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The optical spectra of the tetrabromopalladate(I1) ion doped as a substitutional impurity in cesium hexabromozirconate(1V) 
has been measured at 2 K. An electronic band has been observed between 19 185 and 21 836 cm-l with sharp vibrational 
detail and is assigned as the d-d transition, I’I(IAlg) - r ~ ( ~ A 2 , ) .  The mixed crystal vibrational data for this band has 
been compared with recent single crystal absorption results a t  15 K by Martin and co-workers. The possible presence of 
a Jahn-Teller effect for the I’l(lAlg) - rs(IEg) transition for PdBr42- in CS2ZrBr6 has been examined. A Cotton-Harris 
molecular orbital calculation has been carried out for PdC1& and PdBr& ions. The M O  results have been used in conjunction 
with a crystal field calculation to correlate the available experimental data for these two ions. 

I. Introduction 
Polarized crystal spectra for the tetrachloropalladate(I1) ion 

at liquid helium temperature have been reported by Francke 
and Moncuit.’ Also, Rush, Martin, and LeGrand2 have 
reported liquid helium polarized crystal spectra for the tet- 
rachloropalladate(I1) ion and the tetrabromopalladate(I1) ion. 

Similar measurements have been carried out for the corre- 
sponding platinum(I1)  salt^.^,^ 

We have reported  experiment^^..^ where we have doped both 
the PtC142- and the PdC142- ions as substitutional impurities 
in cubic antifluorite hosts of the Cs2ZrCl6 type and observed 
the optical spectra at 4.2 and 2 K, respectively. In this type 
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ENERGY cm-' 

Figure 1. Microphotometer tracing of bands 1 and 2 for Cs,PdBr, 
in Cs,ZrBr, a t  2 K. 

of experiment the MX42--MX42- interactions are minimized. 
In this paper we report the optical spectra of the tetra- 

bromopalladate(I1) ion doped as an impurity in the cesium 
hexabromozirconate(1V) host lattice at 2 K. For the I'1(lAlg) - I 'z( .IA~~) d-d transition, Martin et a1.2 have observed 
exceptional vibrational structure for KzPdBr4 a t  15 K. 
Comparison of the mixed and pure crystal results will allow 
us to study the effect of the M-M interactions for one sharply 
structured transition. 

Molecular orbital calculations of the Cotton-Harris type 
have been carried out for PdC142- and PdBr42-. The results 
are in reasonable agreement with the experimental data. Also, 
crystal field calculations for P t c 1 ~ ~ -  and PtBr42- have been 
used to predict the optical spectra of PdBr42- from the results 
for PdC142-. Thus, crystal field and molecular orbital results 
have been used to compare the PdC142- vs. pdB1-4~- systems 
and the corresponding platinum systems. 
11. Experimental Section 

The K2PdBr4 used for preparation of the Cs2PdBr4 was purchased 
from D. F. Goldsmith Chemical and Metal Corp. The Cs2PdBr4 was 
prepared by adding a stoichiometric amount of CsBr to a saturated 
solution of K2PdBr4 in about 6 M HBr. K2PdBr4 hydrolyzes rapidly 
in water but the presence of HBr prevents this. Cs2PdBr4 is much 
less soluble than K2PdBr4 and precipitates readily as a reddish powder. 

The procedure for preparing and growing the mixed CS2ZrBr6 
crystals has been described in an earlier publication.* Also, the 
techniques for recording the mixed crystal optical spectra have been 
described p r e v i ~ u s l y . ~ ~ ~  

Analysis of the amount of CszPdBr4 doped in the Cs2PdBr4- 
CS2ZrBr6 mixed crystals was determined by atomic absorption 
spectroscopy as described previously7 for mixed Cs2PdCI4-Cs2ZrCl6 
type crystals. The mole percent of Cs2PdBr4 in these mixed crystals 
was about 0.5%. 

The extinction coefficient of the PdBr42- ion doped in CS2ZTBr6 
a t  liquid helium temperature was determined by measuring the 
absorbance of the mixed crystal on a Cary 14 spectrophotometer. The 
concentration of CszPdBr4 in the mixed crystal was calculated from 
the unit cell length of CS2ZrBr69 and from the mole percent of 
CszPdBr4 in the mixed crystal. The crystal thickness was determined 
to be 1.37 mm. Using the Beer-Lambert law and relationship 1 values 

f = 4.32 X lO-'Je(T) di7- (1) 

of the extinction coefficients, e, and oscillator strengths, 5 were 
obtained. 

ENERGY cm-1 

Figure 2. Microphotometer tracing of band 3 for Cs,PdBr, in 
Cs,ZrBr, at 2 K. 

111. Results 
Five bands were observed in the absorption spectrum of 

CszPdBr4-CszZrBr6 mixed crystals at  liquid helium tem- 
perature. Band 1 occurs as a progression in three peaks from 
19 185 to 21 836 cm-' and is shown in Figure 1. It is very 
similar in appearance to the band assigned as I'l(lAlg) - 
I'2(1A2g) for PdC1d2- and has about the same relative intensity. 
Band 2 corresponds to a hump under band 1, as shown in 
Figure 1, which begins at 19 500 cm-' and continues to 21 800 
cm-'. Band 3, as shown in Figure 2, appears as a low intensity 
progression in a single peak from 22 700 to 23 900 cm-l. 

