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Figure 6. Electronic absorption spectrum of tranr-[Pt(PEt,),Cl,] in 
CH3CN (-) and 7/4 methylcyclohexane/pentane (- - -) solution at 
298 K. 

coordination is d s  which should be destabilized in the solvated 
complex. Hence MLCT transitions which involve depopulation 
of this orbital will lie at lower energy in CH3CN than in the 
noninteracting hydrocarbon solvents. Band I1 is a single peak 
(3.74 pm-') in CH3CN solution but is resolved into two com- 
ponents in hydrocarbon solution (Figure 6 and Table I). The 
IIb peak at 3.80 Nm-' in hydrocarbon solution is attributed 
to the '[ds - a*] transition from the MCD data, and indeed 
it does shift to lower energy (3.74 pm-') in CH3CN solution. 
The ,[d,, - T*] transition seen as a shoulder (IIa) at 3.70 
pm-l in hydrocarbon solution apparently blue shifts to 3.74 
pm-' in CH3CN solution, implying partial stabilization of the 
d orbital via a interaction with the weakly a-accepting 
&,CN. The t r~ns - [P t (PEt~)~Br~]  complex appears to show 
a similar solvent shift, but the effect is largely masked by the 
presence of the intense T-LMCT band in this spectral region 

Finally, the results described herein are relevant to a recent 
photochemical study of related complexes. Costanzo et al.19 
recently reported that cis- and trans- [Pt(PEt,),(Ph)CI] un- 
dergo photoinduced cis F? trans isomerization in acetonitrile 
solution. Quantum yields were measured, and the observed 
wavelength effects were rationalized on the basis of the dif- 
ferent excited states involved. The latter were deduced from 
an interpretation of the electronic absorption spectra of these 
derivatives in which the observed bands were attributed to LF 
and LMCT transitions. However, the electron absorption 
spectra of cis-[Pt(PEt,),(Ph)Cl] (A 280 nm, t 1600 M-' cm-'; 
A 245 nm, e 990 M-' ~ r n - ' ) ~ ~  and t r~ns-[Pt(PEt~)~(Ph)Cl]  (A 
290 nm, t 1250 M-' cm-'; X 255 nm, t 5300 M-' cm-l)l9 are 
virtually identical with those of the cis- and trans-[Pt- 
(PEt,),(Me)Cl] complexes studied herein (Table I) for which 
the observed bands have been assigned as MLCT transitions. 
Common MLCT assignments for the observed bands in the 
cis- and trans-[Pt(PEt,),(Ph)Cl] complexes are thus indicated. 
The excited-state arguments given by Costanzo et al.19 to 
rationalize their photochemical results are therefore inap- 
propriate, and the observed photochemistry of the cis- and 
trans-[Pt(PEt3)2(Ph)C1] complexes should be reassessed in 
view of the correct MLCT assignments. 
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(Table I). It is interesting that none of the other complexes 
in this work show such a but we can (19) Costanm, L. L.; Giuffrida, S.; Romeo, R. Inorg. Chim. Acra 1980,38, 

31. offer no explanation for this observation. 
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The electronic structure of square-planar complexes is apparently characterized by an anomalously low-lying alg (dg) orbital. 
An attempt is made to describe the situation by using a semiempirical correction parameter ud. A number of ligand field 
spectra of Pt(I1) and Pd(I1) complexes are analyzed and (re)interpreted on the basis of this procedure. The nature of the 
nd parameter is discussed in terms of second-order perturbation theory. 

