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The “quasi” relativistic version of the multiple-scattering Xa molecular orbital model has been used to investigate possible structures 
for monomeric platinum(II1) complex ions that contain aquo and chloro ligands. These species arise as transitory products in 
the pulse radiolysis of aqueous solutions containing tetrachloroplatinum(II), [PtC1,I2-, or hexachloroplatinum(IV), [PtCI6l2-, and 
in the flash photolysis of the platinum(1V) complex. Calculations have been performed on the electronic structures for model 
complex ions possessing tetra-, and penta-, and hexacoordination. In earlier studies, a 10-electron oxygen atom had been employed 
as a model for a water or hydroxide ligand, and more detailed calculations reported herein support the validity of this approximation 
for the visible charge-transfer absorption band; however, to account for the UV CT band, it is necessary to incorporate specifically 
the presence of an OH group. The results have been used to calculate the peak positions for the intense charge-transfer transitions 
occurring in the near-UV-visible regions in order to compare them to the experimentally observed absorption spectra. The close 
agreement between the observed and predicted bands supports the proposal that shorter lived species are six-coordinated, dis- 
torted-octahedral types such as [PtCl4(0H)(H2O)l2-. The comparisons for the longer lived intermediates, formed from the decay 
of the six-coordinate entities, lead to the viewpoint that these species are best described within the framework of limiting 
square-planar forms as exemplified by [PtCI,(OH),]-. 

Introduction 
Photochemical and radiolytic studies of the square-planar 

tetrachloroplatinum(I1) ion, [PtCl4I2-, the octahedral hexa- 
chloroplatinum(1V) ion, [PtClalb, and congeneric halogen systems 
have played a prominent role in the development of inorganic 
photochemistry and radiation chemistry in both modern-day and 
historical senses.293 For example the photosensitivity of [PtCl6]” 
has been known for over 150 years; however, it is now well-rec- 
ognized that this behavior involves different processes: photoredox, 
photoaquation, and photoligand e ~ c h a n g e . ~ . ~ - ~  The last two 
phenomena exhibit quantum yields well in excess of 1, indicating 
chain mechanisms where the results generally point to the carriers 
being labile, transitory platinum(II1) species. Interest in such 
species is no longer confined to these situations but now includes 
a growing list such as the synthesis of organoplatinum(I1) and 
-(IV) compounds and the deposition of metallic platinum.9-’’ 

The developments of the fast reaction techniques of pulse ra- 
diolysis and flash-laser photolysis have afforded the means to 
generate and characterize in a more direct fashion platinum(II1) 
transients.l2-I7 This has led to the recognition that different 
reaction modes can give rise to the same or similar intermediates 
in aqueous media; for instance, the reaction of the hydroxyl radical 
with [PtC1,I2- yields on the microsecond time scale a transient 
with an absorption peak near 450 nm that subsequently decays 
to give a longer lived species with a maximum at about 410 nm. 
This species (or closely related ones) appears in the reaction of 
[PtC16]2- with the hydrated electron and has been observed on 
the millisecond scale in the conventional flash photolysis of this 
platinum(1V) complex ion.12*14 While in these earlier studies no 
direct evidence for a precursor(s) was found, more recent results 
now show that the platinum(II1) transient absorbing at 410 nm 
is not the nascent 

The optical bands associated with such species are relatively 
intense (e > 2000 M-I cm-’) and thus indicative of charge-transfer 
transitions (CT); however, the bands are also broad (fwhm ca. 
50-80 nm) and devoid of fine structure. This latter feature plus 
the Occurrence of a number of intermediates has made it difficult 
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to characterize the precise natures of the platinum(II1) species. 
Accompanying this uncertainty have been different putative 
compositions and structures: [PtC16I3- (distorted octahedron), 
[PtC1,12- (square pyramid, trigonal bipyramid) and [PtC14]- 
(square pIane).I2-l6 

In an effort to expand the viewpoints about these and related 
species, we have applied the “quasi” relativistic version of the 
multiple-scattering Xa molecular orbital model to calculate the 
positions of allowed CT transitions for comparison to the ex- 
perimentally determined maxima. This method has proven to be 
successful in providing good descriptions of ligand-to-metal 
charge-transfer (LMCT) and photoelectron spectra for stable 
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chloro complex ions of platinum and iridium.1e23 To the extent 
that a successful comparison can be made between calculated and 
experimentally observed peaks for transient species of interest here, 
this provides insight into the composition and structure of the entity 
being observed: a t  a minimum, this exercise serves to limit the 
possibilities that need to be considered. With use of a IO-electron 
oxygen model for a hydroxide or aquo ligand, earlier calculations 
have led to the suggestion that the 450-nm species could be a 
distorted-octahedral system of the type [Pt"'C1402] and that 
[PtC16]'- with moderate elongation of the Pt-Cl,, bonds and 
square-planar [PtC14]- were viable possibilities for entities ex- 
hibiting peaks near 290 and 410 nm, r e s p e c t i ~ e l y . ~ ~ ~ ~ ~  Similar 
calculations have aided in the identification of the nascent, 
short-lived product (T  = 210 ps) found in the pulsed-laser pho- 
tolysis of [PtC16I2- as being square-pyramidal [PtC1,12-.17 

