Vol. 6, No. 2, February 1967

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

To the lines of AH ety and AH ety may be added the
values of AH1rpsy estimated for each atomic number, to
give values of AH; against atomic number as the dif-
ference between the resulting lines, shown in Figure 6.
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From the trends in these values, it 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 x2 — 2 > xy > x3,92 > 22 is calculated for the planar tetrahalides, and values

derived from observed spectral band energies are given for the ligand field parameters A;, Az, and As.

The apparent de-

crease in A; 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 d® tetra-
halide square-planar complexes (Dsn symmetry) of
Pd(II), Pt(II), and Au(III) has been the subject of
numerous papers.’=® Interest has been focused on the
absorption spectrum of the PtCly?~ 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 [2bs, (xy),
2e, (xz, vz), and 3a;, (22)] to the empty 3by, (x2 — ¥2).
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 at
20,300 cm—! is considered a transition to a spin-singlet
or spin-triplet excited state. However, the recent,
elegant experimental studies by several investiga-
tors, 48811 particularly those of Martin and co-work-
ers,%%% have narrowed the assignment possibilities
considerably, and it 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 calculations!®*¥ and compare them
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with detailed assignments for both the d — d and
charge-transfer spectra of the PtCl2— and PdCl2—
complexes.

Computational Details

Bond distances for PtCl?~ and PdCl2~ were taken
from the literature! as 2.32 A. Analytic orbital func-
tions for the valence nd, (n + 1)s, and (# + 1)p or-
bitals for second- and third-row metals have been pub-
lished.®® " Initially, the orbital functions were taken for
a charge of 41 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 species® and the SCCC-MO calculations
were repeated. Analytic functions for the valence s
and p orbitals of Cl 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,3® minus
10,000 ecm~. 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 d%? was substituted® 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 Cl,’%13 ligand symmetry
orbitals,® and relationships between group and di-
atomic overlaps® have been given previously.
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TABLE I

MoLECULAR ORBITALS FOR PtCli2~ anp PdCl,2~

Levels for MO coefficients?®
A, PtCle- e, cml X 108 5d 6s 6p 3s 3po 3par
lay, —209.68 0.1023 —0.1699 —0.9104 0.01208
1by, —207.81 0.1921 c 0.9448 0.01141 .
le, —204.79 . 0.07635 0.9692 —0.02143 0.01017
2by, —134.23 —0.4566 . 0.2215 —0.7772
22, —133.91 —0.2621 0.2224 —0.2408 0.7938 ...
1by, —122.83 0.6576 0.6540
2e, —122.67 —0.1340 0.7214 —0.9291 0.01834
le, —119.58 0.6721 0.6672
lag, —110.78 0.07007 Ce. e 0.9805
3ey —110.50 0.02583 -0.01337 —0.05639 —0.9943
agg ~110.40 1.000
bau —110.40 1.000
3aig —106.81 0.9328 0.3021 0.02139 0.1703 e
2e, —98.98 —0.7495 0.7538
by, —03.31 —0.7712 0.7742
3by, —64.65 0.9295 —0.3141 —0.6818
2agy —28.72 —1.029 0.3207
dey 88.98 —1.286 0.5438 0.7215 —0.2479
day, 120.08 —0.3320 1.259 . —0.6162 —0.9420 e
Levels for —— MO coefficients”
B. PdCla- e cm™l X 1073 4d 5s 5p 3s 3ps 3par
lag, —210.45 0.08359 —0.1874 —0.9051 0.009186
1byg —206.71 0.1663 0.9611 0.01115
ley —205.26 . . 0.09131 0.9614 —0.02358 0.01351
Zay. —~134.13 —0.2338 0.2350 —(.2445 0.7997
2b;, —133.30 —0.4737 e 0.1868 —0.7816 s
2ey —122.98 . —0.1385 0.08189 —0.9274 0.00969
1bg, —119.11 0.6431 0.6881
leg -116.61 0.6454 0.7078
lagy —110.66 0.05776 Cos . 0.9836
3ey —110.46 0.01975 —0.01115 —0.04611 —0.9956
Qg —110.40 1.000
by —110.40 1.000
3ayg —106.49 0.9504 0.2561 0.00301 0.1581 s
2e, —101.58 —{(.7692 .. 0.7122
2hsg —97.71 —0.7765 0.7370
3by, —74.13 0.9053 L. —0.2558 —0.6609 .
2a0y —27.72 —1.033 L s 0.3207
4e, 103.41 —1.296 0.5779 0.7240 —0.2542
day, 128.08 —0.2740 1.263 —0.6224 —0.9278
Group Overlap Integrals
C. GOM,L)¢ PiCle2~ PACL2~ G(M,L) PLCliz- PdCle2-
:’G(5d,3p) —0.1440 —0.1219 Ay G(6p,3p) 0.2456 0.2564
I G(5d,3s) —-0.1101 —0.0863
e G(6s,3p) 0.5298 0.5276 bag G(5d,3p) 0.1626 0.1276
G(6s,3s) 0.3676 0.3758
€y G(5d,3p) 0.1150 0.0902
b [G(5d,3p) 0.2494 0.2111
18 IG(5d,3s) 0.1907 0.1495 fG(Gp,3p)v 0.4805 0.4760
eu j‘G(Gpo)Tf —0.1736 —0.1813
(G(6p,3s) 0.3785 0.3939

