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and the overlap integrals were evaluated using INTE (vide 
ther integrals of Lz were evaluated similarly. 

~~~~~~~y NO. Fe(CN)63-, 13408-62-3. 
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The Raman spectra of solid samples and aqueous acid solutions of the anions MX4n- (M := Pt, Pd, or Au; 
and of acetonitrile solutions of the IClc  and IC12- ions have been recorded, and accurate values of the 
fun?damenlais in each state are  reported. The intensities in solution of all the Raman bands of each ion relative to that 
o l  the 935-cni-1 band of the perchlorate ion have been measured at four different exciting frequencies. On the basis of 
these measurements, bond polarizability derivatives, &‘Mx, at  zero exciting frequency have been calculated. A procedure 

the calculation of both the parallel and the perpendicular components of &‘MX for square-planar and linear ions is outlined. 
both for the case in which the MX bond is assumed to have cylindrical symmetry and for that in which it does not, and 
the magnitudes of these quantities are calculated for the ions in question and discussed. The quantity all’ is a measure 
of the degree of covalent character of a bond. Values for the bond anisotropy p i x  have also been deduced for the square-planar 
ions from the intensity of the Raman-active bending mode of each ion. 

~~$~~~~~~~~~~ 

Previous sludies o f  the intensitjes of Raman-active fun- 
daniientals of ~ ~ ~ o l f ~ ~ l e s  and ions have primarily been concerned 
with octahedral,l--d tetrahedral,5-8 linear79,1o and trigonal- 
pla.nars311 species. The present study, the first involving 
square-planar ions, has been carried out in order to establish 
values for the MX bond polarizability derivatives ((Y’Mx) for 
this interesting class of ions for comparison with the (Y’Mx 

values of related ions of different stereochemistries. A pro- 
cedure has been developed for the calculation of  parallel and 
perpendicular bond polarizability derivatives in square-planar 
and linear ioas, and the magnitudes of the quantities so 
ca.lcu!ated are discussed with reference to the degrees of 
~opdalent charaxter of the MX bonds involved in the normal 
mode of vibration. Bond anisotropy derivatives as well as bond 
anisotropies have been deduced. 

In all cases the intensities of the Raman-active fundamentals 
were measurd relative lo the 935-cm-1 band of the perchlorate 
ion as interna! standard. All intensity measurements were 
carried out by use of the rotating-sample technique at four 

different exciting freqaaencies in order that suitable corrections 
for the preresonance aman effect could be made. Bn the 
course of the work, a.ccura%e values for all the 
fundamentals of each species have been dete 

Samples. The compounds KAuCla, #AuBr4-2I-I20, K2PdCl4, 
KzPdBr4, and (NW4)zP)tCls were obtained from Johnson Matthey 
and Go. Ltd. KzPtBr4 was obtained from K & I< Laboratories, Inc. 
[(CzH5)4N] [AuCk] and [ ( C Z H ~ ) ~ N ]  [AuBrd] were prepared by 
standard procedures.12 ’Fhc compounds [(c2&)4x] [IC141 and 
[(c2w5)4N] [IClz] were prepared according to the method of Popov 
and Buckles,l3 and their Raman spectra were recorded in dried 
acetonitrile, the 919-cm-1 band of lht: latter being used as internal 
standard. This band was subsequently calibrated against the 935-cm-1 
band of the perchlorate ion. In all other cases the samples were 
dissolved in aqueous solutions of the appropriate hydrohalic acid to 
minimize hydrolysis and then sodium or potassium perchlorate was 
added in known amounts as internal standard. 

Each solution was studied at two different relative concentrations 
of standard to solute. The approximate mole ratios (number of moles 
of solute/number of moles of perchlorate) used for each anion studied 
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were as follows: AuClc, 0.4; AuBr4-, 0.1; PdC142-, 0.3; PdBr42-, 0.2; 
PtCW, 1.0; PtBr42-, 1.0. The values for the polyhalide anions refer 
to the mole ratios relative to acetonitrile: IClr, 0.005; IC12-, 0.008. 

The relative intensities of each Raman-active fundamental of the 
ions IC14- and ICl2- were checked by running an approximately 
equimolar solution of the two in acetonitrile. A curve analysis on the 
total band contour gave satisfactory agreement with the relative 
intensities obtained by running each ion separately vs. the 919-cm-1 
band of acetonitrile. 

In cases where the v2(big) band overlapped considerably with the 
vi(aig) band, e.g., for the PtC142- ion, a contour analysis was carried 
out to determine the correct Iatio of the intensities of v i  and u2. 

Instrumental Work. The Raman spectra were recorded using a 
Spex 1401 spectrometer in conjunction with Coherent Radiation Ltd. 
Model 52 Ar+ and Kr+ lasers. The scattered radiation was collected 
at 90' and focused by an fi0.95 lens onto the entrance slit of the 
monochromator after having been passed through a polarization 
scrambler. The 0.75-m Czerny-Turner monochromator employed two 
1200-line/mm Bausch and Lornb gratings blazed at 500 nm. The 
method of detection was photon counting in conjunction with a Grade 
I RCA C31034 phototube (linear display). The power available with 
the four exciting lines 488.0, 514.5, 568.2, and 647.1 nm used to gather 
the data was 1.6 W, 1.9 W, 100 mW, and 500 mW, respectively. The 
spectra were calibrated by refwence to the emission lines of neon. 

Peak areas were determined by the trace-and-weigh procedure and 
by use of a Kent Chromalog Two Signal integrator. 

The relative spectral response of the instrument was determined 
by use of a tungsten strip lamp as described previously.4 

Solutions were held in cylindrical cells (volume ca. 12 ml) which 
had flat bottoms and which could be rotated at speeds of ca. 1600 
rpm.14,15 This procedure eliminated thermal decomposition of the 
sample at the beam focus. For cases in which vo (the exciting 
frequency) approached y e  (the first allowed electronic transition of 
the MX4* ion), the apparent intensity of a fundamental (12) relative 
to that of a standard (Zi) can be affected by the path length (d )  
through which the scattered light travels, viz. (P) = (5) 1 0 C ' i ( E I - f l )  (1) 

1 true 11 apparent 

where c is the molar concentration of the MX4*- ion, and t 2  and t i  
are the extinction coefficients of the two scattered frequencies, uo - 
v2 and YO - vi, under comparison. Thus in all cases the exciting beam 
was kept as close as possible to the cell edge in order to minimize 
self-absorption of the scattered radiation. 

The electronic spectra of the ions were recorded by use of Cary 
14 spectrometer. 
Results 

Fundamental Frequencies. The frequencies found for the 
three Raman-active fundamentals of each square-planar ion 
are listed in Table I, together with previously reported values. 
The bands assigned to the vi(aig) and v~(big) fundamentals 
are moderately strong and sharp and their frequencies can thus 
in most cases be determined with greater accuracy than that 
of the v4(b2g) band, which is usually very broad. For the 
PdC142- and PdBr42- ions, no previous solution values for the 
fundamental frequencies could be found. High Rayleigh 
scattering obscured the v4 band in the solution Raman 
spectrum of the ICl4- ion, but it was clearly observable in the 
solid-state spectrum. 

