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The energy spectrum resulting from the 5d% configuration in a square-planar ligand field is calculated, using the
point-dipole approximation, on the basis of a complete inner-configurational interaction, including spin-orbit
coupling. The transition energies caleulated for nine Pt(1I) complexes are in good agreement with the observed

spectra.

The ordering of the d-orbitals is found to beas follows: dx. = dyz < da2 < dxy < dxz-y2
ment between this result and a previous proposal is discussed in detail.

field basis functions and matrix elements are given,

Introduction

In the past decade, the use of ligand field theory
to explain the physical properties of the transition
metal, rare earth, and actinide complexes has re-
ceived wide interest; and it has been possible to
understand characteristic variations in magnetic
susceptibility, stability, ionic radii, and absorption
spectra by application of this theory,?

Historically, ligand field theory makes the sim-
plifying assumption that the effect of the sym-
metric ligands on the energy levels of the central
ion in a complex can be explained by considering
the ligands as point charges or point dipoles. The
electrostatic interactions between these point
charges or dipoles and the electrons cause a split-
ting of the originally degenerate d-orbitals in the
case of the transition metal ions. The ype of
splitting is dependent upon the symmetry ar-
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The disagree-
Tables for the weak-field and strong-

rangement of the ligands. The degree of splitting
is dependent upon the intensity of the electrostatic
interaction.

To some extent, emphasis has been placed on
the study of octahedral complexes of the first
transition series. Not only is octahedral symmetry
frequently encountered in complexes of interest,
but it has the advantage that the ligand field
potential can be expressed in terms of a single
parameter, Dg. As Liehr® has pointed out, one
can either interpret Dg in terms of electrostatic
interactions or view it merely as a semi-empirical
parameter in a molecular orbital calculation,
which serves to assess the symmetry-induced
separations of the d-orbitals.

In square-planar, as well as in tetragonal sym-
metry, the induced separations require three
parameters, frequently denoted by Dg, Ds, and
Dt,%% if the argument is based on symmetry alone
without specification of the source of the
ligand field potential. [f, however, the point
charge or dipole model is introduced, reduction to
fwo parameters is possible in the square-planar
situation. These usually are specified as the
“effective point charge” (or dipole) and the “ef-

(3) A. D. Liehr, J. Phys. Chem., 64, 43 (1960).
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fective radial distance.”* The question has
arisen® whether or not the point charge or dipole
model is applicable to complexes of metallic ions
in the fifth and sixth rows of the periodic table.
Certain platinum(II) complexes seem well suited
to test this approach.

The present work is concerned with the square-
planar, diamagnetic complexes of platinum(II},
such as [PtCly]~% While it may be argued that
in solution such complexes actually are tetragonal,
with solvent molecules occupying positions along
the z-axis, the changes in the absorption spectra
of such complexes in various solveats are, in fact,
very slight.* This indicates that the energy levels
are hardly affected by solvent interactions and,
indeed, offer excellent illustrations of square-planar
arrangements of the ligands about the central ion.

Further incentive to carry out the theoretical
calculations for platinum(II) complexes was pro-
vided by a tentative interpretation, given by
Chatt, Gamlen, and Orgel,® of the absorption
spectra of [PtCly]~? and ammonia-substituted
chloroplatinates(II) in both solution and solid
phases. Conveniently, these same absorption
spectra were available to this Laboratory, as a
result of previous interests in platinum complexes.
Chatt, et al.,5 proposed an energy level assign-
ment which placed the d-orbitals of platinum (II)
in the following order: d < dy, = dy, < dyy <
dyemye.

Compared with similar assignments for square-
planar symmetry in Ni(II) complexes,® the pro-
posals of Chatt, ef a/.,% differ in the relative place-
ment of the degenerate d,,, d,, orbitals and the
d,: orbital. Since their assignment was based
primarily on chemical evidence and some doubt
concerning the validity of the assignment was ex-
pressed by the authors themselves, it was felt that
a theoretical calculation, taking into account inner
configurational interaction, might prove informa-
tive. Maki* and Liehr and Ballhausen’ have
illustrated the necessity of including configuration
interaction in calculations of the energy levels of
Ni(TI) complexes. Such considerations should
be even more important in platinum complexes.

In their explanation of the platinum(Il) ab-
sorption spectra, Chatt, ¢ al.,5 assigned certain

(4) (a) C. J. Ballhausen, Kgl. Danske Videnskab. Selskab, Mat.-fys.
Medd., 29, No. 4 (1955); (b) G. Maki, J. Chem. Phys., 28, 651
(1958).

(58) R. G. Pearson, H. B. Gray, and F. Basolo, J. Am. Chem. Soc.,
82, 787 (1960).

(6) J. Chatt, G. A. Gamlen, and L. E. Orgel, J. Chem. Soc., 486

(1958).
(7) A. D. Liehr and C. J. Balthausen, Ann. Phys., 6, 134 (1959).

Inorganic Chemistry

absorption maxima as due to singlet-to-triplet
transitions. To justify the probability of such
transitions they relied upon the appreciable spin-
orbit coupling in platinum. It was felt that the
inclusion of this effect in the configuration inter-
action calculations was another facet of the prob-
lem which made it worthwhile.

1. The d® Configuration in a Square-Planar
Ligand Field

General Considerations.—The theoretical tech-
niques applicable to the problem are well
known.®*T The determination of the energy
levels of the central ion requires the solution of
Schroedinger’s equation

K¥ = E¥ (1)

where
8 = 3 {—(h/2m)viE —(Zet/ri ) +

Bl )+ 2 () + 2 VEE(n)

i>] i

The first four terms in the Hamiltonian, 3¢, are
the usual atomic Hamiltonian operator for the
freeion; in thelast term, Ve expresses the effects
of the non-spherical potential field of the surround-
ing ligands on an electron of the central ion.

The basic assumption of ligand field theory, as
applied in this work, is that the field potential
perturbs the atomic levels only in such a way as to
modify the mixing of the wave functions belonging
to one configuration. This means that one pro-
ceeds in a fashion analogous to the free ion prob-
lem.? In essence, the method reduces to the

construction of matrices whose elements are given
by

Hiam = <¥|R/|¥n > (2)
where

= 2 (/) + L EE S + X V)
> i i

the sum being over only those electrons outside of
filled subshells.

