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INTRODUCTION

The green crystalline compound, tetrammineplatinum(II) tetra-
chloroplatinate(II) was first described by Magnus in 1828 (1), hence
it is commonly known as Magnus' Green Salt (MGS). Among the most
surprising characteristics of MGS is its color: the two complex ions
from which MGS forms, PtC142' and Pt(NH3)42+, are red and coloriess,
respective]}. That MGS is green, rather than red, indicates the
existence of an interionic interaction within the compound in addition
to the usual electrostatic attraction of oppositely charged ions.

Over the years, a considerable body of research has been offered
in attempts to explain the unusual interionic interaction present
in MGS. The first clue to the nature of the interaction came in
1932, when Cox et al. (2) showed that MGS crystallizes in long chains
of alternating cations and anions, with a Pt-Pt distance of only
3.21 A. Although the wrong space group was used in that research,
the discovery of the unusually short Pt-Pt distance served to focus
the attention of later work on possible interactions between the metal
centers.

In 1951, Yamada (3) obtained crude crystal spectra of MGS and
found that the dichroism of the salt was "abnormal", i.e., absorption
along the z axis was more intense than along the x,y plane. He noted
that the reverse is usually found in the spectra of planar molecules.
Yamada concluded that a direct interaction between Pt atoms was res-

ponsible for the green color of MGS.



Godycki and Rundle (4) made the first theoretical study
applicable to MGS in 1953, based on the analogous compound, bis-
(dimethylglyoximato)nickel(II). This study suggested that the hy-
bridization of the metal atom was changed from dsp2 to d25p3,
on going from free jons to the crystal. Evidence collected by Yamada
and Tsuchida (5), indicating that the dichroism of bis-
(dimethylglyoximato)nickel(II) was similar to that of MGS, lent
support to Godycki and Rundle's theory.

A crystal structure of MGS was published in 1957 by Atoji,
Richardson, and Rundle (6). This work showed that MGS crystallizes
in a tetragonal cell, with space group P4lmnc, and that the Pt-Pt
distance is 3.24 A. Figure 1 shows the relationship of the ions
within a single chain. The structure of a polymorph of MGS, Magnus'
Pink Salt (MPS), was also studied in this work. MPS is less stable
than MGS; it occasionally forms as a pink powder during the precipitation
of MGS. While single crystals of MPS were too small to permit a complete
structure determination, powder patterns revealed that the Pt-Pt
distance was greater than 5 A. MPS is the color of isolated Ptc142'
ions, and the green color of MGS is related to the close approach of the
platinum atoms in MGS.

Yamada and Tsuchida (7) studied the effect of the Pt-Pt distance
on the color of several Magnus-type salts by measuring the dichroism
of salts in which the ammonia 1igands were replaced by methylamine,

and higher alkylamines. Increasing the size of the ligand was expected



Figure 1. Structure of MGS, after Reference 6.



to result in a larger Pt-Pt distance, accompanied by a change from
"abnormal” to "normal" dichroism. Indeed, Yamada and Tsuchida found
that, in addition to MGS, only Pt(CH3NH2)4PtC14 possessed the green
color and "abnormal"” dichroism; the other salts were pink with "normal"
djchroism.

In the early 1960s, Miller presented unit cell constants for
many Magnus-type salts, including both platinum and palladium salts (8),
and attempted to correlate the intermetallic distances measured with
the color of the compounds. Miller first proposed that the green color
characteristic of MGS could be used as a positive diagnostic test for
metal-metal interaction in any Magnus-type salt. Additional data,
in the form of reflectance spectra for eighteen Magnus-type salts (9)
Ted Miller to amend his original proposal: "The absence of an abnormal
color certainiy does not preclude the existence of an interaction,
although it is Tikely to be weak in such cases."

Miller also noted that the transition energies depend on the
metal used in the cation, as well as the interionic distance. The
transitions of compounds with platinum cations generally occur at
Tower energy than those in compounds having palladium cations with
the same ligands, even though the interionic distances are nearly
identical.

Based on his observation of a broad band in the infrared
( ~6500 cm'l) for several compounds, Miller attempted to explain the

metal-metal interaction in terms of band theory: 5d22 (hybridized



with 6s) orbitals mixed to form delocalized "crystal orbitals" along
the crystal's c-axis. While this theory accounted for the peak in the
IR for two of the compounds, it failed to explain why the peak was
absent in most of the other compounds studied. The theory was later
discounted by the wo}k of Fishman and Interrante (10), who used
perdeutero-MGS to show that the IR peak was due to hydrogen stretching
overtones, and by the work of Mehran and Scott (11), who showed that
the semiconducting properties of MGS are due to "extrinsic" defects,
rather than "intrinsic" band formation.

Most modern treatments of the Magnus-type salts view their
spectra as modifications of the spectra for the PtC142' ion. Research
done on the PtCl42' ion and K2PtC14 is therefore pertinent to any
discussion of the electronic structure of the Magnus-type salts.

Yamada recorded crystal spectra for K,PtCl, (12) in 1951, but
the resolution of his instrument in the visible region of the spectrum
was not good, due to excessive convergence in the microscope optics
that he used, according to Martin (13).

Solution spectra for tCT42' jon and several chloroammine
complexes were obtained by Chatt, Gamlen, and Orgel (14). These
authors used molecular orbital and ligand field theory to develop an
orbital energy diagram for the d-electrons, pictured as Scheme A in
Figure 2. They predicted that the orbital with dx2_y2 character is
the Towest unoccupied molecular orbital: it is the most destabilized

d-orbital because it points directly at the ligands. The authors also
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Figure 2. Two proposed energy-level diagrams for the PtC142'
system



predicted, on the basis of ligand field theory, that the orbitals with
dxy character would be at higher energy than the dXZ vz pair. They
could not, however, provide any substantive argument; for the
placement of the d22 orbital; they could only guess that the d22
orbital was more stable than the dxz,yz pair.

Chatt et al. (14) also proposed that relatively intense triplet
“ singlet transitions would be observed because of platinum's strong
spin-orbit coupling. An intense allowed transition was also observed
at 46,400 cm'1 and given the assignment p « d.

Theoretical treatments of PtC142' ijon are greatly simplified
by the strict D4h symmetry of the ion. Unfortﬁnate]y, the theoretical
studies have not yet reached the level of sophistication required to
provide unambiguous grounds on which to assign the electronic
transitions.

Fenske, Martin, and Ruedenberg (15), using a point-charge, or
point-dipole crystal field approach which included electron-electron

repulsions and spin-orbit coupling, proposed the order dxz_yz > dx

> d22 > d

Y
for the energies of the d orbitals. Ballhausen and

XZ yz
Gray (16) proposed the same order using a molecular orbital model that
emphasized assignment of the m-L « d transitions. Semiempirical

molecular orbital studies by Basch and Gray (17), and Cotton and Harris
(18) produced the d-orbital ordering first suggested by Chatt et al. (14).

Without new experimental evidence, however, a preferred d-orbital

ordering could not be chosen.



The new experimental evidence came essentially from two sources:
1) high-quality polarized absorption spectra for single crystals of

KthC14 were obtained by Martin et al. (19) at both room temperature

and 15K, and 2) Magnetic Circular Dichroism (MCD) spectra for PtC142-

were obtained by Martin, Foss et al. (20) and McCaffrey, Schatz,

and Stephens (21).

The room temperature polarized absorption spectra of X PtC'l4

exhibit relative band intensities and locations that are guite

similar to those exhibited by the PtC142- solution spectrum. From

these observations, it was concluded that crystal effects are small,

and that the transitions observed in the crystal spectra are essentially

those of the free PtC142' ion.

The most important feature of the crystal spectra is the absence
of a band at 26,400 cm'1 in the ¢ (z) polarization. The band

appears in the a (x,y) polarization only. Such a situation is predicted
by the seiection ruies for vibronic transitions in a D

1

Appendix A). Only one spin-allowed vibronic transition, "A, <« “A

2g
is vibronically allowed in the a (x,y) direction, but forbidden in the

¢ (z) direction. Therefore, the transition in Kthm4 observed at

26,400 et can be unambiguously assigned to 1A2g - 1Alg‘ y

orbital has bZg symmetry which, when the symmetry product is taken with

. : 1 1
*

the dx2_y2 blg orbital, yields the A29 state. Therefore, the A29 <

1

A1g transition is an excitation of an electron from the orbital with

dxy character to the orbital with d*2_y2* character, 1A - 1A

2g

The dx

1g



(6,22 « d, ).

The Tow temperature polarized absorption also revealed vibra-

1 1

tional structure in x,y-polarization from 20,000 cm ~ to 27,000 cm

1 1

and in z polarization from 20,000 cm ~ to 26,000 cm .

The
structure in z-polarization is much weaker than that in x,y-

1

polarization over the region 23,000 cm ~ to 27,000 cm'l, although

the x,y polarized structure is weakest in the region around 20,000 cm'l.
Such structure is characteristic of the Franck-Condon effect (13).
At very low temperatures, the PtC142' ion will be in the lowest state
possible for each of the nine vibrations of the electronic ground state.
If the force constants for the nontotally-symmetric vibrations are
similar for the ground and excite& states, transitions will occur from
the ground state to the first excited vibrational states in the excited
electronic state for the vibronically active mode. The average
separation between peaks was 270-290 cm'l, which was consistent with
some decrease in the symmetric stretching frequency that is 335 cm'1
in the ground state.
Now, if the situation cescribed above holds, the temperature

dependence of the oscillator strengtﬁ of a band is given by (13)

| £(T) = £(T=0)coth(hy/2kT) (1)
where Vs is the frequency of the exciting asymmetric vibration.
Martin et al. (19) found the oscillator strength of the bands at

room temperature to be 2-3 times the strengths at liquid belium

temperatures. Equation (1) yielded vibrational frequencies of 140-
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220 cm'1 for the observed ratios of oscillator strengths, f(298)/f(15).

The calculated frequencies tend to support the vibronic model because

the ground state bending frequencies lie in that range.
The Magnetic Circular Dichroism spectrum for PtC142' (20,21)

permitted the unambiguous assignment of the 1E « 1A1 transition.

One of the degenerate eg states is excited by left-circularly polarized

light; the other by right-circularly polarized 1ight. The two states

are split by the Zeeman effect in the magnetic fieid, giving rise to

the so-called "A-term" in the MCD spectrum. The A-term is characterized

by a sign change at the wavelength of the band's maximum absorbance.
Martin, Foss et al. (20) found such an A-term at 30,300 cm'1

in the MCD spectrum of a KZPtCI4 solution. Thus, the absorption peak

appearing in both polarizations of the crystal spectra at about 29,500.

1 1

cn™! has been assigned to Eg « A

lg°

McCaffery, Schatz, and Stephens (21) recorded MCD spectra for
Ptc142- in the region of allowed transitions ( ~ 40,000 cm'l), and
found that the band appearing in the absorpticn spectra as a shoulder
at 43,400 cn provided an MCD A-term, while the peak at 46,400 em™ !
provided a B-term. Trom those findings, McCaffery, Schatz, and Stephens

concluded that the transition at 43,400 em ! was 1Eu - 1Alg (dx2_y2* -

. 1 1 s .
7 -L), with a A2u « Alg (6p2 « dxz,yz) transition possibly present
as well. The transition at 46,000 cm‘1 was assigned only to
1 1
AZu * Alg (dx2_y2* +« Tor 6pZ - dZZ).

The two assignments made from the new experimental evidence
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generally served to restrict the range of reasonable values obtained

from theoretical calculations. However, since neither the polarized

absorption spectra, nor the MCD spectra cou1q be used to distinguish

the 1B1g “ lAlg transition (the transition is vibronically allowed

in both the x,y and z directions, and is nondegenerate), considerable

controversy remained over its placement, and hence over the placement

of the a1g (dZZ) orbital in the energy-level diagram for PtC142'.
Scattered-wave Xo calculations performed by Messmer et al.

(22), 1ike most other theoretical calculations performed by earlier

workers (17,18), supported the assignment of 1B1g + lAlg to the shoulder

at 36,500 cm’1 in the crystal spectra. A ligand-field calculation

by Vanquickenborne and Ceulemans (23) arrived at the same assignment

using a correction parameter to account for mixing of the platinum

5d22 and 6s orbitals. This assignment is often rationalized by

invoking the participation of the platinum dxv, d d _ orbitals

X2’ “yz

in w-bonding with the chloride p orbitals. The three d orbitals
therefore have some w-antibonding character. The dZZ orbital, on
the other hand, is Timited to mixing with the 6s orbitai, hence
the d22 is primarily nonbonding.

Elding and Olsson (24) recorded the solution spectra for the
series PtC]n(HZO)i:: (n= 0,1,2,3,4) and the two related series
PACT_(H,0)5" and PdBr (H,0)57" (n= 0,1,2,3,4). Their spectra showed
that the transition at 37,500 cm'1 in Ptc142', which corresponds to the

shoulders at 36,500 cm'1 in the KZPtC14 crystal spectra, experiences
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a blue shift comparablie to that experienced by the allowed transitions,

on going from n=4 to n=0 in the series. The blue shift over the series

are only about one-third as great for 1Eg “« 1A and 1A “ 1A as

1g 29 1g
for the allowed transitions; on this basis, the authors concluded that
the transition at 37,500 cm"1 was not a d-d transition at all. Rather,

1 1

it was a Blu « Alg symmetry-forbidden transition (a2u « b d )

29° “xy
allowed by a bZg vibration. The assignment is supported by the fairly
high intensity of the band. The change in intensity as the molecular
point symmetry is lowered also supports the assignment: the transition
is symmetry-forbidden in all complexes of the series except cis-
PtClZ(HZO)Z, where it is allowed under the C2v point group. The spectra
show a transition at 44,500 <:m"1 for the cis-complex, but no cor-
responding absorption in trans-PtC]z(HZO)z, where the band is forbiqden.
With the shoulder at 37,500 em ! assigned to 1B1u « 1Alg’
Elding and Olsson placed the 181 - 1Alg transition at about the same

[aYey

energy as lEg < lAlg, 30,200 cm™ ‘. This means, of course, that the

dXZ vz pair, and the dZZ orbital would all have roughly the same energy.

This ordering had been considered earlier by Martin et al. (19), but

the ordering d < dZZ was favored instead, because semiempirical

1

XZ,yZ

calculations (19,25) placed the Blg « 1Alg transition at about

35,000 cm'l, and a Gaussian component was detected in both polarizations

of the crystal spectra. Symmetry predicts that 1Blg + 1Alg is both

xy- and z-polarized.

More recently, Tuszynski and Gliemann applied ligand field theory,
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including electron-electron repulsions and spin-orbit coupling, to the
square-planar system (26). Their atteﬁpt to fit the calculations to

PtBr,, K,PdC1

2774 N2 4> "2 2
Kth(SCN)4, and K2Pd(SCN)4 was made by considerably reducing the values

K

the observed spectra for KthC14, K 0,

PdBr4.H

for the Slater-Condon parameters F, and F4 relative to the values used

2
by previous workers (17,19,27).

Noting that the crystal spectra are very similar to the solution
spectra for the six compounds studied, and that the square planar
complexes are normal to the plane in which no intermolecular inter-
actions occur, Tuszynski and Gliemann performed the calculations for
a single complex ion. In such a system, the energy ordering of the one-
electron terms is determined by the ratio, Ds/Dq. The authors argued
that DS/Dq should be between 1 and 3 for platinum compiexes and between
2 and 4 for palladium complexes, depending on the set of orbital wave-
functions used to calculate DS/Dq. The value of Ds/Dq obtained from
the ligand field calculations is about 1.5 for the piatinum compiexes,
and about 2.2 for the palladium complexes. The authors therefore main-
tained that the smaller values for Fz and F4 were reasonable.

A total of about 12 transitions were obtained from the cal-
culations for KZPtC14. 0f these, seven were in quantitative agreement
with observed transitions. The other five corresponded to weak spin-
forbidden transitions not observed in the crystal spectra. Transition

assignments were made according to Scheme B in Figure 2. The 1B «

1g
1Alg transition is assigned to the peak at 21,000 cm'1 in the observed
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spectra for KZPtC14. Such an assignment places the 3819 « 1A1 spin-

g
forbidden transition in the very weak peak at 17,500 cm'l, apparently
discounting the argument of other workers (14) that large spin-orbit
coupling effects for platinum greatly enhance the intensities of the
spin-forbidden transitions.

The 3E states are placed at about 24,000 cm-1 by the calculations.

g
The observed band in this region is much more intense in x,y-
polarization than in z-polarization. The authors attribute the higher
intensity in the x,y polarization to mixing of the AZ' component (from
the D4‘ double group necessary to treat electron spin) of 3Eg with
the nearby 1A2g state. 1If the 1819 transition were placed at 36,500
cm'l, however, the peaks at 24,000 em™ ! would correcpond to 381 tran-
sitions, which possess no AZ' component to account for the intensity.
difference of the two polarizations.

Quantitative fits of the calculated energies to the experimentally
observed peaks were reported for all complexes studied except
K2Pt(SCN)4. The authors suggested that the 1igand field approximation
may be "too rough" to apply quantitatively to KZPt(SCN)Q. Nevertheless,
qualitative assignments were made that were consistent with those made
for the other complexes.

Research on the problem of the green color of MGS continued as the
spectroscopic data collected for the PtC14z' system became more and

more extensive. High-quality polarized crystal spectra and other data

became available for MGS and related compouhds; the data tended to support
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the view, suggested by Day et al. in 1965 (28) that the unusual color
was due to a perturbation of the transitions of the anion by the cation,
rather than a direct metal-metal interaction, as Miller (8,9) and Yamada

(12) proposed.

Day et al. (28,29) recorded single-crystal polarized spectra at

room temperature for KthC14, K2Pdc14, Pt(NH3)4PtC1 Pt(CH3N PtC1

4 Haly
and Pt(CH3CH2NH2)4PtC14, and diffuse reflectance spectra for a total

4°

of 35 compounds related to MGS. Unfortunately, the single-crystal

spectra show evidence of incomplete polarization, perhaps due to 1ight

convergence in the condensing lens of their microspectrophotometer,

and scattering of light as a resuit of surface defects on the crystal.
Nevertheless, Day et al. noticed that the bands due to the anion

absorption shifted progressively to higher energies as the metal-metal

separation increased from the 3.25 A in MGS to 4.13 A in KZPtC14,

over the series Pt(NH3)4PtX4, Pt(CH3NH2)4PtX4, Pt(CH3CH2NH PtX

24Pty
K2PtC14, where X= C1, Br, or SCN. The vibronic mechanism was invoked
for the MGS system (just as it had been for the K2PtC14 system (14) )
to assign the eiectronic states to the observed transitions. The
schemes shown in Figure 2 were considered to be the two most Tikely
orderings, although Day et al. did not attempt to single out either of
the orderings as the correct one, stating only that the 1’3A “ lA

29
1,3
E
gor

1g
was assumed to lie beneath the x,y polarization of the

1,3 1 1

B, <« Alg peak at 24,900 cm - for MGS.

1g

The intensity of a vibronic transition is "borrowed" from an



16

allowed transition, and the degree of the vibronic transition's
intensity enhancement will be greatest if the vibronic and allowed
transitions occur at similar energies. Thus, the intensities of the
d-d transitions in the systems studied should be greater in MGS than
in those salts with a larger metal-metal spacing, argued Day, et al.
Such an effect was observed: the lowest energy allowed transitions in
z-polarization occurred at progressively lower energies -- and thus
occurred closer td the d-d bands -- as the metal-metal distance decreased.
A corresponding rise in the intensities of the z-polarized d-d bands
was noted in the series. The intensities of the x,y-polarized bands
{which were not enhanced by a nearby allowed transition) dropped
s1ightly over the same series.

