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The electronic structures of [Ni(dtp),], [ Pd(dtp),], and [Pt(dtp),] [dtp = S,P(OEt),] have been 
studied using pseudopotential valence-only ab initio methods, and He I and He I I photoelectron 
spectroscopy. For [Ni(dtp),] and [ Pd(dtp),], correlation and relaxation effects have been included 
in the calculation of the ionization energies by means of the extended two particle-hole Tamm- 
Dancoff method. The deviations from Koopmans' theorem were found to be considerably greater 
for the nickel than for the palladium complex. Consistent assignments of the photoelectron spectra 
have been proposed with the aid of these calculations. 

Chemical and structural peculiarities of planar complexes 
containing MS, chromophores have been extensively studied.' 
In particular, metal complexes of dithiophosphoric acids form a 
vast and important class of compounds.2 Among these, square- 
planar complexes of 0,O'-diethyl dithiophosphate anion (dtp - ) 
have been extensively investigated and many studies have 
appeared on their chemical and electronic proper tie^,^'*^-^ 
since they offer opportunities for technological and biological 
applications.2*6 Despite many theoretical s t ~ d i e s , ~ , ~  their 
electronic structure is still not fully rationalized because 
different energy orderings of metal-based (m.b.) and ligand- 
based (1.b.) molecular orbitals (m.0.s) have been found. As a 
consequence different m.0. schemes have been proposed and the 
available results are still inconclusive. 

In this context, combined gas-phase ultraviolet photoelectron 
(p.e.) spectroscopy and accurate quantum-mechanical calcul- 
ations represent a powerful tool for obtaining details of 
electronic structure. On the experimental side, the intensity 
changes observed between He I and He I1 spectra can often aid 
the assignment of the p.e. spectra. Thus, it is generally found that 
bands arising from ionization of metal localized orbitals 
increase in intensity on going from He I to He I1 ionizing 
radiation, compared to bands associated with ligand ionization. 
However, it must be remembered that such simplistic arguments 
may not always be correct due to the possible occurrence of 
resonances in the p.e. ~pec t r a .~  On the theoretical side, the 
calculation of ionization energies (i.e.s) of sufficient accuracy to 
allow an assignment of the p.e. spectra of transition-metal 
complexes is still far from routine. It has been recognized for 
some time that Koopmans' theorem is frequently inadequate 
due to the large difference in the reorganization energy 
associated with ionization of metal and ligand localized 

7 Part 2 is ref. 15. 
$ Based in part on the Ph.D. thesis of S. Di Bella, University of Catania, 
1986. 
Non-S.I. unit employed: eV = 1.60 x J. 

electrons which has led to the widespread use of the ASCF 
method.' However, such calculations ignore correlation effects 
which have been shown to effect the order of the ionized states of 
some transition-metal complexes and it is difficult to calculate 
by this method i.e.s other than the lowest of each symmetry. The 
calculation of the full range of i.e.s of transition-metal com- 
plexes, including both relaxation and correlation effects, has 
been successfully carried out using both configuration inter- 
action and Green's function '' methods. We have previously 
used a Green's function method, in conjunction with atomic 
pseudo-potentials, successfully to assign the p.e. spectrum of 
palladium(r1) acetylacetonate.' In the case of transition- 
metal complexes, where the one-particle picture is inadequate 
since there is often a large degree of electron reorganization 
occurring upon ionization, it is necessary to use the extended 
two particle-hole Tamm-Dancoff method.' 

In this paper we report the He I and He I1 p.e. spectra 
of nickel(Ir), palladium(II), and platinum(I1) bis(0,O'-diethyl 
dithiophosphate) [M(dtp),] complexes. We also report the 
results of ab initio m.0. calculations, using pseudopotentials to 
represent the core electrons, in order to interpret these spectra, 
including, in the case of the nickel and palladium complexes, 
relaxation and correlation effects by means of the Tamm- 
Dancoff method. Previous studies of these complexes have been 
limited to their He I spectra, interpreted using qualitative 
bonding arguments4 

Experimental 
The complexes were prepared according to literature methods,,' 
and were purified by recrystallization from a mixture of 
dichloromethane-2-propanol and by successive sublimation in 
uacuo. They gave satisfactory mass spectrometric analyses. 