Introduction 
From the point of view of ligand field theory, the electronic 

structure of square-planar coordination compounds is char- 
acterized by a number of unusual features.ld Most of the 

(1) D. S. Martin, Inorg. Chim. Acra, Reu., 5, 107 (1971). 
(2) J. Chatt, G. A. Gamlen, and L. E. Orgel, J .  Chem. Soc., 486 (1958). 
(3) T. J. Peters, R. F. Krijning, and D. S. Martin, Inorg. Chem., 17, 2302 

( 1  978). 

observed anomalies appear to be related to the energy and the 
nature of the alg (dZz) orbital. The fact that this orbital is 
apparently situated at much lower energy than can be expected 
from ligand field considerations is thought to be due to an (n + 1)s-nd mixing phenomen~n.~- '~  

(4) M. A. Hitchman and P. J. Cassidy, Inorg. Chem., 18, 1745 (1979). 
(5) H. Basch and H. B. Gray, Inorg. Chem., 6 ,  365 (1967). 
(6) F. A. Cotton and C. B. Harris, Inorg. Chem., 6, 369 (1967). 
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From a number of recent papers, the correction associated 
with this s-d mixing appears to be very large, and it might 
be of the same order of magnitude as a typical metal-ligand 
u parameter. The most clear-cut case is the CuC1:- complex, 
where an unabiguous assignment of all the relevant transitions 
has been po~sible .~,~ If the angular overlap parameters for the 
Cu-Cl interaction are denoted by o and T, the orbital energy 
differences Ai can be expressed as in (1). Here, ud is an 

AI = t(x2 - y2) - t ( ~ y )  = 30 - 4~ 

A2 = t(x2 - y 2 )  - t(z2) = 20 + 04 (1) 

A3 = C(X' - y 2 )  - ~(xz,  YZ) = 30 - 2~ 

additional parameter which is introduced ad hoc in order to 
obtain a consistent set of equations; it is supposed to account 
for the lowering of the d,z orbital, due to the s-d interaction 

(2) 

From the numerical value of ad in the CuC1:- case and from 
a similar analysis of the other square-planar Cu(I1) and Ni(I1) 
c o m p l e x e ~ , ~ * ~ - ~ ~  we suggest as the empirical relationship for 
3d" systems 

ad = O (3) 

Within the framework of a ligand field model, this means that 
the stabilizing s-d interaction virtually cancels the destabilizing 
effects of the square-planar ligand field: the net result is that 
the orbital energy of d,z remains virtually unaffected.I2 In 
a certain sense, the a l  orbital therefore resembles a lone pair 
on platinum and can %e thought of a as a kind of a gerade p 
0rbita1.l~ 

In the past two decades, several very refined spectroscopic 
measurements have been carried out on square-planar chloro 
and bromo complexes of Pt(I1) and Pd(I1). Yet no definitive 
assignments have been proposed so far, and the spectral in- 
terpretation is still controversial.leI8 It is the purpose of the 
present paper to reconsider the experimental data very care- 
fully and to attempt a ligand field analysis in the sense of eq 
1-3; more specifically we will examine whether or not eq 3 
can be extended to 4d and 5d systems. 
Spectral Analysis 

In a dE system with substantial spin-orbit coupling, the three 
orbital transitions of eq 1 give rise to 12 excited states. Using 
the Bethe notation for the spin-orbit components, one finds 

t(z2) = O - O d  

' *  ~ 

13Eg:  r, + ra + r3 + r4 + rs 

(4) 

The energy of these states can be calculated from ligand 

R. P. Messmer, L. V. Interrante, and K. H. Johnson, J .  Am.  Chem. 
SOC., 96, 3847 (1974). 
D. W. Smith, Znorg. Chim. Acta, 22, 107 (1977). 
R. J. Ford and M. A. Hitchman, Znorg. Chim. Acta, 33, L167 (1979). 
M. A. Hitchman and P. J. Cassidy, Znorg. Chem., 17, 1862 (1978). 
M. A. Hitchman and J. 8. Bremner, Znorg. Chim. Acta, 27, L61 (1978). 
Obviously, eq 3 is only a rather crude approximation. From ref 4, for 
instance, one may calculate u = 0.53 pm-I, and ud == 0.63 pm-l. 
C. Moncuit, Theor. Chim. Acta, 39, 255 (1975). 
D. S. Martin, M. A. Tucker, and A. J .  Kassman, Inorg. Chem., 5, 1298 
(1966). 
L. I. Elding and A. B. Grhing, Chem. Scr. 11, 8 (1977). 
E. A. Boudreaux and T. P. Carsey, World Quantum Chem., Proc. Int. 
Congr. Quantum Chem., 3rd. 2-P-17 (1979). 
W. Tuszynski and G. Gliemann, Z .  Naturforsch., A ,  34A, 21 1 (1979). 
D. S .  Martin, G. A. Robbins, and R. M. Rush, Inorg. Chem., 19, 1705 
(1980). 
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Table I. Parameter Sets for Various Metal-Ligand Interactions"3b 

