’s are bent

2H

167,086
1He—d1c z

3CL

Fig. 1. A molecular orbital coordinate system and structure
for [PtCl;C,H,]~ ion, and numbering convention.

28) N. Mataga and K. Nishimoto, Z. Phys. Chem. N. F., 13,
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29) J. A. Pople and G. A. Segal, J. Chem. Phys., 43, S136 (1965).
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symmetrically toward or away from the Pt atom.
The high-resolution proton magnetic resonance spect-
rum!® of the [PtCl;C,H,]~ ion in deuterium oxide
is in agreement with a symmetrically-co-ordinated
ethylene molecule. On the basis of these results,
it is reasonable to assume the C,, symmetry for the
[PtCl,C,H,]~ ion as the base of the molecular orbital

[Vol. 44, No. 2

calculations. The spatial arrangement is taken to be
as is shown in Fig. 1. The G,H, group is assumed to
be planar, and the C—H bond distance and ZHCH-bond
angle are assumed to be equal to that of the free
ethylene molecule.

The values of VOIP used in this calculation are as
follows, in units of eV: 13.595 for (ls)y, 23.384 for

TABLE 2. CALCULATED ORBITAL ENERGIES AND ORBITAL SYMMETRIES
Molecular Symmetry Orbital energy Molecular Symmetry  Orbital energy
orbital representation (in eV) orbital representation (in eV)

Occupied D, a, —40.03 Diq ay — 9.56

MO ?, by —28.24 D, a, — 7.70

D a —26.79 D,y a — 7.65

2, by —24.84 9, b, — 7.64

2 a —21.54 Dy, b, —~ 6.40

D by —16.21 Vacant D, by — 0.33

2, a —13.53 MO 9, b, 1.08

Dy b, —13.43 0, a 1.29

D, a —13.33 Dy by 2.23

Dy by —13.27 ?,, a 3.34

D1 a —12.15 Dy by 4,22

D, a, —10.98 D, a 5.74

Dy b, —10.59 ?,, ay 7.52

20 by —10.02 D, by 8.07

(Dl.’) ay - 9.75 @32 [’2 9.48

Dy by — 9.67 Dy, a 10.90
Dy, a, — 9.57

TaBLE 3a. MoLEcuLAR ORrBITALS® FOR [PtCl;C,H,]- 10N: occupiep MO

?, =—-0.2954+0.39y—0.10(Cl* +Cl?) +0.05(Cl, 4 Cl,) +0.06CI2—0.50(Cs* + C%) —0.05(C, 1+ C %)
Y v v ) v v

+0.11(CA—C,2) —0.21 (H1 + H2 -+ H3+ H4)

» =0.54x+0.56(Clsl—CI,%) —0.10(Cly -+ Cly®) +0.09CI,2 +0.10(C,1 -+ C,2)
s =0.375+0.329+0.35(Clst +Cl®) —0.06(Cl,  — Gl +0.06(Cl, + CL,®) +0.68C2— 0. 13Cl, >

s =0.08y—0.54(Cly! + GI,®) +0.55Cl2 +0.16(Cs1 + Cs2) —0.06(C, 1+ C, %)
s =0.12xy+0.13(Cl — Cl?) +0.11(Cly  + ClL,%) +0.13(ClL, — Cl,) — 0.52(Cy + Cp2) — 0. 29 (H1 — H2 + H3— H4)

o
o
@, =—0.4424+0.059z—0.11(Cl,*+ Cl,?)—0.08Cl,2—0.43(C;* — C?) —0.24(C,1 + C,2) —0.25(H 1 + H2— H3 — H4)
()
o
o