The first term in the Hamiltonian, 3/, concerns
the coulombic interaction between the electrons,
and in the case of the ds configuration results in
matrix elements which are functions of the two
Slater-Condon® parameters, F; and F; The

second term accounts for the spin-orbit coupling
and contributes matrix elements which most con-

{8 E. U. Condon and G. H. Shortley, ““The Theory of Atomic
Spectra,” Cambridge University Press, London, 1959.
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veniently are expressed in terms of a parameter,
a = (1/2)¢, where £ is the Condon and Shortley?®
spin-orbit coupling constant. The final term is
the contribution from the potential field of the
ligands. For the point charge model, in square-
planar symmetry, the potential, VY, has the
form

VIF = —g{—(4V7/VERY(2,0) + V7R Y(4,0) +
(V35r/3V2)R[ Y(4,4) + Y(4,—4)11 (8)

where
g = the effective ligand point charge
R = r<l/r>i*1; with r> = the greater, and r< = the
smaller of the two distances: (electron to central
ion) and (ligand to central ion)

Y(l,m) = ¥i=(6,®), the normalized spherical harmonics?

around the central ion
To obtain the point-dipole potential ome dif-
ferentiates the expression in eq. 3 with respect to
the radial position coérdinates of the ligands and
replaces —g by u, where u is the effective point
dipole.

The point-dipole ligand field contributes matrix
elements which depend on two radial integrals,
B, and B,, invelving the atomic-orbitals of the
central ion. In this work, Slater orbitals® are used
to evaluate these integrals, which then assume the
form

B = (4/315)ﬂf(%cG1(x) (4)

where
u = the effective point dipole
F = Z*/n* = Slater’s effective nuclear charge/effective
quantum number

Gix) = x-(1+1)ﬂ" fe-2ds + 5! :ft'“"‘l)t“e‘z‘ dt

x = fR, where R = the effective radial distance of the

ligand

The wave functions, ¥, and ¥, for the con-
struction of the matrix elements are linear com-
binations of antisymmetrized products of one-
electron functions. Two approaches can be used
for choosing these basis functions, the weak-field
formulation and the strong-field formulation.

Weak-Field Formulation.—Here the ligand
field effect is presumed to be smaller than the
electronic interaction effect. In this situation, a
convenient basis set is obtained as follows.

If the ligand field potential is absent, the
Hamiltonian in eq. 1 becomes that of the free ion.
In this case, the nine energy levels of the d® con-
figuration have 45 state functions which are cer-
tain linear combinations of the wave functions as-
sociated with the terms: 3F; 3F; %F,, 3P, 3P,

(9) 1. C. Slater, Phys. Rev., 86, 57 (1930).
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8Py, Gy, *Ds, and 1S;, where mixing of these takes
place only among those terms which have the
same J (total angular momentum) value. The
45 wave functions associated with these terms are
characterized by ]S,L,J,M 7 > where S = total
spin momentum; L = total orbital angular mo-
mentum; J = total angular momentum; Mj; =
z-component of the total angular momentum.

With the inclusion of the ligand field potential,
one no longer has spherical symmetry and the ir-
reducible representations of the full rotation
group now are reducible. Each term with a given
J has a definite reduction into irreducible spin-
space representations of the Dy, group. These
reductions are given in Table I, in which Bethe’s
notation® for the irreducible representations is
used.

TaBLE I

IRREDUCIBLE REPRESENTATIONS OF J STATES IN D,
J Irreducible

state representations®

0 Iy

1 Ty 4+ T
2 T4+ T+ T+ T
3 o+ i+ Ts+T5 4+ T
4 L4+ 4+ e+ 041004+ 1+ 15

“ The notation for the irreducible representations is
that due to Bethe.?? The relation to the Mulliken nota-
tion is given in Table III,

Under the influence of the ligand field potential,
those wave functions mix which are bases for the
same irreducible representation. For example,
as seen from Table I, in the I'; irreducible represen-
tation, the mixing will take place between certain
functions arising from the G, 3F,, 3F,;, and 3P,
terms. In terms of the IS,L,J,M 7 > functions,
the symmetry-adapted basis functions for this
representation are

in (1G,):(1/4v2){10, 4, 4, 4> — |0, 4, 4, —4>}
in (3F):(1/4v/21111, 8, 4, 4> — |1,3, 4, —4>}
in (3F): 1, 8, 8, 0>
in (3P1):]1, 1, 1, 0>

Consequently, by suitable linear combinations
of the [ S,L,J,M; > functions as illustrated above,
there occurs a factorization of the 45 X 45 matrix
into five sub-blocks corresponding to the five ir-
reducible representations of the Dy, group.
Since T's is doubly degenerate, it further decom-

" poses into two identical sub-blocks. The T'; case

just mentioned obviously is a 4 X 4 matrix prob-

(10) H. Bethe, Aun, Physik, 8, 133 (1929).
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lem. The others are:
T'u6 X 6; Iy: 10 X10.

The choice of basis functions just outlined
yields energy matrices which are diagonal in the
electronic interaction terms, because the basis
functions are linear combinations of the free ion
terms under L—S coupling. The ligand field and
spin-orbit coupling terms contribute both diag-
onal and off-diagonal elements, The complete
matrices for the weak field approach to the d®
configuration in D symmetry have not been
given before and therefore are included in the
Appendix.

In the weak-field approximation, the off-diag-
onal elements are ignored. Here, however, the
45 X 45 eigenvalue problem is solved exactly.

Strong-Field Formulation.—In this case, the
ligand field effect is considered to be greater than
the electronic interaction and the spin-orbit
coupling. Consider, therefore, the Hamiltonian
of eq. 1 in the instance where the latter two effects
are neglected. Then the matrix, H'yy, of eq. 2
will be diagonal if the ¥, are chosen as bases for
the irreducible representations of the symmetry
group of the ligands. Such bases are most easily
constructed as antisymmetric products of one-
electron functions which themselves are sym-
metry adapted. Since it is convenient that the
final functions be symmetry adapted with respect
to both spin and space codrdinates, the spin
functions, also, are taken in such linear combina-
tions as to be basis functions in spin or space for
the irreducible representations of the group of the
ligands. For the two-electron case at hand,!! the
strong-field basis functions can be formed as
follows.

Construct symmetry-adapted one-electron func-
tions from linear combinations of the |/,m; > func-
tions. For the transition metals, they are the fa-
miliar functions: d,z_ 2 (spanning I's), d,. (spanning
T'y), dyy (spanning Ty), and dy,, dy, (spanning T).
Next, construct two-electron symmetry-adapted
functions by taking certain linear combinations
of all possible products of these one-electron func-
tions. These are easily chosen as to be either sym-
metric or antisymmetric in the two electrons.
The representation of a particular product func-
tion is obtained by the direct product theorem of
group theory.

Now construct symmetry-adapted spin func-

I'i: 9X9; T's: 6 X6;

(11) By means of the ‘“‘electron hole’ formalism, the d? configura-
tion is handled as if it were d2 Only the signs (&) of the L.S
coupling and ligand field matrix elements need be changed (see
Appendix).
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tions. In Dy, the singlet function belongs to the
representation I';, whereas the triplet decomposes
into I'y 4+ T5, where I’ is spanned by «(1)«(2) and
B(1)B(2).

The final symmetry-adapted basis functions are
obtained as those reduced direct products be-
tween the space basis and the spin basis which
yield totally antisymmetric functions in the elec-
trons. The representations of the final functions
again are determined by the direct product theo-
rem.