Pt-Cl Pt-Br Pt-NH, Pd-Cl Pd-Br 

B 0.060 0.048 0.054 0.053 
C 0.240 0.200 0.240 0.220 
f 0.270 0.250 0.090 0.090 
u 1.242 1.092 1.562 1.015 0.951 
II 0.280 0.220 0.170 0.200 0.178 

For In all cases u d  = u. All numerical values in pm-' . 
ammonia no  separate set of Racah and f parameters was derived. 

field theory by allowing full configuration interaction within 
the d8 m a n i f ~ l d ; ~ ~ , ~ ~  the results are a function of the Racah 
repulsion parameters B and C, the spin-orbit coupling constant 
5; and the orbital energy parameters defined in eq 1. 

In principle, the experimental spectra can be reproduced 
by many different sets of numerical parameter values. In 
practice, of course, the acceptable range is limited severely 
by the physical meaning of the parameters. Moreover, if there 
are good reasons to assign one or another of the 12 states 
unambiguously to one particular spectral band, some of the 
parameters become interconnected-thus narrowing the pos- 
sibilities even further. A critical examination of the data on 
PtC1:- and PtBr2- leads to the following conclusions. 

(i) The only degenerate singlet excited state r5 (lEg) can 
be detected unambiguously from the appearance of an A term 
in the MCD spectra.21-22 

(ii) In polarized crystal absorption spectra, only one excited 
singlet disappears in z polarization, while maintaining its in- 
tensity in x,y p o l a r i z a t i ~ n ' ~ ~ ~ ~ ~  A grouptheoretical analysis 
of the vibronic coupling shows that this behavior is only 
compatible with the transition xy - x2 - Y 7 r2 (lA2g). 

(iii) The low-intensity triplet band at the low-energy side 
of r2 (lAZg) should be assigned to r5 (3Blg). Indeed, this band 
is the highest energy triplet band (at 2.43 pm-I in PtC142-); 
it is too close to either lA2, or lE, (premises i and ii) to be 
associated with one of the corresponding triplets. Moreover, 
a vibronic analysis of crystal luminescence spectra of K2PtC14 
in a host crystal of cs2zrc16 provides rather convicing evidence 
for the rS symmetry of the 2.1-pm-I emi~sion.'~*~' 

(iv) Several triplet absorptions are observed below the rS 
(3B1,) state. Only one of these, which is strictly x,y polarized, 
has been assigned:% because its polarization behavior is similar 
to the lAZg state (premise ii), it was thought to correspond to 
3A2g. This particular triplet occurs at about 1.8 pm-' in the 
chloride complex and 1.7 pm-l in tetrabr~moplatinate(II)'~ 
We believe that the assignment should be reconsidered. In- 
deed, the polarization of a spin-forbidden transition does not 
reflect the spatial symmetry of the relevant states; on the 
contrary, it has the polarization of the spin-allowed transitions, 
from which intensity is gained by virtue of spin-orbit coupling. 
Therefore, the x,y-polarized rl - r2 (lA2,) transition is only 
able to induce intensity in r2-triplet components. Equation 

