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cess TiOz was filtered from the solution before making 
the nmr measurements. 

In  contrast to the report of Caglioti and co-workers2 
and in agreement with Schmitt, et aLJ3 we find that the 
TiF2- ion is very stable in water. Over long periods 
of time only a sharp singlet is seen in the F1$ nmr spec- 
trum of the solution at  room temperature. (”&- 
TiFe in a 10% HCl solution was prepared and 
examined by nmr spectroscopy. The spectrum showed 
the presence of TiF5.HzO- and TiFs’-. These species 
were in a 2 : 3  ratio. The formation of TiF5.H20- is 
suggested to occur by the mechanism 

fast 
TiFs2- + H30C FjTiFH- + H20 

slow 
FsTiFH- + H20 + FjTiHzO- + HF 

For TiFe2- to hydrolyze in water, an acid solution is 
required, because the formation of a hydrogen bond 
and subsequent formation of H F  helps to break the Ti-F 
bond. 

This result is consistent with the reported acid-cata- 

lyzed fluorine exchange between SiFsZ- species. 
These results are also in agreement with the proposed 
mechanism for the acid-catalyzed hydrolysis of trans- 
Co(en)2Fz+ where the formation of a hydrogen bond 
to fluorine weakens the Co-F bond.I3 

In Figure 3 the TiFs.HzO- doublet for an initial 
H F  : TiF4 ratio of 1 : 1 is compared to  the doublet for an 
initial HF:TiFd ratio of 2: 1. Exchange is much faster 
in the more acidic solution. We suggest that the ex- 
change is due to exchange of both water and fluoride 
ion. The fluoride ion exchange is facilitated in more 
acidic solutions by the initial formation of a hydrogen 
bond, thus lending additional support for the mecha- 
nism proposed above. 
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Infrared and Ranian spectral data arc reported for crystalliiic salts contaiiiiug the ions I’Fe-, AsFG-, SbF6-, SiFtiz--, Gc.Fa2-, 
and SnFe2-. Five of the six funclanicntal vibrational frcqueiicics of each ion were assigned on the basis of at1 01, structure, 
and sitnplc valence force constants were calculated. 

Introduction 
Incoinplete infrared and Raman spectral data are 

available in the literature on a number of crystalline 
hexafluoride ions of group IVa and group Va metals. 
Since spectral data on solid substances are harder to 
obtain and more likely to be ambiguous than similar 
data for liquids and gases, this field has been largely 
neglected. However, by careful design of the sample 
cells, we obtained rather good Raman spectra of the 
hexafluoride ions of P, As, Sb, Si, Ge, and Sn. Infra- 
red spectra of these compounds were also secured. 

Experimental Section 
Baker and Adamson reagent grade NarSiFe was further puri- 

fied by recrystallization from aqueous H F  solution. T o  prepare 
KzGeFe, GeOl (Fischer Scientific Co.) was heated with 48% H F  
for several days. The filtrate was diluted to 500 ml and the p H  
was adjusted to  1.5  with KOH. The crystals of K2GeFG, iyhich 
formed after evaporation at room temperature, were filtered ant1 
dried in a stream of nitrogen. r\JaaSnFG was prepared by adding 

(1) Research sponsored by the  U. S. Atomic Enei-gy Commission under 
contimct with the Union Carbide Corp. 

48”/c aqueous H F  to an aqueous solution of SazSnOs.3H20 (Baker 
and Adamson) until all of the initially precipitated SnOr redis- 
solved. The solution was allowed to evaporate slowly and the 
crystals were dried with a stream of nitrogen. The KPFe was 
Matheson Coleman and Bell material, 98-10070 pure. CSXSFG 
was obtained by dissolving CsF in 48% aqueous HF. AsFs 
gas (Ozark Mahoning Co. ) ,  diluted with nitrogen, was passcd 
through the solution until no further precipitate was formed. The 
solid C S ~ ~ ~ F P ,  precipitate was washed with 48y0 H F  and vacuum 
dried. LiSbFs was formed from dry LiF in a Kel-F reactor a t -  
tached to a met21 vacuum system. Anhydrous HF was added 
to the LiF with stirring, and purified SbFj was then slowly con- 
densed into the reactor. The products were removed from the 
vacuum line and dissolved in anhydrous HF from which LiSbFG 
was obtained by fractional crystallization. Inert polyethylene 
and Kel-F containers were used for all preparations. 