Photoelectron Spectroscopy.-The p.e. spectra were recorded 
on a PS18 Perkin-Elmer spectrometer modified by the inclusion 
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Figure 1. Schematic drawing of [M(dtp),] complexes 
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a Figure 3. He I (a) and He I1 (b) p.e. spectra of [Ni(dtp),] 

Computational Details.-The use of pseudopotentials to 
simulate atomic core electrons and thus to reduce the computer 
time associated with ab initio m.0. calculations is well known 
and they are now being integrated into standard ab initio codes. 
The calculations reported here use such pseudopotentials. To 
investigate whether different implementations of the atomic 
pseudopotentials lead to significantly different results, we have 
carried out SCF calculations on one of the molecules studied 
here, [Pd(dtp),], using two different representations of the 
pseudopotentials. 

(i) The first, denoted PS1, uses a semi-local representation of 
the pseudopotentials, with the parameters of Daudey et 
The valence basis was of double-zeta quality, as described 
e l ~ e w h e r e . ~ ~ ? ' ~  These potentials were implemented by the 
program PSHOND0,16 a modified version of HONDO. 

(ii) The second representation of the pseudopotentials, 
denoted PS2, is a non-local of particular value in 
geometry optimization studies, and is obtained for sulphur, 
phosphorus, and the metal atoms by transforming the semi- 
local potentials of Hay and Wadt.'* For oxygen, the non-local 
potential was obtained from Daudey." The valence basis sets 
were of double-zeta quality and were taken from Hay and 
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Figure 2. He I (a) and He I1 (6)  p.e. spectra of [Pd(dtp),] 

of a hollow-cathode discharge source giving high output of He 
I1 photons (Helectros Development Corp.). The operating 
temperatures were 130 "C for [Ni(dtp),], 130 "C for [Pd(dtp),], 
and 120 OC for [Pt(dtp),]. The spectra were accumulated in the 
'multiple scan mode' with the aid of an IBM PC AT computer 
directly interfaced to the spectrometer. The energy scale of 
consecutive scans was locked to the reference values of the Ar 
'P3 and He Is-' self-ionization lines. Spectral resolution 
measured on the Ar 'Pt lock was always better than 0.035 eV. 
The He I1 spectra were corrected only for the He IIP 'satellite' 
contributions (1 2% on reference nitrogen spectrum). 
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Figure 4. He I (a) and He I1 (b) p.e. spectra of [Pt(dtp),] 

Table 1. Ab initio eigenvalues and population analysis of the outermost 
m.0.s of dtp- 

% Population 
r 

M.o. Eigenvalue/eV S P 0 H M.o. type 
- 3.66 
-4.33 
- 5.48 
- 5.58 
- 6.88 
- 9.66 
- 11.24 
- 12.54 

97 3 - -  
99 - 1 -  
91 7 2 -  
78 15 7 - 
56 25 19 - 
44 23 33 - 

1 -  99 - 
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Figure 5. Correlation diagram between orbital eigenvalues of dtp-, 
(dtp>22-7 and (dtp)2 

For [Pt(dtp),], SCF calculations were carried out using the 
potentials PS1. Here the pseudopotentials 22 for the platinum 
atom included the major relativistic (mass and Darwin) 
corrections.23.* For [Pd(dtp),] and [Ni(dtp),], calculations at 
the SCF level were carried out using the potentials PS2. For 
these two molecules, calculations of the molecular i.e.s which 
included both relaxation and correlation effects were carried out 
by the Tamm-Dancoff method. These calculations included the 
lowest 19 and 20 virtual orbitals respectively. 

Geometrical parameters used in the present calculations were 
adapted using X-ray data for the [Ni(dtp),] ~ o m p l e x , ~  since the 
same structures have been found along the series.5b Therefore a 
M-S distance of 2.32 8, was deduced from average Pd-S and 
Pt-S distances found in other square-planar MS, complexes.26 
The calculations were carried out on model compounds of D,, 
symmetry where the ethyl groups (R) have been replaced by 
hydrogen atoms (Figure 1). The axis system adopted is shown in 
Figure 1. 

Experimental Results 
The He I and the He I1 p.e. spectra of the three complexes are 
shown in Figures 2-4. The spectra of all three complexes show 
three low-energy bands (A-C) whose relative intensities 
change on going from He I to He I1 ionizing radiation. We note 
that the intensity of the first band (A) increases relative to B and 
C,  this increase being particularly marked for the nickel complex. 