Above 25 000 cm-' no detailed vibronic structure is evident. 
However, two strong and broad peaks have been observed with 
maxima at  about 27 000 and 30 000 cm-', 

The absorbance of a single Cs2PdBr4-Cs2ZrBr6 crystal was 
kindly measured by Professor D. Martin with a Cary spec- 
trophotometer at room temperature and at  16 K. At 20 200 
cm-' the extinction coefficient of the mixed crystal system was 
determined to be 140 at room temperature and 76 at 16 K. 
In comparison, Martin2 has found the extinction coefficient 
of a pure KzPdBr4 crystal at  300 and 15 K to be -300 and 
-120, respectively. Thus, for the I'l(lAlg) - I'2(lAzg) 
transition at 16 K the extinction coefficients and the oscillator 
strength in the mixed crystal system are reduced by about 35% 
from the pure crystal case. This reduction in intensity could 
be partly due to the variation in cation from Cs+ to Kf and 
partly due to a difference in the index of refraction of the two 
systems. Martin and co-workers2 have reported no = 1.75 and 
nE = 1.58 for KzPdBr4 at  Na D wavelength while we have 
found the refractive index of the host crystal Cs2ZrBrg to be 
about 5% lower than the average value of KzPdBr4 at the same 
wavelength. At the wavelengths near the absorption band one 
would predictlo the index of refraction of the pure crystal to 
be higher than that of the mixed crystal. Since the oscillator 
strength is proportional to the index of refraction, this should 
be partially responsible for the observed difference in the 
oscillator strengths. 
IV. Molecular Orbital Calculation 

Molecular orbital calculations are extremely useful in at- 
tempting to assign the observed electronic transitions in a 
molecule. One common calculation which is relatively simple 
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the atomic orbitals of interest can be expressed as a linear 
combination of Slater-type orbitals (LCSTO's) 

w d? (4? 
J, = -ycfli1/Zrnie-W' 

i 

Harrison has written a computer program, EXPFIT, which will 
fit a linear combination of exponentials to a set of data either 
generated by input analytical functions or fed directly into the 
program. The program constructs a set of evenly spaced values 
of r and either calculates the value of the wave function at that 
distance (for the function option) or interpolates between the 
two nearest input values of the radius (for the numerical data 
option). The program then solves for the aI)s by Prony's 
method.I3 After determining the set of at's for each exponent, 
the program then determines the coefficients by a least-squares 
method. Once the LCSTO's have been found, the overlap 
elements can be evaluated using computer programs already 
written by other workers. 

The Pdo 4d, 5s, and 5p wave functions were calculated by 
a Hartree-Fock-Slater self-consistent field program written 
by Herman and Skillman.14 The numerical wave functions 
that are generated have the correct number of radial nodes, 
are normalized, and are continuous. These particular nu- 
merical wave functions have been used by Leal5 to calculate 
coherent Hartree-Fock-Slater atomic x-ray scattering factors 
for neutral atoms, an application which would seem to require 
good wave functions. This suggests that we may have some 
confidence in the wave functions we are using. 

Since the HFSSCF program will not generate numerical wave 
functions for unoccupied orbitals and the ground state of Pdo 
is 4di0, calculations also had to be done on excited states of 
Pdo in order that wave functions for the 5s and 5p orbitals of 
palladium might be generated. The ground state and three 
excited states of PdO were calculated using this program. The 
numerical wave functions generated for each state were then 
fit to a LCSTO's and the function which had the best fit was 
taken as the function for the particular orbital. While it is 
recognized that HFSSCF calculations are strictly applicable 
only to the ground state, it was thought that this would give 
a good representation of the wave function, since we were not 
interested in the energy. This is borne out by our fitting 
calculations, since the functions calculated for different 
electronic configurations agreed to three significant figures 
in the exponents a, and were within an average of 15% in the 
coefficients. 

The wave functions for palladium were for PdO. In order 
to have the charge on the PdCl$ complex come out correctly, 
it was necessary to use C1-i/2 rather than C1-1 or Cl0 wave 
functions. The initial charge on the palladium was chosen as 
zero because the charge on platinum in Cotton and Harris' 
PtC142- calculation was +0.439, which is closer to zero than 
it is to one. The numerical C1-'I2 functions were a numerical 
average of the Cl0 and C1-i functions. The PdBr4*- complex 
was treated in the same fashion as the PdCl& complex. 

Molecular Orbital Results for PdCI$ and PdBr4*- Ions. 
Once the diagonal and off-diagonal matrix elements of the 
secular equation 

IHij - E S i j  I = 0 ( 5  1 
have been calculated, a computer program was used to solve 
the secular equation for the eigenvalues and eigenfunctions. 
A self-consistent charge calculation was performed and 
convergence occurred in 13 iterations. The symmetries of the 
calculated molecular orbitals, their energies, and the major 
components of the eigenfunctions for PdC142- and PdBr42- are 
listed in Table 11. 