L. G. Vanquickenborne and A. Ceulemans, J .  Am. chem. Soc., 100,475 
11978). 
L. Viaene, J. D'Olieslager, A. Ceulemans, and L. G. Vanquickenborne, 
J .  Am.  Chem. Soc., 101, 1405 (1979). 
D. S. Martin, J. G. Foss, M. E. McCarville, M. A. Tucker, and A. J. 
Kassman, Znorg. Chem., 5, 491 (1966). 
A. J. McCaffery, P. N. Schatz, and P. J. Stephens, J .  Am. Chem. Soc., 
90, 5730 (1968). 
D. S. Martin, M. A. Tucker, and A. J.  Kassman, Inorg. Chem., 4, 1682 
(1965). 
D. S. Martin, R. M. Rush, R. F. KrBning, and P. E. Fanwick, Znorg. 
Chem.. 12. 301 (19731. 
R. F. kBning, R. M.'Rush, D. S. Martin, and J. C. Clardy, Znorg. 
Chem., 13, 1366 (1974). 
H. H. Patterson, J. J. Godfrey, and S. M. Kahn, Znorg. Chem., 11,2872 
( 1  972) 
, - - . - I .  

H. H. Patterson, T. G. Harrison, and R. J. Belair, Inorg. Chem., 15, 
1461 (1976). 
P. Day, A. F. Orchard, A. J. Thornson, and R. J. P. William, J .  Chem. 
Phys., 42, 1973 (1965). 
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Table 11. Assignment of the PtCL2- and PtBr,'- Ligand Field 
Spectra and Comparison of the Observed Spectra with the Energy 
Levels Calculated from the Parameter Sets Given in Table 1% 

PtC1,2- PtBre2- 

state calcd obsdC calcd obsdd 

-30  

0 3  0 6  0 9  1 2  

F i i  1. State energy levels of a square-planar d8 complex, calculated 
as a function of the parameter urd. The other parameters are held 
constant at the numerical value shown in Table I for PtCId2-. The 
experimental levels are shown in heavy lines. 

4 shows that the only qualifying triplet is r2 (3E,). 
(v) The spin-orbit coupling constant of Pd(II), and certainly 

of Pt(II), is sufficiently large to induce considerable intensity 
into the spin-forbidden bands. Therefore, it appears very 
unlikely that any electronic transition could be situated below 
the spectral origin, where the complexes become completely 
transparent. This origin was determined by very refined 
measurements at - 1.66 and 1.55 pm-' for PtCb" and PtBr?-, 
r e s p e ~ t i v e l y . ~ ~ . ~ ~  

(vi) As in the case of octahedral compounds, the free-ion 
values of B, C, and { impose an upper limit on the parameters 
corresponding to a molecular environment (nephelauxetic 
reduction). From ab initio  calculation^,^^ one finds for Pt(I1) 
B = 82.2 mm-' and C = 360.3 mm-'; from a systematic ex- 
trapolation procedure, McClure30 suggests {(Pt2+) = 41 3.5 
mm-'. The spectrum of the Pd2+ ion can be rationalized by 
using31 B = 71.3 mm-', C = 317.8 mm-', and { = 116.8 mm-'. 

and PtBr42-. We consider 
the six conclusions of the previous section as fitting premises 
with which any parameter set should comply. In order to 
investigate the position of the alg (d,z) orbital, we first op- 
timized all parameters except ud by using only those transitions 
which are not affected by e(z2), Le., rl, r2 (3E,), r2 (lA2,), 
and, to some extent, ('E,). 

The parameter values are listed in Table I. Then ud was 
varied from 0 to 1.8 pm-' as shown in Figure 1 for the case 
of the chloride complex. In the figure the observed levels are 
compared with the calculated positions. Obviously, poor 
agreement is obtained for ud = 0, that is, for the unamended 
ligand field approach. The most satisfactory spectral inter- 

Assignment of Bands. 

(29) S. Fraga, J. Kanvowski, and K. M. S. Saxena, "Handbook of Atomic 
Data", Elsevier, Amsterdam and New York, 1976, Table VII, parts 1 
and 2. 

(30) D. S. McClure, Solid State Phys. 9, 399 (1959). 
(31) J. P. Stewart, J .  Chem. Soc., Faraday Trans. 2, 70, 1882 (1974). 