The perturbing effect of the cation dZZ electrons on the anion
transitions was also suggested. Because the dzz and dxz,yz orbitals
on the anion are oriented in the direction of the d22 orbital on the
cation, these orbitals are destabilized to a much greater extent than
is the dxy orbital, which is oriented in the plane perpendicular

to the dZZ orbital on the cation. Thus, the red shift of the

1,3 1 1,3
Eg (dxz’yz) - Alg B

as the cation dZZ and the anion d

1
and 1g (dZZ) - Alg bands should decrease

X2» y2 and dZZ orbitals are separate@;

such a progfession was observed both for increasing ammine size in
Pt(A)ZPtX4, Pd(A)4Ptx4 (A= NH3, CH3NH2, CH3CH2NH2; X= C1, Br, SCN),
and for different metal centers: Pt-Pt > Pd-Pt > Pt-Pd . Pd-Pd.

Anex and coworkers (30) obtained single-crystal polarized
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reflectance spectra for Pt(A)4PtC14, where A= NH,, CH3NH2, and
CH3CH2NH2. Theée spectra showed an intense allowed transition in the
ultraviolet (34,400 - 39,900 cm'l) in z-po1arizatioﬁ. The observation
of the transition provided support for the proposal of Day, et al.,
that the intensities of the z-polarized d-d transitions were enhanced
by the red-shift of an intense allowed transition as the Pt-Pt
distance decreased in the series.

Calculations of the extinction coefficients for the absorption
bands corresponding to the observed reflectance peaks, by means of
the Kramers-Kronig analysis, allowed a further test of the vibronic
mechanism proposed by Day, et al. According to the vibronic theory,
intensity of the d-d bands will be controlled by both the magnitude
of the allowed transition's intensity, and the difference in energy
between the allowed and vibronic bands. In general, the relative
intensities of the d-d bands tended to increase or decrease as expected
over the range of energy differences and allowed transition inten-
sities in the series.

Further study of the allowed transitions by Anex and Takeuchi
(31) indicated that the transition in the Magnus-type salts corresponds
to a mostly z-polarized transition observed at about 44,000 cm'1 in the
polarized single-crystal reflection spectra of K2PtC14 (about 46,000
c:m'1 in the solution spectrum). The transition was assigned as a
SdZZ - 6pz transition centered on the Pt. Interestingly, a peak at

similar energies observed for KZPdC14, was assigned as a dx2_y2* “«g
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ligand-to metal charge transfer, due to its predominantly x,y
polarization.

Despite the new insight gained by Day et al., and Anex et al.,
the electronic structure of the Magnus-type salts still presented several
problems. While the work of Day -et af., and Anex et al. showed that
the visible transitions were probably vibronic in origin, their work
failed to rule out the possibility of interionic electron transfer
transitions. Furthermore, the 1B1g “« lAlg (dZZ - dx2_y2*) transition,
which proved to be so elusive in the KZPtC'l4 system, had not been
unambiguously assigned in the MGS spectra.

The possibility of interionic electron transfer states in the
Magnus-type salts was realized after Martin and coworkers (32) detected

1 and 39,100 el in the single-crystal

sharp peaks at 33,100 cm~
polarized absorption spectra of Pt(en)Clz, which they attributed to
ionized exciton states. Transitions from the dXZ and ligand-m orbitals
from one Pt(en)C‘l2 unit into a dxy {o*) orbital on an adjacent Pt{en)Cl
unit were proposed for the two bands. Intermolecular (interionic)
electron transfers can occur where there is considerable overlap of the
orbitals on neighboring molecules (ions).

The possibility of strong crystal interactions, suggested by
the strong dichroism and green color of MGS, led Martin and coworkers
to test for the presence of a nonvibronic.band in MGS which could be

attributed to an interionic electron transfer process, similar in

nature to the intermolecular electron-transfer transition in Pt(en)Cl2
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(33).

To test for the presence of a nonvibronic band in the spectra
of MGS, Martin and coworkers recorded single-crystal polarized
absorption spectra for MGS at 15K and 300K. Vibronic bands will
decrease in intensity as temperature is lowered because the amplitude
of the exciting vibration decreases as the temperature decreases. The
intensity of allowed transitions (including interionic electron transfers),
on the other hand, remain fairly constant as temperature changes; the
intensity appears to increase because the allowed band narrows at
lTower temperatures, giving a higher peak maximum with little change
in integrated intensity. By comparing the heights of the peaks at 15K
with the heights at 300K, Martin et al., concluded that all of the
observed peaks in the visible region were vibronic in origin, and had
simply been subject to large crystal effects. These results confirmed
the proposals of Day et al. (28), and others (30,31}.

A peak corresponding to the 1819'* lAlg transition was not found;

Martin et al. suggested that either the peak occurs at 30,000 cm'1

with an intensity much lower than that of the other d-d transitions,

or it occurs above the limits of detection by their instruments,

32,000 em L. The possibility that the weak peak at 23,000 el was

due to 3819 o lAlg was used to place lBlg « 1Alg at 30,000 em-1 or higher.

Unless the 1819 « 1Alg transition has a significantly higher intensity

at 30,000 cn™! than the intensity of the 3819.« lAlg transition placed

at 23,000 cm™Y, it is unlikely that the shoulder observed at 30,000 cm ™t
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is the 181 state.
g

The present research was performed with the hope of acheiving
two goals: (1) the assignment of the 1B1g - 1Alg transition in the
Magnus-type salts, and (2) the rationalization and assignment of
several allowed transitions of moderate intensity observed by Martin
(34) in Pt(en)deC14, and Pt(NH3)4PdC14.

If electron-electron repulsions are the primary sources of
orbital energy perturbation in the crystal, the d22 orbital will be
most perturbed as a result of a close metal-metal spacing (28).

The dxz,yz pair will be somewhat perturbed, while the dx2_y2* and

dxy orbitals will be perturbed very 1ittle, due to the orbitals'
orientations with respect to the dzz orbital on the neighboring ion.

It should therefore be possible, if a series of Magnus-type salts is
chosen for which the metal-metal spacings are known and are distributed

1

over a wide range of distances, to identify the 1B1g « A1 (dXZ_yZ* «

g
dZZ) transition in the single-crystal spectra as the one that displays

the largest energy shift as the metal-metal spacing changes. The

1Eg - 1A1g (dxz_yz* «dy, yz) peak shculd display a moderate energy
: 1 1

. . > .
shift over the series, while the AZg « Alg (dXZ_yZ « dxy

should display very little shift over the series. For all three d-d

) peak

transitions, dx2_y2* is the lowest unoccupied molecular orbital; it
should not experience a significant change in energy as the metal-metal
spacing changes. The energy shifts observed will therefore reflect

perturbations in the energies of the filled d orbitals only, and the
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1819 transition should then be distinguishable from the other d-d bands.
The use of the Magnus-type salts makes possible the appearance

of d-d bands arising from the d-orbitals on the cation metal atom.

Such d-d bands are expected to be well aﬁove the region of the

anion d-d transitions in the Magnus-type salts because the d-d bands

for Pt(NH3)4C12, as recorded by Isci and Mason (35), appear at energies

in excess of 37,000 cm-l, well above the d-d region in K2PtC14. If

the cation d-d transitions are observed at all, they should be in the

region of allowed transitions in the spectra of the Magnus-type salts,

and thus readily distinguished from the allowed bands by the temperature

dependence of their intensities.

Of course, the success of the experiment as outlined depends on
the cooperation of the Magnus-type salts: if the 1319 transition
is of such low intensity as to be undetectable, or it lies at an
energy beyond the spectrophotometer's 1imit of detection, or if
electron-electron repulsions are not the main perturbation in the
crystal, the 18lg transition cannot be easily identified by comparison
of the polarized absorption spectra of a series of salts.

By using thin crystals which tend to compensate for the high
extinction coefficients of allowed transitions (even the transitions
of moderate intensity have extinction coefficients well above those
associated with vibronic transitions) by reducing the path length

of the polarized 1ight through the sample, it should be possiblie to

systematically detect the allowed transitions of moderate intensity
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over the full range of compounds studied. Rationalizations for the
occurrence of several distinct allowed transitions observed will be

accomplished by comparison with known transitions in KZPtC14, Pt(en)CIz,

and other similar systems.
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EXPERIMENTAL
Preparation of Crystals
Magnus' Green Salt was prepared according to the reaction:
Pt(NH3)4C12(aq) + KZPtC14(aq) - Pt(NH3)4PtC14(S) + 2Kc](aq)
The KZPtC'I4 used in the preparation was obtained from a supply in the

laboratory. The Pt(NH3)4C12 was prepared from KthCT4 by the following

procedure:

KZPtC'l4 + 4NH3 - Pt(NH3)4C'I2 + 2KC1
K2Ptc‘l4 (0.05 g) was dissolved in a minimum of water. Concentrated
aqueous NH3 was then added until a precipitate of MGS formed. The
reaction mixture was heated until the MGS disappeared and nearly all
of the 1iquid evaporated. The remaining liquid was added to 500 ml
of a solution consisting of 45% diethyl ether, 45% acetone, and 10%
ethanol. The white precipitate was collected by suction filtration.
After drying in air, the white Pt(NH3)4C12 powder was stored in a
desiccator containing a little aqueous NH3 to minimize possible ligand

exchange reactions.

Crystais of MGS suitabie for spectroscopic studies were prepared
by allowing the Pt(NH3)42+ and PtC142' ions to slowly combine in aqueous
solution. Two methods were used to slow the mixing of aqueous ions
enough to allow good crystal formation:

a. very small quantities (~ 1 mg) of Pt(NH3)4C‘l2 and

KthC14 were dissolved in 0.1 ml1 of water on opposite corners

of a 2 in x 2 in glass p]ate. Two drops of water were placed
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in the center of the plate without coming in contact with
either of the solutions at the corners. Upon covering the
plate with a clean 2 in x 2 in plate, the two solutions
slowly mixed in the center of the plates. The plates were
stored in a humid container for two to four days. The plates
were dried by removing them from the humid container. The
larger crystals were then removed from the plate by flioating
them free of the glass with a drop of water, and 1ifting
them from the water on the tip of a needle. On two
occasions, Magnus's Pink Salt formed between the plates
along with MGS. The salt appeared as a pink powder; no
crystals large enough for spectroscopic studies were obtained.

b. A "crystal grower", shown in Figure 3, was loaded by placing
a dilute solution (0.001 M) of KZPtC14 in one of the end
compartments, and a dilute solution of Pt(NH3)4C’l2 in the
other end compartment. Water or dilute KC1 solution (to
inhibit slow ligand exchange at the Ptc142' jons.) was
placed in the middle compartment. After several days, crystals
formed on the glass frits separating the three compartments.
The crystals were scraped off the frits with a wire; the
solutions and the crystals were poured into a Petri dish for
further inspection.

Preparation of the nineteen other Magnus-type salts of interest

was accomplished in much the same manner as the preparation of MGS:



25

COMPARTMENTS

GLASS FRITS

Figure 3. The "crystal grower"
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the starting materials were either synthesized in the laboratory or
obtained from laboratory stock, then they were slowly mixed, following
the two procedures for mixing outlined above. Care was taken to react
only those starting materials having the same halogen, i.e., the anions
of the +2 complex must be C1- when the -2 complex has chloride 1igands,
and the anions of the +2 complex must be Br~ when the -2 complex has
bromide ligands. This rule was followed to prevent the possibie
formation of mixed-halogen Magnus-type salts.

Table 1 lists the starting materials and products for each of
the twenty Magnus-type salts under consideration. The two columns
on the right in Table 1 show the method (glass plates, crystal grower)

by which spectroscopic-quality crystals were cbtained for each salt.

The Rb,PtBr, that provided the PtBr42' anion was obtained from

laboratory stock. The Pt(NH,),Br,, Pt{CH,NH,),Cl,, Pt(CH,NH, ) ,Br,

3)4 2’

Pt(en)ZC'l2 (en= ethylenediamine, NH2CH2CH2NH2), Pt(en)ZBrZ, Pd(NH3)4-

C12, ?d(NH3)4Br2, Fd(en)2C12, and Pd(en)zsrz starting mate

g
all synthesized by the same method used to obtain Pt(NH3)4C12, with

Pd substituted for Pt, CH3NH2 or ethylenediamine substituted for NH3,

and Br substituted for Cl1, as appropriate. Attempts to synthesize
Pd(CH3NH2)4C12 and Pd(CH3NH2)Br2 by this procedure resulted in very
poor yields of an impure product unsuitable for use in the Magnus-type

salt synthesis.
KdeC’I4 was prepared by the reactions:

+ 2NO + 2H,0

Pd + 2HNO, + 4HCT - HZPdU4 2(g) 2

3 (aq)
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Table 1. Preparation of the Magnus-type salts

Cation Source Anion Source Product

CG
Pt(NH3)4C12 K2PtC14 Pt(NH3)4PtC14 X
Pt(NH3)4C12 KZPdC14 Pt(NH3)4PdC14 X
Pt(NH3)4Br2 RbZPtBr‘4 Pt(NH3)4PtBr4 X
Pt(NH3)4Br2 K2Pd8r4 Pt(NH3)4PdBr4
Pt(CH3NH2)4C12 KZPtC'l4 Pt(CH3NH2)4PtC]4 X
Pt(CH3NH2)4C12 KZPdC14 Pt(CH3NH2)4PdC14 X
Pt(CH3NH2)4Br2 RbZPtBr4 Pt(CH3NH2)4PtBY'4 X
Pt(CH3NH2)4Br2 KZPdBr‘4 Pt(CH3NH2)4PdBr4
Pt(en)2C12 K,PtCl, Pt(en)ZPtC’l4 X
Pt(en)2C12 KZPdC'l4 Pt(en)dem4 X
Pt(en)zBr2 RbZPtBr4 Pt(en)ZPtBr4
Pt(en)28r2 K2Pd8r4 Pt(en)ZPdBr4 X
Pd(NH3)4C'i2 KZPtC14 Pd(NH3)4PtC14
Pd(NH3)4C]2 KZPdC14 Pd(NH3)4PdC14
Pd(NH3)4Br2 RbZPtBl"4 _ Pd(NH3)4PtBr4
Pd(NH3)4Br2 KZPdBr4‘ Pd(NH3)4PdBr‘4
Pd(en)2C12 K2PtC14 Pd(en)thC'l4 X
Pd(en)2C12 K2PdC14 Pd(en)ZPdm4 X
Pd(en)28r2 RbZPtBr4 Pd(en)thBr4
Pd(en)28r2 ' KZPdBr4 Pd(en)ZPdBr4

aCrysta] Grower,

bPlates.
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passing through the crystal in the two polarization directions. 1If,
however, the incident plane-polarized 1ight is aligned parallel to one
of the polarization directions, the magnitude of the electric vector
parallel to the other polarization direction will be zero, giving
transmitted 1ight polarized in one direction only. Two polarized
absorption spectra for a crystal can therefore be obtained by aligning
the incident radiation vector parallel to each of the crystal's

polarization directions.

Polarizing Microscope

In order to obtain good polarized spectra, the crystal must be
single, and the polarization directions must be known.

If the crystal is not single (i.e., the unit cells within the
crystal are not all related by a simple translation), each set of
translationally related unit cells in the crystal will possess its
own pair of polarization directions. The spectra of such crystals
will consist of contributions from each polarization direction,
and the spectra are considered to be "impure".

If a single crystal is selected, the polarization directions
of the crystal must be determined so that the plane-polarized 1ight
incident on the crystal may be aligned paraliel to each polarization
direction. Failure to align the incident polarized light with the
crystal's polarization directions also produces "impure" spectra.

In these experiments, single crystals were identified, and

polarization directions were found with the aid of a polarizing
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microscope.

The polarizing microscope, as Figure 4 shows, is essentially
an ordinary optical microscope equipped with a pair of polarizers
and other accessories that operate on the properties of polarized
light. Unpolarized 1ight from a lamp is polarized by the polarizer;
the polarized 1ight then passes through the crystal mounted on a
microscope slide on the rotating stage. Accessories such as a quartz
wedge or a 1/4 wave mica plate can be inserted into the 1ight path
to study interference effects. These accessories were seldom used in
this research. A second polarizer, calied the analyzer, can be in-
serted above the stage in order to admit only light po]ari;ed
perpendicular to the plane of the 1ight admitted by the polarizer
-- hence the method of "crossed polarizers" is employed by the pol-
arizing microscope. The behavior of an anisotropic crystal between
crossed polarizers is demonstrated in Figure 5.

Polarization directions of the crystals were found by placing
the crystal between crossed polarizers in a position corresponding
to its fixed orientation in the 1ight path of the spectrophotometer.
Rotating the crystal on the stage until the crystal extinguishes
(i.e., no light is transmitted perpendicular to the polarizer's
plane of polarization) aligned one of the crystal's polarization
directions parallel to the analyzer's plane of polarization, and thus
provides the angle at which the spectrophotometer’s polarizers must

be tilted in order for the incident polarized 1ight tc be parallel to
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Figure 4. The polarizing microscope, showing major components
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one of the crystal's polarization directions. Of course, the crystal's
other polarization direction is 90 deg. from the first. By this method,
polarization directions were measured to an accuracy of approximately
* 1 deg. .

Although identifying a crystal's polarization directions could be
done by relating the polarization angles to a morphological feature

of the crystal (such as an edge), it was actually more convenient to

mount the crystal in a sample holder before obtaining the polarization

directions.

Pinholes in Platinum Sheets

After selecting a single crystal of suitable dimensions, the
crystal was mounted over a small hole cut into a 1 cm by 1 cm piece
of 0.006 in. Pt sheet. The dimensions of the hole were such that
the crystal completely covered the hole, so that no light was trans-
mitted that did not actually pass through the crystal.

The holes were made by denting the sheet, then abrading the
raised surface with No. 600 emery paper. The sheet was dented and
sanded up to twenty times in order to make a single hole. A fine-
point sewing needle was used to make dents for round holes; the edge
of a new razor blade was used to make dents for slits. The long, narrow
slits took fullest advantage of the surface area of the needle-like
crystals, allowing a maximum surface for light to pass through the
crystals to the detector. By this method, holes as small as 20 um

in diameter were obtained.
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The crystals were affixed to the Pt sheet by means of a very
thin layer of high-vacuum grease spread adjacent to the hole.

The Pt sheet bearing the crystal was then clamped into a brass
sample holder that fit into the cryostat. Two crystals could be mounted
in each sample holder: the crystals were placed so that rotating the
sample holder by 90 deg. along its vertical axis would exchange the

crystals in the light beam.

Helium Cryostat

A liquid helium cryostat, Andonian model MHD-3L-30N was used to
obtain crystal spectra at temperatures ranging from room temperature
(normally 300K) to 5K. A jet of cold He vapor, obtained from the
controlled vaporization of liquid He, cooled the crystal and sample
holder. The temperature of the sample was regulated by controlling
the rate of flow at thé sample, and by heating the vapor before it
reached the sampie by means of a small resistance heater placed around
the helium transfer tube. The temperature was measured by a platinum
resistance thermometer at temperatures above 30K, and by a germanium
resistance thermometer below 30K. Under normal operating conditions,
the cryostat retained liquid He long enough to deep the sample chamber
at 6K for about four hours. Often, it was possible to record the spectra
for both crystals in the samplie holder quickly enough to obtain spectra
for a second pair of crystals before the liquid helijum supply in the
cryostat was exhausted. The cold sample was simply removed after

warming to about 25K; a second sample holder was inserted in its place
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and cooled to the 5K operating temperature over a period of about 40
minutes. In this manner, up to four crystals could be studied each

time the cryostat was filled with 1iquid helium.

