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The Trioxotrichlororhenate(VI1) Ion1 

BY U.  E. GKOVE, S. 1’. JOIISSON, ANL) G. WILKINSOS 

Kereited AVOi’eiliDe,~ 18, 1968 

Thc majority of oxygen-containing rheniuni(VI1) 
compounds can be considered to be perturbations of the 
Ferrhenate ion, Reo4-, “g., Re03N2-, Re03S-, Re03X 
(X = F, C1, Br), and Rez07. Seven-coordinate ReF7,2n3 
six-coordinate ReOFjJ4 and five-coordinate Re02F34 
have been described, but no compound of stoichiometry 
Re03X3*- has been described, although Peacock,E when 
reporting the R e O 8 -  ion, considered that ReO;3F32- 
should be capable of existence; both of the isoelectronic 
ions Tk703F33- and 0s03Fg- are 

The dissolution of perrhenic acid in concentrated hy- 
drochloric acid saturated with hydrogen chloride pro- 
duces a yellow solution from which cesium chloride pre- 
cipitates a pale yellow solid of stoichiometry Cs2 [Reo3- 
Cia]. The formation of the ion can be written 

ReOl- + ?HA + 3C1- -e Re03Cla2- + H20 (1) 

The salt dissolves in iyater or base to give a clear solu- 
tion without formation of black Reo2 suggesting that a 
rhenium(VI1) species is present. The salt turns white 
on exposure to the atmosphere. 

The octahedral ion may have two possible geometri- 
cal isomers : cis (Ca>.) and trans (CZv). Simplified group 
theory (omitting site symmetry considerations) predicts 
that the cis ion should have 13 normal vibrations of 
specics 4 AI + ,42 f 3 E, the 5 E vibrations being 
doubly degenerate, and that there should be tn.0 infra- 
red- and Raman-active metal-oxygen and metal-chlo- 
rine stretching modes. Similarly, the trans ion should 
have 15 normal vibrations of species G A 1  + A2 + 4 B1 
+ 4 B2 with three infrared- and Raman-active metal- 
oxygen and metal-chlorine stretches. 

The infrared spectrum consists of an extremely broad 
absorption centered around S90 cm-I with a band width 
of about 100 cm-’. In the 400-250-~m-~ region bands 
Tvere found at  314 (sh), 320 (vs), 334 (m), 360 (sh), and 
3‘70 (s) cm-l, but i t  was not possible to distinguish be- 
tween Re-Cl stretching bands and 0-Re-0 deforma- 
tion modes. 

The Raman spectrum of the solid has two sharp bands 
a t  925 (vs) and 895 (s) cm-I in the metal-oxygen 
stretching region and a series of bands below 400 cm-I 
at 387 (s), 366 (vs), 297 ( s ) ,  220 (vs), 187 (vs), and 154 
(s) cm-1. The two sharp bands in the metal-oxygen 
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stretching region is good evidence for a cis (C3“) con- 
figuration of the KeOsC122- ion. 

The preparation of the analogous fluoro anion mas 
attempted but without success even when liquid hydro- 
gen fluoride was used as the solvent. (The Raman 
spectrum of a solution of sodium perrhenate in 157, 
hydrogen fluoride was that of the unperturbed Reo4- 
ion.) Addition of a solution of cesium fluoride to a 
solution of perrhenic acid both in concentrated hydro- 
fluoric acid with some additional liquid hydrogen 
fluoride present did not give an immediate precipitate. 
If the mixture was kept cool, large white crystals 
separated out after about 1 week. Analytical, infrared, 
and X-ray data confirmed that these crystals were 
cesium perrhenate. Using other cations, (CBH&As+ 
gave an immediate precipitate of the perrhenate, but 
R4N+ and Rb+  gave no precipitate a t  all. The two 
most likely explanations as to why the fluoride cannot 
be obtained are: (i) the ion is too susceptible to hy- 
drolysis so that an equilibrium such as that of eq 1 is 
over to  the left; (ii) the salts are too soluble relative to 
the corresponding perrhenate to be obtained in the solid 
state. 

No attempt mas made to obtain the bromide or iodide 
since perrhenic acid partially oxidizes these hydrogen 
halides and is itself reduced. 

Experimental Section 
Infrared spectra of Sujol mulls were recorded using Perkiii- 

Elmer 4 5 i  and Grubb-Parsons “Spectromaster” instruments; 
Raman spectra wcre obtained using a Cary Model 81 spectroni- 
eter with an He-Se laser source. 

