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corresponding FeCI2+-Fe2+ reaction. This difference suggests that  spin multiplicity restrictions have, a t  
in rates is small and may be due to differences in the most, a small effect on the rate of the CoC12+-Co2+ 
standard free energy changes of the reactions. This electron-transfer reaction. 
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Powder diffraction patterns of potassium hexachloromanganate(1V) can be indexed on the basis of a cubic cell with a. = 
9.6445 =!= 0.0020 4. Systematic extinctions indicate that potassium hexachloromanganate( IV) is isostructural with po- 
tassium hexachloroplatinate(1V) and has the antifluorite structure [space group No. 225, Fm3n1-0,~; with four Mn in (a) 
000 f F.C.; eight K in (c) f (l/d1/4l/4) f F.C.; and 24 C1 in (e) =!=(xOO, 0x0, OOx) + F.C.]. Intensity data were col- 
lected, and the structure was refined by the method of least squarfs. Individual temperature parameters Bwn, BK,  and 
BCI were determined to be 1.9 f 0.3, 3.0 f 0.4, and 2.55 =t 0.1 A.2, respectively, and the single structural parameter, x ,  
was determine: to be 0.2360 f 0.0004. The M n - C I p n d  distance is 2.276 f 0.004 A,, and the K-C1 bond distance is 
3.412 f 0.004 A. The ammonium (UG = 9.80 =!= 0.02 A.),  rubidium (a0 = 9.82 =t 0.02 A.), cesium (a0 = 10.17 f 0.02 A.), 
and tetramethylammonium (a0 = 12.70 f 0.02 4.) hexachloromanganate(1V) salts were also prepared and have similar 
structures. The visible and ultraviolet spectra of potassium hexachloromanganate( IV)  were determined and are discussed. 

Introduction 
Potassium hexachloromanganate(IV), KzMnC16, was 

first prepared by Meyer and Best2 in 1899. Weinland 
and Dinkelacker3 later prepared the compound by the 
reaction of potassium permanganate with fuming hydro- 
chloric acid 

2KMnOr(s) f 16HC1 + 
K2MnCle(s) + 4Cl~(g) + 8H2O + Mn2+ + 2C1- 

and also reported the preparation of the ammonium 
and rubidium salts. The hexachloromanganate(1V) 
salts are described as black solids which rapidly decom- 
pose on standing. Individual crystals appear “deep 
dark red” under a microscope. The magnetic suscepti- 
bility of KzMnCle has been deter~nined,~ but apart 
from this the hexachloromanganate(1V) salts have not 
been studied. 

Very few manganese compounds in which the man- 
ganese atom has an oxidation number of +4 are known. 
It is therefore of interest to characterize these com- 
pounds further. Although the hexachloromanganate- 
(IV) salts are not stable for long periods, it  was possible 
to determine the structure of KzMnC16 by X-ray pow- 
der techniques. The visible and ultraviolet spectra of 
KzMnC&, as well as the unit cell dimensions of the am- 
monium, rubidium, cesium, and tetramethylammonium 
salts, were also obtained. 

(1) Presented a t  the 150th National Meeting of the American Chemical 

(2) R. J. Meyer and H. Best, Z .  anoyg. allgem. Chem., 22 ,  169 (1899). 
(3) R. F. Weinland and P. Dinkelacker, ibid., 60,  173 (1908). 
(4) S. S. Bhatnagar, B. Prakash, and J. C. Maheshwari, Proc. Indian Acad. 

Society, Atlantic City, N. J., Sept. 1965. 

Sci., A10, 150 (1939). 