Only small frequency shifts on change of state occur for the 
vi(aig) and v2(big) fundamlmtals of each ion, but the vd(b2g) 
bending fundamental behaves differently. The solution value 
of this fundamental is invariably less than the solid-state value, 
but whereas the shift is ca. 3 cm-1 for the AuX4- ions, it is 
12 cm-1 for the I C l c  ion and 20-31 cm-1 for the PdX42- and 
PtX42- ions. 

Raman Band Intensities and Bond Polarizability Derivatives. 
The relative molar intensities of the Raman-active funda- 
mentals of each ion are listed in Table 11, together with the 
corresponding frequency factor (see below), The  
frequency-corrected relative molar intensities and depolari- 
zation ratios are listed in Table 111. 
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Table I. Frequencies of the Raman-Active Fundamentals of the 
MXdn- Ions in Aqueous Acid Solutions and as 
Crystalline Solids (cm-') 

Ion State Ref v,(aIg)  v , (b , e )  u,(b,e) 

AuC1,- Aq soln a 347 3 24 171 
K+ salt b 349 324 183 
Aqsoln b 350 326 173 
Aq soln c 349.0 f 0.5 326.0 t 0.5. 170 f 2 
Et,N+ salt c 349.5 f 0.5 325.8 * 0.5 172.4 i 1.0 

AuBr,' Aqsoln a 212 196 102 
K+salt b 213 196 106 
Aqsoln b 215 197 104 
K" salt d 214 196 102 
Aq s o h  c 214.4 i 0.5 196.5 f 0.5 103.5 f 2 
Et,N+ salt c 213.9 f 0.6 197.0 f 0.7 106.9 f 1.0 

PtC1,'- Aq soln a 335 304 164 
K+salt b 329 302 194 
Aqsoln b 332 314 170 
K+ salt d 333 306 196 
Aq s o h  c 331.3 i 0.6 311.0 f 1.5 164.5 f 4 
NH,+ salt c 325.5 f 0.5 301.6 f 0.7 195.4 1 0 . 5  

K+ salt b 205 190 125 
K+salt d 205 190 125 
Aq soln c 206.4 f 0.8 193.9 f 0.8 105.5 i 2 

PdCld2- K+ salt d 310 275 198 
Aq soh  c 304.3 i 0.7 278.3 f 0.7 165.5 f 4 
K+ salt c 303.6 f 0.5 269.9 1.0 195.8 i 0.6 

Aqsoln c 189.6 f 0.7 174.1 t 0.4 97 t 4 
K+salt c 187.4 f 0.5 166.6 i 0.7 125.4 i 0.6 

K1,- Aq s o h  a 288 261 128 
Aqsoln e 288 261 128 
MeCN soln c 282.9 i 0.6 256.0 0.6 
Et," salt c 279.1 f 0.5 255.5 i 0.5 139.7 c 0.7 

1Cl'- Aq soln e 272 
PhNO, soln e 262 
Me,N+ salt e 254.5 
Rb+ salt f 278 
Cs+ salt f 268 
MeCNsoln c 263.4 f 0.5 

a H. Stammreich and R. Forneris, Spectrochim. Acta, 16, 363 
P. J. Hendra, Spectrochim. Acta, Part A ,  23, 2871 (1967). 

This work. Solution study was carried out using aqueous acid. 
P. J. Hendra,J. Chem. Soc. A ,  1298 (1967). e W. B. Person, G. R. 

Anderson, J. N. Fordemwalt, H. Stammreich, and R. Forneris, J. 
Chem. Phys., 35,908 (1961). f A. G. Maki and R. Forneris, Spec- 
trochim. Acta, Part A ,  23, 867 (1967). 

The intensities of the vi(aig) fundamentals of the 
square-planar anions were used to calculate the appropriate 
mean molecular polarizability derivatives (01')  via the 
relationship6,16 

PtBr,'- Aq soln b 208 194 

PdBr,'- K+sal t  d 192 165 125 

(1960). 

where M is the molar concentration, p is the depolarization 
ratio for polarized incident radiation, and the subscript 2 refers 
to the square-planar anion and 1 to the perchlorate ion. The 
frequency factor f is defined as 

where vo is the exciting frequency, v2 is the Raman shift of 
the aig fundamental of the square-planar ion, and vi i s  the 
Raman shift of the ai fundamental of the perchlorate ion (935 
cm-1). 

The corresponding bond polarizability derivatives ~ ' M X  are 
then determined via the relationship 

112 --I or' :+=(E) ("-") 
0 1 1  Q c10 

(4) 

where p2 and hi are the reciprocals of the masses of the X and 
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Table %I. Relative Molar Intensities (Z2Ml / l l M z )  of Raman-Active Fiandamentais of the Bogs Studied and the Frequency Factors 

KAuC1, 
-I . - ~ - l l l _ - - ~  

647.1 V l  8.0 i 0.5 3.794 
v 2  3.5 3: 0.4 4.197 
v 4  2.9 i 0.4 11.84 

568.2 V I  9.5 i 0.6 3.719 
v 2  4.6 i 0.2 4.111 
v, 3.3 i 0.5 11.54 

514..5 V 1  12.7 -I: 0.8 3.669 
v 2  5.3 r 0.2 4.054 
v4 4.4 .il 0.2 11.3% 

488.0 V l  14.5 i 0.8 3.645 
V I  5.8 i 0.4 4.026 
v4 4.9 i 0.3 11.24 

RAuBr, __ ... .- 
647.1 V 1  25.4 i 1.0 8.063 

v 2  14.4 i 1.4 9.259 

568.2 V1 3 2 k 2  7.869 
v 2  18.7 i 1.0 9.031 
v4 7.6 t 1.0 27.11 

514.5 V l  50 i: 5 7.740 
v2 25.7 i 2.0 8.879 
v 4  13.6 i: 1.7 26.60 

488.0 V1 66 i 6 7.678 
" a  32 i 4 8.804 
v 4  33 i 2 26.35 

V 4  7.0 i 1.2 27.88 

-___I_ . ._ 
K 2  PdC1, ---- 

647.1 V l  3.0 t 0.2 4.655 
v 2  0.63 i 0.06 5.345 

v 2  0.67 i 0.05 5.227 

514.5 V I  3.4 i 0.2 4.491 
V 2  0.66 t 0.05 5.149 

488.0 V i  1.6 0.1 4.459 

v4 1.2 i 0.2 12.33 
568.2 V I  3.6 i 0.2 4.556 

v4 1.4 i. 0.2 12.01 

v ,  0.44. i. 0.05 11.80 

V Z  0.88 i 0.08 5.110 

K2PdBr4 
-__I_ __I____ 

647.1 V 1  11.5 i 0.9 9.864 
*2 4.3 i 0.4 11.38 
v4 1.9 i 0.6 31.60 

568.2 V 1  16.9 i: 1.1 9.618 
v 2  3.9 i 0.3 11.09 
v4 3.0 i: 0.5 30.92 

v 2  4.7 i 0.5 10.90 
v 4  4.1 i 0.8 30.14 

VZ li.6 i l . G  10.81 
v'l 4.2 i 0.7 29.86 

514.5 V I  3.5 i 0.2 9.455 

488.0 * l  13.1 i 0.9 9.376 

Corrected for spectral response; subscript 2 refers to  the 
eq, 3. vq values refer to solid-state measurements. 

