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varying AH, values for the same metal with different 
halide and solvent. 

To the lines of AH,(,,t) and AHc(tet) may be added the 
values of AHLFSE estimated for each atomic number, to 
give values of AH, against atomic number as the dif- 
fercnce between the resulting lines, shown in Figure 6 .  

From the trends in these values, i t  can be predicted 
that the AH, values for the analogous Mn and Fe re- 
actions will be large and positive, while the value for Zn 
will be large and negative. The accuracy of this dia- 
grammatic representation is insufficient to predict a 
value for the Cu reaction. 
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The electronic spectra of the square-planar chloride complexes are assigned using molecular orbital levels derived by the 
SCCC-MO method. The d-orbital ordering x 2  - y z  > xy > xz ,yz  > z 2  is calculated for the planar tetrahalides, and values 
derived from observed spectral band energies are given for the ligand field parameters AI, A,, and Aa. The apparent de- 
crease in A1 values with increasing oxidation numbers is discussed in terms of the high covalent character of these complexes. 

Introduction 
The ordering of the metal d orbitals in the d8 tetra- 

halide square-planar complexes (Dqh symmetry) of 
Pd(II), Pt(II) ,  and Au(II1) has been the subject of 
numerous p a p e r ~ . l - ~  Interest has been focused on the 
absorption spectrum of the PtCld2- ion, where attempts 
have been made to match the bands in the visible and 
near-ultraviolet regions of the spectrum to one-electron 
excitations from the occupied d-orbital MO’s [2bzg (xy), 
Ze, (xz, yz), and 3ala ( z 2 ) ]  to the empty 3blg ( x 2  - yz).  
The spectrum has been assigned variously depending 
on the authors’ choice of ordering for the occupied d- 
orbital MO’s and whether a low-intensity band found a t  
20,300 cm-I is considered a transition to a spin-singlet 
or spin-triplet excited state. However, the recent, 
elegant experimental studies by several investiga- 
tors, 4,5,8-11 particularly those of Martin and co-work- 
e r ~ , ~ , ~ , ~  have narrowed the assignment possibilities 
considerably, and i t  would seem an opportune moment 
to put forward a more quantitative molecular orbital 
model for the square-planar halides. In this paper we 
report SCCC-MO I 3  and compare them 
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with detailed assignments for both the d + d and 
charge-transfer spectra of the PtC1d2- and PdC142- 
complexes. 

Computational Details 
Bond distances for PtC142- and PdCld2- were taken 

from the literature14 as 2.32 A. Analytic orbital func- 
tions for the valence nd, (n  + l)s, and (n + l ) p  or- 
bitals for second- and third-row metals have been pub- 
lished. l5 Initially, the orbital functions were taken for 
a charge of $1 on the metal. Subsequent SCCC-MO 
calculations revealed that the charges on the metals 
were all much closer to zero than + 1. Wave functions 
for the d orbitals only were then recalculated for the 
neutral metal species16 and the SCCC-MO calculations 
were repeated. Analytic functions for the valence s 
and p orbitals of C1 were taken from the tabulations of 
Clementi.” 

VOIP’s for Pd, Pt, and Au were taken as the respective 
VOIP’s of the corresponding first-row metal, 13, minus 
10,000 cm-’. Recall that  the first VOIP curve is for 
ionization of a d electron from the configuration d”. 
For Au, this configuration does not exist, and thus, the 
configuration d9s2 was substituted16 and the requisite 
changes made in the programmed procedure for calcu- 
lating the metal d VOIP’s. Ligand VOIP’s for the 
valence s and p orbitals of C1,12,13 ligand symmetry 
 orbital^,^ and relationships between group and di- 
atomic overlaps3 have been given previously. 
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-0,1736 
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. ~ .  
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Results 
Calculations were carried out on PtCld2-, initially, to 

determine the predicted ordering of the d-orbital 
110's. This was found to be z2 < xz ,yz  < xy for wide 
variations in analytical orbital functions, VOIP's, and 
F factors ( F ,  and F,),12 with and without ligand-ligand 
overlap. F, was determined by fitting the first ob- 
served charge-transfer band to the ba,  .--f 3b1, separa- 
t i ~ n . ~  F, was obtained by requiring that the d-sym- 
metry level separation fit approximately the observed 
excitation energies of the spin-allowed d-d bands. 