In this paper and the accompanying experimental one,I8 we have 
endeavored to use the synergistic interplay between experiment 
and theory to expand and clarify the understanding of the natures 
of the observed platinum(II1) complex ions. In part, this has been 
motivated by the general objective of determining the limits to 
which the Xa method can serve as a tool for structure elucidation 
of short-lived metal complexes but also by the need to reexamine 
some of our earlier proposals in light of new experimental findings. 
Specifically we focus here on the extent to which a 10-electron 
oxygen atom is a valid model for OH- and H 2 0  ligands through 
the detailed consideration of five- and six-coordinate cases such 
as [PtCl4(0H)l2- (C, symmetry), cis- and tr~ns-[PtCl,(OH)2]~- 
(C,, C,) and trans-[PtCl4(0H)H20l2- (C,). In a related context, 
further consideration is given to the nature of the 410-nm transient. 
Earlier calculated results for square-planar [PtCl,]- indicated the 
presence of two C T  transitions, one at 410 nm and the other a t  
620 nm; however, we have been unable to detect the latter band 
in the 500-700-nm region. This finding in concert with con- 
ductivity results has led us to consider tetracoordinated complexes 
incorporating hydroxide (or aquo) ligands as models for the longer 
lived, 41 0-nm transient. 

In these investigations, we have also attempted to account for 
deviations from regular geometries. Spectroscopic studies indicate 
excited-state distortions for d6 and d8 complexes; for example, the 
photoactive 3T1g and IT1, states of [Co(NH,),l3+ and the emitting 
ligand field state of [PtC14]2-.26s27 In both instances, the Jahn- 
Teller excited states have one electron in an antibonding d, MO 
and are found to exhibit substantially increased bond lengths. 
Similarly, d7 penta- and hexacoordinated Pt(II1) models also have 
one electron in an antibonding d, orbital; thus, they are expected 
to have expanded bond lengths with respect to their d6 counter- 
parts. In contrast, the d7 planar Pt(II1) species have one less 
electron, in an antibonding d, MO, compared to square-planar 
d8 systems. Here some bond contraction relative to the length 
in d8 Pt(I1) complexes seems more probable. Our principal aim 
in considering deviations from regular geometries has not been 
to determine precise geometrical features but rather to use sym- 
metry considerations and analysis of the effects of geometrical 
changes on the calculated CT transitions (essentially the energy 
shift of the u antibonding HOMO) in order to select plausible 
structures for the transients. While these theoretical calculations 
do not take into account effects such as interactions of the complex 
ions with the surrounding solvent, they can nevertheless be very 
useful to the extent that the conclusions drawn from the CT 
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calculations do support the experimental arguments. In this 
regard, the results derived here from theory and those obtained 
from experiment do yield a consistent picture as to the natures 
of the short- and long-lived platinum(II1) intermediates.18 
Computational Method 

The "quasi" relativistic MS-Xa method has been e m p l ~ y e d . ~ ~ ~ ~ ~  The 
effects of the mass-velocity and Darwin corrections are included self- 
consistently, and those of the spin-orbit operator are neglected. The 
standard Pt-0 and Pt-CI bond lengths, determined experimentally for 
Pt(IV) complexes as 2.04 and 2.32 A, respectively, are the same as those 
used p r e v i o u ~ l y . ~ ~ ~ ~ ~  Regular deviations from these values have been also 
included: 0.10, 0.15, 0.20, and 0.25 A. Calculations with bond angle 
distortions of up to 10' (from 90 or 120') have been performed. A 
possible deviation from planarity for the tetracoordinated [PtC12(OH)2]- 
has been investigated. The penta- and hexacoordinated structures have 
been studied in C4, symmetry where the C4 axis is collinear with the z 
axis, and the rOx and zOy planes are u mirror planes. The radii of the 
Pt, C1, and 0 spheres are those used in our earlier The values 
of the exchange parameters (ap, = 0.693 06, acl = 0.723 25, a0 = 
0.744 47) are those optimized by Schwarz,3° and the exchange parameter 
for H (aH = 0.777 25) is that proposed by Slater.)' A weighted average 
of these atomic values has been chosen for the interatomic and extra- 
nuclear regions, and partial waves up to I = 4 are included in the MS 
expansion in the metal sphere, up to I = 1 in the C1 and 0 spheres, and 
up to I = 0 for the H sphere. The transition-state procedure has been 
employed in the evaluation of the excitation energies without the inclusion 
of spin polari~ation.~~ Spin-orbit coupling effects have been neglected 
because they vanish to first order for the ground state (GS) and CT states 
of the d7 complexes of interest here. For these d7 complexes that likely 
have doublet ground states, the observed CT bands exhibiting consider- 
able intensities have been taken to be associated with spin-allowed 
transitions populating doublet CT excited states. In this context, only 
transitions from ligand MOs to the singly occupied HOMOS have been 
considered. A version of the extended Huckel (EH) method has also been 
used that includes two-body repulsion  correction^,^^ and the valence-or- 
bital ionization potentials employed are those given by Pensak and 
M~Kinney.)~ 
Results and Discussion 