1.713 1.7 
1.799 1.8 
1.803 1.8 

[ 1.9411 

2*076 2.05 2.100 
[ 2.1891 
2.432 2.43 
2.597 2.63 

3.016 2.96 
3.42 3.65 

[ 2.6751 

1.622 
1.692 
1.699 

[ 1.8041 
1.940 
1.960 

[ 2.0641 
2.235 
2.3975 

[ 2.4641 
2.744 
3.050 

~~ 

1.70 
1.69 

1.895 

2.265 
2.44 

2.71 
3.06 

Transitions in brackets are expected to  be masked because of 
their nearly pure singlet +triplet character. All energies are in 
pm-'. Reference 26; crystal spectrum at 4 K. Reference 25; 
polarized crystal spectrum at 15 K .  

pretation results precisely when ud is of the order of u, which 
means that eq 3 applies. The numerical discription is given 
in Table 11; it is obvious that the thus obtained interpretation 
is entirely consistent with the six fitting procedures. So far, 
no detailed calculations had been performed on PtBrd2-, but 
our results for PtCb2- can be compared with the previous works 
of Martin et al.14 and of Patterson et a1.26 

A very weak band at the onset of the spectrum is assigned 
rl. While this band does indeed correspond to the lowest 
energy calculated from Table I, both Martin and Patterson 
calculated triplet levels below the spectral origin. 

The next absorption (at 1.8 pm-' in the chloro and 1.7 pm-' 
in the bromo complex) is identified as r2 (3E,), consistent with 
premise iv. As far as we known, this assignment is new. 
Whereas the intensity-inducing singlet r2 ( lA2J is completely 
quenched in z polarizati0n,2~J~P the r2 triplet is not: it exhibits 
some observable remaining intensity. This suggests the 
presence of still another triplet, which is of course compatible 
with the fact that we calculate a r5 (3E,, 3A2g) at virtually the 
same energy as r2 (3E,). 

The three r5 states, which are predicted in the triplet region, 
are of 3A2g, 3Eg, and 3B1g parentage. A measure for their 
singlet admixture might be found from the average value (S(S 
+ l)), which can easily be calculated from their wave functions. 
Their singlet character and hence their absorption intensity 
are predicted to increase the nearer they are to ('E,). This 
corresponds to the observed extinction coefficients (3B1g) 
being the most intense spin-forbidden band with e = 12 cm-l 
M i  for PtClqZ-.23 

The r4 (3E,, 3B1,) level which is expected to be found be- 
tween the two lowest F5 triplet components might not be 
observable, since no low-lying r4 singlets are available, 
wherefrom this triplet might borrow intensity; its {S(S + 1)) 
value is quite close to 2. At 2.05 pm-l in PtC1,u2s and - 1.9 
pm-' in PtBr42-,25 a broad band is found, which is matched 
very well by the two triplet components r5 (3Eg) and r3 (3Eg). 
The close-lying rl band is probably of lower intensity than 
any of the neighboring transitions, again due to the absence 
of an intensity-giving rl singlet. 

The exact position of r5 (3B1,) is of prime importance in 
order to test the validity of eq 3. Indeed, from Figure 1 ,  it 
is clear that the position of this triplet is very sensitive to C T ~  

and t(z2). It is mixed to a singnificant extent with r5 (IE,), 
thereby acquiring a rather high intensity; its position is cal- 
culated at the low-energy side of r2 ('A2,), as required by 
premise iii. 

The position of r5 (lE,) on the other hand imposes an upper 
limit on the energy of the alg (dz) orbital. Increasing crd would 
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Table 111. Assignment of the PdC4'- and PdBr,'- Ligand Field 
Spectra and Comparison of the Observed and Calculated 
Energy Levels4 
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Table IV. Calculateda and Observedb Band Positions of 
KPt(NH,)Cl,.H, @,d 

obsd band 
PdChZ- PdBr,'- calcd state position 

state orbital transition position (polarizn) state calcd obsd calcd obsd 

rr ('B,,) 1.786 1.770 1.666 1.696 
r2 ('Azg) 2.114 2.170 2.023 2.020 

r, ('Big) 2.679 2.89oC 2.507 2.699 
a The observed energy levels are taken from ref 3 2 and refer to 