o For Fo = 1.98, Fr = 1.80; Pt({4-0.24)5d3:61165%:886p0-491; L.L neglected.

5p°62ty L-L neglected., ¢ # quantum numbers listed are for Pt.

Results

Calculations were carried out on PtCl,%2~, initially, to
determine the predicted ordering of the d-orbital
MO’s. This was found to be 2% < x2,yz < xy for wide
variations in analytical orbital functions, VOIP’s, and
F factors (F, and F,)," with and without ligand-ligand
overlap. F, was determined by fitting the first ob-
served charge-transfer band to the b, — 3by; separa-
tion.® 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.

b For Fe = 2,04, Fr = 1.75; Pd(+40.22)4d8-624550:636-

The simultaneous fitting of both F, and F, tothed — 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 bgy — 3by, 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 found?? 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
MX,"~ 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-
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priate combinations of the A’s and interelectronic-
repulsion parameters.

d — d Bands.—In Table II the assignments of the
observed d — 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 Ay, As, A, B, and C values as given. The bands at
26,300 and 20,000 cm~! in PtCl®*~ and PdCl—, re-
spectively, are known to be x,y polarized.*=%%8  Assum-
ing the vibronic intensity mechanism, in Dy, there is
only one band which can be polarized exclusively in
x,y: xy — x* — y%  This establishes the assignment
of the above-mentioned bands as the spin-allowed tran-
sition, 1A, — Ay, in their respective complexes. Fur-
thermore, with xy as the highest filled level, the 20,700
cm~! band in PtCl~ 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—!
peak® (30,300 cm~? in solution?®) in PtCle2~. This has
been interpreted as due to a small Zeeman splitting of
the 1E, excited state assigned to that transition. Thus,
of the three primarily singlet transitions, the positions
of two, 'A;, — Ay and 'A;, - 'E,, are established.
It is the position of the A, — 1By, (22 — x? — »?)
transition thatis ambiguous. Martin, Tucker, and Kass-
man (MTK) have recently suggested® two alternative
placements of this transition. Alternative A assigns
the 'A;, — !By, transition to the band observed® at
36,500 cm™! in the reflectance spectrum of K,PtCl.
This leads to the ordering x? — 32 > xy > xz,yz > 22
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 ordering®?® of x2 — 32 >
xy > z* > xz,yz, although it is true that in this case the
z? and xz,yz levels have about the same one-electron

TABLE II

ELECTRONIC SPECTRA OF PtCl2~ anp PACL2~
(BanDp Maxima IN eMm~! X 1073; MoLAR EXTINCTION COEFFICIENTS IN PARENTHESES)

PCle- —PdCl?™
Obsd® Caled: Obsd/’ Caled
Transition MO LF* MO LF!
1A — 3E, 17.0(<1)z, 18.0(2)xy, 19.0(<1)z 19.4 d 11.7
1Ay — %Ay 20.9(9)xy, 20.6(10)z 19.2 d 12.8
1Az, — By, 24.0(7)xy, 24.1(3)2 24.7 18.0(19)xy, 17.0(7)z 17.5
A1, — tAg 26.3(28)xy 28.7¢ 26.2 20.0(87)xy 23.6¢ 20.0
1A — 1E, 29.2(37)xy, 29.8(55)z 34.37 29.4 22.6(128)xy, 23.0(80)z 27.5/  22.3
1Ay, — 'Byg 36.5° 42,20 35.7 29.5(67)xy 32.4¢ 29.1
1A, — MAgy, TEW(1) 46.0(9580)° h . 36.0(12,000)% h