Experimental Section 
Analyses.-Available chlorine, the chlorine liberated when the 

manganese in higher oxidation states is reduced to manganous 
ion by chloride ion, was determined by an iodometric titration. 
An acidic potassium iodide solution was added to a sample of 
the hexachloromanganate( IV) salt, and the liberated iodine was 
titrated with a standard sodium thiosulfate solution. The solu- 
tion remaining from the available chlorine analysis was analyzed 
for manganese by adjusting the pH to 10 and titrating with a 
standard ethylenediaminetetraacetic acid solution using the 
“copper-PAN system” as an indicator.6 

Preparation of Compounds.-Potassium hexafluoromanganate- 
(IV) was prepared by the reduction of potassium permanganate 
with ether in a solution of hydrofluoric acid.6 

Potassium hexachloromanganate( IV) was prepared by the 
method of Weinland and Dinkelacker.3 The following detailed 
procedure gives good results. 

Concentrated hydrochloric acid (50 ml.) was cooled to 0” and 
saturated with hydrogen chloride gas. Finely powdered po- 
tassium permanganate (5 g.) was added; a vigorous reaction 
occurred, and the temperature rose to 15”. The solution was 
allowed to stand for 15 min. a t  15’ and then was poured into a 
sintered-glass funnel. The black solid which collected was 
thoroughlywashed with glacial acetic acid and dried by drawing air 
through it for 30 min. The yield of potassium hexachloroman- 
ganate(1V) was 4.5 g., 82% based on potassium permanganate. 

Anal. Calcd. for KsMnClO: available C1, 20.5; Mn, 15.9; 
mole ratio available Cl/Mn, 2.00. Found 1 hr. after prepara- 
tion: available C1, 20.1; Mn, 15.7; mole ratio of available C1/ 
Mn, 1.98. Found 16 hr. after preparation: available C1, 19.3; 
Mn, 15.3; mole ratio of available Cl/Mn, 1.96. Found 96 hr. 
after preparation: available C1, 19.1; Mn, 15.9; mole ratio of 
available Cl/Mn, 1.87. 

The ammonium, rubidium, cesium, and tetramethylammonium 
salts of hexachloromanganate( IV) were prepared by adding the 

(5) H. Flaschka and H. Abdine, Chemist-Analyst, 46, 58 (1956). 
(G) W. G. Palmer, “Experimental Inorganic Chemistry,” Cambridge 

University Press, London, 1954, p. 484. 
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requisite chloride to a solution of calcium permanganate in 
fuming hydrochloric acid.3 The preparation of cesium hexachlo- 
romanganate( IV) is outlined below; the preparation of the 
ammonium, rubidium, and tetramethylammonium salts employed 
the same method, and their analyses gave similar results. 

Concentrated hydrochloric acid (50 ml.) was cooled to -20°,  
and approximately 20 g. of anhydrous hydrogen chloride was 
added to the solution. A slurry of 5 g. of calcium perman- 
ganate tetrahydrate' and 2 g. of cesium chloride in 15 ml. of 
water was added, a vigorous reaction occurred, and the tempera- 
ture rose to 15'. The solution was allowed to stand a t  that tem- 
perature for 15 min. and was then poured into a sintered glass 
funnel. The black solid which collected was thoroughly washed, 
first with glacial acetic acid and then with acetonitrile. It was 
dried by drawing air through it for a few minutes; the yield of 
cesium hexachloromanganate( IT-) was 3.2 g., 50yo based on 
cesium chloride. 

Anal. Calcd. for CsNnClG: available C1, 13.3; Mn, 10.3. 
Found: available C1, 13.2; Mn, 10.3. 

X-Ray Measurements .-X-Ray ponder photographs of the 
hexachloromanganate(1Y) salts were obtained with a 14.32-cm. 
diameter camera employing nickel-filtered Cu Ka radiation. 
The samples were contained in 0.3-mm. Lindemann glass capil- 
laries. The photographs could all be indexed on the basis of 
face-centered cubic lattices; the lattice parameters and their 
estimated probable errors are reported in Table I .  The lattice 
parameter for K2MnC16 was determined by a plot of no zls. 
(cosz O/sin 6 + cos* 0,'s); the probable error was assigned8 t o  be 

TABLE I 

HEXACHLOROMANGANATE( IV) SALTS AT 25' 
Salt aa, A. 