Wadt" for sulphur, phosphorus, and the metal atoms, and 
for oxygen was constructed from the all-electron basis of 
Dunning," omitting the core functions. In calculations on 
[Pd(dtp),], d-polarization functions having exponents 0.65 and 
0.55 respectively were used for the sulphur and phosphorus 
atoms. These non-local potentials were implemented by the 
program GAMESS.,' 

* The effects of spin-orbit coupling have not been explicitly taken into 
account since the absence of degenerate levels prevents (Kramer's 
theorem) the observation of ion states more than ground-state m.0.s. 
Furthermore, it is well known that off-diagonal mixing in the 
corresponding double group due to the so-called 'induced or indirect 
spin-orbit effect' 24 is of a minor relevance in square-planar platinum(r1) 
complexes. 
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Table 2. Ab initio eigenvalue and population analysis of the outermost m.0.s of the ( d t ~ ) , ~ -  cluster 

% Population 
h 

f > 
Eigenvalue */eV S P 0 H Character 
-0.10 (-9.76) 
-0.73 (- 10.32) 
- 0.97 (- 5.32) 
-1.28 (-9.10) 
-1.47(-11.01) 
-2.31 (- 10.28) 
-2.59 (- 10.96) 
- 2.73 (- 12.30) 
-3.39 (- 12.36) 
-4.11 (-13.09) 
-6.53 (-15.11) 
- 6.77 (- 15.25) 
- 8.55 (- 15.99) 
- 8.56 (- 15.98) 
-9.84 (- 17.36) 
-9.84 (- 17.37) 

95 (98) 
95 (97) 
99 (99) 
99 (99) 
88 (89) 
76 (75) 
77 (77) 
91 (91) 
55  (54) 
56 (54) 
49 (37) 
45 (33) 

1 (1) 
1 (1) 
1 (2) 
1 (2) 

4 (1) 
5 (3) 

10 (6) 

7 ( 5 )  

- 
- 

18 (15) 
17 (14) 

29 (21) 
25 (17) 
25 (18) 
25 (16) 
- 
- 

11 (13) 
11 (13) 

1 (1) 

1 (1) 
1 (1) 
2 ( 5 )  
6 (10) 
6 (9) 
2 (4) 

16 (25) 
19 (29) 
26 (45) 
30 (51) 
99 (99) 
99 (99) 

- 

83 (80) 
83 (80) 

Orbital population * S P 0 H 
S 1.88 (1.92) 1.44 (1.38) 1.77 (1.79) 0.59 (0.56) 

PO 2.70 1.79 (2.81) (1.30) i::: :;:A:;} 4.93 (4.86) 
P, 

Atomic charge * -0.37 (-0.03) +0.31 (+0.46) -0.70 (-0.64) +0.41 (+0.44) 

Overlap population * s-P P-0 0-H 
0.86 (0.70) -0.13 (0.02) 0.60 (0.60) 

* Values for (dtp), are given in parentheses. 

Computational Results 
Bonding in [M(dtp),].-Before discussing the electronic 

structure of the [M(dtp)J complexes it is useful to study the 
nature of the higher valence m.0.s of the dtp- anion ligand that 
are involved in the metal-ligand interactions. The results of a 
m.0. calculation using the pseudopotentials PS1 are shown in 
Table 1. The higher m.0.s can be described in terms of a 
combination of the two in-plane sulphur lone pairs [n+(ul), 
n-(b,)] and of the two higher lying m.0.s of n symmetry [n, 
(b,), n - (a,)]. The latter m.0.s involve combinations of the two 
out-of-plane sulphur lone pairs. 

In a (dtp),2- cluster in which the separation of the ligands is 
comparable to that in the complexes, each of the m.0.s of dtp- 
give rise to two m.0.s (of g and u symmetries in D2J split due to 
interligand interaction. Such splitting is, as expected, found to 
be larger for the in-plane than for the out-of-plane orbitals. The 
results of the calculations are shown in Table 2 and Figure 5 
which has been drawn to line up the energies of the O,,-based 
m.0.s (3b,,, 3b2,). In this figure we also show the energies of the 
m.0.s of the neutral species (dtp),. 