1Ay — 1TEy(2) d 58.0 .. 44 ,9(30,000)* 48.9
@ Single-crystal absorption spectrum of Ky;PtCly at 15°K; from ref 8. * Reflectance spectrum of K;PtCly; from ref 5. ° Aqueous
solution spectrum of KyPtCly; from ref 3. ¢ Not reported. ¢ 8§ value. 7/ 8§ + 8 value. ¢ 8§ -+ & -+ 8; value. * Fitted. ¢ For A; =
29,700, A, = 4700, Ay = 6800, B = 500, C = 3500 cm™1, 7 Single-crystal absorption spectrum of K,PdCly; from ref 5. * Aqueous

solution spectrum of KoPdCly with excess KCl; from ref 3.

tween the antibonding d-symmetry MO levels are desig-
nated &, &, and &, in order to emphasize that these
quantities are in principle different from the ligand-
field (LF) quantities A;, Ay, and Az, In the LF model,
the d — d transition energies are defined by appro-

! For A; = 23,600, Ay = 3900, A3 = 7400, B = 550, C = 3600 cm 1,

energy. The present calculation clearly favors the
MTK alternative A, as is evident from the assign-
ments given in Table II.. An analogous assignment of
the spectrum of PdCly%~ is also presented and compared
with the calculation. The band at 29,500 em~! in
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PdCly*~ is nicely accommodated by the A;, — By,
assignment and it would appear that the MTK alterna-
tive A is more consistent in dealing with both PtCl2~
and PdCl*~.

The calculated low-energy bands for PdCl2~, 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 PtCl~ was not forthcoming until
low-temperature polarized spectra were taken? Per-
haps similar work on PdCl,*~ 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
(bsi) to the empty 3by, “metal’” level. This type of
transition is commonly referred to as L — M 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 2A,, level (d — p
bands). There should be three such transitions ob-
servable in a closely spaced band system, the fully
allowed A, — 1E, [2e, — 2ay,] and A, — Ay, [3a, —
2ay,] bands and an orbitally forbidden 'A;, — !By,
[2by; = 2a,] band. Both known? energy shifts of high-
intensity bands in the series MX/~ (M = Pd(II),
Pt(II), Au(IIl); X~ = CI—, Br™) and the calculated
energy levels shown in Figure 1 support the L — M
type assignments for the complexes under scrutiny here.
Thus, the d — p bands in the planar halides are at
higher energies than the L — M bands. However, in
planar complexes where L — M charge-transfer transi-
tions are of considerably higher energy than in the
halide series, the d — p transitions should be responsible
for the first group of high-intensity bands. Presum-
ably, Pt(NHj;)2*+ and Pd(NHj;),?+ are such cases.

Detailed assignments of the charge-transfer bands in
PtCl*~ and PdCl*~ are given in Table II. The first
broad band is expected to contain two allowed transi-
tions, Ay = *Agy, 'Ey(1) [bay, 3¢y — 3bie]. 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 'A,; — A, being somewhat lower. The second
high-intensity band, observed in the PdCl?~ complex,
is assigned 'A;; — 'E, (2) [2e, — 3b;.]. In Table II
the calculated and observed positions of this band are
compared.

Discussion

In predominantly e-bonded systems, with ligands
such as HyO and NHj and first-row metals, Ay is
known® to increase with an increase in metal oxidation
number. With a large extrapolation, it has been
argued that A; should not be larger in PtCl,*~ than the
25,100-cm ! value observed for Ay in IrClg3~" How-
ever, with either of the MTK assignments, it now seems

(18) C. K. Jgrgensen, ‘“Absorption Spectra and Chemical Bonding in
Complexes,”” Addison-Wesley, Reading, Mass., 1062.
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firmly established that the first singlet band in a given
square-planar Pd(II) or Pt(II) halide complex occurs
at a hugher wavenumber than the first singlet band in an
analogous octahedral Rh(III) or Ir(I1I) halide. Credit
should be given to Jgrgensen for first suggesting®® and
defending® this particular trend.