The Spectrophotometer

The system used to record the polarized absorption spectra was
built around a Cary 14 double-beam recording spectrophotometer, as
shown in Figure 6. Light from 650 watt tungsten lamp was polarized
by Glan-Taylor calcite polarizers in both the sample and reference
compartments. A Cary model 1460215 phototube, sensitive to 850 nm,
served as the system's detector. A digital interface converted data
to digital form and transferred the data to an IBM model 29 keypunch
for punched-card output. The electronic ratio detector, when combined
with manual selection of neutral-density reference screens, gave the
system a range of about three absorbance units.

After obtaining punched data for the crystal spectra, the crystals
were removed from the pinholes and baselines were recorded. The crystal
and baseline data were then submitted to the Iowa State University
Computation.Center, where baselines were subtracted and spectra were
plotted, using the SIMPLOTTER.

In order to assure reproducibility of recorded results, spectra
were measured at both room temperature and 6K for a total of six to ten
crystals for each of the twenty salts studied. By measuring spectra
for crystals over an extended range of thicknesses for each crystal

( ~3 um to ~100 um), maximum advantage of the system's absorbance range
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was taken.

Crystallographic Indexing

Sixteen of the twenty compounds studied were indexed by X-ray
diffraction from single crystals. Knowledge of the crystals' unit cells
permits one to determine the spectroscopic face of representative
crystals. The unit cell data also helps verify the identity of the
compounds studied by comparison to previous work (8,9). Finally,
the unit cell data provides the molarity of the crystals, from which
extinction coefficients may be calculated.

To index a crystal, a single crystal of about 0.2 mm-in Tength
was affixed to the end of a small glass fiber. The fiber was inserted
into a 1/2 inch section of copper tubing, which was subsequently
mounted on a goniometer head. The crystal and goniometer head were
sketched in a notebook so that a crystal face could be related to the
axes of the unit cell. The goniometer head was then placed on the Ames
Laboratory diffractometer, a computer-controlled, four-circle instrument
maintained by Dr. R. A. Jacobson and his research group. The crystal
was then indexed using ALICE (37), a computer program that controls the
diffractometer during indexing.

After ALICE produced a reliable set of cell constants, the
spectroscopic face was identified by a trial-and-error determination
of the set of Miller indices which brought the face of the crystal
into. the diffracting position.

ALICE reports directly the volume of the unit cell. The number
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of formula units per cell was determined from the estimated density
of the crystal, the formula weight, and the volume of the celi. The
molarity of the crystal was then calculated from the volume and the

number of formula units per cell.

X-Ray Structure Determination

The structure of MGS has been known for some time (6). Those
Magnus-type salts with ammonia or methylamine ligands were assumed to
have crystal structures similar to that of MGS because all those salts,
Tike MGS, possess tetragonal (or nearly so) cells. The salts with
ethylenediamine ligands possess triclinic unit cells, however, so
similarity of structure with MGS could not be as readily assumed. An
attempt was therefore made to determine the crystal structure of
Pt(en)deC14, as a representative of the triclinic compounds.

The crystal of Pt(en)de(ﬂ4 that was mounted and indexed
previcusly to give the unit cell constants, was remounted and indexed
using the equipment and methods described in the "Crystallographic
Indexing" section. After the unit cell was obtained, data were collected
for 2659 reflections in the hkl, ;;1, ;k;, and h;; octants. Mo-Ka
radiation with a wavelength of 0.70964 A was used.

A scintillation counter was used to detect the reflection peaks;
the intensity of each peak was determined by performing a series of
0.01 deg. steps in omega until the observed count was within the

standard deviation, o , of the background count. To monitor changes

in intensity due to instrument drift or modifications in the crystal's
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structure, the intensities of a set of standard reflections were
measured after every 75 reflections. The data were written onto a
computer disk, from which a data tape was made for transfer of the
data to the Iowa State Computation Center.

A total of 1244 independent reflections were observed with
intensities greater than the 1imit for statistical significance, i.e.,
|Fo| > 3 0 (Fo). These independent reflections were used in the
structure determination calculations.

The data were corrected for both absorption and Lorentz-polarization
effects. Refined unit cell constants were obtained from program
LATT (38) for +20 values of 22 independent reflections. The final cell
parameters were: a= 11.711(7) A, b= 8.480(6) A, c= 6.801(2) A, «=96.10
(4) deg., B= 91.08(4) deg., Y= 106.74(8) deg., and V= 642.3(2) A>. A
Wilson plot indicated the presence of an inversion center in the cell;
P1 was selected as the space group of the crystal. Z= 2 for the cell.

A Patterson map was obtained from the corrected intensity data.
From this map, vectors for the two Pt atoms and one C1 atom were
determined; these vectors were subsequently used as initial atom
positions in ALLS (39), a lTeast-squares program that generates data
for electron density maps by fitting observed and calcuiated structure
factors. Values for atomic scattering factors and anomalous dispersion
corrections were built into the program. ALLS calculated discrepancy

factors R (unweighted) and Rw (weighted) for each iteration, where

Ro=ZIIFgl - IFCII/E[FGl  and Ry = {w(|Fol - chl)z/EwlFOlz}é .
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In these equations, F, is the observed structure factor, F& is the
calculated structure factor, and w= 1/02 (Fo), where g(Fo) is the
estimated standard deviation in Fo.

Unfortunately, the electron density maps failed to resolve the
carbon atoms in the ethylenediamine units. It was thought that
perhaps the cell possessed body-centering, so ALLS was run using
the I1 space group. Using the full-matrix calculation, with positions
and anisotropic temperature factors for the Pt, Pd, and C1 atoms, and
positions and isotropic temperature factors for N and C atoms varied,
R = 0.136, and Rw = 0.165.

S1ightly better discrepancy factors were obtained where
anisotropic temperature factors were used for Pt, Pd, C1, and N atoms,
and isotropic temperature factors for two C atoms in a full-matrix
calculation. Here, R = 0.126, and Rw = 0.147. Holding the position
of one carbon atom constant while varying the position of the other
carbon resulted in no change from the R and Rw values obtained above.

A full-matrix calculation in II, for which positions and
anisotropic temperature factors of Pt, Pd, C1, and N atoms were allowed
to vary resulted in the best discrepancy factors obtained: R = 0.125,
and Rw = 0.146. However, the C-C distances obtained were 1.55 A and
1.41 A for the two pairs of C-atoms. These distances are expected to be
nearly equal for the Pt(en)z2+ ion. Carbon-nitrogen distances are
Tikewise unequal: 1.51 A and 1.27 A for the two pairs.

A return to the primitive unit cell without an inversion center,
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P1, provided diverging C-C distances and temperature factors as the
carbon atoms were varied isotropically in a block-matrix calculation.
R = 0.140, Rw = 0.175 for this attempt.

Those distances and angles which could be determined with a
reasonable degree of confidence from the incomplete structure

determination are presented in the Results and Discussion section.
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RESULTS AND DISCUSSION

Crystal Indexing
Unit cells were determined from single-crystal indexing data for
sixteen of the twenty Magnus-type salts. Table 2 gives the cell

dimensions for all twenty salts. The values for Pd(NH PtBr4,

3)4
Pd(NH3)4PdC14, and Pd(NH3)4PdBr4 are those of Miller (8), who obtained
cell constants from powder photographs. Cell constants for Pt(NH3)4-
PtC14 were obtained from the crystal structure determination of Atoji,
Richardson, and Rundie (6).

Five of the salts indexed in this work were previously indexed

by Miller (8,9): Pt(NH;),PdC1,, Pt(NH,),PtBr,, Pt(CH,NH,), PtC]

2)4 4
Pt(CH3NH2)4PtBr4, and Pt(en)deC14. Our cell axes were within 0.02 A
of Miller's for every compound except Pt(CH3NH2)4PtBr4, in which

case our a,b, and ¢ axis lengths were respectively 0.16 A, 0.15 A,

and 0.13 A larger than Miller's. Our constants appear to be the better
ones for two reasons. First, the values are quite similar to those
obtained for Pt(CH3NH2)4PdBr4, which is expected on the basis of the high
degree of similarity evinced by the values for Pt(CH3NH2)4PtC’I4 and
Pt(CH3NH2)4PdC14. Second, Miller's c-axis is only 6.61 A. If this
were the actual value, Pt(CH3NH2)4PtBr4 would have the smallest c-axis
of all the PtBr42' salts. The bulky CH3NH2 Tigand certainly shouid not
give rise to a smaller value for c than is observed in the
Pt(NH3)4PtBr4 cell; if anything. c should be larger for the methylamine

salt. We have assumed, on the basis of structural data, that the metal
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Table 2. Cell constants and metal-metal distances for the Magnus-type
salts

Salt a(A) b(A) c(A)  afdeg) B8(deg) y(deg) d(M-M)(A)

Pt(NH3)4PtC14a 9.03 9.03 6.49 90.0 90.0 90.0 3.25

Pt(NH3)4PdC14 8.967 8.927 6.465 90.0 89.9 90.0 3.23

Pt(NH3)4PtBr4 9.279 9.279 6.626 90.0 90.0 90.0 3.31

Pt(NH3)4PdBr4 9.317 9.317 6.645 90.1 90.1 89.8 3.32

Pt(CH3NH2)4PtC14 10.373 10.351 6.486 90.1 89.9 90.0 3.24
Pt(CH3NH2)4PdC14 10.358 10.358 6.491 90.0 90.0 90.0 3.25
Pt(CH3NH2)4PtBr‘4 10.711 10.695 6.743 90.0 90.1 %0.0 3.37

Pt(CH3NH2)4PdBr4 10.651 10.664 6.695 90.2 90.1 90.0 3.35

Pt(en) Ptcl, 12.341 8.167 6.826 92.0 94.5 108.9 3.4
Pt (en) ,PdC1, 11.711 8.480 6.801 96.1 91.1 106.7 3.40
Pt(en) PtBr, 12.177 8.551 7.015 99.0 89.4 106.2 3.51
Pt (en) PdBr, 12.201 8.538 7.051 98.9 89.8 106.1 3.53
Pd(NH;),PtCT,°  9.00 9.00 6.5  90.0 90.0 90.0 3.25
Pd(NH,),PdC1,°  8.96 8.96 6.49 90.0 9.0 90.0 3.25
Pd(NH3) PtBr, 9.355 9.352 6.664 89.8 90.0 90.2 3.33

Pd(NH3)4PdBr4b 9.32 9.32 6.66 90.0 90.0 90.0 3.33

Pd(en)thC'l4 12.292 8.175 6.819 92.9 95.8 109.4 3.41
Pd(en)ZPdC'I4 12.294 8.754 6.870 110.6 82.9 109.9 3.44
Pd(en)ZPtBr4 12.558 8.426 7.096 95.2 96.3 106.1  3.55
Pd(en)deBr4 12.445 8.800 7.104 108.5 83.9 108.0 3.55

%Reference 6.

bReference 8.
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atoms stack along the c-axis for all of the salts, regardless of
whether or not the crystals are tetragonal or triclinic. The metal-
metal spacing along the stacking direction is conveniently given as
one-half the length of the c-axis.

The metal-metal spacings, d(M-M), are listed in the rightmost
column in Table 2. Note that chloride ligands produce spacings on the
order of 0.1 A smaller than those produced by bromide ligands for
the same cation. The cation ligands also affect d(M-M). While ammonia
and methylamine 1igands produce similar spacings, ethylenediamine gives
spacings that are typically 0.15- 0.2 A higher. Over the entire set
of compounds we see d(M-M) values ranging from 3.552 A, in

Pd(en)deBr4, to 3.23 A, in-Pt(NH,),PdCT,.

3)4 4

Attempted Crystal Structure for Pt(en)ZPdm4

The unit cells of the ammonia and methylamine salts are tetragonal,
or very nearly so, as the unit cell angles in Table 2 indicate. The
unit cells of the ethylenediamine, however, are triclinic. It was
therefore desirable to solve the complete crystal structure for one of
the ethylenediamine salts. A complete crystal structure would be con-
vincing evidence that ion stacking and other structural features are
comparable to those in MGS.

Pt(en)ZPdC‘l4 was selected for single-crystal x-ray diffraction
studies, both because Miller had already performed precession
~measurements on the salt (9), and because the Pt(en)de(ﬂ4 crystals

were generally large and in abundant supply.
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Table 3 provides positions, distances, and angles for a full-

-

matrix calculation in the I1 space group. The Il space group gave
the best discrepancy factors, but a complete structural determination
still could not be made. It was apparent from the final carbon posi-
tions and N-C distances that the ethylenediamine 1igands undergo con-
formational interactions, presumably of a type similar to that illus-
trated in Figure 7. The result is a "smearing" of electron density
over the region occupied by the carbon atoms. From the values for
the z-axis positions of Pt, N1, N2, Cl, and C2 in Table 3, we note
that C1 occupies a position nearly in the plane defined by Pt, NI,
and N2, while C2 1ies somewhat above the plane. If the
ethylenediamine existed in a single conformation, we would expect
Cl to 1ie below the Pt-N1-N2 plane.

Calculations using the atom position data gave Pd-Cl1 distances
d(Pd-C1) of 2.32 A, which is very close to the values obtained
for KZPdC14 (41). The C11-Pd-C12 angle was 89.3 deg., very close to
the strict square-planar arrangement we expected. Distances and angles
obtained for the N and C atoms were iess reasonabie. Values Tor
d(Pt-N1) of 2.05 A and d(Pt-N2) of 2.07 A agree with the values re-
ported for MGS (6). However, the N1-Pt-N2 angle was only 81.1 deg.,
a significant deviation from the expected square-planar configuration
for the Pt(en)22+ cation. Even more disturbing were the unequal
N-C distances: d(N1-Cl) = 1.51 A, while d(N1-C1A) = 1.27 A, where

C1A is the carbon atom related to Cl by the body center.



Table 3. Atom positions, distances and angles for Pt(en),PdC1, attempted crystal structure

atom(s) x8 y z distance(A) angle(deg.)
Pt 0 0 0
Pd 0.5 0.5 0.0
€11 0.5238(8) 0.783(1) 0.024(1)
12 0.7054(7) 0.554(1) 0.002(1)
N1 0.007(3)  0.245(3) 0.015(5)
N2 0.818(3) -0.028(3) -0.007(5)
C1 0.893(3) 0.269(5) -0.006(6)
c2 0.800(4) 0.37(5) 0.051(6)
Pt-N1 2.05
Pt-N2 2.07
Pd-C11 2.32
Pd-C12 2.32
N1-Cl 1.51
Pd-Pt-N1 92.9
88.0

Pt-Pd-C11



N1-Pt-Cll
N2-Pt-C12
N1-Pt-N2
C11-pPd-C12

25.1
17.8
8.8
89.3

A, . . .
Given in fractional coordinates.

Ly
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The failure to arrive at a complete solution for the structure of
Pt(en)ZPdC14 is especially unfortunate, since a complete crystal
structure is needed to test the explanation for the variation of
vibrational structure intensities proposed further on in the Discussion.
Nevertheless, the attempt made here does permit us to conclude that the

salts with ethylenediamine ligands possess the same kind of jon

stacking observed in MGS.

Crystal Spectra
Single-crystal polarized spectra are presented in this section for
the twenty salts. The 300K and 6K spectra for the z- and x,y-polariz-
ations of each salt, plotted as Absorbance vs. wavenumbers (cm'l), appear
in the text along with the discussion of the series represented by each
anion. Except where otherwise noted, z-polarization corresponds to the

higher of the two polarization angles for each set of spectra.

Tables 4 through 7 summar

compound. Every absorption included in the table met the requirement
that it be observed in the spectra of at lTeast two of the 6-10
crystals of each salt for which spectra were recorded. The practice
of choosing crystals for each salt over the widest possible range of
thickness (typically, an order of magnitude) reduced the number of
observations of both very weak absorptions and very intense absorp-
tions: intense absorptions were usually beyond the spectrophotometer's
absorbance range in the thick crystals, and the weak absorptions were

obscured by background noise in thin crystals. The two-observation



Table 4. Absorptions observed for the PdC1,2” series at 6K and 300k°

Spectrum Pd(en),PdC1, Pd{(NH;) ,PdC1,
v, an e, cm MY v, em b oz, em MT?
z 6K 16075 5.2 1.3 19100 57.9 = 8.9
20700 . +61.6 = 28000 235 = 15
34250 466
z 300K 16050 10.3 = 2.1 19600 114 = 10
20900 154 =9 28000 304 =+ 54
34000 541
X,y 6K 16075 4.8+ 1.0 20800 110 = 18
20650 107 + 22 26400 102 = 33
310007 >800
X,y 300K 15950 11.4 = 1.7 20400 174 = 28
20500 202 = 32 310007 >900

4A11 wavenumber values are for peak maxima, or the middle of
distinct shoulders only.
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Pt(en)zpdc.lu Pt(CH3NH2)uPdC]g Pt(NH3)gPdc1u

v, an g, ™Mt v, em Y e, em MY v, em e, em MY
18000 44,1 + 6.3 14550 48.3 + 4.7 14200 3.9 = 5.2
25600 196 + 16 16500 37 + 8.8 16100 25.4 = 8.3

23200 216 + 30 22500 195 + 9.9
18500 110 14900 80 15950 68
26500 225 + 19 16850 80.9 23500 220

24500 280
20000 76,9 + 6.1 15000 11.2 £ 4.8 14400 4.8 = 0.5
26100 192 +12 20500 147 + 28 162502 3

20200 122 + 16

19950 154 +10 15100 20.7 £ 5.0 15100 7.5

20050 199 + 50 19750 233 + 27




Table 5. Absorptions observed for the PdBr,2” series at 6K and 300k%

Spectrum Pd(en) ,PdBr, Pd{NH;) 4PdBr,
v, cm_ g, cm'M7? v, e’ gluEE;IM'l
z 6K 157007 5 15300 10.7
20200 29.0 18700 46.3 = 13
29600 640 28200 675
32100 317
35100 318
z 300K 156007 10 18900 101 =8
20250 82.8 28200 713
29600 560
X,y 6K 19700 166 19350 134 =10
X,y 300K 19300 360 15100 226 = 31

4A11 wavenumbers are given for peak maxima, or the middle of
distinct shoulders only.