I. General Remarks about the CT Transitions for Nonplanar 
Pt(II1) Models (2-6). In octahedral d6 complex ions, such as 
[PtCl6I2-, the allowed CT transitions are tlu, tzu - eV As proposed 
by J m g e n ~ e n , ' ~ , ~ ~  the very high intensity transitions are the t lu  - eg ones. This arises in part because the symmetry orbital 
(tl,(u)) that is comprised of pz orbitals from the axial ligands mixes 
with the symmetry orbital (tlu(7r)) that is based upon the pz orbitals 
of the equatorial ligands, the latter being p, orbitals whereas the 
axial ones are pb orbitals with the Oz axis being collinear with the 
C4 axis. Maximum overlap occurs between the Pt dg orbital (one 
component of the eg MO) and the pz orbitals of the axial ligands 
(p, - d,, CT) whereas such overlap is negligible with the 
equatorial ligand pz orbitals (p, - d,, CT). This proposal is in 
complete agreement with the results obtained from MS-Xa 
calculations for [Ptc16]2-.20 Here the observed CT bands at 38 200 
cm-I (t = 24500 M-' cm-l) and 49 500 cm-' (t > 30000 M-I cm-') 
have been assigned to 3tlu - 3e, (calculated at 37 900 cm-') and 
to 2tl, -+ eg (calculated at 48 500 cm-I), respectively. The analysis 
of the 3tl, and 2tl, MOs shows that 3tl, results from a mixing 
of 40% tl,(u) and 60% t lu( r )  while 2tlu, which is related to the 
more intense band, is comprised of 62% tlu(u) and 38% t lu(r) .  
When the axial and equatorial ligands are different, as is the case 
in the present study, then tl, is split under the low symmetry with 
the axial and equatorial ligand orbitals being separated into 
different MOs. In this situation, it seems reasonable to assume 
in view of the above that the C T  transitions from the axial pz 
orbitals to that of Pt dzz will be intense; by contrast, the ones 
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Figure 1. Hexa- and pentacoordinated structures. 

involving the equatorial p, orbitals should be weak. 
In order to obtain more precise insight into these overlap ar- 

guments, the overlap integrals between the various ligand orbitals 
and those on the metal center that contribute to the HOMOs have 
been calculated by the EH method for the models 2-6 of Figure 
1. All the nonzero values have been considered in the discussion 
below, and only zero overlap integrals as implied by symmetry 
or angular criteria have been used to eliminate a transition from 
further consideration. The conclusions drawn from the analysis 
of the EH overlap matrix elements for forms 2-6 indicate first 
of all that these models fall into two groups: the first is comprised 
of compounds 2 and 3 derived from C,, symmetry with four 
chlorines in the xOy plane, and the second group includes models 
4-6, where the ligands lie in a plane (xOz) and the two others reside 
on they axis. For forms 2 and 3, only C1 px, pu and 0 p, orbitals 
have a nonvanishing overlap with Pt 5d,z (HOMO).37 

In the second group, the HOMOs for compounds 4a (see below) 
and 6 have mixed Pt 5d9 ,5d .+2  character; the HOMO of 4b (see 
below) is Pt 5dxz, and that for 5 has degenerate Pt 5d,2 and 5dx, 
MOs. For these forms, the bond angles for HO-Pt-C1 and C1- 
Pt-CI are 120°, and one needs to take into account the overlaps 
of the Pt 5dz2 or 5d2, 5dXz+ HOMO with the following ligand 
orbitals (see Figure 1) :  both px and p, for the equatorial ligands 
that are not located on the Oz axis (4a, Cl,; 5, CI,; 6, 0); the pz 
orbital of the ligand on the z axis (4a, 0; 5 and 6, C13); the py 

(37) In this analysis, the 0 2s and CI 3s orbitals have not been retained 
because they do not contribute significantly to the ligand MOs involved 
in the energy range of the observed CT bands. 
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orbitals of the ligands on t h e y  axis (4a and 6, CI,, C1,; 5, 0). 
For Pt Sd,,, overlap only occurs with orbitals involving the 
equatorial ligands: px of the ligand on the Oz axis (4b, 0; 5 and 
6, Cl,) and, for the other ligands, px and py (4b, CI,; 5, Cl,; 6, 
0). Consideration of the foregoing features has assisted in the 
assignment of the CT transitions that are predicted to be intense, 
as discussed in the next section. 