Dicesium Trioxotrichlororhenate (VII) .-Rhenium metal (John- 
son, Matthey Ltd. 99.5y0) (2 g) was dissolved in 100 vol of aque- 
ous hydrogen peroxide and the solution of perrhenic acid was 
evaporated to dryneqs on a hot plate. The residue was dissolved 
in 10 M hydrochloric acid (10 ml) and the solution was saturated 
with hydrogen chloride. T o  the resulting yellow solution was 
added a solution of cesium chloride (4 g) in hydrogen chloride 
saturated aqueous HC1 (10 ml). The mixture was allowed to  
stand overnight. The yellorv crystalline product was collected 
under an atmosphere of hydrogen chloride, washed with 10 M 
HC1, and dried in FUCUO over P4010 (4.15 g, 58T0). Anal. Calcd 
for Csg[ReOsCls]: C1, 17.5; Cs, 43.8; 0, 7.9; Re, 30.7. Found: 
C1, 17.1; Cs, 43.8; 0, 7.8; Re, 30.6. 
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Fluoro Complexes of Manganese(II1) in 
Acid Perchlorate Solution1 
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Previous workers2l3 have noted a doublet in the visi- 
ble spectrum of Mn(II1) in excess fluoride, which has 
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been assigned to a splitting of the T Z g  + (in Oh) 
transition in the MnFaq2+ species.z However, the 
proximity of F-, OH-, and HsO in the spectrochemical 
series and the observation4 that  OH- does not produce 
a splitting of the spectrum in MnOHaq2+ suggest the 
absence of splitting in the spectrum of the species 
MnFaq2+. We have therefore reanalyzed the spectral 
data a t  constant ionic strength in terms of equilibria 
involving the Mn(OH)F,,+ ion in addition to those pre- 
viously postulated. 

Experimental Section 
Reagents.-The preparation and standardization procedures 

for perchloric acid, manganese(II1) solutions, and the perchlo- 
rates of manganese(II), iron(II), and barium were as previously 
described.6 Sodium fluoride (Fisher Certified reagent grade) was 
used without further purification to make up stock solutions. 
The manganese(II1) solution to be used was always freshly pre- 
pared by electrolysis of an acidic solution of a large excess of 

Spectral Measurements.-All measurements were carried out 
using matched 100-mm quartz cells in a Cary Model 14 spectro- 
photometer in a temperature-controlled room a t  23 d= lo .  Spec- 
tra were obtained in the range 300-600 nm using blank solutions 
containing all the components except Mn(II1). In most cases 
the ionic strength of solutions was adjusted to 5.35 M by addition 
of Mn(I1). Replacing some of the Mn(I1) by Na+ or Baz+ had 
no apparent effect on the spectra a t  constant acidity and ionic 
strength; consequently, manganese(I1)-fluoride complexes may 
be neglected in the analysis of the data. The observed extinction 
coefficients were a minimum a t  ca. 350 nm, and only the data in 
the region 400-540 nm were deemed sufficiently accurate to justify 
a detailed analysis. The concentration ranges used were: [Mn- 
(111)] = (0.83-2.00) X M ,  [HF] = (2.00-21.2) X M, 
[HCIOa] = 0.63-5.00 M, [Mn(II)]  = 0.03-1.53 M, [Na+] = 
0-0.50 M, and [Ba(II)] = 0-0.20 M, with fi = 5.35 M .  The re- 
sults of Fackler and Chawla2 were in good agreement with our 
spectral measurements under the same conditions, the observed 
molar extinction coefficient E varying between 10.8 and 52.5 
M-' cm-I in the spectral range used for detailed analysis. 

~n(111.4 

Results 
If we assume that  the equilibria 

Mn3+ e MnOHZ+ + H +  ( K H )  (1) 

Mn3+ + H F  MnF2+ + H+ (K1) (11) 
MnOH2+ + HF -e Mn(OH)F+ + H +  (Ka) (111) 

exist under the experimental conditions, with K H  = 
[MnOHZ+] [H+]/ [Mn3+], K1 = [MnF+] [H+]/  [Mn3+]. 
[HF], and KZ = [Mn(OH)F+] [H+]/ [MnOHz+] [HF], 
thcn it can be shown that 

E([H*12 + KH[H+]  + Ki[H+l[HFl f KnKa[HFl) 
ei[H+I2 f EzKH[H+] f eaKi[HFl[H+] + E&HKZ[HF] (1) 

where el, €2, €3,  and €4 are the molar extinction coeffi- 
cients of Mn3+, MnOH2+, MnF2+, and Mn(OH)F+, 
respectively. Equation 1 may be rearranged to give 