53

Pt(en) ,PdBr, Pt (CH3NH,) ,PdBr, Pt(NH3)“PdBrh
V, et <, em Mt v, em™’ £, em M7t v, amt e, em” Mt
15300 3.9 £2.7 14650 18.1 14100 11.6 £ &
18000 42.6 + 7.6 16500 27.4 + 6.8 15700 15
25000 212 + 47 19600 18 22000 56.6 = 6
29600 725 23000 123 24500 83.1 7
25700 186 28000 735
29300 741
18300 151 + 18 17000 113 + 13 14000 40
29500 745 23000 162 15850 58.7 = 16
29600 704 22500 104
28050 599
14600 4.5 19250 189 + 29 14500 5
19200 164 + 28 22000 124 19350 80.2 £ 5
220007 <200 22000 100
14400 11.9 18850 332 + 41 14500 7
18750 334 + 55 18700 144
22000 237




Table 6. Absorptions observed for the PtC1.2  series at 6K and 300K

Spectrum Pd (en) ,PtC1, Pd(NH;3).PtCly
v, em e, em MY v, an” b €, em MY
z 6K 19950 36.2 = 3.9 18700 27.7
25200 203
z 300K 19500 70.1 £ 7.3 18700 58.6
25600 330
X,y 6K 19750 21.4 = 2.4 19000 13.0
23000 25.0 26400 8l.4
25000 64.3 = 5.4
27600 84.0 + 11.5
X,y 300K 19400 35.7 £ 9.8 18600 13.0
25000 127 + 18 26100 135
27500 135 + 35

4A11 wavenumbers are given for peak maxima, or the middle of
distinct shoulders only.
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Pt{en) ,PtCl, Pt(CH3NH,) ,PECT, Pt(NH3),PtC1,
-1 ~1,.-1 -1 -1 -1 -1 -1.-1

VvV, Cm €, cm M vV, cm e, cm M v, cm c, cm M
18200 43.6 + 6 16700 67.4 + 7.0 16100 99.4
24900 118 == 20 2100072 124 = 30 23000 358
18100 98.1 = 6 17300 119 = 10 16700 119
25300 240 = 26 24000 498
18400 17 17500 15 17400 20.4
22500 35.1 25400 108 + 17 22400 68.1
25000 61.3 31900 568 25200 140.3
28200 129 31900 764
33650 650
18000 16.4 18000 20 17400 31.3
25500 118 25300 177 = 9 25000 184
34600 550 33100 460 33600 679




Table 7. Absorptions observed for the PtBr,2  series at 6K and 300K°

Spectrum Pd(en) ,PtBr, Pd(NH;),PtBrs
v, em™ b e, em™ Mt v, em™t €, em” Mt

Zz 6K . 18700 38.5 18250 16.9
26700 326 25000 a8
32000 >400 32000 >400

z 300K 18500 46.2 17700 28.3
26300 487 24900 160

X,y 6K 18900 32.1 18500 18.8
22000 75 25000 113
23850 141 31200 >300
25900 190
31200 >300

x,y 300K 18250 18.8 18650 46.2
24150 93.9 23500 254

25550 326

4A11 wavenumbers are given for peak maxima, or the middle of
distinct shoulders only.
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Pt(en),PtBr, Pt (CH3NH,)  PtBr, Pt (NH;) ,PtBr,
-1 -1 .1 -1 -1l -1 -1 -1 -1

v, Cm e, cm M v, Cm g, cm M v, cm €, cm M
17400 18.0 16340 23.0 15500 60.4
23800 78.0 22170 60.7 21600 173
26500 171 25000 172 240007 285
17250 75.0 16580 62.7 15650 107
23800 179  + 65 22730 156 22500 303
17500 37.5 16340 5.2 16000 19.5
23800 99.0" 21740 13.8 21400 70.2
26500 189 23920 110 23600 185
17300 37.5 16640 14.4 16100 27.3

23800 246 ' 23530 167 23300 292
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requirement was therefore adopted as a reasonable guard against the
inclusion of spurious peaks in Tables &47.

Most of the extinction coefficients reported in Tables 4-7
were calculated from the average values over each crystal in which

the absorption was observed. The standard deviation

s = (2)
n-1

is given to the right of each extinction coefficient calculated by
this method. In several cases, the extinction coefficients were cal-
culated from the absorbance and thickness data for the crystal that
showed the best resolution cf spectral features. This method was used
only when the salt produced few crystals of spectroscopic quality. Any
crystal for which a 1ight leak, or poor polarization might be suspected
was eliminated from the calculations of the extinction coefficients.

Despite the care taken to calculate the extinction coefficients
from the best data collected, the extinction coefficients are accurate
to about =30%, and as such are probably best considered as estimates
only. Much of-the error can be attributed to inaccuracy in the meas-
urements of the crystal thicknesses, and to distortions in the base-
1ine when very small pinholes (<40um) were used.

Crystal thicknesses were measured by standing the crystal on edge
under a microscope equipped with a calibrated reticle. Unfortunately,

this technique can only measure the thickness at the edge: it cannot



detect variations in the crystal's thickness over the area of the
crystal above the pinhole. Many crystals formed with a trough-1ike
shape: the center of the crystal was much thinner than the edges.
Other crystals formed as wedges and blades of uneven thickness.

In the case of MGS, however, one crystal was obtained with
very flat, optical faces; evidence of which appeared in the form of
interference waves brought about by constructive and destructive
interference of 1light reflected from thé inner faces of the crystal
(33). Precise meaéurement of the maxima and minima of these interference
waves allowed the crystal thickness to be determined by solving for N,
the number of wavelengths equalling two c¢rystal thicknesses, in the

equation

m+ N N
n v
m m N N

n
3
<

—
W
~

where m is the number of interference waves, Vi is the wavenumber

l-..-'l -+
\Ciii ) av

~
1

My ’JN

N and ny are the indices of refraction at Vo and vy respectively.

wave is the wavenumber at which N is determined
Dispersion effects cause Vi to vary nonlinearly over the range of the
interference waves. To account for this variation, v, Was fit by

a quadratic least-squares treatment on a microcomputer (41), in which

vm is determined as a function of m, as equation 4 shows:

vy =g *oqm + e’ (3)

In this equation, Cq T vys € and cy are constants determined by the

fit. By substituting aoy for v_ - vp> then solving equation 4 for m,

m
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and retaining only the first two terms in the binomial expansion, m

is expressed in terms of v, Cq» and Cyt

c 2
Av 2(Av) s

ms= AV _
o c13 cea (5)
Therefore, we see that
muy - Cg . CuCpAv (6)
which also appears as
moN = Nc
N N+ _0 éﬂ) * E_ an av (7)
Av N o Av ny Av

from equation 3. The third term of 7 corresponds to the second term

in 6, and the first two terms in 7 correspond to the first term in 6:

N An CoCo (8)
ny Av - C13
and
c
0 ,An Co
— (=2 i 9
N{1 + o (Av) n (9)
These two equations provide the expraession Tor N
N = (S0 /(1 + 508" (10)
Cl n Av
which yields the approximate expression,
- 0 €0,dn,_
N = - 2
St RN =

In equation 11, 1/ndn/dv can be obtained from the change in the inter-
ference wave maxima and minima as the cryatal face is tiited away from
the sample beam. Such data are available in the literature (33), allowing
reasonably good values for N to be calculated (42). A thickness of

4.0 +0.1 1m was calculated from the interference waves. This compares
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with a value of 5.1 um obtained from the calibrated reticle technique.
1t appears that errors of £20% are readily obtained from the calibrated
reticle method.

The extinction coefficients calculated from the absorbances and
thickness for the optically flat MGS crystal still have a large error
associated with them. The interference waves tended to obscure all
but the most intense absorptions, and the baseline was reproducible
only to about 0.05 absorbance unit, due to the very small size (about
30 um x 30 uym) of the crystal over the pinhole. Since the most intense
peak measured in the spectra had an absorbance of only 0.45, a #0.05
baseline absorbance error was quite significant. Fortunaté]y, most
crystals for which spectra were obtained were at least 50 ym x 80 um;
in these cases the baseline error tended to be very small.

In general, the locations of the peak maxima observed in this
research are in good agreement with those obtained by diffuse
reflectance spectroscopy by Miller (9) and Day et al. (28).

Comparison of the room temperature spectra for MGS and
Pt(CH3NH2)4PtC14 (Me-MGS) with single-crystal polarized spectra for
those salts obtained by Day et al. shows good agreement of the peak
locations for the x,y-polarized peaks below 30,000 cm'1 and the z- ‘
polarized peaks below 20,000 cm'l. As was stated in the Introduction,
however, the z-polarized spectra above 25,000 <:m'1 reported by Day
et al. show signs of incomplete polarization. The spectra for MGS and

Me-MGS recorded in this research do not seem to indicate incomplete
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polarization. Instead, the absorption rises rapidly from a minimum
at about 20,000 cm'l, and at 25,000 cm'1 is too intense to be measured
by our equipment. Day et al. aliso reported a. shoulder at 23,000

cm'1 in the z-polarized spectrum of Me-MGS that is not seen in our

spectra, although we so note a questionable shoulder at 21,000 cm'l

in z-polarization at 6K.

Several differences in extinction coefficients are noted in
Table 8 for MGS and Me-MGS. This is not surprising, in view of the
large error in our extinction coefficient values. Even with the large
error, however, our values are remarkably similar to those obtained
by Day et al. at room temperature,.

The spectra reported here for MGS are also consistent with those
reported earlier by Martin and coworkers for both room temperature
and 15K (34). No disagreement on péak positions was noted, but the
extinction coefficients for both x,y-polarized peak at 25,200 cm'1
and the z-polarized peak at 16,500 cm'1 differ by more than can be
accounted for by the large error, as Table 8 indicates. The discrepancy
in the extinction coefficients for the z-polarized peak may be ex-
plained by the inability of the phototube used by Martin and coworkers
to detect light far enough into the red to observe the peak maximum.
This explanation, however, does not explain the large discrepancy
in the extinction coefficients calculated for the 25,200 cm'1 peak
in x,y-polarization at 6K.

The limited wavelength range of the phototube uséd by Martin et al.



Table 8. Comparison of peak maxima and extinction coefficients for MGS and Me-MGS from

three sources

Salt peak temp., pol. Reference 28 Reference 34 This work
\Y) a b \Y) € \Y)
max € max max €
MGS 3A29,3Eg 6K z 16500 ca.50 16100 61
300Kz 16500 150 16500 ca.110 16100 124
1A29,1£g 6K X,y 25200 65 25200 140.3
300K x,y 24900 170 25200 140 25200 184
Me-MGs A, ,JE 6K 2 16700  67.4
2g’ g
300K z 17300 100 16700 124
I, JE 6k x,y 25400 108
2g° g
300K X,y 25200 190 25400 177
dunits of cm'l,
bunits of cm'lM'l,

€9
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also prevented them from observing a very sharp, narrow peak in X,y-
polarization for MGS at low temperature. This peak will be discussed
in detail in another section.

Recall from the Introduction that the close approach of %he
cation's dZZ orbital to the anion's d orbitals should result in the
anion's orbitals shifting in energy according to the progression:

dZZ > d > d.2 2, dx

XZ’yz X"=y y

The polarized spectra of the five Magnus-type salts having a PdC142'
anion, as shown in Figures 8-12, and as summarized in Table 4,

indicate shifts in the d-d transition energies that are quite consistent
with the behavior predicted as the metal-metal spacings decrease, and
thereby raise the energies of the anion d orbitals perturbed by the
cation dZZ orbital. Figure 13 provides a graphic representation of

the shifts across the series for all transitions observed.

The x,y-polarized peak at 21,700 cm™ ' in K,PdC1, assigned

. 1 i .
by Martin and coworkers to the AZg <« Alg (dx2_y2 - dxy) tran-

sition (36) is seen to shift by only 1500 en™ ! fFrom K,PdC1,, d(M-M)

= 4,112 A (40), to Pt(NH3)4PdCI4, d(M-M) = 3.23 A. This transition

is identified in the Magnus-type sa’ts by analogy with the lAZg peak

in K2PdC14: the x,y-polarization, the presence of vibrational structure,
and the similar effect of temperature on the transition intensity

(see Table 9) readily identify the transition in the region of 20,700-

! to 20,000 em ! in the Magnus-type PdC142'

that appears at 21,700 en! in K,PdC1,.

salts as the same one
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The small size of the shift for the 1AZg transition is a con-

sequence of the fact that the dx2_y2 and dxy orbitals are both con-

centrated in the plane perpendicular to the cation dZZ orbital; even

very close approach of the d22 orbital facilitates 1ittle difference

in any overlap of the orbitals.

The peaks in the Magnus-type salts corresponding to the

1 1

1
E « “A
9

(dxz_yz < d ) transition at 23,000 cm_

x2°y2 in both

1g
X,y- and z-polarizations for KZPdC]4 were not as readily identified

as was the 1AZg state. There is evidence, however, in the form of
low-energy spin-forbidden transitions, that suggests that the 1E
state shifts by about 3000 cm™® from K,PdCl, to Pt(NH,),PdCl,, where

1

it is a component of the primarily 1Azg peak at 20,200 cm ~. Three

of the salts, Pd(en)ZPdC14, Pt(CH3NH2)4PdC14, and Pt(NH3)4PdC’I4

definitely show low-intensity transitions in the 14,200 - 16,100 cm'1
region for both x,y- and z-polarizations. While the other two salts
in the series, Pt(en)ZPdC'l4 and Pd(NH3)4PdC14 do not show distinguish-
able peaks in this region, the z-polarized spectra of these salts do
exhibit rising absorptions from 14,000 en ! - 16,000 em ! that sug-
gests the presence of a weak, presumably spin-forbidden transition.

1 (z)

PdCl4 were assigned by Martin and coworkers

Such weak, spin-forbidden bands appearing at 17,000 cm

and 17,700 en™* (x,y) in K,
to the 3AZg and 3Eg states. The relatively small differences in the

1A2g and 1Eg transition energies in the PdC142' series (which in turn

give rise to sma11 differences in the triplet energies), coupled with
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the relatively low intensities of the triplet « singlet transitions,

may account for the lack of resolved 3Azg and 3Eg components at Tow

temperatures.

Making the assignment of 3A29 and 3Eg to the Tow-energy bands

in the Magnus-type salts, we find that the shifts of these Tow-energy
peaks, from K2PdC‘i4 to Pt(NH3)4PdC14, are 3300 cm'1 for x,y- and 2800
cm'1 for z-polarization. Since the shift for 1Azg is known to be much

smaller that 2800 - 3300 cm'1 over the series, we can infer that the

shift of the triplet bands corresponds to a similar shift for 1E . As

it happens, the peak maximum of the x,y~polarized absorption in

Pt(NH,),PdC1, at 20,200 em™ ! is 3000 em! to the red of the peak assigned

1 . .
to Eg in K2PdC14.
Identical behavior is observed for the shifts of the low-energy

transitions in each of the other three series studied (see the following

sections), thereby supporting the assignments of the 3Eg and lE

g
transitions made for the PdC142' series.

1 3 3

With the assignment for 1Eg, A Eg, and AZg made, only one

2g’
d-d vibronic transition, Blg “ Alg’ remains to be assigned. The

B “ Alg transition, corresponding to dxz_yz* “« dzz, is vibronically

1g
allowed in both x,y- and z-polarizations. This transition should also

show the greatest shift in energy as d(M-M) is decreased. The only
observed vibronic band in the series which has not yet been assigned
is a moderately weak, z-polarized absorption which shifts from 23,200

1

em™! in K,PdCT, to 16,100 cm™ in Pt(NH,),PdC1,, possesses several
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features which support its assignment to the 181g « lAlg transition.

We should not be overly concerned about the lack of an observed 381
band; the triplet bands are weak and often difficult to detect.

The magnitude of the peak intensities of the remaining vibronic

transition indicates that the transition at 23,200 cm'1 in K2PdC14

is the same as the one at 16,100 cm'1 in Pt(NH3)4PdCly. The presence

of 159 at 23,200 cm! in K,PdC1, is well-established by the observation

of an A-term in that region in the MCD spectrum (21). However, the
MCD results do not rule out the possibility of 1819 occurring at the same
energy. Indeed, it is possible that 1Blg provides the major contribution

to the absorption at 23,200 cm'1 in K2PdC14. If so, the magnitude of

the K2PdC14 intensities will be primarily characteristic of lBlg’
rather than 1Eg.
In each salt, the extinction coefficients for the z-polarized

peaks are much smaller than the values for the 1A29 and 1E (x,y) peaks.

g
0f course, this is not conclusive proof that the z-polarized peaks arise
from the same transition, but the excitation mechanism is expected to
produce similar intensities for each PdC142' ion, regardless of the
cation used, according to the premise set forth by Day et al., and
others (14,28) that the Tow-intensity transitions in the Magnus-type
salts are simply the vibronically allowed d-d transitions of the anion
that are perturbed by crystal effects due to the close approach of the

cation.

By measuring the polarized spectra at both 6K and room tem-
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perature, we were able to obtain ratios of the peak intensities at
the two temperatures. Although the "estimated" extinction co-
efficients were used to calculate the ratios, the ratios were checked
by comparison with ratios calculated from the room temperature and
6K absorbance values for individual crystals. The check used no
crystal thickness values, so that the large error due to the thickness
measurement would not affect the calculated ratios. Perhaps somewhat
surprising was the good agreement shown by the two methods of calculations:
none of the pairs of ratios differed by more than 10 percent.

It should be noted that Pt(CH3NH2)4PdC14 formed a special case
to the above procedure. Because two peaks, at 16,500 t:m-1 and 14,500
cm"l, overlapped to form the large feature at low-energy in z, the
feature was subjected to Gaussian analysis (see Figures 14 and 15),
and the oscillator strengths of the two components at both 6K and 300K
were calculated from the equation

f=4.6x 107 epaxvd (12)

which gives the approximate oscillator strength of a Gaussian absorp-
tion feature for which the extinction coefficicent at the peak maximum
and the width of the peak at half-maximum height are known (13). The
temperature dependence ratios were then calculated from the oscillator
strengths at 6K and room temperature (normally 300K).

Table 9 shows the calculated ratios, g /e, . fOr several peaks

observed in each compound of the series. With the exception of

Pd(NH3)4PdC14, the peaks in x,y assigned to 1AZg showed a temperature



Figure 14. Gaussian decomposition of the low-energy bands in Pt(CH_NH,) PdC]
" at 300K | 3T
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Figure 15. Gaussian decomposition of the low-energy bands in Pt(CH3NH2)4PdC14 at 6K
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Table 9. Temperature behavior for selected peaks in the PdC1,% series

Compound Peak location® Polarization €3oob esc €e6/€300 Assignment
K,PdC1,9 17000 z 5 1 0. 20 triplets
23200 z 80 36 0.45 1Eg
21700 X,y 245 118 0.482 . lAzg
23200 X,y 80 30 0.375 lEg
Pd{(en),PdC1, 16075 z 10.3 5.2 0.505 triplets
20900 z 154 61.6 0.400 1819 s 1Eg
20600 X,y 202 107 0.530 1A2g . 1Eg
Pd(NH3),PdCY,, 19600 z 114 57.9 0.508 1319 . 1Eg
20400 Xy 174 110 0.632 1Azg , 1Eg
Pt(en),PdCl, 18000 z 110 44.1 0.401 lBlg s lEg



Pt (CH4NH, ), PdCY,

Pt (NH;)4PdC1,

20000
26000

14250
16500
23250
20500

20200
23000

154
225

280
255

233
230

76.9
196

216

138

122
200

. 500
.871

. 605
. 404¢
771
.541

.524
.870

1A2g , ME

allowed

triplet

IBlg

allowed

9

p, , leg

g

1A2g . lE

allowed

9

3 ocation of peak maxima, in cm™!.

b

CExtinction coefficient at 6K, cm M~ 1.

dRefer'ence 36.

1

Extinction coefficient at 300K, cm M1,

€calculated from oscillator strengths obtained graphically from Gaussian decomposition

of the bands.

18
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dependence ratio e /e, ,, of 0.482 to 0.541. The z-polarized 181g peaks,
on the other hand, always had a lower ratio, from 0.400 to 0.45, with
ratios for the 1Blg peaks averaging about 80 percent of the ratios for
1Azg. Even Pd(NH3)4PdC'l4 showed the 80 percent average value, despite
the fact that €g/e,,, Were high for both transitions.

The consistency of the g./e,,, ratios throughout the series
indicates that the peak occurring at 23,200 cn~! in K,PdC1, does indeed

have as its origin the peak at 16,100 en!