We turn now to a description of the bonding in [Pd(dtp),]. 
The results of the SCF calculations on this molecule are 
summarized in Tables 3 and 4. In Table 3 a comparison of the 
eigenvalues using both PS1 and PS2 is made. It can be seen that 
both calculations yield similar values. The composition of the 
individual m.0.s is also very similar in both calculations. We are 
thus confident that the conclusions to be drawn from our 
calculations are essentially independent of the pseudopotential 
used. 

The m.0. population analysis (Table 3) shows that the metal 
4d orbitals of 71: symmetry (d,,, dyz) are admixed only to a minor 
extent with the ligand m.o.s, so that both the 4bZg and 2b3, m.0.s 
of the complex (Table 3) possess almost pure metal d character. 

There are however relevant interactions between metal orbitals 
of (3 symmetry, 4dx2-y2, 4d22, and the 5ag and 6a, ligand m.0.s 
respectively. The interaction involving the 4dx2 - ,,z orbital 
results in the 5a, and 7ag m.0.s of the complex (Table 3) which 
represent a pair of Pd-S bonding and antibonding m.0.s 
(Figure 6). In the case of the 4d22 orbital, both the resulting 6a, 
and 8a, m.0.s possess Pd-S bonding character due to the 
stabilizing interactions with the empty metal 5s orbital in the 8ag 
m.0. (Figure 6).  However, the major metal-ligand bonding 
interaction involves the empty Pd 4dxy orbital and the 4blg (n-) 
ligand m.0. Thus, the resulting 3blg m.0. of [Pd(dtp),] has the 
greatest Pd-S overlap population and the greatest change in 
the charge distribution of the (dtp),’- cluster on complex 
formation is a decrease in the population of the ligand p ,  
orbitals (Table 4). 

Turning to [Pt(dtp),], we note a close similarity of popul- 
ation data (Table 5) for m.0.s having no metal contribution to 
the corresponding values found for [Pd(dtp),]. By contrast, 
differences are found in the case of those m.0.s which are 
admixed with metal orbitals of a,, b,,, and b3g symmetries. In 
particular, metal 5d subshells of n symmetry are admixed to a 
larger extent than in [Pd(dtp),], with the 3b3, (n-) and 5b2g 
(n: +) m.0.s acquiring stronger Pt-S antibonding character 
(Table 5). Furthermore, the 7ag and 8a, m.0.s possess greater 
metal d character. This is at variance with [Pd(dtp),], where the 
same m.0.s were rather admixed with more internal ligand 5a, 
and 6ag orbitals. Finally, we note in [Pt(dtp),] a larger metal 6s 
contribution to 6a, and 8a, m.o.s, which increases their bonding 
character. 

For [Ni(dtp),], the ligand-localized m.0.s have a similar 
energy to those of the palladium and platinum complexes 
(Table 6) .  However, the degree of localization of the m.0.s is 
greater than that found in the palladium and platinum 
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Table 3. Ab  initio eigenvalues" and population analysis of the outermost m.0.s of [Pd(dtp),] 

% Population 
I 

A 
\ 

Eigenvalue/eV 
- 10.04 ( - 9.97) 
- 10.09 (-9.64) 
- 10.36 (- 10.34) 
- 10.55 (- 10.58) 
-11.10 (-10.51) 
-11.27 (-11.31) 
-11.78 (-11.81) 
-12.11 (-11.63) 
- 13.39 (- 12.84) 
- 13.91 (- 13.69) 
- 13.95 (- 14.23) 
- 14.46 (- 14.38) 
- 14.78 (- 14.84) 
- 14.84 (- 14.54) 
- 15.15 (- 15.17) 
- 15.85 (- 16.38) 
- 15.86 (- 16.39) 
- 16.54 (- 16.37) 
- 17.21 (- 17.15) 
- 17.24 (- 17.16) 

I 

4d 
12 
- 
- 

17 

42 

7 

51 
29 
87 
80 
49 

- 

- 

- 

- 

- 
- 

46 

2 
- 

P 

2 

8 
4 
3 
8 

13 
14 
11 
4 

1 
2 

15 

- 

- 

- 

- 
- 

3 
12 
12 

0 
1 

2 
7 
5 
1 

11 
11 
34 
19 
23 
1 
7 

12 
49 
98 
98 
35 
79 
76 

- 

Overlap 
population 

Pd-S 
- 0.040 

0.028 
O.OO0 

- 0.042 
0.054 
0.024 
0.010 
0.006 
0.014 

0.062 
0.032 
0.035 
0.036 
O.OO0 
O.OO0 
O.OO0 
0.028 
0.000 
0.002 

-0.016 

a The results in this table are from the calculation using PS1, except for the eigenvalues in parentheses which are from the calculation using PS2. 
Population percentages of sulphur 3d atomic orbitals (a.0.s) are in parentheses. 