The simultaneous fitting of both F ,  and F ,  to the d + d 
spectra is very difficult since there is a wide range of F 
factors which give essentially the same fit. Thus fitting 
F, to the assumed bzu + 3b1, separation is just an arbi- 
trary way of choosing among many sets of parameters 
giving approximately the same d-symmetry level 
separations. 

The relevant molecular orbital data are presented in 
Table I. It should be noted that the F factor values 
are not the same as those found12 for the corresponding 
first-row metal in an octahedral or tetrahedral geometry. 
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Figure 1.-Molecular orbital energy levels for square-planar 
MXdn- complexes. 

The generalized MO energy level diagram representing 
these calculations is shown in Figure 1. For simplicity 
the MO's are connected to those atomic orbitals from 
which, by tradition, they are considered to be mainly 
derived. However, the similarity in energy of the 
metal d and ligand p levels shows that this partitioning 
is not strictly valid. The calculated separations be- 

priate combinations of the A's  and interelectronic- 
repulsion parameters. 

d + d Bands.-In Table I1 the assignments of the 
observed d 4 d spectral bands in the tetrahalides are 
compared with the computed differences in d-symmetry 
molecular orbital energy levels. In  addition, the 
spectra have been calculated from a ligand-field model 
with AI, A,, A3, B,  and C values as given. The bands a t  
26,300 and 20,000 cm-l in PtC1d2- and PdC142-, re- 
spectively, are known to be x , ~  p o l a r i ~ e d . ~ - ~ ~ ~  Assum- 
ing the vibronic intensity mechanism, in Ddh ,  there is 
only one band which can be polarized exclusively in 
x,y: xy  4 x2 - y2.  This establishes the assignment 
of the above-mentioned bands as the spin-allowed tran- 
sition, 'Ai, -+ lApg, in their respective complexes. Fur- 
thermore, with x y  as the highest filled level, the 20,700 
cm-l band in PtC142- must be an excitation to a pri- 
marily spin-triplet excited state. Also, magnetic circu- 
lar dichroism has been observed* for the 29,500-cm-l 
peaks (30,300 cm-I in solution3) in PtCld2-. This has 
been interpreted as due to a small Zeeman splitting of 
the lEg excited state assigned to that transition. Thus, 
of the three primarily singlet transitions, the positions 
of two, lA1, + lAZg and 'AI, -+ lEg, are established. 
It is the position of the 'AI, 4 'B1, ( z2  4 x2 - yz) 
transition that is ambiguous. Martin, Tucker, and Kass- 
man (MTK) have recently suggesteds two alternative 
placements of this transition. Alternative A assigns 
the 'AI, -+ 'B1, transition to the band observed6 a t  
36,500 cm-' in the reflectance spectrum of KZPtC14. 
This leads to the ordering x z  - y2 > xy  > xz,yz > z2. 
Alternative B places the transition in the 29,000-cm-' 
region and assumes that it gives rise to part of the ab- 
sorption in that region. This latter assignment scheme 
brings us back to the d-level ordering213 of x2 - y 2  > 
xy > z2 > xz,yz, although it is true that in this case the 
z2 and xz,yz levels have about the same one-electron 

TABLE I1 
ELECTRONIC SPECTRA OF PtCl2- AND PdCL2- 

(BAND MAXIMA IN CM-' X MOLAR EXTINCTION COEFFICIENTS IN PARENTHESES) - -----I PdClaL- ________-_ r Pt Clc 2 

0 bsd - -----Calcd---- --------Obsd!----- Calcd 
Transition MO L F ~  wfo L F ~  

'Ai, + 3E, 17.0(<1)2, 18.0(2)xy, 19.0(<1)z 19.4 d 11.7 
'Ai, 4 3Aze 20. 9(9)xy, 20.6( 1O)z 19.2 d 12.8 

24.0(7)xy, 24.1(3)2 24.7 18.0( 19)xy, 17.0( 7)z 17.5 :;:: f 26.3( 28)xy 28.7" 26.2 20.0( 67)xy 23.60 20.0 
'At, -.c 'E, 29.2(37)xy, 29.8( 55)z 34.3' 29.4 22.6(12S)xy,23.0(80)~ 27.5' 22.3 
'AI, + 'B1g 36. 5b 42.2~ 35.7 29.5( 67)xy 32.40 29.1 
'AI, -+ 'A2ur 'Eu( 1) 46.0(9580)O h . . .  36.0( 12,000)k h . . .  
'AI, - 'Eu(2) d 58.0 . . .  44. 9(30,000)k 48.9 . . .  