11. Models for Short-Lived Transient(s). New experimental 
results on the reaction of the hydroxyl radical and square-planar 
[PtC1412- have now established several key facts.I8 The process 
involves O H  addition, and the resulting platinum(II1) intermediate 
exhibits two CT bands with peaks at 455 nm and near 260 nm: 
only the band at  the longer wavelength had been identified in 
previous ~ t u d i e s . ’ ~ J ~  Furthermore, there are strong indications 
that the nascent product also has bound to it a water molecule. 
These features have oriented our study to the consideration of 
penta- and hexacoordinated structures [PtC140]*, [PtC14(OH)]Z-, 
and [PtC14(OH)(H20)]2- and in so doing to reexamine an earlier 
use of a 10-electron oxygen atom as a model for a hydroxo or aquo 
ligand.25 

To test this approximation, the electronic structure and CT 
spectrum of [PtC1,0I3- (Figure 1 ,  form 1) have been compared 
to those of [PtC14(OH)]2-, possessing a nonlinear Pt-0-H unit 
(2 of Figure 1, C, symmetry). Here the influence of the OH 
orientation with respect to the chlorines has been checked by 
performing two separate calculations for different hydrogen 
positions, either in a Cl,Pt,O plane or in the bisector plane of a 
CI-Pt-C1 angle; however, the differences in the calculated C T  
transitions are negligible, as they amount to less than 800 cm-’. 

The upper valence MOs for [PtC1,0I3- (C,,) and for [PtCl,- 
(OH)]’- (C,) are shown in Figure 2: these diagrams correspond 
to calculations performed with increased Pt-C1 and Pt-0 bond 
lengths, 2.48 and 2.30 A, respectively. The HOMOs for both 
structures involve strong antibonding interactions between Pt and 
0 because both MOs have 50% character for Pt d22 and for 0 
p,. In the C, model, the antibonding dn-0 pn MOs are stabilized 
with respect to the HOMO, but for both structures 1 and 2, one 
finds a ligand M O  localized on the 0 sphere that is located among 
the CI pn levels (Figure 2). 

The presence of this MO is a critical feature in the calculated 
CT spectrum because, as shown by the EH findings, the only 
nonzero overlaps occur between the Pt 5d9 CT orbital and those 
of 0 p, and C1 px, py. Moreover, the 0 2p, - Pt 5dzz CT is 
certainly associated with an intense absorption band. According 
to the criteria proposed by Day and Sanders,38 the intense C T  
transitions are those for which the electron movement and the 
electric dipole are parallel. This indicates that only the transitions 
leading to ’A, or ’A’ in C4, or C, symmetry, respectively, need 
to be considered: the electron flow during the C T  transition is 
directed along the Oz axis. In C, symmetry, combinations of C1 
px orbitals are the sole bases for the a” irreducible representation, 
and so only the 0 2p, - Pt 5d,2 transitions (a’ - a’ and po - 
d, C T  type) need be considered for cases 2 and 3. The values 
calculated for these transitions are presented in Table I for 
[PtCl40I3- (1) and [PtCl,(OH)]’- (2). One can thus conclude 
that [PtCI40l3- is a good model for [PtC14(OH)]2- in terms of 
accounting for absorption in the 400-450-nm region. 

However, a higher energy transition around 260 nm is also 
observed for the product of the reaction of O H  and [PtC14J2-. Here 
the [PtCI4OI3- models proves to be inadequate in accounting for 
this band because it cannot provide another 0 pu level of greater 
stability (Figure 2). This can be achieved with the hydroxide 
system, as there is another 0 pn level (5a’), but owing to its bonding 
character, this level is very stable and the net difference between 
the two 0 p, levels (Sa’ and 1 la’ of Figure 2) is very substantial 
(32 500 cm-’), so much so that if the lower energy transition is 
equated to the observed 455-nm band, then the intense higher 
energy transition will occur below 200 nm: this is not in agreement 
with experiment, which indicates a band in the region of 260 nm. 
The situation changes dramatically, however, if a water molecule 

(38) Day, P.; Sanders, N. J .  J .  Chem. SOC. A 1967, 1536-1541 
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Figure 2. Energy level diagrams (upper valence part) for [PtC140]’- and [PtC14(OH)]2- models. Pt-CI = 2.48 A; Pt-0 = 2.30 A. 

Table I. Calculated CT Transitions for the [PtCI4OI3- (1), 
[PtCl,(OH)]2- (2), [PtC14(OH)(H20)]2- (3), and [PtCI4(0H)l2- (4) 
Models E ( R y )  

- 0.2 sym- CT 
compd metry CT type value, nm 

1 C4, 0 pI -+ Pt dz2 430 

2 C, 0 pI - Pt d,z 450 
0 pz, H - Pt dzz 190 

3 C, 0 pz - Pt dzz 450 
250 (Ow)‘ 

150 (Ow) 

0 pz, H - Pt dzz ... 