;= —0.105s—0.33940.052z+0.05(Cl,' + Cl) +0.11(Cl  — CI,3) —0.36(Cl, + CI, %) +0.33CI,2
+0.54C1,2—0.15(Csl+ C2) +0.24(C, + C,2) +0.06(C,1— C,?)
@y = —0.38x—0.60xy+0.29(Cls: —CL?) +0.47(Cl,1 + Cl,®) — 0.09(Cl,  — Cl,?) —0.37CL,*+0. 11 (Hl — H2 + H3 — H4)
@y =0.285—0.082z—0.17(Cl*+ Cls®) —0.36(Cl, — Cl,3) —0.07(CL, + CL,®) — 0. 12C12— 0. 27CL,*
—0.17(C+ C2) +0.38(C, -+ C,y2) +0.22(C,  — C,2) +0.08(H1 + H2 -+ H3 + H4)
0,0=0.462+0.45(Cl, + CI,%) +0.38CL,2—0.26(Cyl — C2) +0.12(C,1— C, %) —0.08(C, + C;2) —0.07(H1 -+ H2 — H3 — H4)
@y =—0.13xxpy—0.2122—0.07(Cl,  — Cl,3) —0.09Cl,2+0.25(C, + G, 2) —0.54(C, — Cy2) — 0. 21 (H1 + H2 - H3 + H4)
@y=—0.27xz—0.57(Cl, — CL,3) —0.22(C,  — C,?) —0.20(H1 — H2 — H3 + H4)
@,5=0.08x—0.22xy—0. 16(Cl, -+ Cl,%) —0.59(CL,* — G, —0.34Cl,2—0.12(C,1 + C,2) —0.09(H1 — H2 -+ H3 — H4)

@,,=0.069z—0.37(Cl, 4+ C1,?) +0.84Cl,2

®y;=—0.05y—0.35xx9p+0. 162z +0.38(Cl, — Cl,3) +0.35(Cl, + Cl,) +0.35(Cy + C,2) +0.08(Ct — C,2)
D5 = —0.07x+0.22(Cl, + Cl,3) —0.31(Cl," — Cl,®) +0.82Cl,?
@y=—0.10y-+0.26xxpy—0.27(Cl,  — Cl,3) +0.45(Cl, -+ Cl,3) +0.59Cl,
@,=—0.05xz—0.36(CL1— CL,3) +0.37(C,  — C,?) +0.33(H1 — H2 — H3 + H4)

@,=0.96xz—0.18(Cl,*—CL,?)

Dp=0.135+0.942z2—0.10(C,— Cl,*) —0.13(C, — C;2) —0.05(H1 + H2 -+ H3 + H4)

@y, =0.96xy—0.14(Cl, — CI,) —0.12CI 2

0,,=0.422—0.49pz—0.31(Cl," + CI,3) —0.24CL,2 —0.19(C;t — C;2) +0.34(C, 1 — G, ?)

a) The contributions from the atomic orbitals whose AO coefficients are smaller than 0.05 are neglected in this table.
Sy %, ¥, 2, X2, Y2, xy, xxyy, and zz denote the atomic orbital 6s, 6p., 6py, 6p,, 5d:,, 5dy;, 5diy, 5dx2_y2, and 5d.? of
platinum respectively. (Clii, Cl i, Cl,i, Ci,1), (Cd, C,i, Cyl, C.1), and Hi denote the atomic orbital (3s, 3px, 3py, 3p:) of
i-chlorine, (25, 2p,, 2py, 2p;) of i-carbon, and ls of iH proton respectively.
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TaBLe 3b. MoLEcuLAR ORBITALS® FOR [PtCl,C,H,]~ 10N: vacant MO

Il

?
?
2,
?

5
26

+0.35(H1 + H2 — H3 — H4)

22=0.352+0.81yz—0.,16(ClL, + CL,*) —0.21CL,2—0.19(C; — C2) +0.08(H1 + H2 — H3 — H4)

2= —0.472—0.05x+0.20(Cl,} — Cl®) —0.36(Cl,1+ Cl,®) +0.13CL,2—0.28(C, + Cx?) +0.24(H1 — H2 + H3 — H4)
—0.069+0.87xxpy—0.05(CL*+ Cl,3) +0.23(Cl,* — ClL,3) +0.07CL2—0.23Cl,+0.13(Cy 4 Gy ?)
—0.30z—0.16yz+0.07(CL,* + CL,?) +0.09CI,2—0.38(C;  — C2) —0.08(C, — Gy 2) +0. 15(C2 + C.?)

@,;=0.065—0.225-+0.07(Cl, + Cl,?) +0.06Cl,2—0.09CL,2 —0.39(C;1 + Cy?) — 0. 16(C, 1+ C, ) —0.29(C;1— C?)