Table 4. Atomic charges and orbital and overlap populations of [Pd(dtp),] and [Pt(dtp),] [values for the (dtp),'- cluster are in parentheses] 

Orbital population 
S 

P a  

Atomic charges 

Overlap population 
(J 

n 

S 

P O  

Atomic charges 

Overlap population 
(T 

n 

Pd 
0.32 
0.35 
0.03 
1.96 
1.95 
0.88 
1.99 
1.99 + 0.52 - 

Pd-S 
0.42 

-0.01 

Pt 
0.87 
0.07 
0.03 
1.95 
1.92 
0.99 
1.99 
1.98 

+ 0.20 

Pd-S 
0.46 

-0.11 

S P 0 
1.85 (1.88) 1.27 (1.44) 1.80 (1.77) 
2.58 (2.70) 1.96 (2.30) 
1.84 (1.79) 0.85 (0.95)) 4'87 (4'93) 
0.01 
0.01 
0.05 
0.0 1 
0.01 
.0.36 (-0.37) +0.91 (+0.31) -0.66 (-0.70) 

s-P P-0 

0.78 (0.86) 0.23 (-0.13) 

S P 
1.84 1.28 
2.53 
1.85 

0 
1.80 

4.87 

0.01 
0.01 
0.05 
0.01 
0.01 
.0.32 + 0.98 - 0.67 

s-P P-0 

0.74 0.23 

H 
0.56 (0.59) 

+ 0.44 ( + 0.41) 

O-H 
0.57 (0.60) 

H 
0.55 

+ 0.45 

O-H 
0.57 

complexes, with predominantly metal m.0.s being considerably Interpretation of Photoelectron Spectra 
more tightly bound, in line with the corresponding atomic [Pd(dtp),].-In Table 8 we show the valence i.e.s of 
ionization energies. The atomic charges and orbital populations [Pd(dtp),] calculated using the Tamm-Dancoff method. The 
(Table 7) are similar to those in the other two complexes, results are shown for three different atomic basis sets. The first 
especially as far as the population of the partially occupied dxy has no polarization functions on the ligands, the second has a d 
orbital is concerned. function on sulphur, and the third a d function on both sulphur 
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Figure 6. Wavefunction contour plots of [Pd(dtp),] for the 5ag (a), 6ag 
(b), 7a, (c), and 8a, ( d )  m.0.s in the xy plane. Each set of contours is 
drawn in a frame of 10 x 10 a.u. (1 a.u. = 0.052 917 nm) and the stars 
indicate projections of each atom on the contour plane. The interval 
between successive contours is 0.017 e* a.u.-$. The point lines refer to the 
negative part of the wavefunction 

and phosphorus. It can be seen that the introduction of the 
polarization functions has little effect on the calculated i.e.s and 
certainly does not affect the assignment of the p.e. spectrum. We 
note, however, that larger bases improve the reproduction of the 
experimental i.e.s to a small extent. 

The measured p.e. spectrum (Figure 2) shows definite 
intensity changes on going from He I to He I1 ionizing 
radiation. Bands A and B increase in intensity relative to C.  
Moreover, band B looses its shoulder in the He I1 spectrum, and 
its total intensity increase appears somewhat smaller than found 
for band A. The shoulders (D and E) also increase in intensity 
relative to band C in the He I1 spectrum. 