The final functions will factor the 45 X 45
matrix into sub-blocks corresponding to the ir-
reducible representations of the group, just as did
the functions given in the weak-field approach.
Moreover, the size of each sub-block is identical
in the two cases. This arises from the fact that
the basis functions of the weak- and strong-field
formulations are connected by a unitary trans-
formation which itself factors into six subtrans-
formations, each of which operates only within
the subspace of a given irreducible representation.
Whereas in the weak-field formulation the matrix
elements are diagonal in the electronic interaction
terms, in the strong-field approach each of the
matrices is diagonal in the ligand field param-
eters, with the electronic interaction and spin-
orbit coupling terms contributing to diagonal
and off-diagonal elements. The strong-feld
matrix elements, which also have not been listed
so far, are given in the Appendix.

In the strong-field approximation, the off-diag-
onal elements are ignored; in this work, how-
ever, the complete diagonalization is carried out.
In view of the unitary connection mentioned
above, the eigenvalues must be identical with
those of the weak-field diagonalization. This
served as a convenient check for the computations.

2. Calculation of Energy Levels

Assumptions,—Values for the five parameters,
Fo, Fy, o, R, and i, were chosen from the following
considerations.

(1) In atomic theory,? it is shown that the
two Slater-Condon parameters are approximately
related by the equation

F, = 14F,

(2) By use of the above relation and a knowl-
edge of the theoretical and experimental values
of the energy levels in the free ion, Pt*}, an esti-
mate of the F, parameter was determined to be
3.92 X 10~* atomic unit. It was necessary to
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estimate Fy and Fy in this fashion since the ex-
perimental energy levels of the free ion, Pt*? are
not available at the present time.

(3) The final value for the spin-orbit coupling
parameter, a, for platinum was that given by Mc-
Clure,2 namely, 9.42 X 10~2 atomic unit. How-
ever, initial calculations also were made with o =
0, since under this condition there is a clear sepa-
ration between the singlet and triplet states.

(4) For the majority of the complexes, the
final value for the effective radial distance, R, was
chosen to be 2.34 A. (4.5 atomic units), which is
the internuclear distance between the platinum
and chlorine atoms in solid K;PtCl, as given by
X-ray diffraction data.’* Because certain authors
have obtained better agreement by use of a radial
distance somewhat less than the internuclear dis-
tance, some of the initial calculations were carried
out with R equal to 2.2 A. This latter value,
which corresponds to the platinum-to-ammonia
distance in mixed complexes,'* also was used to
obtain improved agreement between theory and
experiment for cis-[Pt(NHy).Clo] and [Pt(NHs)s-
Cli+

(5) Energy levels then were calculated as
functions of y, the effective dipole moment of the
ligands. As will be discussed later, the appropri-
ate value of this parameter for a given complex
then was fixed by reference to one specific absorp-
tion maximum.

(6) In actuality, the effects of changes in all
the parameters on the energy levels were investi-
gated, but in the final analysis the foregoing not
only were justified by the considerations men-
tioned but, as indicated in Section 3, gave the best
agreement with experiment.

Results.—For the chosen values of the five
parameters, diagonalization of the weak and
strong-field matrices by means of the Iowa State
Cyclone digital computer gave eigenvalues which
agreed to seven significant figures. The only ex-
ception was the T's representation with spin-orbit
coupling where agreement existed to only five
figures. The inclusion of spin-orbit coupling
leads to a complex matrix whose diagonalization is
equivalent to that of a real matrix twice as large;
in the case of T, it has the dimension 20 X 20.

As a typical example of the results obtained,
Fig. 1 illustrates the effects of increasing dipole
moment on the energy levels of the d® configura-

(12) D. S. McClure, Solid State Phys., 9, 399 (1959).

(13) R. G. Dickinson, J. Am: Chem. Soc., 44, 2404 (1929).

(14) M. Atoji, J. W. Richardson, and R. E. Rundle, sbid., 79,
3017 (1957). .
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Fig. 1.—Energy levels of Pt(II) as a function of the
effective dipole moment of the ligands. Parameter values:
a = 0, F; = 0.005488 a.u., F; = 0.000392 a.u., R = 4.23
au {2.20 A.). The symmetry labels characterize the
spatial part of the wave functions. The orbitals in
parentheses are those vacant in the strong-field approxi-
mation.

tion in square-planar symmetry. This particular
calculation assumes no spin-orbit coupling.
Hence, singlets and triplets do not mix and the
symmetry labels, Ay, By, A, and E, characterize
the spatial portions of the wave functions. The
orbitals listed in parentheses on the right hand
side of the figure correspond to the vacant orbitals
for the particular state in the strong field approxi-
mation. Because of configuration interaction,
such assignments are not strictly valid, but for g
values in excess of two atomic units, the wave
functions associated with the states are principally
those indicated.

If one considers that the primary effect of spin-
orbit coupling is to increase the probability of
singlet-to-triplet transitions, certain characteris-
tics are evident from the figure.

Since the ground state of the free ion is a triplet
state, it exhibits paramagnetic behavior. How-
ever, a complex whose effective ligand dipole
moment is greater than 1.0 atomic unit will be
diamagnetic. This is the case for all known Pt(II)
complexes. - In the ground state, electrons occupy
all the orbitals except the dyz_ 2 orbital and hence
the absorption maxima are due to electron transi-
tions from-the filled orbitals to this vacant one.



446 R. F. FENskg, D. S. MARTIN, JR., AND K. RUEDENBERG

70

60

50

40

30

EXTINCTION COEFFICIENT

20

15 20 25 30 35 38
WAVE NUMBERS X 1074 (cM)

Fig. 2.—Gaussian analysis of the absorption spectrum of
aqueous PtCl, 2,

From the figure, it also is seen that for such
diamagnetic complexes, the first excited singlet
state results from the transfer of an electron from
the dyy to the dy._ . orbital, and the next excited
singlet state results from the electron jump:
dzz — dxz_yz.

The latter conclusion is in contradiction to the
interpretation suggested by Chatt, ef a/.,° namely
that the transition corresponds to dy,, dy, = de—ye.
While Fig. 1 does not take spin-orbit coupling into
account and the radial distance used is somewhat
less than the final chosen value, these changes in
the parameters do not alter the relative positions
of the !By and 'E states. This disagreement with
the aforementioned authors concerning the order-
ing of the d-orbitals will be discussed more fully in
Section 4.