Energies 
Harrison et aL33 have found a band at 2.89 pm" , 

rr ( ' E ~ )  2.341 2.320 2.210 2.19 

polarized crystal spectra at 15 K; the calculated values were ob 
tained by means of the parameters shown in Table I. 
are in urn-'. 
which is not reported by Martin et  aL32 

cary the rs ('Eg) state to higher energy, mainly because of 
its strong interaction with rs (,B1,). 

Finally, the band series is terminated on F3 (lBlg) in the 
near-UV region. An earlier proposal14 that this band would 
overlap with rs (IE,) cannot be confirmed by our calculations: 
from Figure 1 it can be seen that such an overlap would occur 
for Q,d = 1 / 2 ~ .  However, this would at the same time induce 
a shift of the three rs triplets to the red side of the spectrum, 
thereby destroying much of the agreement between theory and 
experiment. 

P d Q 2 -  and PdBrl-. The spectra of the palladium halides 
are formally identical with those of their platinum analogues, 
except for a strongly reduced intensity of the triplet absorption, 
due to a lower { v a l ~ e . ~ & ~ ,  With an analysis of the same type 
as described in the previous section, the parameters of Table 
I were derived for PdC1:' and PdBr:-. 

A comparison of theory and experiment-together with the 
proposed assignment-is given in Table 111. Only the most 
intense singlet-triplet transition rl - rs (,B1,) is very ob- 
servable. 

In previous it was not possible to identify bands that 
might be assigned to IAl, - lB1, or lAl, - ,B1 transitions. 

Pt(NH3)C13-. The spectra of most other Pt(1f) and Pd(I1) 
complexes were recorded on solutions and are characterized 
by a lower r e s ~ l u t i o n . ' ~ ~ ~ ~  A remarkable exception is the 
spectrum of crystalline yellow Cossa's salt KPt(NH,)Cl,-H,O, 
which was studied independently in two detailed  report^.,^^^^ 
Francke and M o n ~ u i t ~ ~  started from the assumption that the 
a parameter for NH3 should be equal to zero. This is a quite 
reasonable assumption in octahedral c~mplexes,~' where a- 
(M-NH,) serves as a reference value, with respect to which 
all other ligand field parameters are defined. However, in 
square-planar complexes, an independent evaluation of all 
parameters becomes possible, and there is no a priori reason 
to exclude any a contribution from NH3. 

Therefore, we preferred to proceed on a different basis, by 
taking B, C, {, u, and a for Pt-Cl from Table I, thus assuming 
the transferability of these parameters from PtC142- to Pt- 
(NH3)C13-. In addition to this, we used the well-known2 linear 
relationship between the first singlet absorption (xy - x2 - 
y2)  of a given complex and the number of NH3 ligands. This 
means, that in the series Pt(NH3)nC14-nn-2, where n runs from 
0 to 4, one has 
M ( x y  - xz - y2) = 

E('AZ8, PtC14'-) + ( n / 4 ) [  10Dq(NH3) - lODq(Cl-)] ( 5 )  

(32) R. M. Rush, D. S. Martin, and R. G. Legrand, Inorg. Chem., 14,2543 
(1975). 

(33) T. G. Harrison, H. H. Patterson, and J. J .  Gcdfrey, Inorg. Chem., 15, 
1291 (1976). 

(34) L. I. Elding and L. F. Olsson, J .  Phys. Chem., 82, 89 (1978). 
(35) E. Francke and C. Moncuit, Theor. Chim. Acta, 29, 319 (1973). 
(36) P. E. Fanwick and D. S. Martin, Inorg. Chem., 12, 24 (1973). 
(37) L. G. Vanquickenborne and A. Ceulemans, J.  Am. Chm. Soc., 99,2208 

(1977). 