0 pz, H - Pt dzz 200 - 0.4 

- 0.6 

“Ow means that the originating ligand level is localized on the oxy- 
gen of the water molecule. 

is added to the sixth position of [PtC14(OH)]2- because now there 
are additional 0 2p, levels. For [PtC14(OH)(H20)]2- (3), the 
calculations have been carried out for the C, case with Pt-Cl = 
2.48 A and Pt-0 = Pt-O(water) = 2.35 A, and the energy level 
diagram is presented in Figure 3. As expected, two 0 p, levels 
are available (loa’ and 16a’), from which an electron can be 
transferred to the partially filled HOMO (1 8a’), and these two 
levels are separated by about 19 000 cm-’ in reasonable accord 
with the experimental findings. At greater energy stability, two 
bonding OH levels are encountered (6a’ and 8a’): for both sets 
of 0 D, levels, those related to O H  are a t  higher energies than 

- 0.8 

Pt +ow 
] Pt c t  

o p ,  + C I  

C( P x  P y  I cf p z  

3 CPP, + O W P X P Y  

3 E%; P y  

16a’) 

O w p ,  *H ( 6 a ’ )  

those’pertaining to H 2 0 ,  and these features are retiined for 
reasonable values of elongation for Pt-OH and Pt-OH2 bond 
lengths. If the water molecule is replaced by a hydroxo ligand 
to give a tram-dihydroxo compound, the energy difference between 
the two available 0 p, levels of a’ symmetry is reduced to about 
12 000 cm-’ from 19 000 cm-l for the monoaquo system as the 
nature of the MOs is now changed. The calculated CT transitions 
for [PtCl4(0H)(H2O)l2- (3) are given in Table I. 

Figure 3. Energy level diagram (upper valence part) for the [PtC14- 
(0H)(Hz0)12- model. Pt-CI = 2.48 A; Pt-OH E Pt-OHz = 2.35 A. 

To complete this part, the [PtC14(OH)]2- model has also been 
studied in a pyramidal form with increased values of the C1- 
Pt-OH bond angles. The results remain essentially unchanged 
for bond angles kept lower than 98O. A form of Berry rotation 
has been considered so as to allow the transformation of the 
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Figure 4. Energy level diagram (upper valence part) for the trigonal-bipyramidal form of the [PtC14(OH)]2- model: (a) Pt-0 = 2.20 A; (b) Pt-0 
= 2.25 A, Pt-CI = 2.32 A. 

square-pyramidal structure into a trigonal-bipyramidal one with 
the O H  group as one of the three equatorial ligands, and the 
nonlinear Pt-0-H unit has been rotated so as to retain C, sym- 
metry. The energy level diagram is presented in Figure 4, and 
the two cases 4a and 4b are considered because the ground-state 
electronic structure is strongly dependent upon the Pt-OH bond 
length and the Cl-Pt-OH bond angles. Structure 4a with a 
ground state of 2A" occurs when the Pt-OH bond is kept shorter 
than 2.25 A or the bond angle is smaller than 120O. Case 4b arises 
if the bond is greater or equal to 2.25 8, or the Cl-Pt-OH angle 
is greater than or equal to 120': the ground state is now zA'. 

The calculated positions of the CT transitions are given in Table 
I: case 4a corresponds to the Pt-OH bond length of 2.20 A, and 
for case 4b, the Pt-OH and Pt-Cl bond lengths are 2.25 and 2.32 
A, respectively, with the Cl-Pt-OH angle being 120'. The change 
in the nature of the HOMO directly reflects the variation of the 
ligand field strength with geometry; such an effect is also apparent 
in the results of the E H  calculations. Indeed, the HOMO of 4a 
has mixed Pt d,z and dxiyz character, while that of 4b is Pt  d,. 
For structure 4a, the intense C T  transitions will occur along the 
x ,  y ,  and z axes (a' - a'), but for 4b, they take place in the xOz 
plane (a" - a"). Three CT transitions of pu - d, type (420, 300, 
and 190 nm) and two of mixed po + pr - d, type (280 and 210 
nm) are expected for 4a, whereas for structure 4b, three CT 
transitions (p, - d,) are anticipated (Table I). While bands are 
predicted in the 400-500-nm region, those around 300 nm are 
not found experimentally and thus these structures seem very 
improbable. These trigonal-bipyramidal structures and the 
aforementioned square-pyramidal one correspond to the types of 
structures proposed by Adams and co-workers to account for the 
longer lived transient with a peak near 410 nm and for the shorter 
lived one having a maximum near 450 nm that occur in the 
reaction of O H  with [PtC14]2-.12 In view of our findings given 
above, these structures appear inadequate to explain the observed 
spectral features for the short-lived species. As proposed previously 
by us,25 the hexacoordinated [PtCl4(0H)(H2O)]*- thus remains 
the only really viable candidate to account for the shorter lived 
transient having two intense absorption bands at  450 nm and near 
260 nm.I8 In the next section, we consider candidates for the 
longer lived transient with a prominent peak at  ca. 410 nm. 