54'7.1 v, 

0 4  0.81 i 0.18 12.45 
558.2 0 1 ^ I  i 7 -1- 0 .2  4,012 

4 .lj 1 I) 
:' 4 0.80 i 0.13 i i .13 

5 3 . 4  3 v , 1.3 i 0.1 3.957 
2 )  0.48 :k 0.03 4 .a 4'1 
r' 4 051. c 0.11 1: .9% 

$88.0 91 1'5 'L 0.1 3.929 
92 0.51 f 0.05 4..3:6 
u 4' 0 5 0  i 0.08 I. I .e'% 

% 

0 ~ 7 0  i 0,08 '12 

__ " l."_.l.ll. _____.I .__I ... 
tX7.1 lI 8.578 

Tj 2 2.4. i 0 2  9.49'7 
u s  4 i 0.09 27.4.11 

568.2 1) I i 0.3 8.369 
v 2  i 0.3 9.25? 
v ,3, 1.1 f 0.1 26.55 

514.5 V I  3.3 i 0.3 8.231 
"2 2.8 i 0.2 9.10!5 

4.88.0 pr 3.9 i 0.3 8,263 
v4 1.1 1 0.2 26.15 

c') 2.8 i 0.2 9.030 
v4 1.1 i 0.1 25.9 1 

Ircr, 
_".__I.̂__...__" I" --. ~ 

647.1 V l  2.1 1 1.2 5.253 

568.2 91 iP"9 i 1.4 5.089 
v2 10.9 ?: 1.1 5.9313 
v4C 0.62 t 0.02 14.04 

5 14 .5  vi 3 i- 1 3  5.013 
Q 2  4 i- 1.5 S.846 

488.0 0'1 22.5 1 1 . 2  4.376 
u7 li.80 1. 

644.1 f1 1 8.8 2 0.7 5.811. 

534.5 V I  14.3 i 1.1 5.593 
488.0 c'! 16.4 i- 1.3 5.551 

Yl 8.9 i 0.9 6.076 
0,63 i 0.04 16.50 i' 

" 4 

. . .. . ... .-. .. 

568.2 V1 10.8 i 0,8 5.680 

0 atoms, respectively. As p i  = 0 for totally symmetric modes 
of cubic molecules and if we take the reference value17 of a'cio 
10 he 1.73 A*, the last equation reduces bo 

anion arid subscript 1 to the 335 crri band of the peicbloratc ion. 

111 order to obtain &'MX values in the absence of sesonance 
enhancement? it is necessary to plot the &'MX values at each 
exciting frequency (vo)  against a frequency function which 
describes the deviation from vo4 dependence of intensity under 
pren esonance conditions. The simplest frequency correction 
function is that of Shorygin,l* via. 

b See 
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Table 111. Depolarization Ratios' of the u I  (alg) Fundamental and Molar Intensities of Raman-Active Fundamentals of the Ions Studied 
Relative to That of the 935-cmw' Band of the Perchlorate Ion, Corrected for Frequency Factorsb 

Excitina wavelength. nm 

Anion Fundamental 647.1 568.2 5 14.5 488.0 
AuC1,- VI 2.1 f 0.2 2.6 f 0.2 3.5 f 0.2 4.0 f 0.2 

V 2  0.84 * 0.09 1.11 f 0.05 1.32 f 0.04 1.4 f 0.1 
v ,  0.25 f 0.03 0.28 f 0.04 0.42 f 0.02 0.43 t 0.03 

AuBr,- V I  3.2 f 0.1 4.1 f 0.3 6.4 f 0.7 8.6 i 0.8 
v2 1.6 f 0.2 2.1 f 0.1 2.9 f 0.2 I 3.6 * 0.5 
v4 0.25 f 0.04 0.28 f 0.04 0.51 f 0.07 1.3 f 0.1 
P @ l )  0.10 0.1 1 0.13 0.17 

P@,)  0.09 0.10 0.11 0.12 

PtCl,,' V I  0.36 f 0.03 0.42 f 0.04 0.34 f 0.02 0.37 f 0.03 

v4 0.07 f 0.01 0.07 f 0.01 0.04 f 0.01 0.04 f 0.01 

RBI,'- V1 0.37 f 0.01 0.39 f 0.04 0.41 f 0.04 0.48 0.03 
V ,  0.25 f 0.02 0.27 f 0.01 0.31 f 0.01 0.31 f 0.03 
V4 0.035 f 0.003 0.039 f 0.006 0.043 f 0.009 0.044 0.006 
P(V1) 0.07 0.06 0.08 0.06 

PdC1,'- V I  0.65 f 0.04 0.79 f 0.05 0.76 f 0.05 0.35 f 0.03 
v2 0.12 f 0.01 0.13 f 0.01 0.13 f 0.01 0.17 f 0.02 
v4 0.10 f 0.02 0.12 f 0.01 0.040 f 0.005 
P@l) 0.07 0.07 0.07 0.07 

PdBr '- V I  1.2 f 0.1 1.8 f 0.1 0.37 f 0.02 1.4 f 0.1 
V 2  0.38 f 0.03 0.35 f 0.03 0.43 f 0.04 0.52 f 0.09 
v ,  0.061 f 0.017 0.099 f 0.018 0.14 f 0.02 0.14 f 0.02 
P @ l )  0.10 0.12 0.37 0.14 

V I  1.5 f 0.15 1.9 f 0.19 2.6 f 0.26 3.1 f 0.3 
v4 0.038 i 0.003 0.039 f 0.001 
P ( V 1 )  0.07 0.11 0.09 0.10 

PWl)  0.27 0.27 0.27 0.27 

V, 0.15 f 0.02 0.16 f 0.02 0.11 f 0.01 0.12 f 0.01 

P ( V 1 )  0.1 1 0.10 ' 0.09 0.10 

IC&- V 1  2.3 f 0.2 2.7 f 0.3 3.9 f 0.4 4.5 f 0.5 

1c1,- V I  1.5 f 0.12 1.9 f 0.15 2.6 f 0.21 3.0 f 0.24 

a All p values are accurate to f0.02. The error limits refer to the scatter between the ten different measurements of each datum (five of 
which were carried out a t  one concentration of the anion, and five at a different one). Standard deviations on the data are considerably smaller 
than the quoted error limits. 