1

in Pt(NH,),PdC1,. Hence,

3)4PdCT,

the peak at 23,200 cm ' for K,PdCl, may be assigned to both 1319 and

le

g
Furthermore, the ratios agree qualitatively with the ratios
calculated from the theoretical expression for the temperature dependence

of vibronic transitions (13):
f(300K) = f(OK)coth(hvi/ZkT) (1)
where v; is the frequency of the exciting vibration, and f(300K),
f(0K) are the oscillator strengths at 300K and 0K, respectively.
As shown in Appendix A, the z-polarization of 1B1g arises from

the b2u vibration, which is primarily bending. The 1Eg X,y- polar-

ization arises from both bZu and a5, bending vibrations. The 1A2

9

and 1B Xx,y-polarization, and the 1Eg z-polarization are vibronically

1g
allowed by the e, stretching and bending vibrations. The vibration
frequencies for a5, €, stretch, and e, bend in the ground state are

170 cm-l, 325 cm'l, and 191 cmt respectively (36). Since the b,

vibration is neither IR nor Raman active, no value for b2u is known,
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but since by, is a bending vibration, it is expected to have a frequency
similar to the other bending vibration, and lower than the stretching
vibrations.

From the vibration frequency data, ratios of f(0K)/f(300K) were cal-
culated for all the singlet transitions. 1Eg (z) should have a dependence
similar to that for lAzg. since both are excited by the e, stretching and
bending vibrations. 1819, on the other hand, should have a smaller tem-
perature dependence ratio than 1A2g’ since lBlg (z) gains its intensity by
way of the Tower-frequency, pure bending b2u vibration. These calculations
therefore support the assignment of the 23,200 em-1 - 16,100 cm- 1l z-
polarized peak in the series to lBlg, rather than 1Eg.

The distribution of intensities between the x,y- and z-polar-
izations of the peaks assigned to lBlg is in qualitative agreement
with molecular orbital calculations of the oscillator strengths of
the transitions in the PdC142‘ jon by Erny and Moncuit (43). The
oscillator strengths at 0K calculated by these authors for the lBlg
state were 7.0 x 10-6 for x,y- and 1.4 x 104 for z-polarizations.

Thus, the z-polarized peak would be 20 times as intense as the x,y-
polarized peak which, with the sensitivity of our spectrophotometer, could
appear as an essentially cleanly z-polarized transition. Erny and Moncuit
also predict that 1Eg (z) will be fairly weak, f{0K) = 1.3 x 10-4, or
only about 15 percent as much intensity as the combined 1g and 1Azg'tran-

g
sitions in x,y. Hence, the 1Eg (z) absorptions may be hidden in the



high-energy tail of the 1Blg transition in z for K2Pdc14, Pd(en)deC14,
Pd(NH3)4PdC14, and Pt(en)deC14; and in the low-energy tail of the
fairly intense aliowed transitions at about 22,500 cm'1 in Pt(CH3NH2)4-

PdC]4 and Pt(NH PdC14.

3)4
Unfortunately, the Magnus-type salts seem to give oniy quali-
tative agreement with Erny and Moncuit's calculations. Estimates of the

ratio of oscillator strengths of the z-polarized peak in each salt

were determined graphically. Values of 0.661 for Pd(en)ZPd014, 0.633
for Pd(NH3)4PdC14, 0.504 for Pt(en)ZPdC14, and 0.369 for Pt(Ch3NH2)4-
PdC14 (peak at 16,100 cm'1 only) do not compare very well with 0.314

obtained from Erny and Moncuit's values of 5.7 x 107% + 2.9 x 107%

for lazg and lsg (x,y) and 1.3 x 10°% + 1.4 x 10™% for lsg (z) and

1
Blg (2).

The disagreements may be due to the intrusion of the absorption
tail of the high-energy transitions into the region of the z-polarized

bands. Especially in Pd(en)ZPdC14 and Pd(NH3)4PdC1 the tail adds

49
significantly to the estimated cscillator strengths of the zfpolar-

1

jzed features at about 20,000 cm ~, and in doing so, will tend to

inflate the ratio to a higher value than would otherwise be obtained.
Finally, the shift associated with the 1519 (z) peak is 7100
cm'1 across the series. This is much larger than the shifts observed

1 1

for Eg and AZg’ just as we expected from the orientation of the orbitals

involved in the three d-d transitions. Therefore, we not only have

substantial evidence that the dZZ and dXZ vz electrons have about the
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same transition energies in KZPtC14, but also that the major influence
on these transition energies is in the form of electronic repulsions
from the filled orbitals on the ions, which raise the energy of the
dxz,yz orbitals, and especially the d22 orbitals, closer to the energy
of the dx2_y2* antibonding orbital.

The behavior of the d-d bands for the PdBr,°” series is quite
similar to that observed for the Pdc142' series. Table 5 listed the
shifts observed for each of the d-d transitions within the series.
Figures 16-20 show representative spectra for each salt in the series,
and Figure 21 displays in graph form the shifts in the transitions,

as determined by our assigmments.

The x,y-polarized bands possessing vibrational structure in the

20,200 cm'1 - 19,200 cm"1 region have been assigned to the 1AZg state
on the basis of their polarization in x,y. These bands appear at lower
energies than the 1A2q bands in the PdC142' salts because of the smaller

crystal-field splittings associated with the bromide T1igand (44). The

1A29 peaks in the PdBr42' salts also tend to shift less than their

counterparts in the PdC142' series as the metal-metal spacing decreases.
This is because the bromide Tigands adjust d(M-M) to larger distances
2-

in the PdBr42' salts compared to the PdC]4 salts: d(M-M) is

approximately 0.10 A larger in the PdBr42' salts than in the PdC142'
salts. The d-orbital splittings are smaller in the PdBr42’ spectra
because the bromide ligands have a poorer capacity for o and m bonding

with the metal. The small orbital energy splittings, combined with the



Figure 16. Polarized absorption spectra for Pd(en)deBr4



3.50 4.00

L

3.00

.

2.50

2

ABSORBANCE
0,00 0.50 1.00 1.50
"l 'y -} ) -

POEN) 2 POBA ¢

POL= 76 DEG.. T=300K X
POL=-14 OEG., T-300X 8

POLe-14 OEG., TeBK
8-26-82 CRYST »

3

-!ﬂ. S0

T T T T T
27.00 29, 00 31.00 33.00 35,00

L8



Figure 17. Polarized absorption spectra for Pd(NH3)4PdBr'4
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Figure 18. Polarized absorption spectra for Pt(en)deBr4




Figure 19. Polarized absorption spectra for Pt(CH3NH2)4PdBr4
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larger d(M-M) where bromide is present tends to produce similar low

transition energies and small shifts in all other d-d bands as well.
Triplet states are observed for all compounds in the series,

from 17,400 a ! to 14,100 em !, The peaks are weak and mainly z-

polarized. By analogy with KdeBr4 (36), they were assigned to both
3 3

Eg and AZg states.

Shifts for the triplet states of 3300 cm™! (z) and 2500 cm™'
(x,y) were consistent with shifts of 2730 cm'1 (z) and 2750 cm'1
(x,y) necessary to place 1Eg with the 1A29 band at 19,350 cm~1 (x,y)
in Pt(NH3)4PdBr4. Other support for the assignment of 1Eg to the
1A29 region appears as a weak peak in z at 19,600 cm'1 for
Pt(CHBNH2)4PdBr4, and as a weak shoulder, also z-polarized, at the
same energy in Pt(NH3)4PdBr4. Furthermore, the z-polarized bands

at 18,000 to 18,700 cm™! for both Pd(NH,) ,PdBr, and Pt(en),Pdsr,

2
are definitely asymmetrfc, with an elongated tail appearing on the
high-energy side of the peak at exactly the same energy for which
the 1AZg band appears in x,y. Loss of polarization cannot be re-
sponsible for these features: the low-energy side of the peak in

z extends to the red of the band in x,y, yet the x,y peak rises
cleanly from a flat baseline in that region. The arrow above the
z-polarized spectrum in Figure 22 indicates the high-energy tail
in which 1Eg appears. We conclude, then, that the weak z-polar-
ized component contains the lEg z-polarized band shifted down

1

to the AZg absorption region.



Figure 22. Polarized absorption spectra of Pd(NH3)4PdBr4 at 6K, showing the

location of the 1Eg band
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1

The primarily z-polarized band assigned to Blg is associated

with the 1Eg band at about 22,000 cm'1 in KdeBr4 by analogy with
the 1Eg bands in the PdC142' series associated with the 1Eg peak

at 23,200 cm'1 in KZPdC14. The magnitude of the peak intensities,
temperature behavior, and polarization are all remarkably similar

to the data obtained for the Pdc142’ series. Table 10 shows the
peak intensities and temperature behavior ratios, es/s300 for the
PdBr42' salts. As with the PdC142' series, every z-polarized peak

is much lower in intensity than the 1AzgllEg peak, and the intensity

of 1

1

AZg/lEg changes less with temperature than does the z-polarized
1

B and “E ) band.

1g ( 9) , )

Indeed, comparison of e¢/e,;,, for the PdBr, " salts with

€s/€300 fOr the PdC142'

salts shows that the temperature ratios

tend to be smallest for the PdBr42' salts. This behavior is quite
consistent with the temperature behavior expected from theory:

the exciting vibration frequencies for PdBr42' are lower than those for

Pdc142', so smaller ratios for PdBr42' are calculated from equation 1.

The overall energy shift for the 1Blg band in PdBr42' is
6030 cm'l, from bidsr4 to Pt(NH3)4PdBr4, which is consistent with
the 7100 cm°1 shift obsefved over the PdC142' series. The shift is
expected to be smaller for PdBr42° because the bromides prohibit
metal-metal spacings as small as those seen with the smaller chloride

ligands.



Table 10. Temperature behavior for selected peaks in the PdBr,?” series

Compound Peak Tocation® Polarization  es00° €6 €6/€300 Assignment
KoPdBr,d 21730 z 80 33 0.413 1t—:g
30900 z 475 550 1.16 lAzu
20200 X,y 420 177 0.44 lAzg
22100 X,¥ - 31 - 1Eg
Pd(en) ,PdBr, 20200 z 82.8 29.0 0.350 lBlg s 1E
29600 z 560 640 1.14 allowed
19300 X,y 360 166 0.461 lAzg , lE
1 1
Pd(NH3 ) 4PdBr, 18900 z 101 46,3 0.458 Blg , E
28500 z 713 675 0.947 allowed
19350 X,y 226 134 0.593 lAgg s IE

Pt(en),PdBr, 18000 z 151 43 0.282 Blg , E
29600 z 745 725 0.973 allowed



19200 X,y 334 164 0.491
Pt(CHgNHz)deBr‘q 16500 z - - -
29300 z 704 741 1.05
19250 X,y 322 189 0.569
Pt(NH3) 4PdBr, 28000 z 599 735 1.23
19350 X,y 144 80.2 0.557

1

a . . -1
Location of peak maxima, in cm .

bExtinction coefficient at 300K, in B

-1 .1
CExtinction coefficient at 6K, inem M .

dAll values and assignments from Reference 36.

101
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Several vibronic transitions are observed for the Ptcf42' serijes.
Table 6 presented a summary of the absorptions. Figures 23 through 27
show the spectra for the five salts, and Figure 28 shows the degree
of shifting that occurs over the series as d(M-M) changes. In general,
the spittings of the d-orbital energies are larger in the PtC]az' salts

2-salts because the greater radial extension-of the

than in the PdC'l4
platinum d-orbitals permits more orbital overlap, which results in
stronger ¢ and w bonds.

The 1Azg band lies in the 26,300 cm-1 - 25,200 cm'1 region, and
is readily identified by its characteristic vibrational structure and
small Shift over the series, analogous to the 1A29 peaks in the Pdc142'
salts. Although the 1A2g band is obviously x,y-polarized in KPtCl,,
the polarization of 1A2g cannot be used to assign the state in the
Magnus-type salts: the encroachment of a high-intensity allowed band
into the d-d region in the z-polarized spectra put the absorption in
z at the 1Azg band off scafe in Pd(en)ZPtC]4, Pt(CH3NH2)4PtC14, and
Pt(NH3)4PtC14. In Pd(NH3)4PtCT4 and Pt(en)ZPtC14, the x,y- and z-
polarized bands assigned to 1Eg have shifted into the region occupied
by 1Azg, causing a peak to appear at the same region in z. Nevertheless,

1

there is little doubt that the A2g bands are correctly assigned.

The assignment of 1Eg is more difficult. The appearance of an
A-term at 30,300 en™! in the MCD spectrum of agueous Ptc142' establishes
the x,y- and z-polarized bands at 29,300 - 29,800 em™ L in K, PtCT

2 4
as the 1Eg band (21). In the Magnus-type salts, however, no isolated
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Figure 25. Polarized absorption spectra for Pt(en)ZPtCl4
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Figure 26. Polarized absorption spectra for Pt(CH3NHZ)4PtC14
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band in both x,y and z is seen that can readily be attributed to 1E

9"
Instead, 1Eg is assigned by inference from the shift of the low-energh

3Eg bands, which appear for all of the salts in the PtC142' series.

The low-energy, presumably spin-forbidden bands %rom 20,900 cm’l
to 16,100 en ! are assigned to 3Eg by analogy to K,PtCl,: the bands

at 20,600 cm’1 - 20,900 <:m'1 are the most intense low-energy bands in
KZPtC14, with the z-polarized absorption more intense than the x,y-
polarized absorption. The low-energy bands in the Magnus-type salts
are also fairly intense, with z-polarization much more intense that x,y.
The bands in KthC14 are themselves assigned to 3Eg because they 1lie

at higher energy than another weak transition, just as lEg lies above
1AZg (19).

3

The energy shifts of Eg over the PtC142' series are 3500 cm'1

(x,y) and 4500 cm'1 (z). 1If 1Eg in MGS lies at the same energy as
1Azg, lEg must have shifted 4100 cm'1 from its energy in K,PtCl,.
Such a shift is obviously in good agreement with the shifts observed
for 3Eg. We therefore favor assignment of 1Eg to the band at 25,200
em ! (x,y) in MGS.

The observed shifts for the other salts are largely consistent

with the assignment for 1

Eg. Pd(en)thC'l4 shows an x,y-polarized
band at 27,600 cm™, although the expected z-polarized peak is off
scale, apparently due to the presence of an intense allowed band that
has red-shifted into the visible region in z. Pd(NH3)4PtC14 shows

a z-polarized band at 25,600 cm L, with a broadened band at 26,000 cm *
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in x,y arising from both 1AZg and 1Eg. A similar situation is observed

in Pt(en)ZPtC14, with x,y- and z-polarized bands at 24,900 cm'1 and

25,000 emt respectively. That the 1Eg state is not observed at lower

. 1 . -
energies than AZg in Pt(CH3NH2)4P¢.C14 and Pt(NH3)4

surprising, since d(M-M) is 0.17 A less in Pt(CH3NH2)4PtC14 and MGS

PtCl4 is somewhat
than in Pt(en)thC14. The presence of 1A2g may serve to obscure the
exact location of 1Eg within the band, however, especially since 1Eg
is expected to be rather less intense than lAZg (45).

The only reasonable alternative to the above scheme was assignment
of 1Eg to the weak z- and x,y-polarized shoulders at about 22,500 cm‘1
in MGS and 23,000 cm'1 in Pt(CH3NH2)4PtC14. This possibility was rather
inviting, since we did expect 1Eg to continue shifting to still Tower
values as d(M-M) decreased from 3.41 A in Pt(en)thC14 to 3.24 A in
PL(CH,NH,)PtCT, and MGS. However, assignment of 1Eg to this band
results in a shift from KZPtC14 of 6800 cm'l, much larger than the shift

2
expected on the basis of the ‘Eg shifts.

Unfortunately, no isolated d-d vibronic bands are observed which

readily suggest assignment to the 1Blg state. The spectra possess some

features, however, which lend credence to the assignment of 1Blg to the

1 1

weak shoulders at 22,500 cm = to 23,000 cm~ PtC1,.

4 4
If the band at 22,500 (:m-1 in MGS is 1819, it probably shifted

in MGS and Pt(CH3NH2)

from the absorption containing 1Eg at 29,300 cm.1 {x,y)} and 29,800 cm"1

(z) in K2PtC14, for a shift of about 6800 cm'1 across the PtC142' series.

1

Such a shift is quite reasonable if 1Eg shifts by 4100 cm ~ over the
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series, as was proposed above. On the other hand, the 181g shift in the

1

Pdc142' series is about 7100 cm ~. The larger splitting of the d-orbital

energies in PtC142", and the greater perturbing effect of the cation on
platinum's larger d-orbitals requires a Targer shift in the 1819 energy
in the platinum salts, thus seeming to rule out the scheme for 1Blg
proposed here. However, if we omit the shifts from the potassium salts

in both series, and consider only the shifts for the Magnus-type salts

themselves, we find that 1Blg shifts by 4550 cm'1 from Pd(en)deC14

to Pt(NH3)4PdC14, and by 5200 cm'l from Pd(en)ZPtC'l4 to Pt(NH,),PtC1,.

3)4 4
Although the omission of shifts from the potassium salts in each
series does give the expected relationship for 1Blg shifts across the
two series, a rationalization of the shifts from the potassium salts is
required, especially since the difference in d(M-M) from K2PtC1 to

4

Pd(en)ZPtC’I4 is 0.73 A, while the d(M-M) difference K PdCT, to

2
Pd(en)deC'l4 is only 0.67 A, which in itself suggests a larger shift
for the Ptc14" salts.

The environments around the PdC142' and PtC142' ions provide
a possible explanation for the shifts. In the potassium salts, each anion
is sandwiched between two other anions in the stacking plane. In the
Pd(en)22+ salts, the anions are presumed to be sandwiched between the
positively-charged Pd(en)22+ jons. Now, the d-orbitals of a negatively-
charged complex ion should be rather larger than those in a complex

cation. As a result, the PdC142' and PtC142' ions in the potassium salt

should experience more electron-electron repulsion than they would
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experience in the Pd(en)z2+ salts, if d(M-M) were equal for all compounds.
The increased repulsion would, of course, likely result in a destabil-

ization of the dX

H]

The d-orbitals on PtCl42' should experience greater destabil-

vz and d22 orbitals.

ization than the d-orbitals in PdCT42' experience since the Pt d-orbitals
extend farthest from the nucleus. For the same reason, PtC142' ions

will cause greater destabilization in the neighboring ions than will

the PdC142' ions. Of course, the Pd(en)22+ jons will cause the least
destabilization of all, since their d-orbitals are located oﬁ a

positively-charged Pd ion.
The upshot of the argument is this: the dzz and dxz yz orbitals
will be destabilized to a significant degree in K2PtC14, even

though d(Pt-Pt) is large, at 4.14 A (46). Much less destabilization
should be experienced in KZPdC14, since d(Pd-Pd) is almost equal

to d(Pt-Pt), at 4.11 A (40,46). The transition energies of 1B1g -

1 . i 1 .
Alg (dxz_yz < dZZ) and Eg - Alg (dxz_yz - dxz,yz) may therefore

already be somewhat red-shifted from the value for an unperturbed ion
in the K2Pt014 crystal spectra, and essentially unchanged from the
unperturbed ion values in the KZPdm4 crystal spectra. Replacing K+
by Pd(en)22+ effectively removes the red-shift caused by the anion-
anion interactions, although the large drop in d(M-M) still results

in a net red-shift for the 1Blg and 1Eg.absorptions. The shift of

1 1 .
Blg and Eg going from K2PtC14 to Pd(en)ZPtC'l4 reflect only a part of

the shifts from the unperturbed PtCl 2- ion, while the shifts of 181

4 g
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and 1Eg going from K2PdC14 to Pd(en)ZPdCI4 reflect the total shifts

from the unperturbed PdC142' jon.
The Magnus-type salts provide no direct spectroscopic evidence
to support this mechanism. However, comparison of the aqueous and

crystal spectra of K2PdC14 at 300K with the spectra of K PtC]4 shows

1

2
that the 1Eg (and, by our assignment, 1819) peak at 22, 440 cm

(aqueous spectrum) in K2Pdc14 actually blue-shifts by about 500 cm'1

in the crystal spectrum, indicating negligible d_2 (or dxz yz)

destabilization. The 1Eg/lBlg peak in KZPtC14, on the other hand,

red-shifts from 30,300 em ) in the aqueous spectrum to 29,300 en !