It can be seen from Table I1 that the ordering of the 
molecular orbitals for PdC142- is almost the same as that 
reported for PtC14*- by Cotton and Harris, except that the 

Table I. Values of the Hii Matrix Elements for the PdC1,'- and 
PdBr,'- Molecular Orbital Calculationsa 

Hii for Hii for 
PdCl,'-, PdBr,'-, 

Orbital eV eV 

5 s(M) -8.99 -8.99 
5PxSPy SPZ(M) -4.41 -4.41 
4d,y,4d,Pdyz,4drl-y 294dZ2 (MI - 11.16 - 11.16 
3s(L) -24.00 -23.76 
3Px,3Py ,3Pz(L) -15.10 -15.55 

a (M) indicates a palladium orbital while (L) is for the ligand 
orbitals. The atomic coordinates of the orbitals are the same as in 
ref 11. 

to do is an extended-Huckel (EH) molecular orbital calculation 
of the Cotton-Harris type." This is the type of calculation 
we have carried out. 

The assumptions underlying the EH model are as follows. 
First, the molecular orbitals are linear combinations of the 
atomic orbitals (LCAO approximation). Second, the overlap 
integrals do not change appreciably with the variation of the 
charge distribution during the course of the calculation. This 
assumption eliminates the need to recalculate the overlap 
integrals at every stage of the calculation. Third, the diagonal 
elements of the Hamiltonian matrix, Hi;, vary with charge 
distribution according to a predetermined ratio. This ratio 
has been fixed as 1 eV/unit charge by Cotton and Harris in 
order to fit the observed optical transitions of PtC142-. Fourth, 
the off-diagonal Hamiltonian matrix elements can be com- 
puted by the Mulliken-Wolfsberg-Helmholtz approximation 

H i j  = KSij(Hii + H j j ) / 2  (2) 
where Sij is the overlap matrix element. K has been varied 
by Cotton and Harris for PtC142- and they found the most 
reasonable value for K to be in the range of 1.7 to 1.8. 

Calculation of the Diagonal Elements of the Hamiltonian 
Matrix, Hjj, for PdC142- and PdBr42-. The diagonal Ham- 
iltonian matrix elements have been calculated for PdC142- and 
PdBr42- by the Cotton and Harris procedure of expressing the 
diagonal matrix elements, Hji, as the free ion part, Ajj, plus 
a correction factor. The Ajj's for the palladium orbitals were 
determined from the ionization potentials for PdO - Pd+ + 
e-. The following processes were considered: 
5s 4d95s -+ 4d9 + e 

4dS5s2 -+ 4d85s t e 
4d85s5p -+ 4d85p t e 
4d95p -+ 4d9 + e 
4d85s5p -+ 4d85s t e 
4d" -f 4d9 + e 
4d95s -+ 4d85s + e 
4d95p -+ 4d85p t e 

5p 

4d 

The energies of the states in Pdo and Pd+ were obtained by 
multiplet averaging of the energies of the individual states 
found in Moore's tables.'* The energy difference between the 
two states was then calculated, and once the energies of all 
the processes had been found, the energies were averaged. The 
Hij's for Pdo are listed in Table I. The values for the Hii's 
of the C1-'l2 valence orbitals are taken from Cotton and 
Harris. Also, the Hij's for Br-li2 are given in Table I. Note 
that the Hji'S are negative because energy must be added to 
the orbital to remove an electron from it. 

Calculation of the Overlap Matrix Elements, Sjj. A Sla- 
ter-type orbital is a wave function of the form 

(0 @? (3 1 J, =N1/2yfle-olry 

where N1i2  is the appropriate radial normalization factor, a 
is a constant, and Y(O,+) is the appropriate normalized 
spherical harmonic function. In order to simplify the cal- 
culation of the overlap matrix elements, it was assumed that 
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Table 11. Eigenvalues, Components of the Eigenvectors? and 
Symmetries of Molecular Orbitals for PdC14Z- and PdBr," Ions 

Major Energy, eV 
components Sym- 

Orbital of eigenvectors metry PdC1,'- PdBr,'- 

1 , 2  5p ,ns ,np  e, 10.73 11.74 
3 5s, np,  n s ,  4dzz aIg 7.69 1.33 

5 4dX2?2, rip, ns blg  -8.85 -9.29 

7 , 8  4d,,,4dyz,np eg -11.46 -11.58 
9 4d22,5s ,np ,ns  alg -11.73 -11.72 

10 nP azg -12.80 -12.65 
11 ,12  n p , 5 p , n s  e, -13.25 -13.44 

15, 16 np,4d,,,4dy, eg -14.63 -14.95 
at, -15.03 -15.84 

18 ,19  np, ns, 5p e, -15.18 -15.51 

21 np, 5s, ns,  4d,z aIg -16.01 -17.07 
22 ns,  4dxz9z,np b lg  -23.07 -22.74 
23 ,24  ns,  Sp, np  e, -23.44 -23.26 
25 ns,5s, 4dz2 ,np  a j g  -24.23 -23.78 

4 5P, nP a,, -1.50 -.34 

6 4dxy 9 nP bzg -11.37 -11.54 

13 nP b,, -13.95 -14.05 
14 np, 4d2-2 b1g -14.25 -14.24 

17 np, 5P 

20 nP> 4d,y b,g -15.87 -16.51 

For the chloride ligand n = 3 and for the bromide ligand n = 4. 

blg(2) (No. 14) state is higher in energy in PdC142- than azu(l) 
(No. 17) and eg(l) (No. 15 and 16) states, whereas in PtC142- 
it is lower in energy than each of these. There are also 
differences in ordering from that reported by Basch and Grayt6 
in their calculation for PdC142-, although the ordering of the 
d orbitals is the same. 