+0.30(H1 +H2+ H3+ H4)

@ps=0.422—0.239z—0.08(Cl,* + C1,3) —0.08CL,2 —0.10(Cs — G;2) —0.59(C, 1 — G, ?)
Dyy=0.375+0.649+0.05xx9p—0.072z—0.09(Cls -+ Cl;3) + 0. 15(Cly — CI,%) — 0. 11(CL, + Cl,3)
—0.28Cl,2+0.40CL,2+0.07(C, + Cy2) — 0. 11(C, — C,2) +0. 11 (H1 + H2 + H3+ H4)

@yo= —0.55(C,1 — C,2) +0. 31 (H1 — H2 — H3 + H4)

?;,=0.09(Cs* — C;?) —0.63(C,2 + C,2) +0.20(H1 + H2— H3— H4)
@3,=0.55x—0.16(Cl1— CI) +0.18(Cl 1+ Cl,%) —0.34(C,1 + C,2) +0.28(H1 — H2 + H3 — H4)
D3,=0.71s—0.34y—0.062z—0.12(Cl + CI3) +0.15(Cl, — Cl,?) +0.06Cl,2—0.10(C* + C,2) —0.20(C, 1+ G 2)

+0.09(C,'— C,2) — 0. 19(H1 + H2 + H3 -+ H4)

a) See references under Table 2a.

TABLE 4. VALENCE ELECTRON DISTRIBUTIONS OF
[PtCl;C,H,]~ 10N

TABLE 5. OVERLAP INTEGRAL AND BOND ORDER BETWEEN
ETHYLENE 7-ORBITAL AND Pt ATOMIC ORBITALS

Charge distribution Overlap integral Bond order
Atom Orbital Pt/C —_—— —_—
on AO on atom 2py 1 2p,°? 2p,°* 2py 2
Pt 6s 0.684 10.558 gs 8.(1)84 8.(1)84 8.(2)53 8.(2)53} o-type
ZZ g:?ﬁg 6}07; —0.193 —0.193 —0.299 —0.299) Pond
6p, 0.137 —0.137 0.432 —0.432
g{f ;'383 55“ 0.0 0.0 0.0 0.0 }”‘{)‘/Ofr’lil
7z : 5dy, —0.060 0.060 —0.345 0.345
5d,, 0.511
. 5d,, 0.0 0.0 0.0 0.0
Sday 1.993 5d,e_,» —0.066 -—0.066 —0.281 ——0.281} o-type
5yt y? 0.453 5d | —0.023 —0.023 —0.005 —0.005) Pond
Sd;? 1.976 Overlap Bond
1cl, 3CI 3 1.804 7.141 integral (Z2v*'20y°%)=0.249 4o 20y %120,%) =0.545
3pa 1.461
3p, 1.956 The calculated orbital energies and the orbital
3p, 1.920 symmetry representations in sz symmetry are given
201 3 1.814 7.171 in Table 2, while the molecular orbitals are given in
3p, 1.959 Table 3a and 3b.
3 We present, in Table 4, the valence electron distri-
by 1.529 . e .
3 1.876 butions on each atomic orbital and on each atom in Fhe
# [PtCl,C,H, ]~ ion. In order to show the bonding
1G, 2G 2s 1.251 4.235 mechanism between platinum and ethylene, we present
2pa 0.990 in Table 5 the overlap integrals and the bond orders
2py 1.083 between the ethylene z-orbital and the Pt atomic
2p, 0.911 orbitals, as well as those between the z-atomic orbital
1H, 2H ls 0.880 0.880 in 1C and that of in 2C.
3H, 4H Ultraviolet and visible spectra have been reported

(2s), 13.032 for (2p)g, 25.272 for (3s)q, 13.708 for
(3p) 1, 8.619 for (5d)p,, 8.749 for (6s)p,, and 4.600 for
(66) .