(z) and 28,700 cm-1 (x,y) in the crystal spectra, about 1000 - 1600

cm'l. This shift suggests a significant perturbation of dZZ, and

possibly dxz,yz’ in KZPtC14.

Invoking the anion-anion interactions yields a reasonable

explanation for the discrepancies in the 1319 shifts over the

o ime 2= ¢ sepe 2- . -
PdCi,” and th|4 series. Tne same arguments can be used on the

PdBr42' and PtBr42' series as well. In considering the shifts of other

transitions across any of the series, however, these arguments are
not necessary: to include them results in no change in the relationships

of the shifts. The shift of 5200 cm™! from Pd(en),PLCT to PL(NH,),-

PtC14 for 1819 is in good accord with the shifts across the same series

1 1 1

of about 2400 cm - for Eg (x,y), and about zero for AZg‘ The shift

of 2350 cm'1 (x,y) agrees very well with the shift for 1Eg, although

the 3850 cm™© shift in z is rather higher than anticipated. The 3Eg (z)
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shift is not necessarily a cause for alarm, however, since the actual

shift of 1Eg in z is unknown, due to the encroachment of strong abs.rp-

tion into the 1Eg region in both Pd(en)thCI4 and MGS, which obscures
1

the Eg (z) bands in both crystals' spectra. Figure 28 provides a

graphic summary of these shifts.

The evidence coliected from the PtC142" series spectra is not

conclusive proof that 18

to 22,500 cm'1 in MGS. Two other schemes also have merit.

A -1 .
1g shifts from about 29,300 ¢cm ~ in KZPtC14

A shift of 159 from 29,300 cm© to 22,500 cm™, and a shift
of 1Blg from 29,300 em ! to 16,100 cm'1 (z) over the full PtC142'
series is one alternative scheme that received consideration. This
scheme is attractive because it continues the shift of 1Eg beyond
its position in Pt(en)ZPtC’l4 as d(M-M) is decreased to its value in
MGS. The scheme also accounts for the relatively high intensity of
the 16,100 cm'1 (z) peak in MGS, by placing 1819 there. However, a
shift of 13,100 cm™ does seem iarge for 1819, even in the PtCl
series. Also, a peak corresponding to 181g intermediate between 1Azg
and the triplets might be expected in Pt(en)thC14; only the very weak
peak at 22,500 cm'1 is observed. Moreover, the 1E shifts would no
longer agree with the 3Eg shifts. Finally, the inclusion of 1Blg in
the triplet region would be expected to produce marked changes in the

band's intensity and temperature dependence. The 1B1g state is excited

by the b, vibration, which gives €¢/€39, of only 0.387, as calculated

by equation (1). The observed temperature dependence remains constant
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at around 0.5 across the entire series, including KthC14, as shown

in Table 11. The increase in inteﬁsity has been attributed to an
“intensity borrowing" mechanism, whereby the triplets "borrow" intensity
from a nearby allowed transition (28). In view of the high spin-orbit
coupling associated with platinum, and the closeness of a high-intensity
band in z which could facilitate intensity borrowing, the borrowing
explanation seems adequate to account for the intensity of the z-polar-
ized, Tow-energy peaks in MGS.

The other alternative considered places 1Eg with 1A2g’ but shifts

1B1g from 36,500 em™ ! in KZPtC'I4 to the valley around 28,000 em™!

in MGS. The lB1g shift of 8500 em ! here is quite reasonable, and the
presence of significant absorption at 28,000 crn'1 makes the assignment
possible. Furthermore, intensity data on the weak band at 22,500 <:m'1

in MGS obtained from Gaussian fits of the room-temperature and 6K spectra
give e€s/€300 = 2.4, not at all consistent with the behavior of vibronic
transitions. We tend to believe that the intensity data for the room-
temperature (x,y) spectrum is Tow because of broadening of the stronger
bands in the spectrum. The temperature dependence might indicate an
allowed transition, however, in which case the band may be a spin-
forbidden LMCT, such as £, « 'A; (4,2 2% <e, L-m). In any case,
assignment o7 the band to a vibronic transition is not required, and 1E

can remain with 1Azg at 25,200 cm'1 while 1319 remains at higher energy.

Perhaps the major probiem with this scheme 1ies with the PdC142'

series. Rush et al. have shown (36) that K,PdC1, can have no singlet



Table 11. Temperature behavior for selected peaks in the PtC1,2  series
Compound Peak location? Polarization €300 €6 €6/€300 Assignment
KoPtc1, 20600 2 20 10 0.500 triplets
1
29500 z 101 55 0.545 Eg
1
26300 X,y 62 28 0.452 Azg
1
29200 XY 74 37 0.500 Eg
Pd(en),PtCl, 19500 z 70.1 36. 0.516 triplets
1
25000 X,y 127 64. 0.508 Agg
1 1
27500 X,y 145 84 0.579 Blg .
Pd(NH;) ,PtC1, 18700 z 58. 6 27. 0.473 triplets
1 1
25200 z .320 203 0.613 Blg .
1 1
26400 X,y 135 81. 0.603 Azg ,
Pt(en),PtCl, 18200 z 98.1 43, 0.444 triplets
1 1
25000 X,y 118 61. 0.520 A,



Pt (CH3NH,) ,PtCY, 16700 z
25400 X,y

Pt (NH;),PtCY,, 16100 z
25200 X,y

124
177

124
184

67.4
108

61
140.3

0.543
0.610

0.492
0.763

triplets
1

1

3 ocation of peak maxima, in cm .
bExtinction coefficient at 300K, om™*M™*.
CExtinction coefficient at 6K, cm ‘M™%,

dA]] values and assignments from Reference 33.

0c1
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bands between 23,200 cm'1 and the 1A2u band at 37,500 cm-l. Conse-

quently, lslg must be at 37,500 cm™} if it is not with lEg at 23,200

cm'l, or else be too weak to detect.

It would be difficult indeed to account for 1819 in K2PtC14 at
36,500 cm'l, about 8000 em™ ! above lEg, when 181g and 1Eg are
at the same energy in KZPdC14. 1t would be equally difficult to

account for the smaller 1819 transition energy (36,500 cm'l) in

K,PLC1, if lslg were placed at 37,500 cm > in K,PdCT,. Apparently,

1319 must be at 23,200 cm™! in K,PdC1, and 29,300 em

in KZPtC’l4 in
order to maintain reasonable relationships of the shifts and energies

of both series.

"Finally, we should note that a weak band featuring vibrational
structure is observed in the 22,500 cm'1 - 23,000 cm'1 region of the

x,y-polarized spectra for Pd(en)ZPtC'l4 and Pt(en)thC14. A similar

1g

rgy lies below the singlet « singlet energies,

band in KthC'l4 has been assigned by Martin et al. (19) to 3B
+*

hor‘:nsn b S +r=n5~?fin
o - a - . e NS t v w

3
{4
3
[{']

3

-t

and because the band has low intensity characteristic of triplet «

singlet transitions. We assign the bands in Pd(en)thU4 and Pt(en)z-

3

PtC]4 to B for the same reasons. While the weak transitions in

1g
both of these salts are close in energy, they form the spin-forbidden

counterpart to 1Blg, the transition that changes most over the series,
according to our postulates for the behavior of the orbitals. The small
differences in the triplet energies may not be so alarmming if we realize

that the only difference in the two compounds is the metal in the cations.
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The vibronic bands observed in the PtBr42' series are reminiscent

of the d-d bands in the PtC142' series, in much the same way that the

PdBr42’ series spectra were reminiscent of those for the PdC142' series.

Table 7 Tisted the observed absorptions and their intensities. Figures
29 through 34 show the representative spectra for each compound, and
Figure 35 provides a graphic summary of the shifts. In general, the

weaker crystal-field effects of Br~ puts the transitions at lower

2-

energies in the PtBr42' salts, compared to the PtC]4 salts.

The strictly x,y-polarized peaks appearing between 23,600 cm'1

and 25,000 cm'1 across the series were, of course, assigned to
1 1
Azg « Alg'

all compounds except Pt(NH3)4PtBr4 and Pd(NH3)4PtBr4 support the assign-

The observation of vibrational structure for the peaks of

ment, as do the small shifts from the 1AZg energy in K2Pt8r4 observed

over the series. All the 1AZg bands except that for Pd(NH3)4PtBr4

lie between 24,400 crn'1 and 23,600 cm'l. Undoubtedly, the Pd(NH

3)4
PtBr4 peak is at higher energy (25,000 cm'l) because the band contains

other transitions in addition to 1A29 which tend to cbscure the exact

. ' 1 .
location of the AZg peak maximum.

The 1Eg band is located above the 1A29 band in both x,y- and

z-polarizations for Pd(en)thBr4, by analogy with the assignments (47)
for the very similar KZPtBr4 spectra. By inference from the shifts
of the weak bands assigned to 3Eg in the 15,500 cm"1 - 19,200 cm'1

region, 1Eg js believed to 1ie at 23,600 cm'1 with 1Azg in Pt(NH3)4-

PtBr,. The shift over the series is 3200 em L (x,y) and 3400 em (z).
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This is about 900 cm'1 less than the corresponding shift in the PtC142'
series, just as expected from the greater d(M-M) in the PtBr42' series.
The 1Blg state is assigned to the z-polarized peaks that shift

5800 cm™ L, from 27,400 cm™! (z) in K,PtBr, to 21,600 el (2) in

1

Pt(NH3)4PtBr4. This shift compares well with the 6800 cm "~ shift ob-

served for 1Blg in the PtC142° series. Over the Magnus-type series

only, the shift is 5100 cm'l, in good agreement with the shift for

181g in the PtC142' Magnus-type series of 5200 cm'l.

The intense allowed bands which dominate the z-polarized spectra
in the PtCl

42' salts and in Pt(NH3)4PtBr4 remain far enough into the

ultraviolet region to permit estimates of £,/e,,, to be made for the
z-polarized peaks in every salt except Pt(NH3)4PtBr4. The temperature
dependence ratio, es/e300 of each salt is larger for the z-polarized

peak than it is for the x,y-polarized 1

AzgllEg band, as Table 12
indicates. The ratio for the Pt(en)thBr4 and Pt(CH3NH2)4PtBr4 bands
deserve special note: although the z-polarized bands have rather
different ¢ /¢, , values (0.245 and 0.389, respectively), comparison
with the 1Azg/lEg band in each salt shows that ¢ /e, , for the z-polar-
ized band in Pt(en)thBr4 is smaller than ¢, /e, , for 1A29/1Eg by
nearly the same proportion that €./€,4, (z) is smaller than es/s300 in
Pt(CH3NH2)4PtBr4, i.e., by about 40 percent. The ratios for the other
salts are only qualitatively consistent with the ratios for Pt(en)thBr4
and Pt(CH3NH2)4PtBr4, perhaps because the broad peaks often overlap,

making intensity measurements difficult. Also, Pd(NH PtBr4 and

34



Table 12. Temperature behavior for selected peaks in the PtBr,? series

Compound Peak location® Polarization anob ssc €6/€300 Assignment
KoPtBryd 18800 2 20 12 0. 600 triplets
1
27400 2 125 44 0.352 Eg
1
24400 X,y 130 46 0.354 Azg
1
26800 X,y 175 73 0.417 Eg
Pd(en),PtBr, 18700 z 46.2 38.5 0.833 triplets
1 1
26700 z 487 326 (.669 Eg s Blg
1
23850 X,y 254 141 0.555 Azg
1 1
25900 X,y 326 190 0.583 Eg s Blg
Pd(NH;) ,PtBr, 18250 z 28.2 16.9 0.599 triplets
1 1
25000 Z 160 98 0.613 E , B
g 9
1 1
25000 X,y 93.9 113 1.20 A, [q

Pt(en),PtBr, 17400 z 75.0 18.0 0.24 triplets



23800 z
23800 X,y
Pt(CHsNH,) 4 PtBr, 16340 2
22170 z
23920 X,y
Pt(NH3)z,Ptqu 15500 2
16000 X,y -
23600 X,y

204
246

64.8
156
167

107
27.3
292

78
99

27.
60.

110

60.

19.

185

. 382
. 402

.423
.389
. 659

.564
.714
.634

triplets

triplets

1 1

a . . . -1
Location of peak maxima, in cm .

Pextinction coefficient at 300K, in em” ML,

-1 -1
CExtinction coefficient at 6K, in cm 1M .

dA]l values and assigments from Reference 47.

€Ll
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Pd(en)2Pt8r4 were the most difficult crystals to synthesize of all the
Magnus-type salts. All crystals of these two salts for which spectra
were recorded were extremely small. As a result, the spectra tended
to be rather less reproducible than those of the other salts, with
baseline drift believed to be the most important problem. Moreover,
significant differences in the exciting vibrational frequencies for
the transitions from compound to compound may also give rise to
temperature dependence ratios that differ over the PtBraz' series.
Evidence for such differences in the exciting vibrational frequencies
exists, and is discussed in the section on Vibrational Structure.

In any case, the z-polarized bands appear to be more sensitive
to temperature than 1Azg/lEg. We therefore assign to 1BIg the z-

1 1

polarized absorptions from 26,700 cm - to 21,600 cm ~.

Although the x,y-component of 1819 is hidden in the 1AZg and

most of the series, 2 weak, x,y-nolarized shoulder,

nost of the series, a weak, x,y-polarized shou
-1

observed at 21,740 cm™" for Pt(CH,NH,),PtBr, and 21,400 cn™' for

lg

Svov.

3 3 2 1
Pt(NH3)4PtBr4, is assigned to Blg
that 1819 (x,y) will be much less intense than 1819 (z) for PtC14

and PdC142'; the intensities observed here for the two polarizations

(x,y). Moncuit predicts (43,45) that
2-

are certainly in agreement with Moncuit's calculated oscillator strengths,

in view of the similar behavior expected for the chloride and bromide

series.
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Allowed Transitions

The allowed transitions, which generally occur at higher energies
than the observed d-d vibronic bands, are distinguished from the
vibronic bands by the temperature dependence of their inten;ities.
As discussed in the Introduction, the allowed bands appear to gain
peak-height as the temperature decreases, while the vibronic bands lose
intensity under the same conditions. Tables 4 through 7, which sum-
marize the locations and extinction coefficients of the d-d peaks,
provide the same data for the.a11owed bands in each series. Graphical
summaries of the shifts of these bands are presented in Figures 13,
21, 28, and 35.

Allowed bands are observed for every compound in the PdC142'

series except Pd(en)deC14. In that compound, intense absorption appears

in both polarizations as a rapidly-rising tail which becomes too intense

to measure at 28,000 cm'l.

The intense absorption at high-energy in Pd(en)deCI4 has par-
tially withdrawn off-scale to higher energies in the Pd(NH3)4PdC14

spectra. As a consequence, thin crystals permit detection of a z-

polarized band at 34,250 cm'l. This band is assigned to the transition

1 1 ,
Aou = Alg (by, L-m « blg 1qg dxy -

a similar band at 37,4001:,m"1 in the 15K spectra of K

dxy or b b2u L-r), by analogy with
deCl4 assigned

to the same state by Rush et al. (36). The x,y-polarized spectrum

in this region is off-scale, making it impossible to determine the band

at 34,250 cm'1 is strictly z-polarized, as 1A2u requires. However, with
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£ = 388 cm°1 ml for the K2PdC14 peak, and € = 466 em ! ML for the

Pd(NH3)4PdC'I4 band, the assignment seems to be a reasonable one.
A shoulder of questionable authenticity is observed at about

31,000 cm_1 in the room-temperature x,y spectrum of Pd(NH3)4PdC14.

3 1

. s . - . .
This transition might be Eu Alg (dx2_y2 e, L-r), or it could

simply be a distortion of the baseline in the region.

1

Appearing at 28,000 cm ~ to 22,500 cm'1 in Pd(NH

3)4PdC14,

Pt(en)ZPdC14, Pt(CH3NH2)4PdC14, and Pt(NH3)4PdC14 are some rather
unusual transitions. The bands are broad, with extinction co-

efficients on the order of 200 cm'1 M'1 in z-polarization. The x,y-

polarized components appear weaker, and as distinct shoulders and peaks
in Pt(en)deC'l4 and Pd(NH3)4PdC14. In Pt(CH3NH2)4PdC'I4 and
Pt(NH3)4PdC14, the absorption appear only as elevated valleys around
24,000 cm-1 - 26,000 cm-l.
The bands do not correspond to either of the two singlet-singlet
ligand-to-metal charge transfer bands observed in K

The extinction coefficient of the 1Eu « 1A

2PdCl4 (36).

1g (dXZ_yZ* “e, L-m) tran-
sition in the aqueous KdeC'l4 spectrum is 9330 cm'1 M'l, which is much
too high to permit assignment of the bands in the Magnus-type salts

to 1Eu. Furthermore, the shift observed for these bands is much
larger than any expected shift in 1Eu. Figure 36 shows the ligand

e, orbitals lying in the Pd6142' plane. Any shift in the e, orbital

energies which occurs as d(M-M) changes will be small, and of the same

order as the shift in dxz_yz* energy, resulting in negligible change
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Figure 36. The e, ligand orbitals
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in the 1Eu « 1A1g transition energy, similar to the situation for the

1A <« 1A (d.2 2* < d__) transition. The observed shifts for the
29 1g “"x"-y Xy

bands from Pt(en)ZPdCT 1

g to Pt(NH3)4PdC14 js over 3100 cm ~, while the

shift for the 1819 state is only 1900 cm'1 over the same series.

Clearly, the transition energies of the allowed bands are too sensitive

to be accounted for by the 1Eu “ lAlg transition.

1 1
The A2u<- Alg lg

noted at 34,250 cm°1 in Pd(NH3)4PdC14. The shifts for this transition

(b,  g*« b2u L-r) transition has already been
over the series is expected to be greater than that for lEu, but less
than that for 1Blg, on the basis of the orientation of the orbitals
with respect to the metal-metal axis. Figure 37 pictures the b2u

L-m orbitais aligned parallel to the z-axis, so their energies will

be perturbed significantly by close anion-cation spacing, in much the
same manner that the metal dZZ orbital will be perturbed. However, the
energy shift will not be as great for the ligands as for d22 due to

the smaller radial extension of the ligand p-orbitals in the direction of

the cation. By this reasoning, the shift of 3100 cm'1 for the series

from Pt(en)

with the 1A2u state, unless the shift of 1819 is actually much larger

2PdC14 to Pt(NH3)4PdCT4 appears too large to be associated

than the 1900 cm'1 observed according to our assignment for 1Blg.
The arguments against the assignment of these bands to 1Eu or
1A2u apply equally well to the possible spin-forbidden, dipole-allowed

. s 3 1 3 1
ligand-to-metal transitions Eu « Alg and A2u « Alg' The much

lTower intensities expected for these transitions make them somewhat
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more attractive candidates for assignment than 1Eu and 1A2u are, however.

1

The symmetry-forbidden charge-transfer transition, 1B <« Alg

29
has received attention from Erny and Moncuit (43) and Elding and Olsson

(24). This transition is assigned by both groups to the moderately

intense (c = 490 cm™* M™', 36) peak at 30,900 cm™® in the PdC1,*

solution spectrum. The intensity and location of this peak compels
us to consider this transition for assignment to the allowed bands in the

Magnus-type salts.