Turning to the calculated i.e.s shown in Table 8, we see from a 
comparison with the orbital eigenvalues (Table 3 )  that the order 
of the i.e.s is not drastically changed from that given by 
Koopmans’ theorem. The well known effect of greater orbital 
relaxation accompanying ionization from metal- compared to 
ligand-localized orbitals is seen, but the effect is considerably 
less than that found in complexes containing first-row transition 
metals, such as bis-~(allyl)nickel.~ These values are arranged in 
well separated groups that, given an almost uniform shift (- 1 
eV), nicely fit the main spectral features up to 13-14 eV. 
Moreover the energy dispersion within each group agrees well 
with experimental bandwidths. We note, however, that the lack 
of ethyl groups in the calculations prevents a definite assign- 
ment of all features beyond 12 eV. Therefore, band A is assigned 
to ionization from the 4b2, and 3b,, m.0.s. The second of these 
involves the Pd 4 4 ,  orbital so that some intensity increase in He 
I1 compared to that of pure ligand m.0.s is to be expected. The 
second band (B) is assigned to the four m.0.s 5b2g, 8ag, 2a,, and 
6b3,. The 5b2, and 8ag m.0.s have metal d character, which is 
near to 50% for the latter orbital. The loss of the low-energy 
shoulder of band B in the He I1 spectrum is consistent with the 
8ag i.e. being somewhat larger than that of the 5b2,. We would 
however note that this assignment of bands A and B is open to 
some doubt in view of the somewhat smaller intensity change in 
He I1 found for band B compared to band A, and the rather 
larger Pd 4d population of the 8ag compared to the 3b3, m.0. 
The decrease in intensity of band C, compared to bands A and 
B, on going from He I to He I1 radiation is in line with our 
assignment of band C to ionization from the predominantly 
ligand orbitals, 4b,, and 4b,,. We assign the shoulders (D, E) on 
the rapidly rising spectrum to .ionization from the strongly 
metal 7ag and 2b3, m.0.s. We have already noted that band C 
(due to 1.b. ionizations) decreases in intensity compared to these 
shoulders in the He I1 spectrum. We assign the broad band F 
and G to two groups of orbitals (Table 8) separated by - 1.5 eV, 
the first group containing two m.0.s having considerable metal 
character (4b2, and 6ag), and the second group containing one 
such m.0. (5ag). 

[Ni(dtp),].-The valence i.e.s of [Ni(dtp),] calculated by 
the Tamm-Dancoff method are shown in Table 9. In view of 
the small effect shown by ligand-polarization functions on the 
calculated i.e.s of [Pd(dtp),], no such polarization functions 
were used in the [Ni(dtp),] calculation. When compared with 
the i.e.s from Koopmans’ theorem, the values shown in Table 
9 exhibit considerable changes. For example, when correlation 
and relaxation effects are considered the first i.e. corresponds to 
ionization from the mainly metal 6ag m.o., which is one of the 
more strongly bound m.0.s at the SCF level (Table 6).  An 
interpretation of the p.e. spectrum in terms of Koopmans’ 
theorem i.e.s is clearly not possible. However, the i.e.s calculated 
by the present method do lead to a consistent interpretation of 
the p.e. spectrum shown in Figure 3.  The most dramatic change 
in the intensity profile of this spectrum on going from He I 
to He I1 radiation is a considerable increase in the intensity of 
the first band (A) relative to that of the next three (B-D). 
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Table 5. Ab initio eigenvalues and population analysis of the outermost m.0.s of [Pd(dtp),] 

Eigenvalue/eV 
- 9.62 
- 9.94 
- 10.50 
- 10.56 
- 10.77 
-11.50 
- 11.96 
- 12.32 
- 12.77 
- 13.56 
- 13.59 
- 14.10 
- 14.37 
- 15.01 
- 15.29 
- 15.91 
- 15.92 
- 16.41 
- 17.27 
- 17.31 

% Population 
I 

A 
I 

Pt 

5d 
25 
31 
- 
- 

69 
- 
- 

5 
67 

74 
66 
30 
20 

- 

- 
- 
- 

30 
- 
- 

P 0 
1 

7 5 
1 

2 

5 5 
7 11 

14 12 
9 10 

13 33 
1 

1 9 
3 25 
2 20 

14 50 
98 
98 

5 38 
12 79 
12 80 

- 

- 
- 
- - 

- 

- 
- 

* Population percentages of sulphur 3d a.0.s are in parentheses. 