Table IV. Energies of the Lowest Lying Charge-Transfer Absorption Bands for Relevant Square-Planar Anions and for the IC1,- Ion 
(Aaueous SolutionF 

Assignment Assignment 
Anion Color Ref ve, cm-' b,,(n), e,(nb) -+ b&*) us, cm-' eu(ob); blg(u*) 

AuC1,- Yellow b 31,800 (4570) 'Alg --* 'A,,, 'E, 44,200 (29,500) 'Alg -+ 'E, 
AuBr,- Red b 26,300 (5010) 'Aig -+ 'A,,, 'E, 39,400 (38,900) 'Alg -+ ' E, 

'Alg -+ 'E, PdC1, '- Red e> f 36,000 (12,000) 'Aig + 'Azu, 'E, 44,900 (30,000) 
PdBr, '- Brown e 30,100 (10,400) 'Aig -+ 'A,,, 'E, 40,500 (31,400) 'Alg -+ 'E, 
El,- Yellow 
1c1,- Yellow 

ptc1,2- Red C 46,000 (9580) 'Aig -+ 'A,,, 'E, 
PtBr, '- Brown d 37,300 (7000) 'Alg -+ 'A,,, 'E, 

g 29,800 ( - l l O O ) h  43,800 (-5 1,000) 
2 29,700 (319)h 44,050 (53,000) 

a Numbers in parentheses indicate molar extinction coefficients where available. The assignments are those of H. B. Gray, Transition Metal 
Ckem., 1,240 (1965). It has been suggested (C. M. Harris and I. H. Reece, Nature (London) ,  182,1665 (1958), and footnote e )  that the Au- 
X.,- (in nitrobenzene and nitromethane) and PdX,'- ions (in both aqueous and nonaqueous solution) form six-coordinate species in the presence 
of free halide ions. However, C. K. Jorgensen ("Inorganic Complexes," Academic Press, London, 1963, p 43; "Absorption Spectra and Chem- 
ical Bonding in Complexes," Pergamon Press, Oxford, 1962, p 259) investigated the electronic absorption spectra of the AuX,-, PdX,'-, and 
PtX,'? ions in aqueous solution and found no evidence for the formation of higher than tetracovalent complexes. We have investigated the 
electronic absorption and Raman spectra of the AuBr,- ion in aqueous solutions containing different concentrations of bromide ion. No signi- 
ficant change was observed in the extinction coefficient of the lowest energy charge-transfer band, or in the frequencies and intensities (relative 
to  the 935-cm-' band of perchlorate) of the three Raman-active fundamentals on changing the mole ratio of Br-:AuBr,- from 0 to 50. A. K. 
Gangopadhayay and A. Chakravorty, J. Ckem. Phys., 35,2206 (1961). J. Chatt, G .  A. Gamlen, and L. E. Orgel, J. Ckem. SOC., 486 (1958). 

H. B. Gray and C. J. Ballhausen,J. Amer. Chem. Soc., 85, 260 (1963). e C. M. Harris, S. E. Livingstone, and I. H. Reece, J.  Chem. Soc., 1505 
(1959). This 
work; acetonitrile solution. 
Bile solution. 

the exciting radiation is made to approach that of an allowed 
electronic transition in the scattering molecule, requires special 
theoretical treatment. As previously discussed,4 application 
of Albrecht's theory19120 to the case of octahedral scattering 
molecules leads to the prediction that all three Raman-active 
fundamentals should display the pre-RRE. Similar symmetry 
arguments21 as applied to square-planar molecules lead 
similarly to the conclusion that all three Raman-active fun- 
damentals, vi(aig), v2(big), and v4(b2g), should show the 
pre-RRE. Accordingly, the intensity of each band for each 
ion has been measured relative to that of the 935-cm-1 band 

C. K. Jorgensen, "Absorption Spectra of Complexes of Heavy Metals," Report to  U. S .  Army, Frankfurt am Main, Oct 1958. 
Evidently only partly allowed. R. E. Buckles and J .  F. Mills, J. Amer. Ckem. Soc., 76,4845 (1954); acetoni- 

of the perchlorate ion at  four different exciting frequencies. 
The results (Table 111) clearly demonstrate that the pre-RRE 
is observed for each fundamental of each ion. In Table IV 
are listed the frequencies of the two lowest lying charge-transfer 
transitions of each ion, together with the band assignments, 
and in Table V the corresponding data are given for the ligand 
field transitions. 

Intensity Functions. Under the preresonance conditions, the 
intensity of a given band no longer varies as V O ~ .  The deviation 
from v04 dependence may be described by various frequency 
functions, the simplest being that of Shorygin; cf. eq 6 .  
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'fable V" F,nergies (cm-I) of .the Spin-Allowed Ligand Field Bands for the h4Xe2- Ions (M = Pt, Pd; X = Cl, BrIa 

osworbh and Robin 9. H. Clark 

___I.___..___I_-.____ ___-._____. 

Assignmen-l Ref 

I'tC1, 2 -  A 26,30C (28) xy ]A,% -+ 'Azg c, d 
A 29,200 (37) xy, 29,800 (55) z :Alg -+ IE, c, d 
B 36,500 (250) !ElB --> Islg d 

PdC1,Z'. A 20,000 (67) xy -+ lAzg e, d 

A 29,500 (67) xy lA1g + lBlb c, d 
P t k ,  '- C 19,700 (15) :Ale + d, e 

C 24,300 (100) Alg -+ 1E, d, e 
C 28,200 (120) :Alg - lB1g d, e 

PdBr,'- c 16,000 A,, + IAzg d, e 
c: 20,000 (330) ]Atg + *E, d, e 
C 26,000 -> IBlg d, e 

Band Maxima 
_I l _ l _ - _ _ l ~  

___I__.i._I __ Ion Techniqueb 
_____._-I_ _----_I_.- 

A 2 , 6 0 0  (128) x y 9  23,000 (80) z IAIZ + ]EE: c, d 

ion coefficicnts are given in parentheses. The ligand field bands of the AuX,- ions are close to but very poorly resolved from the 
rge-triinsfer bands. They have been located in 2: 1 2-methyltelrahydrofuran-methyl alcohol solution (300°K) and glass (77°K): 

W, K. haason and 8. B. Gray,lizorg. Chem., 7, 5 5  (1968). €I A = single-crystal absorption spectrum of  potassium salt; B = reflectance spcctrum 
ion coefficient from aqueous solvtion); C = aqueous solution spectrum. D. S. Martin, M. A. Tucker, and A. J. Kassman, Znorg. Chem., 
(1465); ;bid., 5 ,  i298  (19661, a H. Basch and R. B. Gray,Inorg. Chem., 4 ,365 (1967). e R. B. Gray, Transition Metal Chem., I ,  210 

9 Shorygin ( A I  

where ue Is the lowest and; us is the naxt lowest allowed 
electronic transition of the sca&terim?g molecu,le. A. further 
expressisrn derived by Peiicolas22.23 is, in the case of a 
square-planar ax,ion, identical with that of Aibrecht. 