3. Absorption Spectra of the Pt(II) Complexes

Observed Spectra.—Figure 2 illustrates the
gaussian analysis of the absorption spectrum
of [PtCly]~? as carried out by Chatt, et al.,’ and
repeated independently for this work. The posi-
tion of “peak 4" in the figure was hypothesized by
Chatt, et ¢l.,8 strictly on the basis of the gaussian
analysis. In fact, for a number of the complexes
considered, ‘the resolution of peaks 3 and 4 was

Inorganic Chemistry

not achieved. In view of the low extinction co-
efficients and the uncertainty in the complete
applicability of the gaussian analysis, it was held
in this work that an accurate placement of two
maxima could not be realized. Hence, peak 3 in
each spectrum has been left as possibly an unre-
solved combination of two low-probability transi-
tions.

The general characteristics of the spectrum in
Fig. 2 are applicable to all the complexes consid-
ered. That is, the lowest energy maximum is of
low intensity (peak 3), followed by two moder-
ately intense absorption bands (peaks 2 and 1),
and finally by an intense absorption band whose
maximum appears, in this case, at a wave number
beyond the range of the spectrophotometer. Be-
cause of its intensity, this latter peak was pre-
sumed by Chatt, e al.,* to be due to an electron
transition from a d-orbital to a p-orbital, and
therefore falls out of the range of the present
treatment.

When ammonia or water molecules are sub-
stituted for one or more of the chloride ions in the
complex, there is a systematic shift of the absorp-
tion maxima to shorter and shorter wave lengths.
‘This suggests that despite some changes in inten-
sity, the same d-to-d orbital transitions are in-
volved in [Pt(NH;)Cl;]~Y, ¢is- and trams-[Pt-
(NH;):Cl], etc., as take place in [PtClL]~? and
one reasonably may assume that all may be
treated as if they possessed square-planar sym-
metry, The absorption maxima corresponding to
peaks 1, 2, and 3 for the complexes considered in
this work are given in Table II.

Theory and Experiment.—If, as a first approxi-
mation, one considers the energy levels of Fig. 1 as
indicative of the transitions involved, the region
of high dipole moment, >2.5 atomic units, sug-
gests a ready interpretation of the observed
spectra,

The lowest energy, low intensity band (peak 3)
corresponds to two singlet-to-triplet transitions.
This assignment is in keeping with the appreciable
spin-orbit coupling present in platinum. The fact
that the gaussian analyses of the spectra seem to
indicate the presence of two peaks of similar
energy correlates with the two-triplet energy
levels,. given in Fig. 1, which cross at 2.75 atomic
units.

The first of the moderately intense bands (peak
2) then is in keeping with the singlet-to-singlet
transition of an electron from the dy, to the
dye_y2 orbital. This, as well as the previous singlet-
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TaBLE I
COMPARISON OF FINAL TRANSITION ENERGIES WITH OBSERVED SPECTRAL MaxIiMa®
Peak 2 Dipole Peak 1 Peak 3
std. moment Obsd. Caled. Obsd. — Caled.
Compd.b 1A; — 1A, (a.11.) A; — 1B, 1AL — 3A; 1A — $B;
First calculation’
1 2.56 2.89 3.02 2.92 2.10 2.20 2.16
2 2.89 3.24 3.33 3.28 2.41 2.48 2.50
3 3.17 3.38 3.67 3.61 2.68 2.74 2.83
4 3.12 3.34 3.71 3.563 2.64 2.70 2.76
5 3.33 3.51 3.72 3.81 2.73 2.76 3.00
6 2.64 2.96 3.14 3.02 d 2.28 2.26
7 2.72 3.02 3.18 3.11 d 2.34 2.34
8 2.90 3.16 3.33 3.31 d 2.51 2.51
9 3.60 3.70 3.92 4.10 3.10 3.10 3.25
Second calculation’
3 3.33 2.74 3.72 3.68 2.73 2.90 2.80
9 3.60 2.92 3.92 3.99 3.10 3.10 3.16

@ All results are in wave numbers X 10~¢ (em.=1), ° The complexes are: 1, [PtClL] =% 2, [Pt(NH;)Cl] %

3, trans-

[Pt(NH;),Ch]; 4, trans-[Pt{(n-CsHn):NH }:Cl]; 5, cis-[Pt(NH;)Cl]; 6, [Pt(H:0)CL]~*; 7, (Pt(OH)CL] "% 8, [Pt-
(OH):Cly] ~%; 9, [Pt(NH;):Cl]*1. ° Values of the parameters of Group I calculationsare: R = 234 A., F, = 0.005488
au., F, = 0.000392 a.u., @ = 0.00042. ¢ Experimental values unknown, ° Values of the parameters for Group II
calculations are: R = 2.20 A., 3 = 0.005488 a.u., F; = 0.000392 a.u., @ = 0.00942 a.u.

to-triplet assignment, is in accord with the transi-
tions hypothesized by Chatt, et al.b

The other band of moderate intensity (peak 1)
then is:assignable as a singlet-to-singlet transition
from the d,» to the dz_yz0rbital. Any low-inten-
sity transition to the triplet state lying between
the !A; and B, energy levels of Fig. 1 would be
masked by the more preferred singlet-to-singlet
transitions.

The foregoing assignment postulates that the
singlet-to-singlet transition of an electron from
the degenerate d,,, d,, orbitals to the dy._y:
orbital is hidden by the d-to-p transition pre-
viously mentioned.

There remains the task of justifying the assign-
ment by correlation of experimental and predicted
values of the absorption maxima. Figure 3 dis-
plays the pertinent transition energies as a func-
tion of u for the final values of Fo, Fy, a, and R.
For clarity, certain predominantly singlet-to-
triplet transitions whose energies are comparable
to the more likely singlet-to-singlet transitions
have been omitted from the figure.

The effective dipole moment values for eight
complexes were fixed by matching the theoretical
1A; to A, transitions to the values of peak 2.
Table II compares the remaining transition ener-
gies for the complexes with the experimental ab-
sorption maxima. As indicated by the table and
by Fig. 3, reasonable agreement is achieved.

It is gratifying that, for the ammino, aquo, and
hydroxy complexes with the formulas (PtL,Cl, . ,),

where L = (NHs), (H,0), or (OH)-, the dipole
moments are given approximately by the expres-
sions

 (LaClin) = nu(L) + (4 — n)u(Cl)

#(Cl) = 0.7225 a.u.

W(H0) = 0.8125 a.u,

w(OH™) = 0.8525 a.u,

w(NH,) = 0.9725 a.u.

It may be noted that, in the cases of ¢is-[Pt-
(NH3).Cly)] and [Pt(NH;);Cl]+, an improvement
resulted when the platinum-to-ammonia distance
of 2.2 A. was used for the radial distance param-
eter of the point-dipoles.

4, Ordering of d-Orbitals in Pt(II)

I.—The foregoing results lead to the conclusion
that in the strong field present in platinum(II)
complexes, the d-orbitals fall into the order

dxz = dyz <dgs < dxy < d.x‘_y2

This result differs from the ordering suggested by
Chatt, et ¢l.,® in the relative positions of the d,.
and the d,, dy, orbitals.