111. Models for the Longer Lived Transients. In mildly acidic 
solutions, the decay of the short-lived intermediate, proposed as 
[PtCl4(OH)(H2O)I2-, is concomitant with the formation of a 

longer lived transient having a peak near 410 nm.I* The accom- 
panying conductivity increase (amounting to release of 1 equiv 
of proton) and the determination of the overall charge of the 
410-nm transient as -1 point to the species being [PtCl2(0H),]-; 
however, a t  higher acidities or in basic media, the findings also 
suggest the Occurrence of different but related complexes. To aid 
in the identification of the longer lived transients, investigations 
have been undertaken on the series of penta- and tetracoordinated 
models [PtCl3(OH),I2-, [PtCl,(OHj]-, [PtC12(OH),]-, [PtC12- 
(OH)(H,O)l. and IPt(OHLl-. . I .  I _ .  

cis- and tr~ns-[P'tCl;(OHj;]~- (5,6).  The trans structure has 
its HOMO localized in the xOz plane regardless of possible 
geometric distortions, and thus the Pt-OH bond length is not a 
significant parameter, whereas that for Pt-Cl is important. 
According to its value (whether being the same for all three 
chlorines or chosen differently), the ground state may be 2Al or 
2Bi with the HOMO having preponderant Pt d z  or d, character, 
respectively. But in all cases, both orbitals of al and bl symmetries 
remain nearly degenerate; this comes from the fact that this 
structure is a quasi-D3* case, analogous to one with an a', HOMO. 
For the ligand orbitals to attain good overlap with Pt 5dx, or 5d9, 
their MOs must have major contributions from the Cl,(p,, p,) 
and C&(px, p,) orbitals (Figure 1). The transitions to be considered 
then will be ai - ai (2Ai GS) or a, - bl (2Bl GS). The calculated 
CT positions for three different geometries are presented in Table 
11. All involve two relatively close bands that might be exper- 
imentally observed as a single broad band; however, when this 
is also viewed in conjunction with the experimentally determined 
overall electrostatic charge on the transient of -1 as mentioned 
above, the possibility of this structure accounting for the 410-nm 
species seems remote. For the analogous cis complex, a C, model 
has been investigated. The HOMO here is of a ,  symmetry, and 
it has mixed Pt dxz+ and d,z character. According to Day and 
Sanders' intensity   rite ria,^' the appropriate excited state can 
involve 2Al, 2BI, and 2B2 states (CT along the x, y ,  and z axes). 
A number of transitions with close energies are thus to be taken 
into account, and these are collected in Table 11. While the results 
pertain to one set of bond lengths (Pt-Cl = 2.32 A; Pt-OH = 
2.25 A), further elongation of the bonds will only introduce a red 
shift to the energies but it will not alter their number, and this 
point suffices to eliminate the cis form from further consideration. 

and [Pt(OH),r. To investigate tetracoordinated strucutres, 
[ w , ( O H ) r ,  cis- and --[PtCI2(0H)2r, [PtCI,(OH)(H2O)b 
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Table 11. Calculated CT Transitions of trans- and 
cis-IPtCIdOHLl*- Models' 

calcd CT 
transition, bond lengths used, 8, 

nm Pt-Cl," Pt-Clad Pt-OH 

2.32 2.32 2.25 trans (5) 290 
250 

370 
425 

420 
450 

cis (6)  290 
280 
270 
260 
235 
170 

2.53 2.53 2.25 

2.62 2.53 2.25 

2.32 2.32 2.25 

"See Figure 1 for numbering. 

C t  C! 

C !  
7 l C S l  

C4 
8 (CSI 
v H 

/ or;." Ct  c'g C I  ct$ \ OH 

HO 
H 

u 9 c  nonplanar ( C z Y  1 $a t rans ( C z h )  

H 

"b 1' 
I 
H 

H -  0 

'0 ( C b h i  

Figure 5. Tetracoordinated structures. Unless otherwise specified, the 
plane of the drawing is the xOy plane. 

standard and shortened Pt-OH and Pt-C1 distances have been 
adopted. For all of the species, square-planar forms have been 
considered, and a distorted-tetrahedral one has also been studied 
in the case of [PtC12(OH)2]-. Since variations of the in-plane bond 
angles for this latter complex have led to negligible shifts in the 
calculated CT transitions in a square-planar context, we have also 
used 90' for the other square-planar species. For all such species, 
the HOMO is a d, orbital: the intense transitions will then be 
related to p, - d, changes. According to the particular symmetry 
adopted, there will be one or two transitions, and this supports 
the assumption that the long-lived transient with one intense band 
at  410 nm is likely to be of a square-planar variety. 