In order PO test wiilch frequency function best described the 
observed intensity enhancement of the u i ( a ig )  fundamental 
01' ewch ior oil change of exciting frequency, the ratio of the 
caic~~lated to the experimental intensity of each band at each 

'timg frequency (vo) has been plotted vs. vo for each fre- 
cy fundor .  The, results are given in Figure 1 for the HClc 

ion; it is clear that the plot is most nearly horizontal for the 
A l b ~ c h t  function, and this was also the c;ce for the other iom 

ied. Thus, in commofi with other work,4 the Albrecht 
tion. best accounts for the pre-WRE in the ions studied. 

Accordingly, bond polarimbilitg derivatives, obtained from 
band intensifies at various uo, were extrapolated to zero exciting 
frequency by way of this functior!. The frequency-corrected 
rdative molar intensities of each band of each ion, extrapolated 

given in Table VI. 
es. The (Y'Mx values exlrap- 
are listed in Table VII. For 

a,il ions except PdGl42- 42-, straight-line plots of &'MX 
obtained and thus easy ex- 

trapolation to vo I- 0 was possible. In Figure 2, plots of & ' A U B ~  
for the complex KA, r4 at each exciting frequency are given 
vs. the Shorygin {A) and Aibreclrt (B) functions (v21,\1/2 and 

Table W. Extrapolated Relative Molar Intensities for the v i  (alg), 
u, (big), 2nd u,(b>.g) Fundamentals and Bond Anisotropies for Some 
Square-Planar Anions MX,"' 

(lIJ)(I,M,IZ,f@,),o r: Oa -__-_ 
Anion v,(alg) vz(blg)  ~,(b,~)  Y M X ~  A YMX, A-' 
__-_-___I___ __." 

PauC1,- 1.1 0.55 0.12 2 . B b  3.0 
AuBr; 1.4 0,90 O.2Oc 2,42d 6.1 
PtC1,'- 0.29 0.14 0.055 2.33e 2.0 
RBr4,- 0.30 0.20 0.030 2.47d 2.3 
PdC1," 0.35" 0.08 0.065c 2.30f 2.2 
PdBr4'- 0.38c 0.27 0.030 2.4iad 2.5 
Ic14- 1.3 0.72 0.040 2.34g 1.7 

a Extrapolated by way of Albrecht's function. M. Bonamico, 
G. Dessy, and A. Vacjago, Atti .  Accad. Naz. Lincei, C1. Sei. Fis., 
Mat. Natw., Rend., 39, 504 1965). Extrapolated from 647.1- 
and 568.2-nm values only. ' Based on an estimated difference of 
0.14 A between MC1 ar?d MBr bond distances; cf. halogen tetrahedral 
bond radii and aycrage MX bond distances in MCl, 2 -  and MBr, * -  ions 
(M = Pt, Re)., The AuBr distances in the salt KAuSr;2HZO (2.65 
and 2.48 A) appear to  be in error: E. 6. Cox and IL C. Webster, J. 
Chem. Soc., 1635 (1936). e K. G. Dickinqon, J. Amer. Chem. Soc., 
44, 2404 (1922). f W .  Theilacker, Z. Anorg. Allg. Chem., 234, 161 
(1937). g R. C. L. &looney, 2. K7is1allogr., liristallgeometrie, 
Kristallp hys., Kristallchem., 98,  377 (1 93 8). 

Table VHI. Comparison of ~ ' M X  Values, Obtained by  Extrapolation 
of Albrecht's and Shorygin's Plots to Zero Exciting Frequency, and 
the Fractional Covalent Character of the MX Bonds (x) 

-, 
a M X P  A2 

Shorygin Aibrecht x (nqr results)b 
~ ___-_-. 

Anion 
AuC1,- 2.7 2.55 O.5Oc 
AuBr,- 5.05 4.5 0.56d 
Ptc1,z- 1.3 1.3 0.33c 
PtBr,*- 1.95 1.9 0.36" 

1Cl';- 2.75 2.6 0.41e 
mz- 2.6 2.35 0.35e 

a The extrapolations are based on Z ' M X  values at four different 
exciting frequencies except in the case of the PdX," ions, for which 
they are based on 647.1- and 568.2-nrn data only (see text). Based 
on the assumption that the per cent s character and n character of 
the MX bond are each zero. W. Van Bronswyk, Struct. Bonding 
(Berlin), 7 ,  87 (1970), and references therein. 
D. Nakamura, and M. Kubo, Bull. Cliem. Soc. Jap., 43, 1908 (1970). 
e G. D. Cornwall and R. S. Yarnasaki, J. Chem. Phys., 27, 1060 
(1957). 

ue2&,1/2, respectively). However, for the PdX42- ions, the 
intensity enhancement of the V I  (ais) fundamental on increase 
of vo is unusual. From Tabla V it is apparent that these ions 
have several low-lying (-20,000 cm--l) ligand field transitions 
of moderate intensity, and h t  these clearly influence the 

-_-.-___- 

PdC1,2' 1.45 1.4 
PdBr,2- 2.4 2.25 (3.34c 

A. Sasane, T. Matuo, 
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4t I /  
30-2 3 li 5 6 7 a 9 IO 1'1 

Frequency Functions A and B - 
Figure 2. Plot of the Z'Au~r values for the AuBr,- ion against the 
Shorygin function A = [ I  + ( v ~ / v , ) ~ ] / [ ~  - ( ~ o / ~ e ) * ] '  and the 
Albrecht function B = [(V,/Ve) t- ( V ~ / V ~ ) ~ I I [ ( ~  - (~o /~e )21[ (~$Ve)2  - 
( v , / v ~ ) ~ ]  at four different exciting wavelengths (647.1,568.2,514.5, 
and 488.8 nm, reading from left to right on the plot). 

intensity behavior of the vi(aig) fundamental.29 The corre- 
sponding transitions of the PtX42- ions are less intense and 
occur a t  higher frequencies and therefore do not interfere in 
this respect. The %'pa values at zero exciting frequency could 
accordingly only be very crudely estimated from the 647.1 - 
and 568.2-nm results. 

The &'MX(YO = 0) values obtained for all the ions studied 
are summarized in Table VII. The following conclusions may 
be drawn. 

(a) Bond polarizability derivatives increase in the order 
~ ' M C I  < h 'MBr;  i.e, they increase with increase in the polar- 
izability of the halogen atom and with increase in the degree 
of covalent character of the MX bond. Independent support 
for the latter comes from the nqr results included in Table VII. 
The trend h'mi < h'MBr has also been observed for tetrahedral 
MX4 molecules,6,8 octahedral MX62- ions,4 linear MX2 
molecules,lo and trigonal-planar MX3 molecules.11 

(b) For the isoelectronic ions Pt(I1) and Au(III), the bond 
polarizability derivatives increase in the order h'ptx < ~ ' A ~ x ;  
Le. they increase with increase in the oxidation state of the 
metal atom. This result is also in agreement with previous 
results on octahedral ions4 and is to be expected on account 
of the increased degree of covalent character in the AuX bond 
over the PtX bond (cf. nqr results (Table VII) and general 
chemical considerations). 