BZ xy +xz -yz 2.932 2.94 (x) 
'A,  xz +x' - y 2  3.257 3.25 (weak) 

yz + x 2  - yz 3.345 3.37 (2) 
2 2  -fXZ - y 2  4.360 

Sym- 
metry labels refer to C,, @) point group: the amine is placed on 
they axis. The triplets are discussed in the text. All energies 
are in pm-' . 

'BI 
'AI 

a From Table I .  Polarized crystal spectra36 at 15 K. 

Table V. Ligand Field Parameters Gm") for PtCl,'' 

TGa this work free ion 

B 0.033 0.06 0 0.08 2 
C 0.056 0.240 0.360 
r 0.136 0.270 0.414 
U 1.151 1.242 
II 0.213 0.280 
osd 0.0 1.242 

a Reference 17; the Tuszynski-Gliemann treatment. 

The data for chloro(amino)platinates(II) can be found in 
the l i t e r a t ~ r e ; ~ ~ ~ ' ~ ~ ~ . ~ ~ ~  recently the lA2, absorption of Pt- 
(NH3)42+ has been assigned in a single crystal!1 From these 
data and eq 5 ,  the spectrochemical strength of NH3 can be 
estimated at 10Dq(NH3) = 4.006 pm-l. 

Finally, eq 3 was extended to the low-symmetry case under 
consideration by putting ud equal to the average Q value: ud 
= (1/4)[3a(Pt-C1) + a(Pt-NH3)] = a(Pt-L). This leaves 
only one independent parameter in the fitting process, namely, 
the ratio a(Pt-NH,)/u(Pt-NH,). A consistent spectral in- 
terpretation can readily be obtained for a / u  = 0.11. The 
resulting amine parameters are included in Table I, and a 
comparison between observed and predicted band positions can 
be found in Table IV. 

At 2.10 pm-l an x-polarized singlet-triplet absorption is 
observed, indicating a B2-triplet component, which is strongly 
coupled to the x-polarized 'Bz (the 2.94 pm-' transition of 
Table IV). Obviously, this phenomenon is the low-symmetry 
analogue of premise iv; the numerical calculations do indeed 
predict a B,-triplet component with significant singlet ad- 
mixture at 2.065 pm-l. 

In the neighborhood of 2.3 pm-l, we calculate several closely 
spaced triplet components with sufficient singlet admixture 
so as to be observable. Although a broad triplet band is found 
in the experimental spectrum at precisely this wavenumber, 
no detailed resolution of the band has been carried out so far. 

The ~lrszpski4liemann (TC) Treatment. It is interesting 
to compare our assignments to the recent work of Tuszynski 
and Gliemann." These authors carried out a classical crystal 
field analysis, which amounts to letting ud = 0. On this basis, 
one finds the highest occupied orbital to be dz. 

The first moderately intense band-for PtC142- at 2.1 pm-I 
and characterized by f = 104-is then assigned to the sin- 
gletsinglet excitation x2 -9 - z2 (lBIJ. In the present work, 
this same band is assigned as a singlet-triplet absorption, its 
intensity is in the borderline region between spin-allowed and 
spin-forbidden transitions. The basic reason that the triplet 
hypothesis is preferable is that the TG assignment leads to 

(38) D. S. Martin, L. D. Hunter, R. Krtjning, and R. F. Coley, J.  Am. Chem. 
Soc., 93, 2208 (1971). 

(39) H. Isci and W. R. Mason, Inorg. Nucl. Chem. Lett., 8, 885 (1972). 
(40) W. R. Mason and H. B. Gray, J .  Am.  Chem. Soc., 90, 5721 (1968). 
(41) E. Francke, C. Moncuit, and M. Gasfirin, Specrrochim. Acta, Parr A,  

35A, 11 (1979). 
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unacceptable parameters. Indeed, if the 2.1-pm-I band is IBIg 
+ lAlg, the 3B1g + lAlg band must be positioned even lower, 
that is, at - 1.7 pm-l (which is what Gliemann does), but this 
means that the parameters { and B, C (or F2, F4) must be 
reduced so drastically that the ligand field picture cannot 
reasonably be maintained. For PtC142-, we recalculated the 
TG parameters in our notation, and we find the values shown 
in Table V. 