With one exception, all the features of the
spectra used by Chatt, ¢f al.,° to substantiate their
assignment are equally compatible with the pres-
ent alternative assignment. Without going into
detail, this single feature concerns the absorption
spectra of the solid complexes, and involves the
conjecture that the levels in the solids are the
same as those of the complexes in solution. This
assumption would rest on reasonably firm ground
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Fig. 3.—Transition energies as functions of dipole
moment for the final choice of parameters. Because of
spin-orbit coupling, the states involved in the transitions
are not exactly, but primarily, those indicated at the right
hand side, The experimental absorption peaks of a given
complex lie in one vertical. The arrows indicate those
experimental values whose fit to the theoretical curve
determines the dipole moments for the various complexes.
The latter are identified by the same numbers as are used
in Table II.

if the absorption peaks in the two situations would
be identical, as they are in certain Ni(II) com-
plexes investigated by Maki.’* Such is #not the
case, however, with the platinum complexes
under discussion. For example, the three peaks
in the solution spectrum of K,PtCly are at 331,
392, and 476 myu, while in the spectrum of the
solid, the peaks are at 340, 375, and 500 mu.
While these are somewhat close, it should be
noted that the shifts are in different directions.
Furthermore, Dickinson!? has pointed out that
in solid K;PtCl, the platinum atoms appear in

TasLe IIT
SYMMETRY-ADAPTED 5d-ORBITALS FOR Din SYMMETRY
Notation
used in
Tahle VII
Representation to denote
Bethe Mulliken 5d-orbital orbitals
Y A 5d(z2) ~ z%e~'" a
T B, 5d(x2—y?) ~ (x2—y2)re~' b
T B, 5d(xy) ~ xyre~'" c
5d(xz) ~ xzre='" d
I‘; E -fr
5d(yz) ~ yzre e

(16) G. Maki, J. Chem. Phys., 29, 162 (1958).

Inorganic Chemistry

TABLE IV

THE LIGAND-FIELD INTEGRALS FOR Dy SYMMETRY AND
SQUARE-PLANAR DiroLE MODEL

Param- Tetragonal Square-planar
eter symmetry point dipole model
0: Dg+2Ds — Dt (1/14)B; + (4/7)Ba
01 —4Dg — Ds+ 4Dt  —(2/7)Bs — (2/7)Bs
Qv 6Dg — 2Ds — 6Dt (8/7)Bs — (4/7)B,
By 5Dg (5/6)B.
TasLE V

WEak-FierLp Basis Fuxcrions

T Representation Triplets

Singlets (3) = [Fu2) — 3Fal= 2)1/i/3
(1) = BG4) + 1G(=D)]/A/3 @) = [BR@) + Fu(~2)//3
(2) = 1G(0) (5) = [3Fa(2) ~ 3Fs(—2)1/iv/2
(3) = 1D2(0) (6) = [2P:(2) ~ P —2)1/ia/2
@) = 15(0) Ty Representation cosine-type
Triplets functions
. Singlets
52} - £}’f;f§’ T H-DIVE (1) = [G(—8) — 1G:(3))/+/2
(7) = WFa(0) (2) = [Gi(—1) = 1Gu1)]/V/2
(©) = 3Py(0) (3) = [\De(=1) ~ 1Do(1)1/V2
(9) = 3P(0) Triplets
(4) = [Fe(—8) ~ Fu(3))/4/2
T2 Rep.resentation () = [WFi(=1) = F(1) i/ V2
Singlets (B8) = [3Fa=1) — F(1)}//2
(1) = [G®) — G(—=DV/ivV2Z (D) = [BPu=1) = 3Px1)]//2
. (8) = [2Fs(3) + SF(~3)]/i4/2
Triplets ©) = —[Fal) +
(2) = [3Fs(4) ~ 3Fu(~4))/iV2 Fy(~1)1/in/2
i (10) = i+Pi(1) + *Pi(~1)}//2

Ts Representation sine-type
T's Representuation functions
Singlets Singlets

(1) = [1G(2) + 1G(~DI/V2Z (1) = DG(~3) + 1G:(3)1/in/3
(2) = [1Da(2) + 1D(~D/VZ (@) = [1G(~1) + 1G:1)]/in/2

H &
Triplets @)= lDe(=1) +

1D, ;
@ = [F@) + Fi~D/VE  VivE
(4) = [Fs(2) - Fa(-2) /302 Triptets
(5) = [Fo@) + Fo(=/VZ (@) = [IFa(=3) + F(3)]/iV3
©) = [PPu2) + 3P~V VE  (8) = PF(~1) + FuD]/ivVE

. ©
T4 Representation %0

Singlets (8)
(1) = [G(D) = G ~2)1/iv/2  (9)
(@) = 1D22) — 1D:(=D))/iv/Z  (10)

[fFa(~1) + F1) )/i4/2
[3Pi(—~1) + 3P (1})/iN/2
[3Fa(3) ~ 3F3(—3)1/V/2
[8Fs(1) — 3Fy(—1)1/v/2
[2P:(1) — *P1(~1)1/V/2

nwdoa

chains one above another, whereas it is expected
that in aqueous solution, water molecules would
be oriented such that the negative ends of their di-
poles are directed toward the platinum ion. In
view of the fact that in certain crystals complex
ions of platinum are known to form metal-metal
bonds,** it is possible that related interactions
may be present to some degree in solid K,PtCly, so
that there may be significant differences between
its spectrum in the solid and in solution. In
ligand field terms, the positive charges due to
neighboring platinum ions could alter the positions
of the energy levels,

A further assumption for the argument of
Chatt, et al.,% to be conclusive is that the transi-
tions are made vibrationally allowed by stretching
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TABLE VI

WEAK-FIELD MATRIX ELEMENTS

I Representation
Singlet matrix

2Q2 + 4F: + Fq

(2/4/35) Bz

(2/35)(Q2 + 160: + 18Q0} + 4F: + Fu
(4/4/7)Bi

(4/7/3)(0s + 201 — 3Q0)

©@/7) (40 + Q1 + 200) — 3F2 + 36F
(4/4/10) B2

(4/54/14) (02 — 401 + 300
(4/4/70)(20: — Qv — Qo)

(2/5)(20: + 201 + Qo) + 14Fy + 126F,

Woronwonnnng

Triplet matrix

(02 + Ov) — 3a — 8F: — OF,
(=3/~/35)Bas

(1/35)(17Q2 + 47Q1 + 6Qv) — 3a — 8Fy — 9F4
(—2\/3/\/35)32_2

(24/3/35)(Q: — 301 + 200

(2/35)(902 + 2201 + 4Qo) + 4a — 8Fs — BF
(—v2/V15)B: 2

(2/54/42)(11Q» — 801 — 3Q0)

/5410 (~ Qs + 201 — Q0

(1/5)(6Qz2 + 301 + Qo) ~ a + TF2 ~ B4Fy
(—2//15) B2

(2/54/21)(—Q2 + 401 — 3Q0)