Overlap 
population 

Pt-S 
- 0.096 
- 0.092 

0.006 
0.0oO 
0.020 
0.0oO 
0.008 
0.006 

- 0.032 
0.0oO 
0.060 
0.064 
0.058 
0.056 
O.OO0 
0.0oO 
0.o00 
0.028 
O.OO0 
O.OO0 

Table 6. Ab initio eigenvalues and population analysis of the outermost 
m.0.s of [Ni(dtp),] 

% Population 
h 

I 

Ni 
Eigenvalue/ Dominant 

M.o. eV 3d 4s 4p S P 0 H character 
- 10.14 97 2 
- 10.42 99 
- 10.75 11 77 6 
- 10.84 3 96 
-11.04 16 74 6 
- 11.55 5 74 14 
- 12.19 4 76 12 
- 12.80 8 49 15 
- 12.87 21 43 14 
- 13.20 16 18 59 5 
- 15.10 40 16 
- 15.26 7 29 12 
- 16.04 75 19 
- 16.53 2 
- 16.53 1 
- 17.01 50 6 
- 17.08 96 3 
- 17.32 3 3 10 
- 17.56 46 5 7  
- 18.33 2 13 17 
- 18.38 1 33 17 
- 18.47 3 15 18 
- 18.65 56 2 7 7  
- 19.72 46 1 30 11 

1 
8 
1 
4 
8 
8 

27 
21 
3 

43 
52 
6 

98 
99 
46 

1 
86 
39 
68 
47 
66 
27 
11 

Our calculations do lead to an assignment consistent with this 
observed pattern. Thus, band A is assigned to ionization from 
the 6a, and 3b3, m.o.s, the former m.0. being calculated to 
have 75% nickel 3d character. Bands B and C are assigned to 
ionization from m.0.s which have less than 10% metal 
character: B is associated with the 5b2, and 4b2, and C with 
the 2a, and 6b3, m.0.s. Band D, which shows some increase in 

Table 7. Atomic charges and orbital populations of [Ni(dtp),] 

(dt P)2 
Orbital I h \ 

S 0.30 1.96 1.37 1.99 0.55 
PO 0.5 2.43 1.68 3.63 
Pn 0.1 1.80 0.73 1.31 

population Ni S P 0 H 

x2 - y2 2.02 
2.02 
0.84 
2.02 
2.01 

charge +0.24 -0.19 + 1.22 -0.93 +0.45 

intensity in the He I1 spectrum, is assigned to ionization from 
the 4bl, m.0. calculated to have 16% nickel 3d character. 
Band E which is definitely more intense in He I1 is assigned to 
ionization from the lb,, and 5a, m.o.s, both having 
considerable metal character. The remaining ionizations, 
except that involving the 4b2, m.o., are from m.0.s of 
predominantly ligand character. Our remaining assignment 
shown in Table 9 is thus similar to that for the corresponding 
region of the p.e. spectrum of the palladium complex. 

[Pt(dtp),].-The p.e. spectra of [Pt(dtp),] (Figure 4) show 
a close resemblance to that of the palladium complex (Figure 
2), with two low-energy bands (A, B) and a pronounced 
shoulder (C). The relative intensity of the first band (A) 
increases, relative to that of bands B and C, in the He I1 
spectrum. Compared to the spectrum of [Pd(dtp),] the 
shoulder on band B is to high rather than to low i.e., and this 
shoulder is evident in both He I and He I1 spectra. The only 
calculation on [Pt(dtp),] that we have carried out is at the 
SCF level and is shown in Table 5. We have already noted 
that for [Pd(dt~)~] ,  in contrast to [Ni(dtp),], the ordering of 
the i.e.s must be close to that given by Koopmans’ theorem. 
We would expect a similar situation to hold for [Pt(dtp),] 
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Conclusion 
This paper is a part of a comprehensive study on the electronic 
structure of square-planar complexes, and presents a case study 
of ligands containing sulphur chromophores. 

In accordance with studies on other square-planar complexes 
containing either 0, or N, chrornoph~res, '~*'~ there is 
evidence that, also in the S4 case, almost all the upper-filled 
m.0.s of the ligand cluster are involved in the metal-ligand 
bonding. In particular, in addition to outermost m.0.s related to 
o and 71: lone pairs of heteroatoms, interactions also involve 
more internal delocalized 1.b. m.0.s. The present theoretical and 
p.e. data fit nicely to a bonding model in which metal d subshells 
lie intermediate in energy among the ligand m.0.s. 