(6) The Z'MX values for MX42- ions are considerably less 
than those for the corresponding MX62- ions, on account of 
the decreased degree of covalent character of the MX bond 
on lowering the oxidation state of the metal atom from 4 to 
2, viz. (values in A2) PtC142- (1.3) < PtC162- (2.7), PtBr42- 
(1.9) < p t B ~ 6 ~ -  (3.6s), and PdC142- (1.4) < PdC162- (1.9s). 

The intensities of the Raman-active bands of the AuX4- ions 
are much more sensitive to change of exciting frequency than 
those of the PtX42- ions on account of smaller y e  - YO values 
for the former ions. This is a consequence of the lower ve values 
for the auric ions, which in turn is a consequence of easier 
ligand - metal charge transfer in complex ions in which the 
metal atom is in a relatively high oxidation state. 

Derivation and Discussion of all' and 011'. From the 
frequency-corrected relative intensities at  zero exciting fre- 
quency (relative scattering activities)g of the vi(aig) and v2(big) 
fundamentals of an MX4p ion, it is possible to deduce a value 
for the ratio of the perpendicular (ai') and parallel (all') 
components of the MX bond polarizability derivative. If the 
excitation beam is plane polarized with its electric vector at  
right angles to the direction of scattering, the intensity of the 
scattered light for the ith normal mode of vibration of a 
molecule is given by the expression16 

where K is a constant, depending on geometric and other 
factors, M is the molar concentration of the molecule, l o  is 
the intensity of the incident light beam, p is the reduced mass, 
vo is, as before, the excitation frequency (in cm-I), and vi is 
the Raman shift of normal mode Qi (in cm-1). On the basis 
of the Wolkenstein assumptions,24J5 it may be shown that, 
for a square-planar MX4p ion, the following relationships 
between the molecular polarizability derivatives (h'i and Y'i), 
bond polarizability derivatives ( ~ ' M x  and Y'MX), and all' and 
ai' are valid. For the vi(aig) fundamental 

6-'l = 2&XZ'Mx = '/3&x(a 11' + 2al') (10) 

for the v2(big) fundamental 
Z.'? = 0 

and for the m(b2g) fundamental 

E'4 =: 0 (14) 

7'4 = 2*X(%lX/rMX> (15) 

In the above equations, px is the reduced mass of the X atom, 
Y'MX = all' - a . ~ '  is the MX bond anisotropy derivative (A2), 
YMX = ai/ - ai is the MX bond anisotropy (A3), and ~ M X  
is the MX bond length (A). 

Thus, on cancelation of common factors and incorporation 
of all frequency-dependent terms in the frequency factor A CJ 
eq 3, it follows from eq 9 to eq 13 that 

The MX bond polarizability derivatives at  zero exciting 
frequencies (Table VII) are related to all' and ai' as follows 

Z f M X  = 1/3(a11' + 2 4 )  (17) 
Consequently, eq 16 and 17 provide two relationships on the 
basis of which values for both all' and ai' may be derived. 
Two solutions to the equations are found, but in common with 
previous practi~e4~25 only that in which all' is positive is taken 
to be acceptable. This conclusion has considerable theoretical 
backing327 The results of the calculations, based on the 
scattering activities given in Table VI, are shown in Table VIII. 
As a check on the validity of this analysis, separate plots of 
all' and ai' vs. the Albrecht frequency function were made. 
Extrapolation of each of these plots to zero exciting frequency 
led to values for all' and ai' not significantly different from 
those given in Table VIII. 

In common with previous conclusions for octahedral ions,4 
it is apparent that (a) a~ ' /a l l '  decreases slightly in the order 
MCl2- > MBrx2-, (b) ai' is always small and in particular 
is in the range 0 C ai' < 0.75 for the MX62- and MX42- ions 
under discussion, and (c) all' is the quantity which principally 
determines the Raman band intensities of these ions. I t  in- 
creases in the order all'(MC1) < all'(MBr), and its value for 
an MX42- ion is approximately half of that for an MX62- ion. 
Both of these results strongly suggest that all' may be regarded 
as a measure of the degree of covalent character of an MX 
bond. 

Derivation and Discussion of all', a i ' a  and a i ' b .  The MX 
bond of a square-planar MX4p ion is strictly not cylindrically 
symmetrical, as assumed to be the case in the treatment above. 
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Table 'IIPII. Perperidicdar (CY].') and Parallel (a 1;') Components of 
the Bond Polarizat~iii~y Derivativcs focSome Square-Planar and 

Anions, Based on a ' ~ x ( u ~  = O)a Values and the 
o i  the u1  

Ii,q 16 and 17 

and Y , ( ' Q , ~ ) ~  Bands at zero 
I 

exciting fsequency, and Bond, Anisotropy Derivatives .-ll____-_ 
Eq 18-,22& 

I___.__" ._.__I--.-- ____--.-.I_- 

Anion LXji' i Y l #  O l i / q (  a / [ '  aL'a q ' b  y'MXay'MXb 
.l-l -Î.- ____ .--.__I ~ 

Squsre-Pbnar Ailions 
AuC1,- 6.5 0.59 0.09 5.3 0.36 1..4 5.5  4.5 

4.8 -0.82, 3.7 5.6 1.1 
ALIBI,- 12.4 5.35 0.04 10.7 -0.06 2.9 10.8 7.8 

9.1 -1.7 6.1 10.8 3.0 

2.2 -0.59 2.2 2.8 0.0 

3.7 ---1.4 3.4 5.1 0.3 
PdCi4" 2.8 0.74 0.26 2.9 0.80 0.57 2.1 2.3 

2.1 4 . 0 5  2.1 2.1 -0.2 
PdBr,+'- 6.5 0.14 0.ti2 5.8 -5.52 0.92 5.8 4.9 

4.5 -1.3 3.6 5.8 0.9 
0.07 6.9 0.50 0.39 6.4 6.5 

4.7 -1.7 4.8 4.4 -0.1 

P q 2 -  3.1 0.34 0.11 3.1 0.33 0.36 2.8 2.7 

RE.nr,"' 5.4 3.15 5.53 5.2 .0.10 0.45 5.1 4.7 

Octahedral Anions@ 
RCI, 6.9 (1.55 0.08 
RBr,2.. li3.6 0.20 0,02 

a Extzapoizced by way of ~113reeht's function. 

PdC1,'' 5.05 0.45 5.08 
and @ib 

refer to the in-plmc and out-of-plane perpendicular bond polasiza- 
bility deiivatkm, respei:tlvelji. Values based on Z(ul ) /J(u,)  ratios 
udng 647.i-nr:i excitation and Z ' M X  values extrapolated to zero 
exciting frequency by w a y  of Albrecht's flanctiou. 