K2MnC16 9,644.5 f 0 0020 
( r\"4)&nCla 9 80 f 0 02 
RbrMnCle 9 .82  & 0  02 
CszMnCh 10.17 r t 0 . 0 2  
[ K( CH&] 9MnCls 12.70 f 0.02 

THE CUBIC CELL PARAMETER O F  SOhlE  

Sickel-filtered Cu Ka radiation was employed, and the sample 
was loaded in a Bakelite tray. The output of a ratemeter 
was recorded on a chart, all reflections were recorded on the same 
scale, and the intensity of the five strongest reflections was 
reduced with a calibrated set of nickel-foil filters. The area 
above the background under each peak was determined with a 
planimeter, and these areas (multiplied by filter factors for the 
five strongest reflections) are the experimental relative intensities. 
Experimental intensities, multiplied by a scale factor, arc Io  in 
Table 11. 

Visible and Ultraviolet Spectra.-A reflectance spectrum of a 
mixture of potassium hexachloromanganatej1T) and magnesium 
oxide over the range 1200-400 mp (8300&25,000 cm.-l) was ob- 
tained with a Beckman DK-2 spectrophotometer. 

Visible and ultraviolet absorption spectra of potassium hexa- 
fluoromanganate(1V) and potassium hexachloromanganate(1Y) 
were obtained over the range 750-230 mp (13,000-43,000 c ~ i i . - ~ )  

TABLE I1 
THE OBSERVED AXD CALCULATED INTENSITIES OF THE POWDER PATTERX OF KzMnC16 
10 -jIo 
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231 
88 
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263 
319 
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798 
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33 
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1: 
40 
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73 
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1 
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3 
3 
2 
1 
2 
3 

0.0020 b. although the reproducibility of the experiments was 
considerably better than this. 

Intensity measurements of the potassium hexachloromanganate- 
(Is') powder pattern were obtained on a General Electric XRD5 
diffractometer fitted with a proportional counter (General 
Electric SPG-6). As potassium hexachloromanganate( 11') 
is not stable, the compound was prepared and analyzed, 
and the intensity data were recorded within a period of 8 hr. 

(7) Carus Chemical Co., Inc., LaSalle, Ill. 
(8) W. Parrish and A. J ,  C. Wilson in "International Tables for X-Ray 

Crystallography," Val. 11. J ,  S. Kasper and K. Lonsdale, Ed., The Kynoch 
Press, Birmingham, England, 1959, p. 216. 
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with a Perkin-Elmer Model 202 spectrophotometer. The sam- 
ples were mulled with a fluorocarbon grease9 and held between 
quartz plates. Samples of K2MnC16 and K2MnF6 were run under 
as nearly identical conditions as possible so that a qualitative 
comparison of the relative intensities of the absorption bands for 
the two compounds could be made. The observed absorption 
bands and their relative intensities are reported in Table 111; 
the spectrum of potassium hexafluoromanganate(1V) is in good 
agreement with the reported reflectance spectrum .lo 

(9) Kel-F KO. 90 supplied by the Minnesota Mining and Manufacturing 

(10) C. K. Jgrgensen, Acta Chem. Scand., 12, 1539 (1958). 
Co., St. Paul, Minn. 
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TABLE I11 
THE VISIBLE AND ULTRAVIOLET SPECTRA OF KzMnC16 

AND KzMnFe 
Type of 

Compd. spectrum Y,, ,&~, cm.-' Rel. intens. 

KnMnFe Absorption 21,800 Weak 
27,800 Weak 

KzMnCla Absorption 15,400 Very strong 
27,400 Strong 
33 300 Strong 

KzMnCle Reflectance 16,600 Very strong 

The Determination of the Structure of K2MnC16 
The powder pattern of potassium hexachloroman- 

ganate(1V) could be indexed on the basis of a face- 
centered cubic lattice. It seemed probable that it was 
isostructural with potassium hexachloroplatinate(1V) 
and has the antifluorite structure [space group No. 225, 
Fm3m-0h5; with four Mn in (a) 000 + F.C.; eight 
K in (c) * (1/41/41/4) + F.C.; and 24 C1 in (e) =k (x00, 
0x0, 00%) + F.C.]. Since the agreement between ob- 
served and calculated intensities is very good, this as- 
sumption is justified. 