a Single-crystal absorption spectrum of K2PtCla a t  15'K; from ref 8. Reflectance spectrum of KzPtC14; from ref 5. Aqueous 
solution spectrum of KzPtC14; from ref 3. Not reported. E 61 value. 61 + SZ value. g 61 + 62 + 63 value. h Fitted. For AI = 
29,700, AZ = 4700, A3 = 6800, B = 500, C = 3500 cm-I. 1 Single-crystal absorption spectrum of KZPdCla; from ref 5 .  k Aqueous 
solution spectrum of K2PdCId with excess KC1; from ref 3. For A1 = 23,600, A2 = 3900, A3 = 7400, B = 550, C = 3600 cm-l. 

tween the antibonding d-symmetry MO levels are desig- energy. The present calculation clearly favors the 
nated 61, 6 2 ,  and 8 3 ,  in order to emphasize that these MTK alternative A, as is evident from the assign- 
quantities are in principle different from the ligand- ments given in Table 11. An analogous assignment of 
field (LF) quantities AI! Az, and A3. In  the L F  model, the spectrum of PdC1dZ- is also presented and compared 
the d -+ d transition energies are defined by appro- with the calculation. The band a t  29,500 cm-l in 
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I'dC1d2-- is nicely accommodated by the 'Alg + lljlg 
assignment and i t  would appear that the N T K  alterna- 
tive A is more consistent in dealing with both .PtC142- 
and PdCld2-. 

The calculated low-energy bands lor PdCI4+, repre- 
senting transitions to triplet excited states, have not 
been observed experimentally. This must be due to 
their low intensity. Confirmation of the several spin- 
forbidden bands in PtC14z- was not forthcoming until 
low-temperature polarized spectra were taken.8 Per- 
haps similar work on PdCld2- will reveal the missing d - d bands. 

High-Intensity Bands.-The present molecular or- 
bital model for the square-planar halides has been set 
up on the assumption that the first high-intensity band 
is a transition from a filled, predominantly halide level 
(bz,) to the empty 3b1, "metal" level. This type of 
transition is commonly referred to as L + N charge 
transfer. However, there is also the possibility that  the 
lowest transitions are from the highest filled d-sym- 
metry levels to the p,-symmetry 2-42, level (d + p 
bands). There should be three such transitions ob- 
servable in a closely spaced band system, the fully 
allowed 'Alg + 'E, [2e, - 2a2,,] and  AI, +  AB, [3a1, + 

2a2,] bands and an orbitally forbidden l i l l g  + 'B,,, 
[2b2, --t 2aU] band. Both known3 energy shifts of high- 
intensity bands in the series MXdn- (M = Pd(II) ,  
Pt(II), A4u(III) ; X- = C1-, Br-) and the calculated 
energy levels shown in Figure 1 support the L 4 M 
type assignments for the complexes under scrutiny here. 
Thus, the d --t p bands in the planar halides are at 
higher energies than the L - 31 bands. However, in 
planar complexes where L -+ M charge-transfer transi- 
tions are of considerably higher energy than in the 
halide series, the d --t p transitions should be responsible 
for the first group of high-intensity bands. Presum- 
ably, Pt(NH3)d2+ and Pd(NH3)d2+ are such cases. 

Detailed assignments of the charge-transfer bands in 
PtC142- and PdC1d2- are given in Table 11. The first 
broad band is expected to contain two allowed transi- 
tions, IAl, + lAz,,, lEl,(1) [bz,, 3e, - 3bl,]. Since inter- 
electronic-repulsion effects are not considered in the 
calculated transition energies, the SCCC-MO model 
places these excitation energies very close together, 
with 'Al, 4 lAzu being somewhat lower. The second 
high-intensity band, observed in the PdC1d2- complex, 
is assigned 'AI, - 'E, ( 2 )  [2e, --f 3bl,]. In Table I1 
the calculated and observed positions of this band are 
compared. 