We suggest here that an inverse dependence of A on
oxidation number is not limited to the cases of changing
geometry and d” configuration (as in going from Ir(III)
to Pt(II)), but rather will be found in many isoelec-
tronic and isostructural complexes with extreme co-
valent character such as are formed with class B (or
soft) transition metals. For example, molecular orbital
calculations'® of AuCly~ with F factors in the same
range as those used for the model PtCls*— give §; values
which are substantially smeller than the calculated 6
value for PtCl*~. For the particular calculation of
AuCly~ which fits its charge-transfer spectrum, F, =
1.70, F, = 191, and 8, = 20,800 cm~% A population
analysis of the relevant levels in PtCl®~ and AuCly~
shows the following: 2by, (xy), 509, metal and 3b,,
(x? — 97), 659 metal in PtCl2—; 2by, (xv), 429 metal
and 3by, (x% — 32), 909, metal in AuCl,~. 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 = character of the 2b,, (xy) increases, keeping the
position of the 2by, (xv) approximately constant, the
metal ¢ character of the 3by, (x? — 3?) increases sharply
in going from Pt(IT) to Au(III), lowering the 3hby,
(x* — %) level relative to the stationary 2by, (xv)
and causing a net decrease in §;. This result from the
molecular orbital model suggests that the ligand-field
parameter A; will be larger for Pt(Il) than for Au(I1I)
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 = 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(III) square-planar chloride or bromide complex
will fall at lower energy than in the corresponding Pt(II)
complex. This is indeed the case in certain systems;
for example, the first electronic band in Au(dien)CI?+
(33,100 e¢m~1Y) falls lower than the first band in Pt-
(dien)CI+ (37,040 em™1).20 TUnfortunately, the spec-
tra of the simple complexes in AuCl,~™ and AuBry~
have not been sufficiently resolved?! to yield reliable
values for 4;. 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. Jdrgensen directed to one of the present authors
at the Eighth International Conference on Coordination Chemistry in Vienna,
1964.

(20) W. H. Baddley, F. Basolo, H. B. Gray, C. Nolting, and A, J. P&e,
Inorg. Chem., 2, 921 (19863).

(21) A. K. Gangopadhayay and A. Chakravorty, J. Chem. Phys., 35,
2206 (1961).
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field level is suspected to be of predominantly ligand
character.?? It is interesting that the first spin-allowed
band appears at 13,400 cm~! for Au(mnt),~ and at
18,500 cm~! for Pt(mnt),?~. This gives A; = 16,900
cm~! (using C = 3500 ecm™Y) for Au(III) and A, =
22,000 em~! for Pt(II) in the mnt?— case, which nicely
follows the predicted A trend.

Some comment is in order regarding the exceptionally
low position of 22 in the ligand-field levels of PtCl2~.
As MTK have pointed out, neither the xz,yz > 22 nor the
xz,98 =~ 2? result is compatible with a point-charge
crystal-field calculation,? which gives x? — y2 > xy > 22
> x3,v3. Fortunately, the molecular orbital model is
compatible with the very low position of 22 in PtCl3~,
probably as a result of very large participation of the 6s
orbital in the o bonding. Since the 6s and 5d,. bond
with the same ligand combination, the large participa-
tion of the 6s orbital in the Pt(I1)-Cl bonds leaves 5d,.
at a relatively stable position.?® 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

(22) R. Williams, E, Billig, J. H. Waters, and H. B, Gray, J. Am. Chem.
Soc., 88, 43 (19686).

(23) It is possible, if not probable, that overlap-included MO calculations
using a strictly d-orbital metal basis will also yield the ordering xz,yz > 22
We simply suggest here that decreasing degrees of antibondedness of the
3aig level may best be correlated with increasing 8s participation in the o
bonding.
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ordering x? = 32 > xy > x3,y2 > 2% need not be correct
for all square-planar complexes. In fact, the halides
probably represent the case in which 22 is at 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 w-donor and
poor (¢ — d)-donor capabilities. With ligands of
better 7-acceptor or (¢ — d)-donor potential (or both),
the 2% level in many cases should move significantly
above the xzyz orbitals. Simple O- and N-donor
ligands would be in this category, as well as CN— and
CO. We note that the best available experimental
evidence®2¢ gives 2 > xz,yz in the case of Ni(CN),2~.

A final observation of interest is that the calculated
charge distributions (see Table I) in PtCl2~ and PACl1,2~
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,® %
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The electronic ground state of PtCly?~ calculated by semiempirical molecular orbital theory of the extended Hiickel type is
a Ay with a Pt d orbital order and occupation of (d,2)*(dz.,dy:)*(dsy)%(ds2y2)’.  This result was obtained over a wide range
of variations in the Pt valence state ionization potentials, the Pt wave functions, and the Wolfsberg—Helmholz factor in
both the Mulliken-Wolfsberg—Helmholz and the Ballhausen—Gray approximations. The numerical dependence of the Pt—Cl
bond order and the one-electron molecular orbitals of PtCli2~ 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
to be optimum choices of parameters, results in excellent agreement with the nuclear quadrupole coupling constant for %Cl
are obtained.

Introduction
Previous studies of the electronic structure of PtCl2—

have led to several ambiguities concerning the splitting
of the Pt 5d orbitals. Ballhausen and Gray?® have

proposed a Pt 5d orbital order of (d,.;d,.), (d.s), (ds,),
(dgs_ys). Fenske, Martin, and Ruedenberg? proposed
the same order by considering the problem in terms of
electrostatic crystal field theory. Chatt, Gamlen,
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