As for the other bands, it is remarkable that the TG as- 
signments satisfy most of our fitting premises: only for (iii) 
and (iv) is there a definite lack of agreement. The rS ab- 
sorption (at 2.43 pm-l in PtCl?-) is assigned as 3B1g by us and 
as 3A2g by Gliemann. Yet the corresponding singlet lAzg is 
only 0.2 pm-I higher (at 2.63 pm-')-an impossibly small 
energy gap. 

The x,y-polarized band at 1.8 pm-l for PtC142- and 1.7 pm-' 
for PtBr42- has been assigned r2 (3Eg) by us and r4 (3Bp) by 
Gliemann. The proximity of the intensity-giving r2 ( A2J 
seems to favor the r2 hypothesis; the r4 state is calculated to 
be nearly purely triplet in nature. 
Concluding Remarks 

(i) For a number of square-planar Pt(I1) and Pd(I1) com- 
plexes, we have proposed spectral assignments that appear to 
be compatible with all the available experimental data. We 
have shown that the relatively complicated pattern of d8 states 
can be rationalized by a simple orbital model, provided we 
introduce an additional parameter ud. This parameter de- 
termines the energy of the alg (dl) orbital; its numerical value 
can be adequately described by eq 3 or by the low-symmetry 
extension ud = 8, where a is the average u parameter for the 
four ligands. 

(ii) The numerical value of the correction parameter ud is 
admittedly very large. Yet, apart from the subsequent 
agreement between theory and spectra, additional confidence 
in eq 3 can be derived from the very reasonable values of the 
other ligand field parameters, which are of course intimately 
connected to the value of ad. For instance, from Table I, one 
can calculate the values of lODq = 3u - 47r for the different 
Pt(I1) complexes. For Br-, C1-, and NH3, one finds 2.396, 
2.606, and 4.006 pm-I respectively. 

The corresponding lODq values for Cr(II1) complexes3' are 
1.230, 1.322, and 2.125 pm-l. It is gratifying to find that the 

Vanquickenborne and Ceulemans 

ratio of the 1004 values for one given ligand is nearly constant 
in the three cases. Jerrgensen had observed a constant lODq 
ratio upon variation of the metal ion within a series of octa- 
hedral complexes.42 The present results tend to point to a 
generalization of this empirical rule by including the square- 
planar complexes as well. 

(iii) It is not difficult to understand why the ud parameter 
is especially important in square-planar complexes. Indeed, 
in the cubic groups, Td and Oh, nd,z and (n + 1)s belong to 
different irreducible representations; they cannot interact under 
the influence of the ligands. Even in distorted or substituted 
tetrahedrons or octahedrons, the matrix element for interaction 
will remain small. 

The four most important geometries where the mixing of 
ndg and (n + 1)s becomes important are the square plane D4,,, 
the linear Dmb molecule, the square pyramid C,, and the 
trigonal bipyramid D3h. In these four cases (slVlz2) can in 
principle give rise to a more or less important depression of 
e(z2). Within the framework of second-order perturbation 
theory, this depression is given by 

The interaction element can be written as a function of one 
single matrix element for the four cases: 

where V, is the ligand field Hamiltonian associated with one 
single ligand on the z axis. This means that the ud corrections 
should be in the ratio 16:16:4:1 for the four geometries under 
consideration. Therefore simple perturbation arguments seem 
to justify the neglect of s-d mixing in all cases except square 
planes and linear molecules. 
Registry No. PtC142-, 13965-91-8; PtBr42-, 14493-01-7; PdCld2-, 

14349-67-8; PdBrd2-, 14127-70-9; KPt(NH3)C13, 13820-91-2. 

(42) C. K. Jsrgensen, "Modern Aspects of Ligand Field Theory", North- 
Holland Publishing Co., Amsterdam and London, 1971. 