For [PtCl,(OH)]- (7) and [PtCl,(OH)(H20)] (8), the calcu- 
lations have been carried out within C, symmetry with the mirror 
plane (xOy) being the molecular plane (Figure 5). The HOMOS 
of both correspond to a antibonding interactions between the Pt 
5d, and C1 3p,, orbitals; thus, the energies are primarily de- 
pendent on the Pt-Cl bond lengths. For standard values of these 
bond lengths, the two intense a' - a' transitions (0 p, and C1 
pI to Pt 5d,) are calculated to be at  low energies: for [PtCl,- 
(OH)]-, 660 and 610 nm. To shift the values of these transitions 
to the 410-nm region, shorter Pt-Cl distances must be used. With 
the Pt-Cl bonds at  2.1 1 A, the two intense transitions for the 
trichloro comple are now predicted to be at 414 and 395 nm. Two 
similar transitions are obtained at  425 and 410 nm for [PtC12- 
(OH)(H20)]  when the Pt-Cl bond lengths are taken as 2.20 A. 
These values of Pt-C1 bond distances represent substantial con- 

Table 111. Calculated Intense CT Transitions of Planar 
Tetracoordinated Pt(II1) Models (with Appropriate Pt-CI and Pt-0 
Bond Lengths) 

calcd CT bond lengths 
used, 8, transitions, 

model nm Pt-CI Pt-0 
[PtCl,]-' 620 2.32 

[PtCI,OH]- (7) 414 2.10 2.04 

[PtCI2(OH)(H2O)I (8) 425 2.20 2.04 

trans-[PtCI,(OH),]- (9a) 408 2.32 2.00 

cis-[PtCI,(OH),]- (9b) 415 2.32 1.96 

[Pt(OH)41- (10) 415 2.32 2.04 

410 

395 

410 

' Reference 25. 

tractions with respect to the standard lengths. For both 7 and 
8, the low symmetry allows the presence of two intense transitions. 
However, in each instance, they are sufficiently close in energy 
so as to occasion the possibility that the two transitions could 
appear as a single broad band: for the 410-nm band, the full width 
at half-maximum is 60 f 5 nm.18 While these models cannot be 
excluded, the experimental data generally point toward [PtC12- 
(OH)2]- as being a better candidate for the 410-nm band. 

With this system, nonplanar as well as planar forms have been 
considered. For the latter form, the potentiality for geometrical 
isomers occurs. The trans form (9a) has higher symmetry (C2h) 
than that for the cis case (Cb, 9b), but associated with this in both 
models is a unique, intense CT transition, 6b, - 4b, (trans) and 
6b2 - 3a2 (cis). For the former, the calculated C T  value is 408 
nm when the Pt-OH bonds are contracted by 0.04 A with respect 
to the standard value. A value of 41 5 nm is obtained for the cis 
structure with the Pt-OH bonds shortened by 0.08 A. Clearly 
both cases are compatible with the experimental situation, and 
indeed it does not appear feasible on the basis of detection by 
visible absorption to distinguish between the presence of either 
one form alone or a mixture of the two. 

The nonplanar structure (Figure 5, form 9c) is found to exhibit 
three allowed transitions, two of the b2 - b2 category and one 
of the a2 - b2 type. On the basis of overlap considerations, the 
4b2 - 5bz and the 2a2 -+ 5b2 movements should be associated 
with the more intense bands and the 3b2 - 5b2 one would be less 
intense. The former are calculated to be at  420 and 418 nm, 
respectively, for standard bond lengths but with C1-Pt-C1 and 
C1-Pt-OH angles increased from 90 to 120°; that is, the two 
transitions are nearly degenerate for a tetrahedral-like structure, 
so they are expected to appear as one band with a maximum near 
the observed 410-nm peak. The less intense transition is predicted 
to occur at 340 nm; however, this is not discernible in the recorded 
spectra so that the nonplanar case seems considerably less fa- 
vorable in accounting for the experimental observations than does 
the planar situation. 

To complete the investigations of tetracoordinated square-planar 
species, the fully aquated form [Pt(OH)J has been studied within 
the context of a rigid C,, structure. According to the Jahn-Teller 
theorem, the 'EB ground state is unstable; however, one can im- 
agine that O H  rotations or small bond angle deformations can 
lower the symmetry to C2, or C, without major changes occurring 
in the energy difference. between the new HOMO (Pt 5d, or 5dy,) 
and the 0 pn MOs related to the 3e, orbital. For the C4h condition 
(Figure 5, form lo), the 3e, - 2e, C T  transition is calculated 
to be at 415 nm for standard Pt-OH bond lengths. Since we have 
found that O H  rotations or bond angle changes up to loo do not 
alter the locations of the CT transitions by more than 1000 cm-I, 
[Pt(OH)J is predicted to have a transition near 410 nm even 
after some Jahn-Teller distortion. 