In these complexes the dominant interactions are o in 
character and involve both filled (dx2-y2, dz2) and empty (dxy, s) 
metal orbitals. 71: Interactions are of a minor relevance and metal 
dxz,yz orbitals are almost non-bonding in character. The order- 
ing of the conventional metal subshells d,, % dyz < dxzPy2 < 
dz2 4 dxy found for the platinum and palladium complexes 
suggests classification of the dtp ligand as a classical strong o- 
donor, weak n-acceptor ligand.27 As expected, the metal-ligand 
covalency, as measured by the metal dxy populations, is 
Pt > Pd > Ni, reflecting the degree of ligand-to-metal <T 

donation. 
Despite the apparently simple patterns of the reported spec- 

tra, no simple qualitative interpretation is practicable. The 
overall p.e. data, in fact, do not fit any classical model by which 
the four occupied metal d subshells represent the outermost 
filled m.o.s, as supposed in an earlier study., 

The pseudopotential ab initio method, in conjunction with 
the Tamm-Dancoff method, has proven capable of providing 
a suitable rationale for the p.e. data, although the accuracy of 
the calculations may not be high enough to provide an 
unquestionable assignment of the p.e. spectra. 

The energy sequence of states produced upon ionization is 
largely dominated by reorganization effects in the ion, although 
correlation effects are also of relevance in arriving at a correct 
ordering of the states. Since the relaxation energy associated 
with a particular m.0. is roughly proportional to the contri- 
bution of the metal d orbitals, the greater degree of d-electron 
localization in the nickel complex gives rise to larger deviations 
from Koopmans' theorem than is found in the palladium and 
platinum complexes. This means that the simple comparison of 
the i.e.s of the three complexes does not afford a real picture of 
differences in the bonding. 

Table 8. Ionization energies (eV) of [Pd(dtp),] calculated using the 
Tamm-Dancoff method 

Ionization energy 
A r , Assignment of 

Orbital Basis I Basis I1 Basis I11 p.e. spectrum' 

A (8.0) 4bZu 8.66 8.62 
3b3, 8.66 8.70 

9.25 9.07 8.80 
9.39 
9.49 
9.86 

10.62 
11.02 
11.19 
1 1.64 
12.12 
12.48 
12.77 
13.04 
14.21 
14.82 
15.02 
15.03 

9.26 
9.35 
9.79 

10.85 
10.85 
11.11 
11.46 
12.25 
12.26 
12.68 
12.95 
14.28 
14.87 
14.94 
14.95 

B (8.50, 8.72) 

10.74 D (10.2) 
11.21 E (10.7) 
12.11 
11.99 

12.71 
14.22 
15.03 

15.08 

d Polarization function on sulphur. d Polarization function on 
sulphur + phosphorus. ' See Figure 2; the values in parentheses are the 
measured i.e.s. 

Table 9. Ionization energies (eV) of [Ni(dtp),] calculated using the 
Tamm-Dancoff method 

Ionization Assignment of 
Orbital energy p.e. spectrum * 

8.55 

9.49 
9.94 

10.26 
10.67 
10.83 
11.24 
11.53 
12.07 
12.15 
12.86 
14.10 
14.65 
15.00 
15.01 

A (7.20) 

B (8.30) 

C (9.16) 

D (9.84) 

E (10.28) 

F (10.73) 

G (11.35) 

H (11.94) 

I (13.40) 

* See Figure 3; the values in parentheses are the measured i.e.s. 

and we therefore use the eigenvalues for [Pt(dtp),] (Table 5) 
and for [Pd(dtp),] (Table 3) together with our assignment of 
the p.e. spectrum of [ P d ( d t ~ ) ~ ]  (Table 8) to assign the 
spectrum of [Pt(dtp),]. We note that in the platinum complex 
the 8ag m.0. has considerably more metal d character than in 
the palladium complex, which will probably lead to greater 
electron relaxation upon ionization. We therefore assign 8ag 
and 3b3, ionization to band A, 5b2g, 4b2,, 2a,, and 6b3, to 
band B, and 46,, and 4b1, to band C. Thus, in contrast to our 
assignment of the p.e. spectrum of [Pd(dtp),], we assign no 
orbital having a large metal d component to the band B, so 
that the profile of this band is expected to be largely 
unchanged in the He I and He IT spectra, which is observed 
experimentally (Figure 4). 
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