_ _ -  ' 
[HFI - E(Ki[H+l -t KzKH) - (eaKi[H+] -I- E ~ K H K Z )  ( 2 )  

where y = [H+](EI[H+] + EZKH - E [ H + ]  - EKH) 
can be c a l c ~ l a t e d . ~ ~ ~  Linear plots of y /  [HF] vs. E (as- 
suming that  [HF] is equal to the total added fluoride 

(4) C. F. Wells and G. Davies, J .  Chem. Soc., A ,  1858 (1967). 
( 5 )  G. Davies, L. J. Kirschenbaum, and K. Kustin, Inovg. Chem., 1, 146 

(1Y68). 
(6) G. Davies, Ph.D. Thesis, Birmingham, England, 1066. 

concentration) were obtained a t  each wavelength, and 
each plot had a negative intercept as required by eq 2 .  
The slopes Sx and the intercepts I x  of each plot a t  fixed 
wavelength are functions of acidity (eq 3 and 4) and 

SA = Ki[H+l + KZKH (3 ) 

Ix = dSi[H+]  f ~ ~ K H K z  (4) 

examples of plots of these functions are shown in Figure 
1. The values of K1 and Kz obtained in this way a t  

15-  I I I I I 

(a) 

- 

[H'] ( M )  

Figure 1.-Plots of (a) 10%'~ us. [Hf] and (b) 1 0 - z I ~  lis. 
[H+] for spectral data a t  the following wavelengths: (3, 460 
nm; @, 470 nm; 0,480 nm; 0,500 nm. 

wavelengths in the range 400-560 nm are shown in 
Table I, and the spectra of MnF2+ and Mn(OH)F+ cal- 
culated from eq 4 using the individual values of K1 and 
KZ a t  each wavelength are shown in Figure 2 .  The 
average values over the wavelength range are K1 = 

(1.6 =t 0.1) X l oz  and KZ = (1.9 =t 0.3) X lo2. The 
nature of the analysis makes the precision of the value 
of Kz much less than that  of K1 since the former is cal- 
culated from an intercept. Nevertheless, the appear- 
ance of an intercept in plots of eq 3 a t  every wavelength 
(see Figure la )  strongly suggests that an equilibrium 
involving the species Mn(OH)F+ must be taken into 
account in the interpretation of the spectral data. 

Discussion 
Although few complexes of Mn(II1) have been com- 

pletely characterized in solution, i t  is worthwhile to 
compare the present results with those obtained for 
other systems. 

Important information concerning the stabilities of 
several Mn(II1) complexes has been obtained from a 
study of the Mn(II1)-catalyzed oxidation of oxalic acid 
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TABLE 1 
ESTIXATES OF EQUILIBRIUM CONSTASTS AT 23" 

ASD p = 5.35 M AT J'ARIOUS WAVELENGTHS 

nm 10-2Ki io  -=rw 
400 1.8 3 . 5  
420 1.4 1 . 6  
440 1.1 2.6 
460 1 . 9  1 .1  
470 2 . 1  - . -  0 3  

480 9 . 0  1.8 
500 1 . 7  0 . 8  
52 0 1.6 - . -  
540 1.1 1 . 2  

Wavelength, 

0 0  

Av 1.6f0.1 1 . 9  f 0 . 3  
The value K I I  = 0.90 dd has been assumed at  p = 5.35 &I and 

230.6 

W A V E L E N G T H  ( n m )  

Figure 2.-Derived spectra of MnF,,2+ (0) and Mn(OH)F,,+ (e). 

by chlorine7a and bromine.7h The rate-determining 
step in this reaction is7 the first-order decomposition of 
the monooxalato complex 

ki 
MnCZO.i+ --+ Mil2+ + ( 2 2 0 4 -  (1V) 

The observed rate of reaction a t  constant acidity varies 
with the concentrations of added oxalic acid and chlo- 
ride or fluoride ions, and the data of Taube7 can now be 
rationalized by combining reactions 1-111 with 

Mn3+ + H z C ~ O ~  MnC204+ f 2H+ (K,) (V) 
MnC204+ + H ~ C Z O ~  =+= Mn(CaO4)z- + 2H+ (Kb) (VI) 

Mn3+ f C1- e XinC12+ (Kc,)  ( V I I )  

MnC204+ f H F  Mn(Cr0a)F + H+ ( K a r )  (VIII) 