Table I11 collects the calculated CT transitions for the planar 
tetracoordinated structures investigated here and in the earlier 
study of [PtC14]-.24 Examination of these results indicates that 
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while the tetrachloro complex is no longer a probable candidate 
for the 410-nm transient, the aquated forms to varying degrees 
are realistic possibilities, including possibly cases such as [Pt- 
CI(OH)3]- that have not been considered here. In general, then, 
the possibility exists, on the basis of these model studies, that the 
410-nm band may not always be indicative of a single species or 
even the same one under different conditions, and in the following 
paper, we present the experimental results and compare them to 

those obtained here by the use of the Xa method. 
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The formations and characterizations of short-lived, monomeric platinum(II1) complex ions containing aquo and chloro ligands 
have been studied by using pulse radiolysis and laser photolysis techniques coupled with UV-visible absorption and conductivity 
detection methods. Five different chemical routes have been used to generate in aqueous media the same or similar platinum(II1) 
species: reaction of tetrachloroplatinum(II), [PtCI,]”, with the hydroxyl radical, interactions of hexachloroplatinum(IV), [F’tClJ2-, 
with the hydrated electron, hydrogen atom, and tert-butyl alcohol radical, and the 265-nm photolysis of [PtC16I2- with the latter 
giving rise to both oxidation-reduction and ligand-substitution processes. The platinum(II1) intermediates can be classified into 
two categories. The nascent or shorter lived species exhibit intense charge-transfer bands with peak maxima near 450 nm or at 
wavelengths below 300 nm, and they are proposed to be of a distorted-octahedral type with compositions of the form [Pt”*- 
(Cl),+,,,(X),,,] ( m  = 0-2; X = OH, H20). The longer lived Pt(II1) complexes are characterized by a single charge-transfer band 
having a peak between 410 and 420 nm and by compositions of the type [Pt”’(CI),(X),] (n = 1-3; X = OH, H20) having limiting 
square-planar structures. The mechanisms for the formations of the platinum(II1) complex ions and for their interrelationships 
are discussed, and evidence is presented to indicate that these species act as catalytic agents in the thermal aquation of [Ptc&]2-. 

Introduction 
A number of experimental investigations using fast reaction 

techniques coupled with UV-visible absorption detection have 
established that the radiolytic and photolytic reactions in aqueous 
media of octahedral hexachloroplatinum(1V) ion, [PtC16]2-, and 
of the square-planar tetrachloroplatinum(I1) complex, [PtCl,]”, 
can give rise to transitory species characterized as monomeric 
platinum entities in which the metal center is in the unusual formal 
oxidation state of +3.2-8 The reaction of the hydroxyl radical 
and [PtC1412- yields as the nascently observed product a species 
with an absorption maximum near 450 nm that subsequently 
decays via a first-order rate law to generate a longer lived transient 
having a peak near 410 nm.2-3 While earlier workers recognized 
the possibility that the initial process could involve an electron- 
transfer mechanism, they proposed that the process is one in- 
corporating O H  addition to the metal center to give the five-co- 
ordinate, square-pyramidal product [PtCl,(OH)]”. Its subsequent 
intramolecular rearrangement to a trigonal-bipyramidal form is 
then associated with the absorption peak at 410 nm. The nascent 
absorption at  450 nm was, however, not observed at  low or high 
pHs: in alkaline media, the indications were that both the initial 
and longer lived intermediates now exhibited peaks near 390 nm. 
N o  detailed explanations were offered to account for these 
acid-base effects even though they appear to be at  variance with 
the proposed intramolecular mechanism. 

The same or similar species absorbing a t  410 nm (but none 
exhibiting a peak at  450 nm) have been observed in the reaction 
of the hydrated electron, e, -, and [PtC&]’- and in the conventional 
flash photolysis of [ptC16]q-.2’4 More recent results, obtained by 
picosecond laser photolysis and interpreted with aid of theoretical 
calculations performed by using multiple-scattering M O  Xa 
theory, clearly point to the initial photoredox product as being 
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the short-lived, square-pyramidal [PtCl5I2-.’ While here it was 
not feasible experimentally to determine the nature of the sub- 
sequent product(s) arising from the rapid decay of [PtCl5I2- (T 
= 210 ps), the probable implication would be that such could be 
the longer lived species (micro- to millisecond scales) absorbing 
at 450 and 410 nm. 

A key observation in regard to the 410-nm transient and one 
that is consistent with its designation as a platinum(II1) complex 
ion is its reaction with Fe2+(aq)., From the influence of ionic 
strength on this process, Wright and Laurence concluded that its 
overall electrostatic charge was -1. As this feature is not consistent 
with the charge of -2 for the species proposed by Adams and 
co-workers,2 the former authors suggested that the 410-nm in- 
termediate was [PtC14]-, having a square-planar form with possibly 
two labile apical positions.“ However, the validity of the overall 
charge measurement has been questioned.6 

While these earlier studies have brought to light a number of 
intriguing features about platinum(II1) chloro complexes, no 
consistent picture has yet emerged as to their compositions/ 
structures or to their mechanistic interrelationships. Furthermore, 
the results of theoretical calculations do not in general support 
the 410- and 450-nm transients as being five-coordinate.”’ In 
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