The basic set of atomic orbitals used in this calcu-
lation is: platinum; 5d, 6s, and 6p; chlorline; 3s
and 3p; carbon; 2s and 2p, and hydrogen; 1s. The
initial electron configurations of the atoms in the [Pt-
Cl;C,H,]~ ion used in the calculation of the F-matrix
are. (5d)%(6s)* for platinum, (35)%(3p)® for chlorine,
(25)1(2p)® for carbon, and (ls)! for hydrogen.

for the solution and the crystal of Zeise’s salt,17-20)
and molecular orbital calculations have been carried
out in an attempt to assign the observed bands to
particular electronic transitions within the com-
plex.?®-20)  In our molecular orbital calculations, the
excitation of an electron from the MO @, to the MO
9, give rise to the excitation energies, 0E,-,, relative
to the ground state. These energies are given by:

5Ei_j:8/'—8;_sz+2Kt] (13)
where ¢; is the orbital energy of @,, and the J,, and

K,, are the Coulomb and exchange integrals respec-
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TABLE 6. TRANSITION ENERGIES (JE) AND OSCILLATOR STRENGTHS (f)

Calcd. Exptl.®
Transition 6E(cm~1) S x102 Polariz. dE(cm~1) fx102
Dy — D, 15198 0.11 P
Dyop,— Dosay 20385 0.12 z
Dyoay— Dogn, 34784 0.70 x 34400 1.0
. 34994 0.37 y
Doy, — Doep, 35018 3.83 y 37700 1.9
Dyon, — Dyza, 42101 0.60 z
D150, — Dasn, 44448 6.99 x 41600 6.6
Do, —Doen, 47022 0.68 x
a) From Ref. 21.
TABLE 7. VALUES OF THE ATOMIC ORBITALS AT PLATINUM

tively. The calculated excitation energies and oscil-
lator strengths are given in Table 6.

Calculation of H-1%Pt Nuclear Spin-spin
Coupling Constant

The high-resolution proton magnetic resonance
spectrum of the [PtCl;C,H,]- ion in deuterium
oxide!) shows a strong singlet attributed to the ethylenic
protons with a weak side band, 34 Hz apart, prod-
uced by the spin-spin coupling with 1%°Pt.39) The
most important term giving nuclear spin-spin coupling
is the term due to the Fermi contact interaction.3!:3%)
The Fermi contact coupling is also likely to be the
principal contributor to the coupling constant between
the hydrogen atom and %Pt in Zeise’s salt, because
the electrons on a hydrogen atom are represented by a
ls atomic orbital. By substituting the LCAO MO
wave functions in the general Ramsey formulae, the
following molecular orbital expression for the Fermi
contact spin-spin coupling constant between a parti-
cular pair of nuclei, N and N’, has been given by Pople
and Santry:33)

oce vac

64
Jant = — nghywwﬂzzl} %} (BOE;—j) 1
12 C2C1uC, Cio X2 O(r0) [ X DX, [0 (rar) | X0y (14)
pvo

where y, and 7, are the nuclear magnetic ratios,
where f is the Bohr magneton, and where the other
notations are in accordance with those in Ref. 32.
Using the results of the above MO calculations, we
have calculated the H-19Pt coupling constant on the
basis of Eq. (14). The formula involves the value of
the valence (6s)p, atomic orbital at platinum: the
magnitude at the center is important in the calculation
of the H-1%Pt coupling constant. Accordingly, it is
necessary to use a (6s)p, atomic orbital accurate at the
center of platinum in order properly to evaluate the
molecular integrals, {x.|d(ry)lxs». The analytical

30) S. Maricic, C. R. Redpath, and J. A. S. Smith, J. Chem.
Soc., 1963, 4905.

31) N. F. Ramsey, Phys. Rev., 91, 303 (1953).

32) J. A. Pople, W. G. Schneider, and H. J. Bernstein, “High
Resolution Nuclear Magnetic Resonance,” Chapter 8, McGraw
Hill, New York (1959).