A list of the lowest energy, spin allowed transitions in 
PdC142- (and PdBr42-) from our calculation and the XLY 
calculation of Messmer, Interrante, and Johnson" is found 
in Table 111. Our molecular orbital results agree better with 
the accepted assignments of th'e low energy bands than the 
Xa molecular results. However, the Xa model gives better 
results for the observed charge transfer transitions. 
V. Assignment of Experimental Data 

Crystal Field Model for Assignment of Low-Energy 
Transitions. The crystal field model used in this work has been 
discussed in two previous  publication^^^^ on P t C 1 8  and 
PdC142-. The ion PdBr42- possesses D4h symmetry. When 
Pd2+ is placed in a strong crystal field the 4d8 orbitals will 

rameters: A1 = dXZ-y2 - d,, A2 = d,z-y - d,z, A3 = dX2-yz - 

To assign the low energy observed bands for PdBr42- in 
terms of a crystal field model, we first calculated the change 
of the six parameters in going from PtC142- to PtBrd2- and then 
assumed the same variation to predict the changes in the 
spectra from PdC142- to PdBr42-. The first step of the analysis 
involved finding suitable values of the crystal field parameters 
for P ~ B T ~ ~ - .  Using the values of the parameters for P t C P  
given by Patterson, Godfrey, and Khan5 and the experimental 
data for PtBr42- for the singlet-singlet absorptions reported 
by Kroening, Rush, Martin, and C l a r d ~ , ~  a least-squares fit 
was made by varying only AI, A2, A3 and a new set of pa- 
rameters was obtained. Next, F2, F4, and X were varied, with 
AI, A2, A3 held constant, to obtain the best fit to the ex- 
perimental energies. Then, F2, F4, and X were held constant 
and AI, A2, A3 were varied to give the best fit to the data. 

In the second stage of the crystal field analysis the per- 
centage change in each crystal field parameter was calculated 
for PtCh2- vs. PtBrd2-. These same percent variations were 
then applied to the crystal field parameters for PdC142- given 
by HPG,7 and a set of approximate excited state energies for 
PdBr42- was obtained. A further refinement of these values 
was then carried out with a least-squares technique to fit the 
observed values for K2PdBr4 at 15 K given by Rush, Martin, 
and LeGrand. A summary of the crystal field calculations 
is given in Table IV. 

Our assignments of the d-d transitions for PdBr42- agree 
with the assignments given by RML in most cases. The 
assignment of the band at 15700 cm-I as the I'1(lAIg) - 
I ' s , I ' ~ ( ~ A ~ ~ )  transition agrees with the polarization selection 
rules since this transition should appear in both xy and z 
polarizations and experimentally this is the case for the 
KzPdBr4 crystal system. By the same token the transition 
I'I(lAlg) - I'2t1A2& is expected to appear only in xy po- 
larization and has been assigned to the 20200 cm-l (xy )  
transition by RML. Band 1 with a maximum of about 20 200 
cm-1 for the CszPdBr4-CszZrBrs system has also been as- 
signed to the I'l(lA1,) - I'2('Azg) transition. 

The 17 400 and 26 990 cm-l observed bands of RML have 
been assigned to the I't(IAlg) - I'4(3B1g) and the I'l(lAkg) - I'3(IBlg) transitions respectively, since their relative os- 
cillator strengths are in reasonable agreement with our cal- 
culated relative intensities. The 26 990 cm-l observed band 

dxz, dyz. 

have an energy level scheme as follows: 

blg(dxz-y 9 > bZg(dxy) > eg(dxz,dyt) > aig(dz2) 

The matrix elements which describe the crystal field, the 
interelectronic repulsion, and the spin-orbit interaction have 
been given by Fenske, Martin, and Ruedenberg.18 F2 and F4 
are the Slater-Condon parameters, h is the spin-orbit in- 
teraction parameter, and AI, A2, A3 are the strong field pa- 

is not assigned to a spin-forbidden charge transfer band be- 
cause the appreciable spin-orbit interaction for bromine should 
result in a transition with an extinction coefficient greater than 
21. 