A preliminary determination of the structural param- 
eter, x ,  and over-all temperature factor, B,  was obtained 
by comparing structure factors, obtained from the in- 
tensities for the 26 observed independent reflections in 
Table 11, with calculated structure factors. The ap- 
proximate values x = 0.238 and B = 2.7 A.2 were 
obtained. 

The intensity data were then refined by the method 
of least squares.ll A full-matrix, least-squares pro- 

The observed intensities were obtained from the ex- 
perimental intensities by multiplying by a scale factor 
K where I ,  = K I e x p t l  and K = Z I , / Z I e x p t l .  

The weighting factors, w, are ideally the reciprocal of 
the variance squared,l' u2(Io) .  The square of the 
variance was estimated from the expre~sion'~ u2 = E 
+ 2B, where E is the number of counts in the peak and 
B is the number of counts in the background. Weight- 
ing factors are reported in Table 11; they do not vary 
greatly as the background was high. Unobserved 
reflections (designated U in Table 11) have arbitrarily 
been assigned an intensity of half the minimum ob- 
served and a weight of 1, 

In  the first least-squares calculation the structural 
parameter, x, and over-all temperature parameter, B,  
were refined. Normal equations were obtained as de- 
scribed by Whittaker and Robinsonll in which the trial 
parameters were x = 0.238 and B = 2.7 As2 .  The re- 
fined parameters and their estimated standard devia- 
tions are reported in Table IV; the standard devia- 
tions were estimated from the inverse of the matrix.'' 

A second least-squares calculation was carried out in 
which four parameters, the structural parameter and 
individual temperature parameters, were refined. The 
results of the first least-squares calculation were used as 
trial parameters. After several cycles of least-squares 
calculation, the results reported in Table IV were ob- 
tained. The values of I ,  reported in Table I1 were ob- 
tained using the refined parameters from the second 
least-squares calculation. 

TABLE IV 
ATOMIC COORDINATES, THERMAL PARAMETERS (A. z), AND THEIR STANDARD DEVIATIONS 

Z W ( I 0  - I,)aa .zpo - Icl 
BMIl UYn BK OK Bo 1 uc 1 X 02 44 - n 210 

1st calcn. 2 . 8  0 . 1  2 . 8  0 .1  2 . 8  0.1 0.2366 0.0006 8 .4  X 1010 0,074 
2nd calcn. 1 . 9  0.3 3.0 0 .4  2.55 0 . 1  0.2360 0.0004 4.8 X 1O1O 0.056 

a 1z = the number of parameters being considered in the calculation. 

gram was written for use on the G.E. 225 computer 
at the Center for Documentation and Communication 
Research a t  Western Reserve University. The quan- 
tity Zw(Io - IC)* was minimized. Values of IC,  on an 
arbitrary scale, were obtained from the formula 

I, = 24(sin @)-lLPJIF[ 

where L and P are the Lorentz and polarization factors 
and J is the multiplicity. The summation is taken over 
all of the reflections contributing to a single intensity 
measurement. The structure factor, F,  was corrected 
for temperature by multiplying the scattering factors 
for the individual atoms by terms of the form exp 
(- B sin2 @/Az) where the B values are all the same if the 
over-all temperature factor is being considered or dif- 
fer for each type of atom if individual temperature 
factors are being considered. The scattering factors 
used for &In4+, K+, and C1- were taken from the In- 
ternational Tables. 

(11) E. Whittaker and G. Robinson, "The Calculus of Observations," 
4th Ed., Blackie and Son Ltd., London, 1844, pp. 200-269. 