It was therefore considered desirable to set up the appro- 
priate intensity eqnations for the situation in which the two 
perpendicular bond pola.rizability derivatives (CYL la, N 1 'b) were 
taken to be uarqqual and to s d ~ t :  for all three band parameters. 
The fol!owir,g reiationshi.ps were derived. For the vi (aig) 
hradarrienea,k 

3n these equation$, a . ~ ' a  ;s the in-piarie and a i ' b  is the 
out-of-plane gerpzindicular bund polarizability derivative. 
Further 

thus, by use of eq 9 and eq 18-22, it is possible to derive all', 
a ~ ' a ~  and c';_~'b for each bond. The eight solutions to these 
equations consist of zwo sets of mirror images.28 Regarding, 
as before, only those soiutions for which all' i s  positive as 
acceptable, oi:,e is left with the two solutions listed in Table 
VI11 as being the most probable. Of these two solutions, the 
first in each case is closety similar to that obtained by way of  
the previous analysis, in that ai's is comparable with a i ' b  
and each is similar to ai'; furthermore, the first solution in 
each case leads to a value for all1 which is likewise similar to 
that obtained by way of the previous analysis. The second 
solution in each case leads EO extremely different values of ai's 
and ai.'b and to values for a11' which are very different from 
those obtained by way of the previous analysis. Thus the first 
solution in each case is regarded as being the more probable. 

'The, p rese~t  resilts lead unmibiguously to the conclusion 
tha.t in sqerarc-planar MX4n-- ions, the derived bond polar- 
izability tensor i s  not cylindrically symmetric (as it must be 
for MX2 linear, MX4 tetrahedral, and MIX6 octahedral 

osworth and Robin J. H. Clark 

Tabb E. Relative Molar htensities and Depolarization Ratios of 
the u 1  (E;) Fundamental o f  the IC1,- Ion and the Mercury Dihalides 
HgX, (X = C1, Br, or I), Including Perpendicular (al') and Parailel 
(a 11') Components of the Bond Polarizability Derivatives - ll-ll__l_l_ 

(1 / . fx12M, l  
Compd TIM,) P 01 II' W 

[(C,H,),N]ICI, 0.84' 0.27 6.3 0.37 
1.6 -4.3 

0.63 -4.0 
&a, 0.22b 0.18 5.5 0.91 

HgBr , 0.23b 0.20 8.6 1.2 
1.3 -6.1 

IElgh 0.40b 0.29 14.8 0.60 
4.1 -10,1 

a Based on I ( u , )  values at four different exciting frequencies ex- 
trapolated t o  zero exciting frequency using Abrecht's Cunction. 

Values are relative to the intensity of the 932-cm" band of ben- 
zene and were obtained using 488.0- or 514.5-nm excitation." 

species). The differences between a ~ ' a  and cu l ' b  (Le., between 
the bond anisotropy derivatives Y ' M X ~  and Y ' M X ~ )  are not, 
however, very large, amounting at most to 1.0 182 except for 
the AuBrc ion. 

ond ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ e ~ .  From the scattering activity of the 
vd(b2g) fundamental of a square-planar ion, cf. eq 9, 14, and 
15, it is evident that the nonderived bond quantity, YMX, can 
be determined (except for the sign). The resulting values 
(Table VI) are comparable with those determined previoudy 
for octahedral4 and tetrahedral8 ions, They increase in order 
YMCI a ~ M B C ,  i.e., with increase in the polarizability of the 
ion, and in the order YPtx < Y A ~ X ,  Le., with increase in the 

ion state of the metal atom. 
HCI2- Ion. The molar intensity of the vi(&+) fun. 

damenta! of the IG12- ion relative to that of the vi(ai) fun- 
damental of the perchlorate ion i s  determined by eq 2 and 4. 
The relationship between the molecular and bond polarimbility 
derivatives, on the basis of the Wolkenstein assumptions, i s  
found to be 

62 1 = f i x 5  )MX = ~ / 3 ~ ( a  11) + 2 4  ( 2 3 )  

it is possible from the scattering activity and the depolarization 
ratio of the vi band to determine both ail' and a ~ ' .  The results 
are given in Table IX, together with the comparabie results 
for the halides HgX2 (X = C1, Br, or 1); the latter laad not 
previously been calculated from the original intensity data. 10 

Two solutions for all' and CUL' are obtained, but again, 
following earlier arguments,26327 only that for which all' is 
positive is taken to be meaningful. Subsequent discussion is 
accordingly confined to this solution. 

In common with the results for the square-planar ions, a/, '  
for the linear species is found to vary in the order IC1 - HgCl 
< WgBr 4: HgI, ix., to increase with increase in the expected 
degree of covalent character of the MX bond. 
to all', ai' is in all cases small (0.8 f 0.4) and not dependent 
on the nature of the MX bond. 

The value of B'rci for the ICh- ion (2.4 A2) is found to be 
less than that for the I[C14- ion (2.6 Az), suggesting a slightly 
kigher degree of covalent character for the iodine-chlorine 
bonds of the latter. This conclusion is in agreement with the 
nqr results (Table VII). 

gment. The authors are indebted to the Science 
Research Council, NATO, and the Central Research Fund 
of the University of London for financial support. 



Tetragonal and Pseudotetragonal Co(1I) Inorganic Chemistry, Vol. 14, No. 1, 1975 177 

Registry No. AuCk, 14337-12-3; AuBr4-, 14337-14-5; PtCW-, 
13965-91-8; PtBr$-, 14493-01-7; PdClP, 14349-67-8; PdBrP, 

HgBrz, 7789-47-1; HgI2, 7774-29-0. 

References and Notes 

14127-70-9; ICk,  15392-46-8; ICk,  14522-79-3; HgC12,7487-94-7; 

(1) L. A. Woodward and J. A. Creighton, Spectrochim. Acta, 17, 594 (1961). 
(2) L. A. Woodward and M. J. Ware, Spectrochim. Acta, 19,775 (1963). 
(3) D. A. Long and E. L. Thomas, Trans. Faraday Soc., 59, 1026 (1963). 
(4) Y. M. Bosworth and R. J. H. Clark, J.  Chem. Sac., Dalton Trans., 1749 

(1974). 
(5) T. V. Long and R. A. Plane, J .  Chem. Phys., 43, 457 (1965). 
(6) R. J. H. Clark and C. J. Willis, Inorg. Chem., 10, 1118 (1971). 
(7) R. J. H. Clark and P. D. Mitchell, J .  Chem. Sac. Faraday Trans. 2, 

68,476 (1972). 
(8) R. J. H. Clark and P. D. Mitchell, J .  Mol. Spectrosc., 51, 458 (1974), 

and references therein. 
(9) W. F. Murphy, W. Holzer, and H. J. Bernstein, Appl. Spectrosc., 23, 

21 1 (1969), and references therein. 
(10) R. J. H. Clark and D. M. Rippon, J .  Chem. SOC., Faraday Trans. 2 ,  

69, 1496 (1973). 