(4/54/7)(202 — Q1 — Qv)

(V2/5)(—2Q: + 201 + Qo)

(2/5)(2Qs + 201 + Qo) + 2a + TF2 ~ 84F,

[0 A T A I Y N T}

Singlet-triplet coupling matrix

~2a

~2a
(4V3/VBa
(—42/V/3)a
2/V6)a

ny i E

T'; Representation
Singlet matrix

= 2Qs + 4F: + Fu

Triplet matrix

= Qs+ (1 — 3a — 8F: — 9F

= (i7/3//5) Bt

= (1/5)(3Q2 + 8501 + 2Qo; + a — 8Fz — OF
= (i\/2/V5) Bz

= (VB/5)(Qz ~ Qu)

= (1/5)(2Q2 + 5Q1 + 3Q0) + « + TFy — 84F,

Singlet-triplet coupling matrix

I's Representation
Singlet matrix

= (1/7)(302 + 801 + 3Q¢ + 3B2s) + 4F1 + Fu
= (24/3/7)(Q: — 201 + Qo + Be-2)
= (2/7)(20: + 301 + 200 + 2B1s) — 3F: + 36F,

Triplet matrix

= (1/14)(11Qz + 8Q1 + 900 — 9B:2) — 3a ~ 8F; — Fs

= (i/2/T) (=~ Q2 + 201 = Qo + 3Ba)

= (1/6)(5_02 + 401 + 3Q0 + Be2) + a — 8F; — QF,

= (1/7/5)(~Qz + 5Q1 — 400 — 3Bz_a)

= (i/3/35)(Q2 + 5Q1 = 600 + 11Bz_2)

= (1/105)(103Qz + 80Qs + 27Q0 — 55Bss) + 4a — 8Fs —
or,

(1/\/7_—0)(301 ~ 300 — Br2)

= (4/4/10)(~ Q2 + Qv -~ B2-1)

= (2/54/14)(Qs — Qo — 5B2=)

]

16) = (1/5)(202 + 501 + 3Q0) ~ « + TFy =~ 84F;

3|1
(52
612

(10|9)

“|D
(6(2)
8]3)
(713}
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Singlet-triplet coupling matrix

—2a
(#4/3/A/51a
(~42//5)a

T4y Representation
Singlet matrix

(1/7) (302 + 8Q1 + 3Qo ~ 3Bz2) + 4F2 + Fu

@V3/71)(0: — 201 + Qu = Bya)
(2/7)(20Q2 + 301 + 2Qo0 ~ 2B3.y) ~ 3F: + 36F

[ ]

[

Triplet matrix

(1/14)(11Q2 + 801 + 900 + 9Byg) — 3 — 8BF: — 9Fy

(i/+/28)(Q2 — 201 + (v + 3Bz2)

(1/6)(502 + 4Q1 + 8Qo — Bs2) + « — 8Fs —~ OF

(1/74/3)(~ Q1 + 501 — 4Qo + 3B2-3)

(/34/35)(— Qv — 5Q1 + 6Qo + 11Bz-2)

(1/105)(108Q2 + 8001 + 270 + 56B2d) + 4a — 8F; —
QF,

(1/4/70)(8Q: — 3Q0 + Bz.g)

(8/4/10)(Q2 ~ Qv — Ba.p)

(1/54/14)(2Q2 — 2Qo + 5B13)

(1/5)(202 + 5Q1 + 300 — « + 7F2 — 84F4

[ T

Singlet-triplet coupling matrix

—2a

¢ \/5_/)/3)_0:
(—V'12/ VBe

Ts Representation
Singlet matrix

= Qs + Qi + 4F: + Fs

(=1//7)Bia

(1/7)(Q: + 701 + 600) + 4F2 + Fu
(~+/8/7) B

(V8/7)(Q: — Q)

(1/7)(BQ: + 701 + Qo) — 3F: + 30F4

Triplet matrix

(1/4)(402 + Q1 + 3Q0) — 3a — 8F3 — OF;
(3/24/7) B2 2

(1/28)(18Q2 + 3101 + 900 — 3a — 8F1 — 9F;
= (3/\/%2324

(1/74/10)(0: ~ 2Q:1 + Qo)

(1/105)(80Q: + 64Qx + 66Q0) + 4@ — 8Fz — OF;
(1/4/20) Bz

(1/24/36)(702 — 401 = 3Q0)

(4/5/14(— Q1 + Qo)

(1/10)(10Q2 + 701 + 3Qo) — a + 7Fs ~ 84F,
(44/3/4)(Q1 = Qo)

(1V3/27/T) Br-a

(~11§//210) B2 ¢

(64/3/245)Be 2

= (1/4)(4Q2 + 30 + Qo) + « — 8Fy — 9Fy

= (—34/24/5)Bi2

= (i/44/35)(~40: + 11Q1 ~ 7Qu)

= (i/154/14)(— 1302 + 3401 — 21Q0)

= (4/10)(3Q2 — 4Q: + Qo)

= (1/24/15)Bia

= (1/60)(40Q2 4+ 53Q1 + 27Q0) + « — 8F: —~ 9F,
= (~1/24/5)Bas

5) = (5/24/35)(0: ~ 401 + 3Q0)

= (4i/5+/14)(202 — 01 — Qu)
=(3i/10)(2Qs =~ Q1 — Qo)

= (~ v/3//20)B:s

= (1/10)(5Q: — 4Q1 - Qo)

10) = (1/10)(10Q: + 7Q1 + 3Q¢) + @ + 7Fs ~ 84F,

Singlet-triplet coupling matrix

—2a

—2a
(4V/3/V/5)a
(=V22/V/B)e
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TABLE VII
STRONG-FIELD Basts FUNCTIONS

T Representation T'y Representation

Singlets Singlets
(1) = aalad] (1) = [ac]*[a8]
(2) = bblaB] (2) = [de]*[aB]
(3) = ¢claBl] Triplets
(4) = (de) *[af] @) = [[ae)(ad)* — .
Triplets ilad){aB)}/4/2
() = {[bY(ap)* +
5y = [dellag]* i[db](aB)} /2
6) = }bc][aﬁ]* (5) = {[dcliaB)* —
(7) = {ldal(ap)}* — ileci(aB)}t /A/3
ilea)(aB)}/V/2 6) = [abllaB]*
® = {ldb](eB)* + ) .
i[ebJ(aﬂ)}/\/2 Ts Representattf)n cosine-type
) = {{ce](aﬂ)* — - fufv:txons
i[cd](aﬁ)}/\/2 Singlets
i (1) = [ad]"[aB]
T's Representation @) = [bd]*[Ba)
Singlets (3) = [ce]*[af]
(1) = [bc]*[aB] Triplets
Triplets (4) = [ae}laB]*
. (5) = [be]laB]™
@ = {ilbd}(ap) — - 6) = [cd][aB]*
[bel(aB) *}/A/2 (7) = [abl{aB) *
(@) = {{dcl(a®)* + 3 (8) = ilac}(eB)
| ileci(aB)}/A/2 (@ = ilbcl(af)
4) = {[ea](a®) * + B 10) = i|de](aB)
o VY T
Ts Representation sine-type
T's Representation functions
Singlets Singlets
(1) = [ab] *[aB] (1) = [ae] *[af]
= 1 (2) = [be]"[aB]
2) (de) [ @3 = [cd]*[aB]
Triplets Triplets
() = {ldal(eB) * + (4) = [da]laB]*
ileal(af)} /V/E  (5) = [bd][aB]”
@ = {1db](ap) * - 6) = [ec]{aB]*
b} (af)} /2 (1) = ilebliaf)
(5) = {leclap}* + 8 = [cal(aB)*
ildel(aB)}/A/2  (9) = [bc|(af)*
(6) = [acllaB]* (10) = [de](aB)*