From MCD studies of PdBr42- in solution at room tem- 
perature, Schatz and c o - w ~ r k e r s ~ ~  have reported an A term 
for a band at 19 600 cm-l and they have assigned this band 
as the I'l(lAtg) - I's('E,) transition. The same assignment 

Table 111. Comparison of MO Extended-Huckel (EH) and XCY Calculated Transition Energies with Experimental Data 

Calcd energy, Calcd energy, cm", for PdC1,'- Excited Exptl energy, cm-', for Exptl energy, 
Type state Wold (EW' cm-', for PdC1,'- PdBr,'- (EH)' cm-', for PdBr,'- 

28 000 20 300 21 454a 18  150 20 200b 
28 000 21 100 22 530a 1 8  470 21 9 7 I b  
35 000 23 200 28 90ga 19  600 

31 900 27 100 
35 000 35 500  35 720b 33  500  30 200b 
37 000 41  100 37 400b 38 400 30 900b 

43 600 39 900 
45 700 46 600 

44 000 51 100 44 980b 50  200 40 OOOb 

Rush, Martin, and LeGrand, ref 2. ' This calculation. 

d-d 1A,g 
lE!Z 

d-d 1B1g 
1% 
l E U  

CT L-M $4 

l E g  
1% 

d-d 

CT L-M 
CT L-M 
CT L-M Azu 

CT L-M 
CT L-M 

Harrison, Patterson, and Godfrey, ref 7. Messmer, Interrante, and Johnson, 
ref 17. 
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Table IV. Summary of Crystal Field Results for PtX,*- and PdX,Z- where X = C1, Br 

Energy calcd," Energy obsd,b cm-', Extinction coeff RelC inten- 
State cm", for PtBr,'. for PtBr,'- Eexptl b sity calcd 

rl('A1g) 0 

rJ3Eg) 15 546 2.7 
r,('Eg) 16 482 2.2 
r3(3Eg) 17 016 16 900 ( z ) ,  17 000 (xy) 1 (z ) ,4  (XY) 3.4 

rl (3Azg) 19 340 4.3 

rz('AZg) 24 069 24 400 (xy) 46 95.5 

rj('Big) 34 080 33 800 (z) 39 94.9 

PS3Eg) 14 665 2.5 
rL3Eg) 14 821 4.1 

r 5( 'A zg) 19 027 18 800 ( z ) ,  19 100 (xy) 12 (z), 15 ( X Y )  3.1 

r5(3B ig) 22 538 22 600 ( z ) ,  22 700 (xy) 3 ( z ) ,  13  OCV) 13.2 
r4(3B 1g) 23 322 2.4 

rS('Eg) 26 937 27 400 ( z ) ,  26 800 (xy)  44 ( z ) ,73  ( X Y )  83.9 

Energy calcd, Energy calcd, 
cm-', for cm-', for Re1 
PdBr,'-, PdBr,2-, Energyf obsd, Extinction coeff intensity 

extrap techd LS teche cm-', for PdBr,'- fexptl f calcdc*g 

ri( 'Aig) 0 0 
rA3Eg) 10 316 11 974 1.7 
rz('Eg) 10 380 12 053 2.3 
r 5( 3Eg) 11 060 12 522 1.6 
r4(3Eg) 11 844 13 070 1.4 
r3( 3Eg) 12 253 13  426 2.2 
r&'AZg) 15 254 15 530 2.0 

rA3B Ig) 17 409 17 058 16 960 (xy)  4.8 4.9 

rs('Eg) 20 526 22 006 21 730 (z), 22 100 (xu) 33 (21, 31 (xu) 93.3 

l-1 (3A2g) 15 561 15 701 15 700 ( z )  <1 2.6 

rJ3B Ig) 18 434 17 500 17 400 (z) <1 1.5 
rz('Azg) 19 822 20 228 20 200 (xy)  177 97.4 

r3('B1g) 27 041 27 018 26 990 (z) 25 96.8 

aEnergycalculatedfortheparametersF,=1305 cm-l,F,=52cm-',h816cm'l,A1 = 2 4 2 1 7  c m ~ 1 , A i = 3 9 1 6 4 c m " , A , = 3 0 4 6 3 c m ' ' .  
The rms deviation between the calculated and observed values is 241 cm-'. R.  F. Kroening, R.  M. Rush, D. S. Martin, Jr., and J. C. Clardy, 
Inovg. Chem.,  13, 1366 (1974). The relative intensities were calculated by means of a spin intensity formula given by Schroeder (J. Chem. 
Phys., 37, 2553 (1963)). With this formula a pure singlet-singlet transition has a relative intensity of 100, while a pure singlet-triplet transi- 
tion has a relative intensity of 0. 
31 009 cm-', A 3  = 22 946 cm-'. The rms deviation between the calculated and observed values is 768 cm-'. e Energy calculated for param- 
eters F,  = 1105 cm-', F ,  = 5 1 cm-I, h 520 cm'', A, = 20 715 cm-', Az = 31 408 cm-', A 3  = 25 377 cm'' with rms deviation = 77 cm-'. 
M. Rush, D. S. Martin, Jr., and R.  G. LeGrand, Inorg. Chem., 14, 2543 (1975). g From the least-squares technique. 