Several problems with this prospective assignment are immediately

noted. One concern is that the band at 30,100 cm'1 may not arise from

a PdC142' transition at all. Harrison et al. (27) have observed a

shoulder at about 29,000 cm-1 in the crystal spectrum of PdC142' in

a CsszC16 matrix at 2K. Others (48,49) have also observed bands in

1

the 27,400 cm -~ to 29,300 e region, but these bands are all very

weak. Rush et al. (36) have reported finding no band in the single-

crystal spectra of KZPdC14, although they do observe a band in the

solution spectrum at 30,100 cm'l. They concluded that the observed

band was a2 charge-transfer band belonging to PdZCISZ', which might

have formed as an impurity in solution. Such a band is known to exist
in that region for Pd2C162'. Elding and 0lsson, however, report that

the band is higher in intensity for those complexes in the series

PdC1n(H 0)4_2 for which IBZg is allowed by symmetry (24), suggesting that

. 2- . 1 1
the band in PdC'l4 does arise from B2g + Alg' Erny and Moncuit's

molecular orbital calculations also place 1829 +'1Alg in the region (43).
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Whether or not the band at 30,000 cm-l in PdC]42' is 1829 « 1Alg’
the polarization associated with the band is primarily x,y. The polar-
jzations of the bands in the Magnus salts are primarily z, which again

raises doubts about assignment of the bands in the Magnus-type salts tc
1

BZg'
Perhaps the most important argument against the assignment comes
from the temperature dependence of the intensities. It is fairly clear
that the bands in the Magnus-type salts are allowed; the bands tend to
grow more narrow and to retain their intensities as temperature is
decreased. The 1829 “« 1Alg transition, on the other hand, is actually
vibronic (though not d-d), since it is excited by an e, vibration.

1B 1

Consequently, 29 “« A1g cannot be assigned to the allowed bands in the

Magnus-type salts.

Transitions within the cation provide yet another possibility for
the assignment of the allowed bands. Such transitions, however, suffer
from the same shift and intensity restrictions that were imposed on the
anion LMCT's. Furthermore, assignment of allowed bands as low as 22,500
cm'1 would likely require us to abandon our assumption that the cation
d-d bands remain at energies too high to be detected here.

Finally, shifts in the transition energies of the allowed bands
as temperature increases from 6K suggests that these bands might be
interionic electron transfer transitions. Table 13 lists observed

2-

differences in peak maxima at 300K and 6K for each PdC]4 salt. A

positive shift indicates that the band's maximum red-shifts as tempera-
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Table 13. Shifts of selected bands in the PtC1,%- and PdC1.%- upon
decreasing temperature from 300K to 6K, in cm-1

. a 1 1 1 b

Salt triplets B1g Azg/ Eg allowed
Pd(en")thC'l4 +400 +100 shoulder -
Pd(NH3)4PtC'l4 +300 -400 +300 -
Pt(en)thC14 +100 -400 -500 -1000
Pt(CH3NH2)4PtC14 -500 - +100 -1225
Pt(NH3)4PtC'I4 -500 - +200 -1700
Pd(en)ZPdC’I4 +100 -200 +150 -
Pd(NH3)4PdC'I4 - -500 +400 shoulder
Pt(en)ZPdm4 - -500 + 50 - 900
Pt(CH3NH2)4PdC'l4 -350 -350 +450 -1250
Pt(NH3)4PdC14 0 +150 +450 -1000

8positive value denotes a red-shift as the temperature'changes

bThe bands are those in z between228,000 cm'1 and 22,500 cm'1
for the PdC1,%- series. For the PtCl. - series, the bands are those
sharp bands in x,y between 33,600 cm~! and 31,900 cm-!.
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ture goes from 6K to 300K; a negative shifts indicates a blue-shift
over the same temperature change. Al1l bands except the allowed ones
show positive or modestly negative shifts. The allowed bands, in
contrast, exhibit a blue-shift about twice as large as any other band's.
Now, thermal excitations of molecular vibrations and phonons can produce
a red-shift for a molecular transition. The significant blue-shift
that we observe for the allowed bands suggests that the transitions
occur between adjacent ions, rather than within the anions.

Interionic electron transfers require substantial overlap of
orbitals on the adjacent ions to gain intensity. Large orbitals and
small metal-metal distances increase the transition probability
by promoting orbital overlap. With the exception of Pd(NH3)4PdC14,
which as a d(M-M) of only 3.25 A, only those compounds with platinum
cations exhibit the kind of allowed bands ascribed here to interionic
electron transfers. Presumably, the larger d-orbitals on platinum
facilitate sufficient overlap for such transitions to occur.

An electron-transfer transition is possible which has z-polar-
jzation (50), consistent with the predominantly z-polarized bands
observed in the PdC142' salts. This transition excites an electron out
of the dxy (ng) orbital on Pd, and into a linear combination of the
dx2_y2* orbitals on the two adjacent cations. If we view the angle
formed by the Pt-N (or Pd-N) and Pd-Cl Bonds as being exactly 45 degrees
(perfectly staggered bonds), the dx2_y2* orbitals would combine to give

b, and blu linear combinations in D, , with the PdC142' jon at the

29
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. 2+ 2-
center. The transition A, « Alg (by, [M(NH;)," ] « b [PdC1,77)

29
would be dipole-allowed in z-polarization. Neither the crystal structure

for MGS (6), nor our attempted structure for Pt(en)ZPdm4 show that the
bonds in the cation are perfectly staggered with respect to the anion
bonds. The linear combination should produce some allowed character,

even if the bonds are not perfectly staggered, however. We therefore

propose this transition for the z-polarized bands at 28,000 cm'1

22,500 cm™! in the pdc142‘ series.

The absorption in x,y may be due to incomplete polarization of
the band in z, but it is more likely that this absorption is due to an
x,y-polarized interionic electron transfer. The most reasonable

. ‘s . ' 2+
choice for such a transition is E « A1g (b1u [M(NH3), " ] « dxz,yz'

[ PdC142_]). This transition is allowed in x,y-polarization, and should

occur at about the same energy as the transition in z, since the energies

of the dxz,yz and dxy orbitals differ very 1ittle, according to the

assignments of the lA29 and lEg states in the previous section.

The region above 22,000 cm°1 in the PdBr42' series is dominated

by allowed transitions, which are identified in the spectra by their

lack of temperature dependence in the transition intensities.

The most intense transition in the region, the 1Eu « 1A1

g
(blg o~ « e, L-7) state, was assigned by Rush et al. (36)
to the band at 30,200 cm™l, ¢= 10,600 cmt Ml in the aqueous PdBr "

spectrum at 300K. This band is x,y-polarized, and appears in our spectra

1

as a rapidly rising absorption in x,y at about 22,000 cm ~ throughout
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the series. Fortunately, an extremely thin crystal of Pt(CH3NH2)4-

PdBr4 permitted us to record the valley on the high-energy side of the
transition (about 33,000 cm'l), which allowed the peak maximum in the
crystal spectrum to be tentatively located at about 28,000 cm'l, even

though the maximum of the intensity was far above the maximum absorbance

range of our instruments.

1

Since the Eu « 1A state is a transition from ligand p orbitals

1g
lying in the ion plane (13), as shown in Figure 36, small energy shifts

are expected for the transition as d(M-M) decreases. The shift cal-

culated from the tentative values given above is only 2200 cm'l, thus

supporting the assignment of the band to the 1Eu « 1Alg state.

The moderately weak, allowed transition in the 31,000 cm'1 -

1

28,000 em 1 range in z is assigned to 1A2u « Alg (blg o* «b, L- )

by analogy to the assignment made by Rush et al. (36) of the z-

polarized band at 31,000 em™ ! dn K,PdBr, to this state. Support for

this assignment comes from the degree and pattern of the energy shift
within the series. Figure 37 indicates that 1A2u shifts to lower
energy from KZPdBr4 to Pd(NH3)4PdBr4, as expected. However, 1A2u
in Pt(en)deBr4 occurs at 1400 cm'1 higher energy than in Pd(NH3)4-
PdBr4, and at nearly the same energy as in Pd(en)deBr4, even though
all of the d-d transitions shift to lower energies in Pt(en)deBr4.
Again, as expected, the 1A2u energy decreases from Pt(en)deBr4 to
Pt(NH3)4PdBr4, where the 1A2u transition energy is almost identical

to that for Pd(NH.),PdBr,.

3)4PdBry
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Clearly, the 1A2u energy is being affected by the metal-metal
spacing produced by the amine ligands, and not by the choice of metal
in the cation. Perhaps the choice of metal in the cation is irrelevant
to the ligand b, energy levels because the cation metal orbitals do
not significantly extend into the region occupied by the anion b2u 1igand
orbitals. Perturbation of the b2u orbital energies will then be due

to close approach of the ligand orbitals on the cations. Therefore,

the lAZu energy for Pd(en)ZPdBr4 should about be the same as the 1A2u

energy for Pt(en)deBr4, and the energy for Pd(NH3)4PdBr4 should be

about the same as that for Pt(NH3)4PdBr4, just as observed.

As was the case for the PdC142' series, the overall shift of 1A2u
over the PdBr42° series was smaller than that for 1819, as expected.

A number of weaker allowed bands are also observed. The weak,

1

z-polarized bands at 35,100 cm'1 and 32,100 cm ~ in Pd(NH PdBr,

3)4
have been tentatively assigned to the same o* « L transition to which

the 43,200 cm'1 and 37,000 em™ ! bands in K,PdBr, have been assigned (36).
The assignments are based on the visual similarity of the Pd(NH3)4-
Pd8r4 spectrum to the KZPdBr4 spectrum in the high-energy region. The
z-polarized absorption at 32,700 em ! in Pt(CH3NH2)4PdBr4 may also

arise from these o* « L transitions.

1 1

The weak, z-polarized bands at 25,600 cm ~ and 24,500 cm ~ in

Pt(CH3NH2)4PdBr4 and Pt(NH3)4PdBr4, respectively, are assigned to the

3Eu “« 1Alg (blg o* « e, L-r) state at 27,000 cm'1 in K2PdBr4. Like
1 3

the '€« Ia o* « e, L-r) transition described earlier, “E

1g u
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is not expected to red-shift greatly over the series. The observed shift
of 2500 cm™! is consistent with this assignment.

The series of shoulders, predominantly z-polarized, from 25,000
cm'1 in Pt(en)ZPdBr4 to 22,000 cm'1 in Pt(NH3)4PdBr4, could be either
the 3Eu state or one of the o* « L states severely red-shifted from
its value in K2Pd8r4. It is more likely, however, that these bands
correspond to the allowed bands at 28,000 <:m'1 - 22,500 ;m'l in the
PdC]4 series. Hence, they are assigned to the interionic transfer,

Agy < Arg (o1, [MNH,),2*] « by [PdBr,%"]). If so, the bands in the
PdBr42’ series probably (by virtue of the shifts observed) originated

at about 31,000 e in K PdBr,, along with 14 1y ( o*b

2 2u® "1g < byy-

1g
L-t).

An x,y-polarized shoulder observed at about 22,000 cm'1

in several
Pt(en)ZPdBr4 crystal spectra was not very reproducible. Although the
absorption might be due to a weak spin-forbidden or symmetry-forbidden
transition, it is more likely due to a light leak at the high absorbance
values for which the absorption was recorded. Such light leaks are
attributed to surface defects at the crystal (51), and have been oc-
casionally observed in the crystal spectra for other Magnus-type salts
as well.

Certainly the most striking feature in the PtC142' spectra are
the sharp, moderately intense allowed bands at 31,900 em ! - 33,600 em
in Pt(en)thC14, Pt(CH3NH2)4PtC14, and Pt(NH3)4PtC14. Although such

sharp bands are uncommon in the spectroscopy of platinum complexes, a
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precedent is known. Martin et al. (32) recorded an almost

identical peak at 33,100 cm'1 in the b-polarized single-crystal spectrum
of the molecular crystal, Pt(en)C]z.

Comparison of the sharp peak in Pt(en)C12 with that in Pt(en)z-
PtC]4 provides rather convincing circumstantial evidence that the two

peaks arise from the same transition. Both peaks occur in the polarization

including the y-axis. The peak in Pt(en)thm4 occurs at 33,650 cm'1

1

(6K), and the peak in Pt(en)C]2 occurs at 33,100 cm - (77K). Both

peaks exhibit a blue-shift of about 1000 cm'1 on going from low tempera-
ture to room temperature. The Pt(en)ZPtC'I4 peak has e= 600 cm'1 M'1

while the Pt(en)C]2 peak has g= 600 ent M. The metal-metal separa-
tions are also quite similar: d(Pt-Pt) = 3.41 A for Pt(en)aPtC14, and

d(Pt-Pt) = 3.39 A for Pt(en)CTz.
Martin et al. assigned the absorption at 33,100 eam!
in Pt(en)C]2 to an interionic electron transfer, on the grounds that

the band wa

tn

present only in the crystal spectral. Furthermore, they
argued that no Frenkel exciton transitions were available to account
for the band. These authors proposed an assignment to (dxy)j+1 - (dxz)j’
where the transition occurs from the dXZ orbital on the jth molecule,
to the dxy orbital on the adjacent molecule, labelled j+1. Note that

the axis system used by Martin et al. differs from that used

17 weak band present in the solution sgectrum was_assigned
0 'Big . Arg (o* big « dz° ayg); its location at 33,100 cm-1 was
explained as coincidental.
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here for the D4h system, so that the dxy orbital on j corresponds to
dxz_yz in the Magnus-type salts. This transition was the only d-d
interionic transition allowed in b-polarization.

The similarity to the Pt(en)C]2 band, and especially the blue-
shift experienced by the peak maxima as temperafure rises, leads us to
conclude that the bands in the Magnus-type salts are also interionic
electron transfers, and that they correspond to the same transition as
the band in Pt(en)C12, though this transition may not be the same one
proposed by Martin et al. for Pt(en)C]Z.

Assigning the sharp peaks in the PtC142' series to an interionic
electron transfer confronts us with a significant difficulty, however,

since the other interionic electron transfers postulated in the Magnus-

1 1 2-
4

series -- were much broader than these peaks. One would not expect a

type salts --the bands from 28,000 cm ~ to 22,500 cm - in the PdCl

great variation in the characteristic shapes of the peaks within the
same class of transitions.

If an electron is excited into a o* orbital, the strength of the
bonds in the excited state will tend to be iess than the strengths
in the ground state. In this situation, the Franck-Condon effect
permits excitation by the totally symmetric vibration into several
vibrational levels. The result is a broad electronic transition, such
as those observed in the d-d region for these salts. Excitation into
a nonbonding orbital, on the other hand, will have little effect on the

bond strengths. Consequently, the Franck-Condon effect cannot produce
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broad peaks in this case.
An excitation into the lowest unfilled nonbonding orbital is
represented in the Magnus-type salts by the transition, Pz [Pt(NH3)42+]

. 2' - . 2+ .
“ dx2,yz [PtC1,"7]. Here, the P, orbitals on the two Pt(NH,;), " ions
2

adjacent to a PtC'l4 " ijon form 2,5, and alg Tinear combinations. The

3, Tinear combination can make the transition dipole-allowed in
x,y-polarization in the D4h system.

Since the sharp peaks in the Magnus-type salts are believed to
be the same as the peak at 33,100 cm'1 in the b-y crystal spectrum

of Pt(en)C]Z, it is important to determine if the.Pz « dxz,yz tran-

sition can occur with the correct polarization in C2v’ the point-
group which is used to describe the symmetry of Pt(en)C]Z. Puckering

of the ethylenediamines reduces the actual symmetry to C The dif-

2"
ference from C2v is slight, however, so the transitions are con-

sidered to follow the rules for C2 Using the axis conventions

v
of Martin et al. (32), the d orbital becomes d (b ) in
X2 yz 1

the Pt(en)C‘l2 system; d 5 becomes dxy (az). The tinear combinaticns

Y
of the Pz orbitals on adjacent Pt(en)Cl2 melecules have symmetries

of b1 and a;. The symmetry products indicate that (bl) « (d..)

J+l X2’]j

is allowed in x-a, and (bl)j+1'* (dyz)j is allowed in y-b. Transitions

to the 3 Tinear combination are forbidden i. both x and y. This is

gratifying, since the transitions to the corresponding a, _Tlinear

1g
combination in the Magnus-type salts are also symmetry-forbidden. We

therefore tentatively assign the sharp bands, both in the Magnus-
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type salts and Pt(en)Clz, to an interionic charge transfer of the

2+ 2-
type, P, [Pt(NH3)4 ]« dxz,yz [PtC14 ].

1

The region in the PtClaz- spectra between 26,000 cm - and

29,000 cm-1 show modest allowed peaks and absorbances in the valleys

in x,y-pclarization similar to that observed in the 28,000 cm'1 -

22,500 cm'1 region for the PdC142' salts. These features are ten-

+
tatively attributed to the interionic electron transfer, o* [Pt(NH3)42 ]

2']. This transition possesses the x,y-polarization

1

< diyyp [PECY,

required by the spectra. The difference of about 5000 cm -~ from
the sharp peaks at 32,000 cm'1 is 1in accord with the difference of
6000 cm~! in the 6p, and dx2_y2* band energies in Pt(NH3)42+, as
assigned by Isci and Mason from the Pt(NH)42+ solution spectra (35).
Although supporting evidence for tﬁe assignments to interionic
electron transfer transitions is scarce, such transitions appear to
provide a better explanation for the observed features than any of the
other types of transitions considered.
The salts in the PtBr42' series display a number of absorption
bands abcve the d-d region that can be attributed to allowed transitions.
Both Pd(en)ZPtBr4 and Pd(NH3)4PtBr4 display weak absorptions
-1

between 31,000 cm™* and 32,000 cm™} in both polarizations. Similar

absorption has been observed at that region in the aqueous PtBr42'

spectrum, and attributed to an intense ligand-to-metal charge-transfer

band in PtZBr6 , @ minor species believed to be present in both

-

Pd(en)thBr4 and Pd(NH3)4PtBr4; they could be due to the PtZBr6
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transition. However, the Pt28r62’ ion is not likely to fit into the
crystal sites, so this assignment is not favored. These bands seem

to be better explained as spin-forbidden charge transfers, such as
3

1 3 1
Eu « A1g (dxz_yz* “« euL-n) or A2u « Alg (dXZ;yZ* - b2uL-n). The
negligible shift of these transitions especially supports assignment
3 1 L.
to the Eu « Alg transition.

Like the PdC142' salts, the PtBr42' salts with platinum

cations exhibit peaks and valleys with nonzero absorbance just

on the high-energy side of the d-d region, around 27,000 cm'1 -
24,000 cm'l. By visual analogy with the absorptions in the other
three series, these bands are assigned to the interionic electron

trans fer transitions of the types, b1u [Pt(NH3)42+] « dxy

[Pter, > ] (2), and by [Pt(NHg) 21 < d  [PtBr,Z] (x.y).

Xy,yZ
Vibrational Structure

The Pdc142' series exhibited the strongest and most distinct
vibrational structure of any of the series studied. For each of
the salts, structure appeared on the 1Azg (x,y) band at 6K, and
several salts possessed structure in weak, spin-forbidden bands.
Table 14 summarizes the observed structure for each series, and
Appendix B catalogs the components for each salt.

Salts of the other three series generally showed weak
. Structure; only in Pt(en)ZPtC14 and Pd(en)ZPtC’l4 were progressions

observed that were as robust as those seen in the PdC142' series.