Discussion 
In predominantly a-bonded systems, with ligands 

such as HaO and NHa, and first-row metals, A0 is 
known18 to increase with an increase in metal oxidation 
number. With a large extrapolation, i t  has been 
argued that A1 should not be larger in PtC142- than the 
25,10O-~m-~ value observed for A, in IrC163-.7 How- 
ever, with either of the MTK assignments, i t  now seems 

(18) C. K. Jflrgensen, "Absorption Spectra and Chemical Bonding in 
Complexes," Addison-Wesley, Reading, Mass., 1862. 

firiiily cstablislicd that the first; singlet band iii a given 
square-planar Pd(I1) or Pt(I1) halide complex occurs 
at a higher wavenumber than the first singlet band in an 
analogous octahedral Rh(II1) or Ir(II1) halide. Credit 
should be given to Jgjrgensen for first suggcstiiig'8 and 
defendinglg this particular trend. 

We suggest here that an inverse dependence of A on 
oxidation number is not limited to the cases of changiiig 
geometry and d" configuration (as in going from Ir(l11) 
to Pt(II)), but rather will be found in many isoelec- 
tronic and isostructural complexes m-ith extreme co- 
valent character such as are formed with class B (or 
soft) transition metals. For example, molecular orbital 
calculations'6 of AuC14- with F factors in the same 
range as those used for the model PtC142- givc ti1 valties 
which are substantially smuller than the calculated ti1 
value for PtC1d2-. For the particular calculation of 
AuClA- which fits its charge-transfer spectrum, F ,  = 
1.70, F ,  = 1.91, and 61 = 20,800 cm-l. ,4 population 
analysis of the relevant levels in PtC142- and AuCld- 
shows the following: Zbz, (xy)) 50% metal and 3b1, 
(xz - y2)j  6570 metal in PtCL-;  2b2, (xy), 42% metal 
and 3bl, (x2 - y*)) 90% metal in AuC14-. Recall that 
in the model used here, the metal diagonal elements 
decrease (become more negative) while those of the 
ligand stay approximately constant with increasing 
metal oxidation number. Presumably then, while the 
ligand T character of the 2b2, (xy) increases, keeping the 
position of the 2b2, (xy) approximately constant, the 
metal u character of the 3bl, (x2 - yz) increases sharply 
in going from Pt(I1) to Au(III), lowering the 3b1, 
(x2 - y2) level relative to the stationary 2b2, ( x ~ J )  
and causing a net decrease in 6;.  This result from the 
molecular orbital model suggests that the ligand-field 
parameter ill ail1 be larger for Pt(I1) than for Au(1II) 
in analogous halide complexes. In simple terms, the 
first ligand field band in these systems has considerable 
L + M charge-transfer character and thus it behaves 
accordingly. 

Therefore, we expect an inverse A dependency on 
metal oxidation number in complexes in which the 
highest filled T ligand-field levels have an unusually 
large component of ligand orbitals. Of course, this 
analysis predicts that the first ligand-field band in an 
Au(II1) square-planar chloride or bromide complex 
will fall at lower energy than in the corresponding Pt(I1) 
complex. This is indeed the case in certain systems; 
for example, the first electronic band in A4u(dien)Clz+ 
(33,100 em-') falls lower than the first band in Pt- 
(dien)Cl+ (37,040 cm-1).20 Unfortunately, the spec- 
tra of the simple complexes in AuCld- and AuBr4-- 
have not been sufficiently resolvedz1 to yield reliable 
values for A,. However, another possibly related com- 
parison may be found in the metal-mnt2- (maleonitrile- 
dithiolate) complexes, where the highest filled ligand- 

(19) Comments by C. K. Jekgensen directed to  one of the present authors 
a t  the Eighth International Conference on Coordination Chemistry in Vienna. 
1964. 
(20) W. H. Baddley, F. Basolo, H. B. Gray, C. Nolting, and A. J. Poe, 

In0i.g.  Chem., 2, 921 (1963). 
(21) A. K .  Gangopadhayay and A. Chakravorty, J .  Chem. Phys. ,  36, 

a206 (1961). 
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field level is suspected to be of predominantly ligand 
character.22 It is interesting that the first spin-allowed 
band appears a t  13,400 cm-' for Au(mnt)z- and a t  
18,500 cm-l for Pt(mnt)22-. This gives A1 = 16,900 
cm-l (using C = 3500 cm-') for Au(II1) and A1 = 
22,000 cm-1 for Pt(1I) in the mnt2- case, which nicely 
follows the predicted A trend. 

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

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

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

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

have led to several ambiguities concerning the splitting the same order by considering the problem in terms of 
of the pt 5d orbitals. Ballhausen and Gray3 have electrostatic crystal field theory. Chatt, Gamlen, 
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