Energy calculated for parametersF,= 1022 cm-',F,= 48 cm-', h 725 cm-', A I  = 20 051 cm-', Az = 

R. 

has been given to the 21 730 cm-l ( z  polarization) and 22 100 
cm-' (xy polarization) bands by Martin and co-workers in their 
study of single KzPdBr4 crystals at  15 K. This represents a 
difference in energy of about 2400 cm-l. Our bands labeled 
2 and 3 have maxima at 20 600 and 23 200 cm-l, respectively, 
and lie in the energy range of the I'l(lA1,) - I's('E,) band 
(19 000-24 000 cm-l) for single crystals as reported by Martin 
a t  15 K. Two types of assignments are reasonable to the 
authors. First, if the xy and z polarization data for this 
transition are averaged one gets an energy of 21 9 15 cm-' in 
contrast to an average energy of 21 900 cm-' for bands 2 and 
3 in the mixed crystals. Thus, it is possible that bands 2 and 
3 are just the beginning and end, respectively, of the 'AI, - 
'E, transition. Further, since Martin's data indicate that the 
I'l(lA1,) - I'*('A2,) band is over five times more intense than 
the I'l(lA1g) - rs('E,) band, it must be true that the hump 
labeled as band 2 is mostly the I'l(lA1g) - I'z(lA2,) band. 

A second possible assignment for bands 2 and 3 to consider 
is that they represent the I'l(lA1,) - I'5('E ) transition with 
a Jahn-Teller effect present. Ballhausen2% has considered 
Jahn-Teller instability in square-planar complexes in the 
presence of spin-orbit coupling. If the spin-orbit value 
calculated from the crystal field model, and the ground state 
bl, and b2, vibrational mode energies, and a range of J T  
strengths are used in the Ballhausen mathematical model the 
predicted J T  electronic spectrum is in reasonable agreement 
with the mixed crystal bands 2 and 3 spectra only in the strong 
static case where the JT splitting is about 2600 cm-'. For 
smaller values of the JT energy, the predicted spectrum shows 
irregularities which are not present in the experimental 

spectrum. One way to test these two possible assignments for 
bands 2 and 3 is to measure the MCD spectrum at 2 K. If 
assignment I is correct, bands 2 and 3 should both show an 
A term of about the magnitude observed by Schatz and co- 
workers for PdBr42- in solution. Experiments of this type are 
to be carried out with Professor 0. Weigang of this department 
in the near future. 

Molecular Orbital Model for Assignment of Non-d-d 
Transitions. Our Cotton-Harris type of molecular orbital 
calculations predict (Table 111) for PdC142- that the 'AI, - 
IEq), ~Az,,, and 'E,(2) transitions occur at 35 500, 41 100, and 
5 1 100 cm-I, respectively. We have previously assigned from 
low-temperature Cs2PdC14<s2ZrCl6 MCD measurements the 
'AI, - lE,(l) transition at  35 720 cm-l in good agreement 
with the MO results. Further, Martin2 has assigned the 'Ai, - lAzu transition at  37400 cm-l from z-polarization ex- 
periments, in reasonable agreement with the MO results. Also, 
Martin has assigned the lEu(2) transition at 45 000 cm-'. 

The 'AI, - 'BZg, *AIg, 'E, parity-forbidden charge-transfer 
transitions predicted to be at 3 1 900,43 600, and 46 600 cm-I, 
respectively, are expected to be much weaker than the broad 
parity allowed transitions. Also they lie in an energy region 
predicted where the stronger parity-allowed transitions occur; 
thus, it is not surprising they have not been observed. For 
example, at  31 900 cm-', where the 'Ai, - lB2, transition 
is predicted to occur in xy polarization by virtue of e, internal 
vibrational modes, the 'Ai, - 'E, band is present with ap- 
preciable intensity. 

For PdBr4" the 'AI, - lE,(l), lA2,,, and 'EU(2) transitions 
are predicted to be at  33 500, 38 400, and 50 200 cm-', re- 
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spectively. From polarization measurements with KzPdBr4, 
Martin has assigned these bands to be at 30 200, 30 900, and 
40000 cm-', respectively. The two 'E,, bands follow the same 
trend in the chloride and bromide salts. However, the 'Azu 
band in the bromide salt is not in good agreement with the 
MO results in contrast to the PdC142- results. Also, in the 
mixed crystal system we have observed a band at 27 000 cm-l, 
and Martin has observed bands at 26 990, 36 500,37 000, and 
43 200 cm-1. 

The additional bands observed by Martin at 26990 and 
36 500 cm-' have extinction coefficients of 3700 and 5400 cm-' 
M-', respectively. These large extinction coefficients indicate 
that the parity-forbidden 'AI, - ~Bz,, lAlg, and 'E, bands 
are not responsible, and the effects of spin-orbit interaction 
must be considered. The much larger spin-orbit coupling 
parameter21 for the Br atom (2457 cm-l) in contrast to the 
C1 atom (587 cm-l) should give rise to considerable intensity 
borrowing for the spin triplet states from the singlet states. 