Vibrational structure is discernible in the lAzg band for
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Table 14. Summary of vibrational structure on the ’Azg transitions

Compound No. of peaks Intensity
Pt(NH3)¢PdC14 247 £19 11 weak
Pt(CH3NH2)4PdC14 258 =24 14 strong
Pt(en)ZPdU4 257 12 15 strong
Pd(NH3)4PdC14 258 + 49 7 very weak
Pd(en)deC14 260 =18 15 strong
Pt(NH3)4PdBr4 - - very weak
PL(CH NH,) PdBr, 175 =29 5 very weak
Pt(en)ZPdBr4 170 + 9 5 weak
Pd(NH3)4PdBr4 158 + 13 7 weak
Pd(en)deBr4 169 =24 8 weak
Pt(NH3)4PtC14 280 =+ 33 5 weak
PL(CH3NH,),PECT, 283 +20 7 weak
Pt{en),Ptlly 281 + 11 ° strong
Pd(NH3)4PtC]4 250 = 35 3 very weak
Pd(en)ZPtm4 278 =17 11 strong
Pt(NH3)4PtBr4 - - very weak
Pt(CH3NH2)4PtBr4 176 +18 3 weak
Pt(en)ZPtBr4 176 + 24 7 weak
Pd(NH3)4PtBr4 - - very weak
Pd(en)ZPtBr4 172 222 9 very weak
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seventeen of the.twenty compounds studied. Table 14 gives the
average separation between components for each compound. Note that,
for each series, the separation is characteristic of the totally
symmetric stretchiné vibration 21 for each anion. The decrease

in frequency from the value for the ground state obtained from
Raman spectra is attributed to the longer M-X bond length (where

M= Pt,Pd; X= C1,Br) and consequent weaker bond in the excited state,
compared to the ground state.

The standard deviations for the average separation over the
progressions are typically about 10 percent of the separations.

While the high deviation may indicate systematic changes in the
progressions, such as a decrease in separation arising from an
asymmetric potential function, it is more likely that they simply
reflect uncertainties in the measurements, in view of the relatively
Tow resolution and Tow intensities encountered in these spectra.

The absence of observed structure in a compound's spectra does
not mean, of course, that no vibrational progression occurs for the
compound. Crystals of many of the salts did not form as thick or as
large as crystals of other salts. For example, the crystals of two
salts for which no structure was observed, Pt(NH3)4PdBr4 and Pd(NH3)4-
PtBr4, formed only as very thin and fragile needles that afforded
extremely small crystal faces. The combination of small surface area
and thickness often required us to operate the spectrophotometer at

the limit of its resolution. Larger, thicker crystals, and improved
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“instrumentation might reveal structure for these two salts.

However, even those salts for which large, thick crystals
were pr&duced often showed weakly developed structure, and in the
case of Pt(NH3)4PtB;4, no structure at all. Therefore, thg division
of the structure into categories of “"strong", "weak", and "very weak"
in Table 14 can, in fact, be taken as a fair description of the
intensities of the observed structure.

Pd(en)deC'l4 was richest in vibrational structure: distinct

progressions were observed in the weak, spin-forbidden 3A2 s 3E bands

at 16,000 an”! and in the 1Eg/lBlg z-polarized band at 20,000 cm'l,
as well as in the 1A2g band at 20,200 cm'1 in x,y-polarization.

The structure on the 3A2g’ 3Eg bands appear as seven weak peaks
in x,y-polarization, with an‘average separation of about
271 = 31 cm'1 , and as eleven somewhat stronger peaks in z, with an
average separation of 261 = 10 cm’l. Figure 38 shows the bands at
6K and 300K for a very thick (106 um) crystal. The asymmetric shape
and poor resolution of the peaks in x,y indicates the presence of at

least two transitions, at about 16,000 en™! and 17,000 en™Y.  This

1.1 : -1
suggests that the ‘Eg/‘B states in the band at 20,000 cm = occur at

1

ig
slightly higher energy than the
1

A29 state. This is quite reasonable,

in view of the location of EgllBlg at higher energy than 1AZg in

Pd(en)ZPdBr4.
The well-resolved structure visible in the z-polarized peak
at 16,000 cm'1 suggests that the transition in z is excited by

only one vibration, although a total of nine excited-state energies
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are expected for the spin-forbidden transitions. The remaining
transitions are probably too weak to be observed.

Pd(en)deC'l4 was also the only Magnus-type salt to show vibra-

1Eg/lBlg « 1Alg band in z-polarization.

Figure 39 shows the z-polarized structure, as well as the much stronger

tional structure in the

x,y-polarization. Eleven weak components, with an average separation
of 265 + 25 cm'1 were observed. The z-polarized 1Eg transition is
excited by e, vibrations, and although the structure may arise
becéuse one vibration is more effective than another in vibronic
excitation (13), it appears that this is not likely, since no other
salts show structure in this band. A possible explanation for the
structure arises from the suggestion made in the next section, based
on evidence from the structural detail of the 1AZg band, that the

two e, vibrational frequencies actually differ by such a small amount
that vibrational structure is no longer significantly reduced by

the presence of two asymmetric exciting vibrations of diffarent
frequencies (13). The structure appears better developed because

the progressions due to each vibration are merged into a single

progression by the limited resolution in the measurement.

Of course, it is also possible that the structure in 1

1
E /°B
g lg
is observed as a resuit of incomplete polarization, which can
occur because the Pd(en)ZPdC14 unit cell is triclinic. At least
a partial crystal structure determination is necessary in order

to calculate polarization ratios (52) for incomplete polarization.



Figure 39. Portions of the polarized absorption spectra of Pd(en) PdCI4,
showing vibrational structure in both z- and x,y-polarizations
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A similar calculation performed for Pt(en)ZPdC14, using Pd and Cl
positions obtained from the structure attempt discussed in this
section, yielded a polarization ratio, Pz/Px,y of 72,840, which
is beyond the capabilities of our instrument to detect. Unfor-
tunately, this calculation is of limited value, since it is
Pd(en)ZPdC14, not Pt(en)ZPdC14, which shows the structure in the
159/131g band.

Vibrational detail was observed in slow wavelength scans of
the IAZg band for Pt(CH3NH2)4PdC14, Pt(en)deC14, and Pd(en)ZPdC14.
The arrows in Figure 40 indicate the vibrational detail in a
representative scan of a Pt(CH3NH2)4PdC14 crystal. The components
were observed only in the first 4-5 peaks in the vibrational pro-
gression, but they were quite distinct and reproduciﬁle over
several thick crystals for each salt, so there is little doubt
about their authenticity.

The components are very similar to the L, B, and S components
resolved in the 15K crystal spectra of KdeBr4 (36). Table 15 lists

the energy separations associated with the components 1in each salt.
Rush et al. (36) have assigned the strong components S and B
in KdeBr4 to Vg, an asymmetric stretch, and Vs, and in-plane bend

that constitute the two e, exciting vibrations. The L component

was assigned to a lattice vibration, and the C component to a

combination mode.

The energy separation of S and B (i.e., v6-v7) was only 50 cm,-1
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Table 15. Energy separations in <:m'1 for observed vibrational components
Salt Separation (cm'l)
1-22 1-3P 2-3¢
Pd(en)ZPdC14 - - 52.4 + 7.5
Pt(en)dem4 59.3 = 5.9 95.5 = 7 36.3 = 3.8
Pt(CH3NH2)4PdC14 38.8 £ 2.5 72.5 = 8.7 33.8 £ 9.5
d
K,PdBr, 45 90 40

aSeparation of bending and stretching band.
bSeparation of bending and lattice band .
CSeparation of stretching and lattice band.

dSeparations calculated from Reference 36. .
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compared to 120 el in the ground-state PdBr42' jon. Rush et al.
therefore concluded that Vg would not decrease, and might actually
increase on going from the ground-state ion to the excited state
in KZPdqu. Such an increase indicated to Rush et al. that the
e, in-plane bending vibration in the excited state is spatially
restricted by the nearby KTions. As support, they cited the fact
that the e, bending displacements decrease the Br-K distance much
more rapidly than do the e, stretching vibrations.
The explanation proposed by Rush et al. for the small sep-
aration seen in K,PdBr, appears to be reasonable for Pd(en)ZPdC14
and the other Magnus-type salts as well: although the radius of the
chloride ligand is smaller than the bromide, and thus will decrease
the spatial restriction suffered by the Pd-C] bending mode, the
bulky methylamine and ethylenediamine ligands on the cations should
serve to restore the spatial restriction to the levels believed to
exist in K2PdBr4. Note that the Ve=Vy separation assigned to KdeC’l4
is 120 cm '1, whereas the separations observed for K,PdBr,, Pt(en)z-
PdCl,, and Pt(CH3NH2)4PdC14 are all between 39 cm'l and 59.cm'1.
Changes in Vg-Vy may é]so explain th the intensity of the

vibrational structure varies widely from compound to compound, and

why the PtBr42' and PdBr42- series of the Magnus-type salts show only

weak, poorly resolved structure, while KthBr4 and KdeBr4 show well-
resolved vibrational structure.
It has been noted (13) that one of the conditicns which may

reduce vibrational structure is the existence of more than one
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asymmetric vibration of different frequencies which excite a given
transition. The result of multiple exciting vibrations is the super-
position of several progressions in the same region of the band in
such a way that the‘progressions destructively interfere, thereby
reducing the observed intensity of the progressions. The 1AZg tran-
sition in these complexes is excited by the e, vibrations, which
include both the e, stretch (v6) and the e, bend (v7). As the ve-v,
separation becomes larger, reduction of the observed vibrational
structure should occur. But, as Vg-Vy approaches zero, merging of
the peaks associated with Ve and v, occurs throughout the progression,
resulting in larger separations between the remaining peaks. Thus,
the structure will exhibit its maximum intensity. Although compiete
crystal structures for each Magnus-type salt are needed to confim
the hypothesis, it appears that those salts which spatially restrict
the e, bend the most, and hence have the smallest VgmVy values,
exhibit the most intense vibrational structure.

As indicated in Table 14, none of the Magnus-type salts
having NH3 Tigands exhibit strong vibrational structure. B8y the
reasoning given above, the NH3 séits should not exhibit strong
vibrational structure because the NH3 Tigands do not sufficiently
crowd either the chioride or the bromide ligands enough to affect
V-, Structure would also be weak in the methylamine and ethylene-
diamine salts with bromide ligands because the bromides cause the

unit cell to be so large that the methyiamine or ethylenediamine
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ligands, though bulky, do not crowd the bromide as the e, in-plane
bending vibration brings the bromide closer to the amine in the
adjacent cation unit. The PtC1,2~ series, on the other hand,
shows substantial structure because the somewhat smaller

unit cell permitted by the chloride ligands allows the chloride
moved by the e, bend to get close enough to the ethylenediamine

to produce a spatial restriction. Pt(CH3NH2)4PtC]4 is an
intermediate case: moderate structure is observed because
methylamine is intermediate in size between NH3 and ethylene-
diamine. Finally, the ethylenediamine and methylamine salts in
the PdC142_ series show strong vibrational structure because, as
seen above, VgmVy is greatly reduced from its value in KZPdC14.
It should be stressed, however, that complete crystal structures
which give the C-Cl and C-Br in-plane distances are needed to

confirm this proposal.
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GENERAL SUMMARY

The conclusions drawn from the data presented here partially
support the view of Day et al. (28,29), that the optical spectra
of the Magnus-type salts can be explained by a vibronic model
with crystal perturbations of the orbitals present in the isol-
ated anion. We have shown, however, that other transitions
also occur in the visible and near ultraviolet regions. These
charge-transfer transitions join the d-d transitions in bring-
ing about the unusual colors observed in MGS and the other Magnus-
type salts. We may conclude that the unusual colors are not
the result of metal-metal bonding or formation of bands delocal-

ized over many metal centers (9,31).

1 1 . 2, . 1 1
Qur placement of B1g « A1g (o* « dZ ) with the Eg <« A1g
* it i = 3 XK= \
(o* « dxz,yz) transition in KMX,, M= Pt or Pd; X C1 or Br, as

proposed earlier by Elding and Olsson (24), suggests that the

dz2 orbital mixes somewhat with the s orbital in the next higher

shell. That such mixing can occur implies that the 6s orbital in
MGS lies at an energy only moderately higher than the 5d orbitals.

It appears unlikely that the absorption at 20,700 ! (2),

1Blg band: the temperature

dependence of the peak intensities across the entire Ptc142'

20,900 en”t (x,y) in K,PLCl, is the

series does not correspond to that expected for the 1B band,

lg
nor is the shift of the 1819 absorption expected to be less than

the shift for 1Eg, as would clearly be the case in the PdC142'

2- . .
and PdBr4 series, if 1B1g were indeed at very low energy. Thus,
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our research provides evidence contradicting the proposals of
Tuszynski and Gliemann (26) for KZPtC14 and several related complexes.
While the d22 orbital may be destabilized somewhat by mixing with the
6s orbital, the systems do not experience the destabilization re-
quired to place 1Blg much below 1Eg except where the metal-metal
spacings are very small, as in Pt(NH3)4PdC14 and MGS.

Crystal effects may modify the d-d bands, but they also
produce allowed bands corresponding to transfer of electrons from
one ion to an adjacent ion. This mechanism should not be viewed
as a delocalization over the entire chain, as one would expect
from band theory. Rather, the delocalization of the transition
is limited to only a central ion and its two nearest neighbors in
the chain.

The formation of these electron-transfer exciton states in
the Magnus-type salts is promoted by the close metal-metal
spacings, which permit orbital overlap to a degree not possible in
the potassium salits. Unlike the formation of ionic exciton states
in molecules, however, these excited states in the Magnus-type
compounds correspond to a decrease in the charge of the ions
invoived. We therefore note that the changes in the lattice
energies of the crystals, along with changes in the ionization
energies of the ions, will be important factors in determining
the energies at which the interionic electron transfer transitions will
occur. The relative importance of each of these factors to the

Magnus-type systems is not yet resolved.
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This research has demonstrated the relationship that exists
between the physical orientation of the orbitals in the Magnus-
type salts and the absorption spectra for the salts. It is hoped
that future research will provide spectroscopic and structural
data necessary to refine the assignments and rationalizations
presented here, particularly those pertaining to the vibrational

structure intensities and the interionic electron transfers.
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APPENDIX A

In general, the intensity of an electronic transition depends on

the transition moment integral:

~

E = <we]’ l( Mx * ﬁy * rqz )| l‘[’e1°> (1)
where we]' is the excited-state electronic wavefunction, we1° is the
ground-state electronic wavefunction, and ﬁx’ ﬁy, ﬁz are the dipole
moment components along each of the three Cartesian coordinates. A
nonzero transition moment integral gives rise to a nonzero transition
intensity. The transition moment integral is nonzero only if the
symmetry product of equation 1 contains the totally symmetric
representation. In the Dy, system,

ﬁ’er °me1° .rﬁx,ﬁyjzp Alg ) (2)
must be true for a transition to gain intensity. Now, MZ trans forms
in D4h as A2u , and ﬁx’ﬁy trans form together as Eu. Therefore, the

D4h selection rules are

r . .r. [ 2)

lel lel” =2 A2u (3)
and

E;‘ RS > Ey (4)

for polarizations in z and x,y , respectively. These conditions hold
for all electric dipole-allowed transitions.

Some transitions, such as the d-d transitions with which much
of this research is concerned, do not satisfy the dipoie-allowed
selection rules. These transitions gain some allowed character by

vibronic coupling, however.
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The transition moment integral in the case of vibronic coupling is

B = gy byap- 1M, + M+ M) | weqovysp (5)
where Yyib® and Yyip~ are the ground-state and excited-state vi-
brational wavefunctions, and all other terms are defined as they

were in equation 1. For transitions from an Alg vibrational ground state,

the vibronic selection rules are

Wef ) mef ) inb' = Ay, (6)

I:el' : [—ll:e1° ) l-“:vib’ = By (7)

for z- and x,y-polarizations, respectively. The ungerade normal

and

vibrations, a5, qu’ e, (stretching), and e, (bending) for square-

planar MX4 groups, give allowed character in the vibronic coupling

mechanism for D4h’
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APPENDIX B: CATALOG OF PEAK MAXIMA FOR VIBRATIONAL STRUCTURE IN
THE MAGNUS-TYPE SALTS



Table 1. Energies (v, cm~ ') for the observed vibrational peaks for the

Azg transitions (6K) in the PdC1,2% series

Pd(en),PdCl, Pd(NH3),PdC1, Pt(en),PdCl,
17924
18250 18175
18525 (18585)b (18372)a 18430 (18471)b
18790 (18850) 18900 (18636) 18688 (18723)
19060 (19105) 19200 (18882) 18943 (18975)
19320 (19365) 19400 (19135) 19201 (19238)
19586 (19637) 19700 19443
19865 20000 19755
20125 20250 20008
20400 20450 20263
20688 20509
20805 20768
21175 21026
21400 21286
21660
21887

parentheses indicate the shoulder assigned to a bending vibration.

b

Parentheses indicate the shoulder assigned to a lattice vibration.



177

Pt (CH3NH,) 4 PdCT, Pt(NH3).PdCT,

17960
(18080)3 18120 (18140)b 18215
(18350) 18390 (18425) 18475
(18620) 18660 (18700) 18700
(18885) 18920 (18960) 19000
19210 19250
19500 19500
19750 19780
20000 ' 20000
20300 20250
20550 20500

20800

21050

21250
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Table 2. Energies (v, cm'l) for the observed vibrational peaks for the
Azg transitions (6K) in the PdBr,2 series

Pd(en),PdBr, Pd{NH3) ,PdBr, Pt(en) ,PdBr, Pt (CH3NH;) 4PdBr,

18083 18025

18215 18175 18150

18382 18350 18315 1830C

18587 18500 18490 18500

18762 18675 18670 18650

18939 18825 18830 18800

19084 18975 15000

19268
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Table 3. Elnergies (v, crn'l) for the observed vibrational peaks for the
Azg transitions (6K) in the PtCl1,2 series

Pd(en),PtCl, Pd(NH;),PtCl, Pt(en),PtCl, Pt(CHsNH,),PtCl, Pt(NH,),PtCl,

23400

23625 23750 23700 23750
23875 24030 24000 24025
24130 24320 24275 24275
24410 24600 24550 24575
24700 248002 24875 24850 24825
24975 25075 25170 25100 25150
25250 25300 25450

25530 25710

25810 26000

26120 |

26375

alEx‘cr‘eme]y weak and poorly defined.
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Table 4. gnergies (v, cn'l) for the observed vibrational peaks for the
Azg transitions (6K) in the PtBr,2 series

Pd(en) ,PtBr,. Pt(en) ,PtBr, Pt (CH3NH, ) 4PtBr,

22805 22727

22989 22883

23175 23068 23068
23364 23229 23256

23557 23392 23419

23697 23613

23849. 23781

24038

24184
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Table 5. Energies (v, cm'l) for the vibrational peaks for triplet and
z-polarized singlet transitions of Pd(en),PdCl,

triplet x,y a triplet z ' singlet z
14174 ' 14793 18250
14503 15038 18520
14749 15291 18820

©15015 15557 19100
15279 15823 19350
15552 16069 19650
15798 16332 19900

16584 20200
16858 20410
17123 20750
17391 20750

21030

Transition type and polarization, respectively.
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Table 6. Energies (v, cm'l) for weak transitions in the x,y - polar-
ization (6K) for Pd(en),PtCl, and Pt(en),PtCl,

Pd(en) ,PtCl, Pt (en),PtCl,
22075 21940
22325 22240
22610 22525
22870 22800

23100

23370
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