rather then by bending motions (in Dy, symmetry,
the transitions in question are electronically for-
bidden and become observable only via odd vibra-
tions). Whether the contributions due to bend-
ing really are negligible in comparison to those due
to stretching also is open to question.

Finally, if peak 1 were due to the transition
from the degenerate d,,d,, orbitals, one would
expect a splitting of this peak in the spectra of the
complexes of lower symmetry, for example, in
trans-Pt(NH;),Clo. Chatt, et «l.® rationalized
the absence of any splitting by reasoning that
the dye—y2 orbital may be much more sensitive
to the nature of the ligands than the d,, and dg,
orbitals. In terms of the energy level assignment
offered here, no splitting of the peak is expected
since the transition is from the single d,. orbital.

II.—It may be asked whether the ordering of
the d-levels found here really is characteristic of a
square-planar ligand field or whether it is merely

Inorganic Chemistry

a peculiar result of the additional assumptions
(e.g., the point-dipole model) used to carry
through the calculations. This question can
be answered only after a general characterization
of a square-planar ligand field has been agreed
upon. In the concluding section it is suggested
that the relation 4Dg 4 7Dt = 0 can reasonably
be considered to qualify as such a characteristic.
When this criterion is adopted, then the ordering
of the d-levels proposed in this work is indeed a
necessary general consequence without further
detailed assumptions, as shown by the following
reasoning.

Let the symbols A4, AB, AE be used to denote
the excitation energies corresponding to the
transitions (1A; = 1A,), (1A; — 1By), (1A, — 1E),
respectively. In the strong-field approximation,
which is adequate for the present purpose, they
are given by the differences between the cor-
responding diagonal elements of the matrix given

in Table VIII. One finds from this table
AA = —35F4 - QB-Z—;]
AB = —4F, — 15F, + Qy — Qs — By
AE = —3F, — 20F, + Q1 — Qs — Baes

One now can substitute the relation F, = 14F4
quoted in Section 2 and express Oy, 01, 0o, Bs-2 by

Dq, Dt, Ds according to Table IV. This yields the
expressions

A4 = —35F, — 10Dg

AB = —71F, — 4Ds — &D¢

AE = —62F, — 10Dg — 3Ds + 5Dt

which are general for tetragonal symmetry. The
assumption of a square-planar field, if character-
ized by4Dq + 7Dt = 0, simplifies these formulas to

A4 = —35F, — 10Dq (5)
AB = —T71F, — (20/7)Dg — 4Ds (6)
AE = —62F, — (90/7)Dg — 3Ds Q)

Now F, has the value 85 cm. ™! as discussed in
Section 2. Moreover we agree with Chatt, Gam-
len, and Orgel that A4 = 25,500 cm. ™!, if we con-
sider the case of [PtCly]~? for concreteness. It

follows then from eq. 5 that Dg = —2848 cm.—!
and hence
AB = 2101 — 4Ds (8)
AE = 31347 — 3Ds (9)

The next highest absorption in [PtCl]—? lies at
30,200 cm. 1,

If this next band now is identified with AE, then
the value Ds = 382 cm.™! is deduced from eq. 9
and there results AB = 574 cm.~, implying that
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1
1)
2)
1)

(11

@2
(3]2)
(3|3)
@2
4;3)
(414)

(2{1)
(3]1)

1
2
1)
2)

| 1 1 A I |

| | S O A ' VY O

T1 Representation
Singlet matrix

2Q0 + 4F: + 36Fs

4Fy + 15F,

2(Q: + Bs-2) + 4Fs + 36F4
4F: 4+ 15F,

35F,

2(Q2 — Bi-x) + 4F: + 36F
V2(F2 + 30F4)

V/2(3F: + 20Fs)

V/2(3F; + 20Fs)

201 + 7F: + 56F:

Triplet matrix
20Q: — 5Fy = 24Fy
6F; — 30F
202 + 4F; — 69F,
—ivEa
Q1+ Qo+ Fi — 54F4 + «
—iV2a
i 3a
3V3(~Fs + 5F)

Q1+ Q1 + Bis — @ — 5F; — 24F4

i3

—iv/2a

3v/3(Fs — 5F.)
2a ~ 3F; + 15F,

Q4+ 01 — Bie — a — 5Fy — 24F,

Singlet-triplet coupling matrix

[ | O VO

[ I A

— 2
iv3a
iv/8a
234
~Via
—~2a
V2o
2a

—1V3a

T’y Representation
Singlet matrix

20z + 4F2 + Fu

Triplet mattix

Q: 4+ 0t + Biz — @ — bF; ~ 24F

—2a — 3F: + 15F.

Q2+ 01 — By — a = B5F2 — 24F,

34/3(F2 — 5F3)
~3+4/3(F: — 5Fy)
Oi+ O + a+ F2 — 54Fs

Singlet-triplet coupling matrix

I O 'R I

—_ ga
-2
T'; Representation
Singlet matrix
Q2 -I: Qo + Bez + 21F4
24/3(F: ~ 5Fq)
201 4+ F2 4 16F.