In the presence of spin-orbit interaction, a 3 E ~  state gives 
rise to Flu, rzU, h, I'4ur and I'su states, with transitions from 
the I'lg ground state to the I'2u and r5, states only allowed 
by symmetry. Let us consider only the coupling between the 
I's( 'Eu) and I '5(3E~) states because of spin-orbit interaction. 
If A denotes the splitting between the two states because of 
electronic repulsion in the absence of spin-orbit coupling, then 
it is easy to show by standard methods22 that with spin-orbit 
coupling the mixing of the singlet and triplet states is given 
by the secular determinant 

where XBr is the spin-orbit interaction of the bromine atom. 
If this eq 6 is used for the rs( 'Eu) state at 30200 cm-l and 
the I '5(3E~) state at  26 990 cm-', with XBr 2457 cm-', then 
A is calculated to be 2200 cm-'. The I's(~Eu) state has 16.7% 
singlet character with a predicted extinction coefficient of 21 30. 
If the X B ~  and A values of 2457 and 2125 cm-', respectively, 
are used for the I's('Eu) and I'5(3E~) states at 40000 and 
36 500 cm-1, respectively, then the I 's(~Eu) state is calculated 
to have an extinction coefficient of 5790, in contrast to the 
experimental value of 5400. Thus, we conclude from this 
simple one-parameter model that it is reasonable to assign the 
26 990 and 36 500 cm-' bands to spin-forbidden charge transfer 
transitions because of the bromine spin-orbit interaction. 

Assignment of Vibronic Structure for d-d Transition. In the 
CszPdBr4-Cs2ZrBr6 mixed crystal system, vibronic structure 
for the I'1(lAlg) - I'2('A2,) transition is observed as a 
progression of three peaks. The energy range is from 19 185 
to 21 836 cm-l (Table V). It has been previously shown that 
for a transition of this type there are two molecular e, vi- 
brations which may mix with the final electronic state to give 
an allowed vibronic transition. The two vibrations are V6, the 
asymmetric stretch mode, and v7, an in-plane bending mode. 
As shown in Table V, the average spacing between A peaks 
is 166 cm-l, the average spacing between B and C peaks is 
87 cm-', and the average spacing between C and A peaks is 
45 cm-'. The spacing of 166 cm-' represents the frequency 
of the alg vibrational mode in the I'l('Alg) excited state. This 
is about 14% lower than the value of 187-192 cm-l of vl(a1 ) 
for the ground state as obtained by Raman s p e c t r o s ~ o p y . ~ ~ - ~ ~  

Martin and co-workers have also found vibronic structure 
for the I'1(lAlg) -, I'2('Azg) transition in their study of a 
KzPdBr4 single crystal at 15 K. Their spectrum shows groups 
of four components which appear as a progression. They have 
assigned the two strong peaks as v6 and VI and the weak ones 
as the lattice mode vibration and a combination mode. They 
have suggested that v7 may be slightly larger than its value 
of 140 cm-' in the ground state. The differences between V6-V7 
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Table V. Assignment of Vibronic Peaks for the r l ( l A l g )  + 
l?z(lAzc) Transition for PdBrdZ- in Cs,ZrBr, at 2 K 

Peak No. Energy, cm'' Excited state assignment I 

1A 
1c 
2A 
2B 
2 c  
3A 
3B 
3 c  
4A 
4B 
4 c  
5A 
5B 
5 c  
6A 
6B 1 

22 
I A  
I B  
IC 
8A 
8B 1 

8% 
8C 
9A 
9B 
9 c  

1 OA 
1 OB 
1 oc 
11A 
11c 
12 
13A 
13C 
14A 
14C 
15A 
15C 
16 
17 

19 184.5 rz(lA,g)+ v6 
19 297.0 
19 350.8 
19 392.1 
19 481.7 
19 530.0 
19 570.9 
19 639.0 
19 683.8 
19 717.6 
19 804.3 
19 851.1 
19 883.5 
19 970.9 
20 016.0 
20 045.3 
20 068.3 
20 139.0 
20 178.0 
20 211.1 
20 303.0 
20 344.8 
20 372.9 
20 387.5 
20 472.2 
20 514.2 
20 545.4 
20 640.5 
20 678.5 
20 714.4 
20 808.9 
20 842.3 
20 966.9 
21 006.5 
21 167.9 
21 288.3 
21 328.7 
21 425.2 
21 498.0 
21 618.4 
21 665.7 
21 836.1 

+ v ,  + V I  

+ V6 + v 1  
+ VL + 2v1 
+ v ,  + 2v1 
+ V 6  + 2v, 
+ VL + 3v, 
+ v ,  + 3v, 
+ V 6  + 3v, 
+ VL + 4v1 
+ v ,  + 4v, 
+ V 6  + 4v1 
+ V L  + 5v1 
+ v ,  + 5v1 
+ V 6  + S V ,  

+ VL' + 6v1 + VL" + 6v1 
+ v, + 6v1 
+ v6 + 6v1 + V L  + 7v, 
+ v ,  + 7v, 
+ V 6  + l v ,  
+ VL' + 8v1 + VL" + 8v, 
+ v, + 8v,  
+ v6 + 8v,  
+ V L  + 9v, 
+ v, + 9v, 
+ V 6  + 9v, 
+ VL + l O V ,  
+ v ,  + 1 O V l  
+ V 6  + 1 O V l  
+ v, + l l v ,  
+ V6 + l l v ,  
+ V6 + 12v1 + v, + 13v1 
+ v6 + 13v, 
t v, + 14v1 
+ v6 + 14v, 
+ v ,  + 15v, + v6 + 15v, 
+ v6 + 16v1 

and Vg-VL are 50 and 123 cm-', respectively. 
For the assignment of the vibronic structure of the I'l('Alg) 

-, r2( lAZg) transition in our mixed crystal CszPdBr4-Cs2- 
ZrBr6 study there are two possibilities. Alternative I as- 
signment would assign A peaks to v6, B peaks to a lattice mode 
vibration, and C peaks to v7. If the value of v7 is assumed to 
be the same as in the ground state,26 140 cm-', then v6 is 185 
cm-' and VL = 53 cm-' for the IAzg excited state. Comparing 
this V 6  value with the ground state value26 of 260 cm-' shows 
there is a 29% decrease in V6. The (V6 - v7) difference of 45 
cm-l in the mixed crystal case is very close to the pure 
KzPdBr4 Martin value of 50 cm-l. 