The final value of the Mn-C1 bond distance is 2.276 
=t 0.004 A., while the K-C1 distance is 3.412 f 0.004 

Discussion 
Crystal Structure of KzMnCle.-The structure of 

potassium hexachloromanganate(1V) is one in which the 
K+ ions and octahedral MnC162- ions occupy, re- 
spectively, the F- and Ca2+ ion positions of the fluorite 
structure. The MnCle2- ions are a t  the corners and 
the centers of the faces of the cubic unit cell and are 
surrounded by eight K+ ions a t  the corners of a cube. 
In the isostructural hexachloroplatinate(1V) salts the 
Pt-C1 bond distance14" averages 2.30 A. Pauling14" 
assigned the chlorine atom a covalent radius of 0.99 8. 
and the Pt(1V) atom an octahedral covalent radius of 

A. 

(12) C. H. MacGillavry, G. D. Rieck, and K. Lonsdale, Ed.,  "Inter- 
national Tables for X-Ray Crystallography," Vol. 111, The Kynoch Press, 
Birmingham, England, 1962, Table 3.3.1A, p. 202. 

(13) W. P a r i s h ,  Philips Tech. Rev., 17, 206 (1955/1956). 
(14) (a) L. Pauling "The Nature of the Chemical Bond," 3rd Ed., 

(a) pp. 244-251; (b) pp, Cornel1 University Press, Ithaca, N. Y., 1960: 
614, 518. 
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1.31 A. A similar interpretation of bonding in potas- 
sium hexachloromanganate(1V) would give the iVn(1V) 
atom an octahedral covalent radius of 1.29 A. Ac- 
tually, the Mn-Cl bond distance corresponds quite 
closely to that expected for ionic bonding. The hh4f 
ion has been assigned14b a radius of 0 54 !I., and the C1- 
ion a radius of 1.81 A. The sum, 2 35 A., is in reason- 
ably good agreement with the observed distance of 2.28 
A. No conclusion about the extent of covalent bond- 
ing in KzMnCl6 can be reached from the X-ray meas- 
urements alone. 
The Visible and Ultraviolet Spectra of KzMnC16.- 

The results of the structure determination and mag- 
netic susceptibility measurements? indicate that the 
hexachloromanganate(1V) ion is an octahedral high- 
spin complex. A consideration of its visible and ultra- 
violet spectra might give more information about the 
octahedral ligand field of chlorine. -4s a d3 ion the 
spectra and magnetic behavior of Mn(1V) complexes 
should resemble those of V(I1) and Cr(II1) complexes.lj 
The ligand field parameter, lODq, for the hexachloro- 
chromate(II1) ion has been reported as 13,180 cm.-'16 
and 13,800 cm.-l 17, while 10Dq for the hexafluoro- 
chromate ion has been reportedI7 to be 15,200 ern.-'. 
The value of l0Dq is shifted about 2000 cm.-l to longer 
wave lengths in going from the hexafluorochromate(II1) 
ion to the hexachlorochromate(II1) ion. Potassium 
hexafluoromanganate(1V) has been reportedlo to have a 
l0Dq of 21,7511 and one might suppose that l0Dq 
for potassium hexachloromanganate(1V) would be 
about 19,700 cm.-'. One can predict the frequencies of 
the transitions expected for potassium hexachloroman- 
ganate(1V) using this value for lODq and either the 
OrgelI8 or LiehrIg diagram for Cr(III), Le.,  4A4zg + 

4Tzg a t  19,700 cm.-l; 4 A z g  + 4T1,(F) a t  28,000 cm.-'; 
and 4A2g + 4T1g(P) a t  43,000 cm.-'. While three ab- 
sorption bands are observed for potassium hexachloro- 
manganate(1V) the positions of the maxima are not in 
very good agreement with the values predicted above. 

I t  seems probable that the observed spectrum of 
potassium hexachloromanganate(1V) is due, a t  least 
partially, to electron transfer. Electron-transfer 
spectra in coordination compounds have been discussed 
by Dunn, 2o and a theoretical treatment has been given 
by J@rgensen.21 Three facts are consistent with the 
supposition that the absorption spectrum of potassium 
hexachloromanganate(1V) is due to electron transfer. 