Triplet matrix

O+ Qo — a + F2 — 54Fs
34/3(—Fa + 5F4)

0t + 01+ Bi2 + a ~ 5F1 — 24F:

3+/3(—F2 + 5Fy)
~2a 4+ 3F2 — 15F4

Q4+ 01— Bz + a ~ 5F; — 24F,

~iy/Z2a
—ivEa

Q24+ Qo — B2 — 8Fys — QF,

Singlet-triplet coupling matrix

~+/3a
_\/"',

9_(1
Via_
-V2a

Licanp F1ELD THEORY OF PraTINUM(II) COMPLEXES

TasLe VIII

STRONG-FIELD MATRIX ELEMENTS

(5]2)
6{1)

M
(2\1)
(212)

3)
3)
4)
3)

5)
3)
4)
6)

3
(3|2
4|2
(GIp)]
(5)2)
IRy

L

an
1
2)
1
2)
3)

Singlet-triplet coupling matrix
= V3a
= 2la
Ty Representation
Singlet matrix

4] + Qo — Bis + 21F¢
24/3(Fs —~ 5Fs)
201 + F2 + 16F,

[ |

Triplet matrix

Qv+ Qo — a + F2 — 54F.
34/3(—F: + 5F)

Qs+ O + Bia + o — 5Fy — 24F,
34/3(Py — 5F3)

—~3Fy + 15F4 4+ 2a

Q4+ Q1 — Beee 4+ @ — 5F2 — 24F,
~iv/3a

~iv6a

Q2 + Qo + Boa — 8F; — 9F

| R 1 I }

Singlet-triplet coupling matrix
2a

~/Ba

~2a

Vi

~+/2a

—2a

/I S |

T's Representation
Singlet matrix

Q14+ Qv + 3F: + 8F,
V/3(F2 — 5F4)

O+ Q1 + Be2 + Fz + 185,
V/3(~F2 + 5F)

3F; — 15F,

Q2+ Q1 — Boe + Fy + 16F

Triplet matrix |

Qv+ Qo + F2 — 54F4
34/3(F; — 5Fs)

Q: + Q1 + B2 — 5F; — 24F;
—34/3(Fz = 5F)

—3F: + 15F4

Q: 4+ Ot — Bz2 — 5F2 — 24F,
—ia

iv/3a

Qs+ Qv + Bz — 8F; — 9F¢
a

iv3a

—2a

Q2 + Qo — Bsz — 8Fp ~ 9F,

i

—ia

202 + 4Fs — B9Fy
iv3a

—ia

i

~6F: 4+ 30Fs

= 201 — 5F: — 24F;

LI | N N O T | O T Y 1

Singlet-triplet coupling mattix
ia

— i

2ie

2ia

~fa

—a
V3a
x
Via
-

a_
\/Ba

—a

LI T IO 1

a
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B, is practically identical with the ground state,
1.e., that the orbitals 5d,. and 5d(s_ 2 are almost
degenerate. Hence the ligand field would be very
close to having octahedral symmetry in complete
contradiction to the initial assumption of a
square-planar situation. This choice therefore is
impossible.

If, on the other hand, the 30,200 cm.—! band is
identified witlh AB, as in the main body of this in-
vestigation, then eq. 8 yields Ds = —7025 cm. "},
one obtains AE = 52,422 cm. !, and there arise no
contradictions.

Conclusion

The good agreement with spectral observations
appears to indicate that the potential given in eq.
3, modified for the dipole model, describes well
the actual potential responsible for the splitting of
the d®-configuration. It is obtained by two as-
sumptions, in addition to that of tetragonal sym-
metry: (1) the assumption of the point-dipole
model; (2) the assumption of a square-planar
physical situation, i.e., the absence of point di-
poles on the z-axis.

The first of these really is without consequence,
it merely provides certain (convenient, but ficti-
tious) pictures for the expansion of the potential in
spherical harmonics. In reality, this potential
does of course not arise from actual point dipoles.

The second approximation has, however, physi-
cal content, since it results in the three tetragonal
parameters Dg, Ds, Di being expressed in terms of
fwo parameters Bs, B; of eq. 4 by the relations

= (1/6)B;
Ds = (—~2/7)B;
Dt = (—2/21)B;

One also can say that, for the point-dipole model,
the case of square-planar physics'® is characterized
by the constraint

4Dg + Dt = 0

within the tetragonal symmetry.

Since this constraint appears to be compatible
with the potential acting in the Pt-complexes, the
conjecture seems to be justified that this relation
possibly might be considered as a general char-
acterization of what one has to mean by a square-
planar ligand-field. In any case these considera-
tions indicate that an appropriate definition of the
square-planar situation within tetragonal sym-
metry, but without reference to the point-dipole

(16) It is incorrect to speak of square-planar symmaetrv

Inorganic Chemistry

or point-charge model, would seem to deserve
analysis.

Appendix. Weak-Field and Strong-Field Basis
Functions and Matrix Elements

Definitions and Notation,—(1) Tables ITI-VIII present
the weak-field and the strong-field basis functions for the
d? configuration in D, symmetry, and the corresponding
matrix elements of the type defined by eq. 2 for the d#
configuration. The matrix elements of the d? configuration
are obtained from those of the d3 configuration by changing
the signs of the quantities a, B, By, but leaving the signs
of Fy, F, unchanged.

The basis functions within one representation are simply
identified by numbers, viz., (1), (2), etc. The corresponding
matrix elements H'y; of eq. 2 are simply denoted by the
symbols (112), (1]3), (2]3), etc.

Only the non-vanishing matrix elements are listed.
Matrix elements which are not listed are zero. Also, of
the two matrix elements, (3!7) and (f]4), only one is listed;
the other can be obtained from the fact that the matrix
H' is hermitean, so that (jz) = {¢]/)*.

(2) The weak-field functions are given in Table V.
They are expressed in terms of the basis functions of the
L-S coupling scheme. The familiar notation Lj(Mj),
8L;(M3) is used, where L = 0,1,2,3,4 is expressed as L =
S,P,D,F,G, and J,M; denote the quantum numbers of ah-
solute value and z-component of the total angular mo-
mentum.

Attention should be paid to the fact that ihe phases of these
Sfunctions are defined in exact agreement with Condon and
Shortley.?

(3) The strong-fleld functions are given in Table VII.
They are expressed directly in terms of the one-electron
functions, viz., the spin functions e, 8, and the symmetry-
adapted 5d-orbitals given in Table III,

Moreover the following abbreviations are used in Table
VII for any two functionsf(x) and g(x)

[fg] = [flx)gly) — o))/ V2
[fel* = [fx)gly) + glx)f(3)/V2
(fo) = [f)f(y) — glx)g»)]/vV2
(fo)t = [f=)f(y) + glx)g»)]/vV2

(4) The weak-field matrix elements are given in Table
VI; the strong-field matrix elements are given in Table
VIII. All matrix elements are expressed in terms of the
pararmeters

Fy, F, = Slater-Condon electron-interaction parameters

= 1/,t = Condon-Shortley spin-orbit parameters

Q = <I, m|V(Dw)|l, m> =

<I, "‘m‘V(Du u —m>
Bnom = <[, m[VD,m VI, —m> =

<[, ~m| V(D) |I, +m>

ligand-field
integrals.

The ligand-field integrals can be expressed in terms of 3
parameters, Dg, Di, Ds, for a general tetragonal potential,
as discussed by Liehr? and Moffitt and Ballhausen.? The
expressions are given in column two of Table IV, In the
case of the square-planar point-dipole model, they can be
expressed in terms of the two integrals B;, B, defined in
eq. 4. These expressions are given in column three of
Table IV.