The second possible assignment would be to assign the (n 
+ 1) A peaks to (v6 + nvl) as before, but now assign the nB 
peaks to (v7 + nvl) and the nC peaks to ( n  + 1)vl plus a lattice 
mode. This gives a best fit for v7 of 125 cm-', with V 6  = 257 
cm-l and VL = 46 cm-'. 

We have reported previously a luminescence study of the 
OsBrfj2- ion doped into C ~ z Z r B r 6 ~ ~  in which the energies of 
the lattice modes observed in the optical luminescence 
spectrum were determined. This could be done because 
zero-zero transitions are allowed for this complex by a 
magnetic dipole mechanism. Three lattice modes were ob- 
served with energies of 29, 45, and 59 cm-'. Each of the 
alternative assignments gives a value for a lattice mode very 
close to the observed values in the CsaOsBr6-CszZrBr6 system. 

Alternative assignment I is the same type of assignment 
made previously for the PdC142- mixed crystal I'l(lAlg) -, 
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r2(1A2g) transition where the V 6  stretch mode has the greatest 
intensity. However, assignment 11 gives V6 and v7 mode 
energies closer to the ground state values. One way to dis- 
tinguish between these two assignments is to observe the lowest 
energy peak. For I the lowest energy l?l(lAlg) -+ rZ(1A2g) 
peak should be a B(vL) peak while for I1 the C(VL) peak should 
appear first. The best spectra now available indicate that 
alternative I is the most reasonable assignment of the ex- 
perimental data. 

A Franck-Condon analysis of the I’l(lAlg) - I’2(lA2& 
transition can be carried out to obtain information about the 
geometry of the PdBr42- complex while it is in the r2(iA2g) 
excited electronic state. The details of such a calculation have 
been described in a previous publication.5 If the equilibrium 
internuclear distance of the excited electronic state is greater 
by a value A from the equilibrium internuclear distance of the 
ground state, the Franck-Condon principle allows the existence 
of a progression in the symmetric stretch mode. The intensity 
maximum in the symmetric stretch progression is determined 
by the ratio of the ground to the excited state vibrational vl 
frequencies and the value of A. Generally, as the value of A 
is increased, the length of the progression increases. The 
energies and the relative intensities of the I’1(lAIg) - I’2(1A2g) 
transition for the mixed crystal Cs2PdBr4-Cs2ZrBr6 system 
were measured and the value of A varied until the experimental 
and theoretical relative intensities matched best. For PdBr42-, 
the ~ ~ ( I A z ~ )  excited electronic state is 0.20 A greater in Pd-Br 
equilibrium internuclear separation than the l) ( lAlg)  ground 
state. This is a change of 9% in the equilibrium internuclear 
separation. This change in equilibrium internuclear separation 
is relatively insensitive to the baseline choice. For example, 
if band 2 is considered to be part of band 1, instead of a 
separate transition, the value of A is changed by not more than 
0.02 A. Also, for the same transition in the Cs2PdC14- 
CszZrCl6 system a change of 9% is calculated in the equi- 
librium internuclear separation. 

Finally, it should be noted that the PdBr42 I’I(lAlg) - 
r2(  1A2g) spectrum is very similar in vibronic detail, in going 
from the pure crystal to the mixed crystal case, except for a 
shift of f 6 2 5  cm-l. It would seem that this change can be 
explained best by the variation in cation from K+ to Cs+, 
rather than by the change to a mixed crystal lattice because 
the cations are nearest neighbors and the ZrBrs2- ions are 
next-nearest neighbors to the PdBr4*- complex. 
VI. Summary 

It has been shown in this paper that the experimental optical 
data for the PdBr42- and PdC142- complex ions can be rea- 
sonably understood on the basis of crystal field and molecular 
orbital models. Contrasts can be made with the corresponding 
platinum salts. A comparison of the liquid helium single 
crystal optical results of Martin for PdBr42- and PdC142- and 
our mixed crystal optical data shows that the electronic ab- 
sorption maxima change very little in the two cases. Thus, 
the Pd-Pd interactions in these pure crystal systems correspond 
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to the case of weak metal-metal coupling. The experimental 
and theoretical techniques described herein can be extended 
to other Pt and Pd systems. Work is now in progress on 
materials such as cis- and trans-dichlorodiammineplatinum(I1) 
where strong metal-metal interactions may occur. These 
materials are important as possible anticancer drugs. 
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