33) J. A. Pople and D. P. Santry, Mol. Phys., 8, 1 (1964).

aND prOTON (1H) (in atomic unit)

Values of radial part® of AO

Atomic orbital ~

at proton (1H), at platinum
(5d) pe 0.000 0.000
(65)py 0.081 (—7.344)»
(6p)ps 0.081 0.000
(39)101 0.001 0.006
(3p)1c1 0.003 0.014
(35)201 0.000 0.004
(38):201 0.000 0.011
(3)501 0.000 0.006
(3h)sc1 0.000 0.014
(25)16 0.286 0.021
(2p)10 0.292 0.024
(25) 50 0.019 0.021
(2h) ¢ 0.021 0.024
(15) 11 2.000 0.028
(1) am 0.059 0.028
(15)3m 0.015 0.028
(18)4u 0.005 0.028

2n+1
a) The radial part is R,,(C):%—/%C(—)ZZ;TM—I exp (—Cr).

b) This is the value of (6s)gy-analytical wavefunction, see
Ref. 36.

wavefunctions accurate at the inner part have been
calculated for a number of atoms.3*-36) However,
so far these calculations have not been reported for
platinum. Accordingly, we have employed an ap-
proximate analytical (6s) wavefunction for radon as
(6s). The values of the atomic orbitals at platinum
and at the proton (1H) are given in Table 7. It can
easily be seen that the values of {(ls)yld(ry)|(1s)y>
and {(6s)p,|6(rp,)1(6s)p,> are dominant over the other
molecular integrals, {X;|8(ry)|Xs> and <X.|6(rp,)1%Xs>
respectively. Thus, we have obtained —40.4 Hz as
the calculated value of the H-1%5Pt coupling constant;
this indicates that the ethylene is firmly bound to

34) J. W. Richardson, W. C. Nieuwpoort, R. R. Rowell, and
W. F. Edgell, J. Chem. Phys., 36, 1057 (1962).

35) E. Clementi, J. Chem. Phys., 38, 996, 1001 (1963); 41, 295,
303 (1964).

36) M. Synek and G. E. Stungis, J. Chem. Phys., 42, 3068 (1965).
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platinum. This calculated value is in very good
agreement with the observed value of 34 Hz. The
sign of the experimental coupling constant is not
known, but the theoretical calculation shows it to be
negative.

Discussion

The signs and magnitudes of molecular orbital coef-
ficients (Table 2a and 26) indicate that the ethylene
a* (anti-bonding) orbital is included in the highest
occupied orbital, @,,. This is consistent with the z-
type bond which is referred to as ‘“‘back-bonding.”
The ethylene n(bonding) orbital is included in the
@, and 9,4 orbitals. This is consistent with the o-
type bond.® The form of the molecular orbitals, @,
and @5, are shown schematically in Figs. 2 and 3.
These results show essentially the same bonding mecha-
nism as when Chatt and Duncanson® applied De-
war’sl® description to Zeise’s salt, but it should be
pointed out that the mixing of the ligand chlorine
atomic orbitals with these molecular orbitals is con-
siderably large. It should also be pointed out that the
cthylene m* orbital is included in the vacant molecular
orbital, @,.

The importance of the trans-effect caused by ethylene
should also be noted. A review??) of the frans-effect
favored the m-bonding mechanism for the trans-effect
of olefins,®®) in which a ligand olefin which can form
a-bonds will with draw some of the electron density
of the d,, orbital from the ligand in the frans position.
Moreover, it was pointed out that this should weaken
the Pt-X(trans) bond. Certainly it does (see Fig. 2)
but we should also note that the o-type bonding (see
Fig. 3) strengthens the Pt-Cl(cis) bond, but not the Pt-
Cl(trans) bond.

Fig. 2. Shematic scheme of MO @,,, illustrating the n-type
bonding.

The ionization potential of a molecule should, ac-
cording to Koopmans’ theorem,) be approximately
equal to the calculated orbital energy of the highest
occupied orbital multiplied by —1. We can see in

37) F. Basolo and R. G. Pearson, Prog. Inorg. Chem., 4, 381 (1962).

38) J. Chatt, L. A. Duncanson, and L. M. Venanzi, J. Chem.
Soc., 1955, 4456.

39) T. A. Koopmans, Physica, 1, 104 (1933).
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Fig. 3. Shematic scheme of MO @, illustrating the g-type
bonding.