(15) C. J. Ballhausen, "Introduction to  Ligand Field Theory," McGraw- 
Hill Book Co., Inc., Xew York, S. Y., 1962, pp. 233, 235, 250. 

(16) W. E. Hatfield, R. C. Fay, C. E. Pfluger, and T. S. Piper, J .  Am. 
Chem. Soc., 86, 266 (1963). 

(17) C. E. Schaffer and C. K. J$rgensen, J. Inorg. Nucl. Chem., 8,  143 
(1958). 

(18) L. Orgel, J .  Chem. Phys., 23, 1004 (1955). 
(19) A. D. Liehr, J .  Phys. Chem., 67, 1314 (1963). 
(20) T. M. Dunn, M o d .  Coord. Chem., 268 (1960). 
(21) C. K. Jrrrgensen, Aduan. Chem. Phys., 6, 75 (1963). 

(1) The absorption maxima in the visible and ultra- 
violet spectra of potassium hexachloromanganate(1V) 
are very intense when compared to the absorption 
maxima of potassium hexafluoromanganate(1V) , 

(2) J@rgensenzl has pointed out that, in the hexahalo 
complexes of the 4d- and 5d-transition elements, the 
charge-transfer bands are shifted 28,000 cm. -l toward 
longer wave lengths in going from fluorine to chlorine 
complexes. Thus, the observation of charge-transfer 
spectra in potassium hexachloromanganate (IV) and 
not in potassium hexafluoromanganate(1V) is not in- 
consistent. 

(3) Orgel has notedz2 that, if a charge-transfer band 
occurs a t  long wave lengths, the energy which must be 
supplied to achieve a permanent oxidation-reduction 
reaction is small, and a complex containing a slightly 
more oxidizable anion might undergo spontaneous reac- 
tion. This behavior is observed in cupric ion-bromide 
ion and cupric ion-iodide ion solutions, the former solu- 
tion having a charge-transfer band a t  long wave lengths 
and the latter solution undergoing spontaneous reac- 
tion. This same behavior is observed in the case of 
potassium hexachloromanganate(1V) and potassium 
hexabromomanganate( IV) ; the former has an intense 
band a t  long m-ave lengths, and the latter has never been 
reported. The higher oxidation states of manganese 
are spontaneously reduced to the manganous ion in the 
presence of bromide ion. 

One might conclude that the absorption band of 
potassium hexachloromanganate(1V) a t  15,400 cm.-l 
and its reflectance spectrum are due to charge transfer. 
It is more difficult to assign the bands observed a t  
shorter wave lengths. Other charge-transfer bands 
would be expected and might obscure the d-d transi- 
tions; however, the shorter wave length bands could be 
due to ususually intense d-d transitions.23 
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(22) L. Orgel, "An Introduction to Transition-Metal Chemistry: Ligand 
Field Theory," John Wiley and Sons, Inc., New Yoi-k, N. Y., 1960, p, 99. 

(23) h - 0 ~ ~  ADDED IX PROOF.-I t  has recently been brought to  the author's 
attention that  Sartori, Cervone, and CancellieriZ4 have published the spec- 
t rum of a solution of potassium hexachloromanganaie(1V) in concentrated 
hydrochloric acid. The  reported spectrum is not in agreement with the 
present work; however i t  is similar t o  those observed for solutions of Mn(II1) 
in hydrochloric acid.%& Unpublished work from our laboratory indicates that  
on standing in moist air t he  hexachloromanganate(1V) salts are rapidly con- 
verted to  the corresponding aquopentachloromanganate(I1I) salts. 

(24) G. Sartori, E. Cervone, and P. Cancellieri, All;  A c a d .  Nazl .  L i n c e i ,  
R e n d . ,  Classe Sci. Pis . ,  Mat.  N a t . ,  36, 226 (1963). 

(25) J. A. Ibers and N. Davidson, J .  Am. Chem. Soc., 72, 4744 (1950). 