(11) R. J. H. Clark and P. D. Mitchell, Inorg. Chem., 11, 1439 (1972). 
(12) P. Braunstein and R. J. H. Clark, J .  Chem. Soc., Dalton Trans., 1845 

(1973). 
(13) A. I. Popov and R. E. Buckles, Inorg. Syn., 5 ,  167 (1967). 
(14) W. Kiefer and H. J. Bernstein, Appl. Spectrosc., 25, 501 (1971). 

(15) R. J. H. Clark, Spex Speaker, 18, 1 (1973). 
(16) L. A. Woodward, Raman Spectrosc., 1 (1967). 
(17) G. W. Chantry and R. A. Plane, J .  Chem. Phys., 32, 319 (1960). 
(18) J. Behringer, Raman Spectrosc., 168 (1967). 
(19) A. C. Albrecht, J .  Chem. Phys., 33, 156 (1960). 
(20) A. C. Albrecht, J .  Chem. Phys., 34, 1476 (1961). 
(21) The symmetry species to which the electronic states e and s belong is 

EU for molecules and ions of symmetry point group D4h. 
(22) W. L. Peticolas, L. Nafie, P. Stein, and B. Fanconi, J .  Chem. Phys., 

52, 1576 (1970). 
(23) A. H. Kalantar, E. S. Franzosa, and K. K. Innes, Chem. Phys. Lett., 

17, 335 (1972). 
(24) M. Eliashevich and M. Wolkenstein, J .  Phys. U.S.S.R., 9, 101, 326 

(1945). 
(25) G. W. Chantry in “The Raman Effect,” A. Anderson, Ed., Marcel 

Dekker, New York, N. Y . ,  1971, p 49. 
(26) R. P. Bell, Trans. Faraday Sac., 38, 422 (1942). 
(27) R. P. Bell and D. A. Long, Proc. Roy. SOC. Ser. A ,  203, 364 (1950), 
(28) The complete set of solutions for the ICL- ion is given as follows by way 

of illustration.. For each solution, the order is all’, ai's, ayl’b: 6.9, 0.50, 
0.39; 1.7, -4.7, -4.8; 4.7, -1.7, 4.8; -0.50, -6.9, -0.39; 0.50, 6.9, 0.39; 
-4.7, 1.7, -4.8; -1.7, 4.7, 4.8; -6.9, -0.50, -0.39. 

(29) The excitation profile of the aig band of each of these ions looks like 
the inverse of the absorption band in the vicinity of the ligand field 
transitions. This effect has also been observed by V. Miskowski, W. 
H. Woodruff, J. P. Griffin, K. G. Werner, and T. G. Spiro. J .  Chem. 
Phys., submitted for publication. 

Contribution from Research School of Chemistry, Australian National University, 
Canaberra, A.C.T., Australia, and from Bell Laboratories Inc., Murray Hill, New Jersey 

Electronic Absorption Spectra of Tetragonal and Pseudotetragonal 
Cobalt(I1). I. K 2 C o F 4 ,  R b 2 C o F 4 ,  K 2 M g ( C o ) F 4 ,  and R b a M g ( C o ) F 4  

JAMES FERGUSON,*la T. E. WOOD,la and H. J. GUGGENHEIMlb 
Received April 24, 1974 AIC40274+ 

The electronic absorption spectra of K2CoF4, RbzCoF4, K2Mg(Co)F4, and RbzMg(Co)F4 have been measured in polarized 
light and at low temperatures. Analyses of all of the main spectral features have been made using the complete d7 tetragonal 
spin-orbit matrices in the weak-field formalism. These analyses provide, unambiguously, the signs of Dt in every case 
and the sign of Ds for all but K2Mg(Co)F4. It is concluded that K2CoF4 (Ds = 195 cm-1, Dt = 10 cm-I), RbzMg(Co)F4 
( D s  = 230 cm-1, Dt = 20 cm-I), and RbzCoF4 ( D s  = 335 cm-1, Dt = 30 cm-1) have axially elongated fluoride octahedra 
with the magnitude of the distortion increasing from K2CoF4 to RbzCoFe. The distortion in KzMg(Co)F4 (IDS[ = 60 cm-1, 
Dt = -10 cm-1) is an axial compression, in agreement with the known crystal structure of K2MgF4. The transitions to 
the components of 4T2g occur via magnetic and electric dipole mechanisms and it is probable that the detailed understanding 
of the spin-orbit structure of this state will require consideration of the dynamic Jahn-Teller effect. 

Introduction 
With the considerable increase in our understanding of the 

detailed properties qf paramagnetic ions in exactly cubic 
environments, attention has turned in recent years to the optical 
and magnetic properties of compounds with symmetries lower 
than cubic. For a study of transition metal ions in sites of 
tetragonal symmetry, the series of fluorides crystallizing with 
the K2NiF4 structure represent highly attractive systems, since 
both the factor group symmetry and paramagnetic ion site 
symmetry are D4h. 

K2CoF4 and RbzCoF4 have the K2NiF4 structure and both 
are two-dimensional antiferromagnets2 whose magnetic 
properties have been studied extensively.3-7 K2MgF4 and 
RbzMgF4 also have the same structure and are ideal host 
crystals for Co*+ for use in spectroscopic studies. 

There have been two reports of optical absorption mea- 
lsurements of K2CoF4. Tiwari, et al.,8 reported the unpolarized 
room-temperature electronic absorption spectrum but failed 
to include in their analysis the tetragonal component of the 
crystal field. Maisch9 extended this work by measuring the 
three possible polarized spectra at low temperatures. He was, 
however, unable to arrive at an unambiguous assignment, based 
on the tetragonal matrices of Jesson, although one of his 
alternatives gave closer agreement with the results of Folen, 
et al.5 

The present paper presents the results of a spectroscopic 
study of the tetragonal fluorides K2CoF4, K2Mg(Co)F4, 
Rb2CoF4, and RbzMg(Co)Fs. By collating spectral in- 
formation from all four materials, an unambiguous assignment 
of the spin-allowed bands has been made, permitting a rational 
discussion of the significance of the appropriate crystal field 
parameters. 

Theory for d337 Ions in a Tetragonal Crystal Field. The 
matrices for the tetragonal field were published by 
Perumareddilo in the strong-field representation, without 
spin-orbit coupling, and Jessonl 1 has made available the 
complete matrices in the weak-field scheme, both with and 
without spin-orbit coupling. With the inclusion of spin-orbit 
coupling, the crystal field matrix factors into two 30 X 30 
matrices, transforming as the F6 and r7 representations of the 
D4h‘ double group. 

Two parameters are required to specify the tetragonal part 
of the field. Following their definition by Moffitt and 
Ballhausen,l2 the use of Ds and Dt has become established. 
In the limit of the point charge formalism, expressions for Dq 
and Dt may be combined to give the simple relation 

where Dqny and Dqz are the cubic crystal field parameters of 
the ligands in the xy plane and on the fz axis of the octa- 