In  the absence of added chloride or fluoride ion we have 
obtained the values of kl, Ka, and Kb of 11.9 min-l, 
1.64 X lo5 M, and 45 LW> respectively. Comparison of 
these estimates with those obtained by T a ~ b e ~ ~  in the 
absence of reaction I shows that the principal effect of 
its inclusion in the calculations is to increase the value 
of K,. The kinetic data7b in the presence of up to a 
105-fold excess of chloride only require the additional 
equilibrium VII,  with Kcl = 13.5 f 0.5 M-l a t  1.1 = 
2 M and 25". In  the presence of added fluoride the 
data is accounted for by the additional equilibria 11, 
111, and VI11 with (2K1 + K&H) = 1.1 X lo3 X and 

( 7 )  (a) H. Tauhe, J .  A m .  Chern. Soc., 70, 1216 (1948); (b) H. Taube ,  ibid. ,  
70, 3928 (1948). 

K,F = 118 at 1.1 = 2 2 and 25".  Individual values of 
K 1  and Kz cannot be obtained from the original7b kinetic 
data since the acidity was kept constant a t  2.0 iW. 
However, the present results for 1.1 = 5.35 M suggest 
that  K1 = Kz, whereupon we calculate K1 = K z  = 370 
a t  1.1 = 2 J l a n d  25". The stability constants for fluoride 
complexation thus appear to increase with decreasing 
total ionic strength. The value of the composite sta- 
bility constant obtained from spectral measurements by 
Fackler and Chawla2 is consistent with these estimates, 
since it was obtainedat varyingionicstrengthand acidity. 

The ratio KJKz = KI{/KFH, where K P I I  = [Mn- 
(OH)F+][H+]/[MnF2+] = 1.1 -If a t  1.1 = 5.35 M and 
23", shows that the presence of F- results in littlc 
change in the acidity of the remaining water molecules 
of the inner sphere. This conclusion is consistent with 
the similarity of the spectra of 31naQ3+, MnOHay2+, 
MnClaq2+, and MnFaq2+ in both the visible and the uv 
regions. 

The splitting of the visible spectrum of Mn(OH)F,,f 
is presumably8 due to splitting of the :E, (and possibly 
6T2g) level by tetragonal distortion. It is not possible 
to assess the importance of cis-trans isomerism in this 
complex in the absence of data on other mixed-ligand 
complexes of this type. However, it should be noted 
that the high-sping complex lLrn(CYDTA)OH2- has a 
spectral maximum a t  448 nm which moves to 510 nm 
on protonation.lO Changes in the spectra of the aquo 
species in the presence of very large excesses of chlo- 
ride,3z11 where higher order chloro complexes are 
formed, suggest that  cumulative effects of negative 
charge can indeed cause measurable spectral changes in 
mixed complexes of Aln(II1). 

(8) T. S .  Davis, J. P. Fackler, Jr., and M. J. Weeks, 1 t z o ~ g .  Chern., 7 ,  lti'J4 
(1068). 

(9) Y. Yoshino. a. Ouchi, Y. Tsunoda, and M. Kojima, Cntz. J .  Chein., 
40, 775  (1062). CYDTA = tiai~s-1,2-diaminocyciohexanetetraacetic acid. 

(IO) 12. E. Hamm and hl. A. Suwyn,  I?zoi,g. Chern., 6, 13'3 (1967). 
(11) J. A. Ibers and N. Davidson, J .  A m .  Chew&. Soc., 72, 4744 (1050). 
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A High-pressure Form of Palladium Disulfide 
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An orthorhombic palladium disulfide (I) (a = 5.46, 
b = 5.54> c = 7.53 A) may be prepared by heating pal- 
ladium dichloride and excess sulfur a t  450" in an evacu- 
ated quartz tube for 4 days2  The structure of the pal- 
ladium disulfide so prepared3s4 [space group DZh1j (Pb- 
ca)] is derived from the pyrite structure, which places 
the cation in a nearly perfect octahedral environment, 
by elongation of one of the fourfold octahedral axes6 

(1) Bureau of Mines, Metallurgy Research Center, College Park, Md. 
20740. 
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(4) F. Grdnvold and E. Rdst, A d a  C y y s t . ,  10, 329 (1957). 
( 5 )  F. Hulliger and E. Mooser, "Progress in Solid State  Chemistry," 

Vol. 2 ,  Pergamon Press, Inc., New York, N. Y . ,  1955, pp 330-377. 