Table 1 that the calculated ionization potential of the
[PtCl,C,H, ]~ ion is equal to 6.40eV. The experi-
mental ionization potential of this salt has not been
reported, but this calculated value seems to be reason-
able with respect to the ionization potential of platinum.
The orbital energy of the lowest vacant orbital, @,g,
is slightly negative. Nevertheless, the over-all picture
of orbital energies is very encouraging in comparison
with the negative values of the vacant molecular orbitals
in the calculation of many sorts of metallic com-
pounds.40—42)

Let us now consider the valence electron distri-
butions obtained from the calculations (Table 3). The
electrons of the protons in ethylene are redistributed
to the carbons. The excess charge, (-e), is redistri-
buted to platinum and chlorines. It should be noted
that the electrons in the 5d orbitals in platinum are
largely redistributed to the 6p orbitals. This redistri-
bution can be considered to be due to the large con-
tribution of 6p orbitals to the bonding of platinum
with the ethylene molecule, as can easily be seen from
the form of the molecular orbitals in Tables 2a and 2.
Our method predicts the dipole moment of gorar=
2.772 debyes for the [PtCl;C,H,]~ ion, where gpoin:=
2.035 debyes and ftatom=0.737 debyes. From the
experimental dipole moments of compounds of the
C,H,, amine, PtCl, type, Chatt and Duncanson®
estimated that the dipole moment of the C,H,-Pt bond
has a value of about 4 debyes. Our calculated result
is in good agreement with their estimated value.

Let us next consider the data on the overlap integrals
and bond orders between the ethylene m-orbital and
platinum atomic orbitals (Table 4). From the signs
and magnitudes of the overlap integrals and bond
orders, we can understand the bonding mechanism
due to the formation of the ¢-type bond and the =z-
type bond. As can easily be seen, the total o-type
bond order is equal to 0.833, while the total z-type bond
order is equal to 0.777. Accordingly, the bonding
between ethylene and platinum is found to be through
both the ¢- and the =-type bonds. The calculated

40) H. Basch and H. B. Gray, Inorg. Chem., 6, 365 (1967).

41) F. A. Cotton and C. B. Harris, ibid., 6, 369 (1967).

42) 1. H. Hillier and R. M. Canadine, Discuss. Faraday Soc.,
47, 27 (1969).
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ethylene n-bond order is reduced from 1.0 to 0.545
by forming a bond with PtCl;. Thus, the C-C bond
order is reduced from 2.0 to 1.5. This is consistent
with the experimental results.

Let us now consider the assignment of the electronic
spectra. We will not, in contrast to previous au-
thors,19:20) discuss the assignment on the basis only of
the arrangement of the electronic energy levels (see
Eq. (13)). Since the [PtCl;C,H,] ion is a molecule
of low symmetry (C,,), there are many group theore-
tically-allowed transitions. In spite of this fact, the
number of probable transitions is reduced to a relatively
small number by calculating the transition moments
and neglecting the small ones. The transitions given
in Table 5 are those which satisfy the following con-
ditions: 1) the calculated oscillator strength (f)
is larger than 1073, and

2) the excitation energy is smaller than 50000
cm~!.  Considering the intensities of the absorption
spectrum and the calculated oscillator strengths, we
can identify the band at 40700 cm™! as Diga, —Pass,
(*4,—'B,), that is, the charge-transfer band correspond-
ing to the transition from ethylene to platinum. The
band at 37450 cm~! may also be identified as @95, —
Does, (14;,—14;) and the band at 33450 cm™?, as
Dooa. —DPoss, (LA;—1B;). The calculated excitation
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energies for these transitions are 44448 cm-1, 35018
cm™l, and 34784 cm~! respectively, showing good
agreement with the experimental results. Previously,
three attempts!%20) have been made to assign the ob-
served bands to particular electron transitions within
the complex, but the three assignments are different.
The present assignment is also different from previous
ones and indicates that there is considerable mixing
of the component atomic orbitals.

The magnitude of the spin-orbit interaction is given
by €2 TFor the platinum (5d)°(6s)!'—3D multiplet,
the C-value is calculated to be 27 (=388 cm-1. In
this molecular orbital treatment we do not consider the
effect of spin-orbit coupling, although this effect is
indefinably included through the evaluation of the
VOIP’s. However, this effect should be precisely
considered if one wants to assign the small intensity
bands of the polarized spectrum of crystal Zeise’s salt.
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43) E. U. Condon and G. H. Shotley, “The Theory of Atomic
Spectra,” Cambridge University Press, Cambridge (1967), p. 199.