The Rarrtan spectra of the solid powders were observed by 
means of a Cary Model 81 Raman spectrophotometer. Samples 
were contained in conical quartz tubes. Tapered conical 
sample tubes for solids are described by Brandmuller and Moser.? 
Our tubes were similar to that pictured by Rusry arid Keller.:’ 

( 2 )  J. Brandmuller and H. Moser, “Einfdhrung in die Ramanspeklro- 
skopie,” 111’. Dietrich Steinkopff Verlag, I larmstadt,  Germany, 1062, I )  290. 

( 3 )  I<. H. Busey and 0. L. Keller, J r . ,  J .  Chem. I’hys., 41, 216 (1064). 
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Figure 1.-Infrared spectrum of solid LiSbFs; KBr pellet; Perkin-Elmer 521 spectrometer. 

They were, however, fabricated from quartz which resisted Results 
corrosion from HF slightly better than Pyrex. The 4358-A 
exciting line was filtered through an n-propyl alcohol solution of 
ethyl violet and Cyasorb UV2i24 (American Cyanamid CO.). 
The infrared spectra were recorded from 250 to 4000 cm-l with a 

infrared and Raman spectra are shown in 
Figures 1-21, In all cases, three Raman peaks and two 
infrared bands were observed. In some cases the low- 

energy infrared absorption band tended to show shoul- 
Perkiri-Rlmrr hfode1 521, doublt-bralll, gratillg sl~ectropl~otoln- 
eter. Most of the infrqred data were obtained with pellets 
formed from powdered mixtures of each salt wih KBr, but runs 
on mineral oil mulls or drv’Dowders usually were made to check 

energy illfrared absorl)tion bancl was split, the high- 

Or asymmetry an the high-frequency side. The - _  
the results. experimental results are given in Table I, along with 
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Figure 3.-&~IYdll spectrum of solid NazSnFe; tapered quartz cell, Cary Model 81 spcctropliotoineter 

TABLE I 
1-IBRATIONAL FREQUENCIES OF SOME GROUP IVa AXD GROUP 1-a HEXAFLUORIDE IONS ( CM 

Coln~Jound Itaman __________ _____ -------Infrared ~- ~~. -. 

(solid) "I (A,) "2 (Eg) Y L  (F?g) ~3 ( F l u )  Y4 (I?'<,) 

KPFs 751(10) 580(2 .2 )  477 (3 .7 )  830 s 538 111 

CSASFG 685 (10) b76(2 3 )  372 ( 2 . 6 )  099 s 392 I l l  

LiSbFti 668 (IO) 558 ( 2 , 1 )  "4 (4.4) fiW s 350 111 

SaZSiFti (Xi3 (1  0 )  477 ( 3 . 5 )  408 (2.9) 741 s 4x3 111 

J<ZGcJ'fi 624 ( 1 0 )  1'71 (1 ti) 335 ( 3 , s )  603 s 359 111, : 3 : 3 9  I l l  

[741]" 

I e i l t i l U  lIj5~jl'' [MiJ " 1474 J '' [40SJ I:tU:,] '1 1 74 I I ', I 4 iii 1 
Ifi561" [64U] 14ti5Id 1395 400] I710 1 i l X 5 l "  

[627]( jfjl3Ji [ G 4 ]  [318]~[[a26] [CjOO] r [ W 5 J  li I;330 I 

Y&illb 592 (10) 4T7 (1 . O )  252 ( 1 . 6 )  559 s 
[59311 [ 5 8 5 ] j  [620] [47O] j [342] [241] j [ 564 1 

[572]k [460] [247Ik 
(1 s, strong; m, medium. Numbers in parentheses are relative Raman intensities. Sumbers in brackets are literature va1ues. Un- 

L. -1. Woodward and L. E. .Anderson, J .  Inorg. AYztiZ. Che7ib.. 3 ,  
J. E .  Griffiths and D. E. Irish, Inorg. C h e w ,  3,  1131 (1964) (infrared, various GeF6'- 

R. B. Badachhape, G. Hunter, L. D. McCory. and J. L. Margrave, ibid. ,  5 ,  929 (1966) 
e D. H. Brown, K. R. Dixon, C.  M. Livingston, R. H. h-uttall, and ' T. K. Syrkin and M. T'. Wolkenstein, A c t a  Phjsicochiwa. C7RSS, 2, 308 (1935) 

P A. W. Dean 
' Srr footnotc i z  

11. Kriegmimii :t i id C;. Keiiler, ,Y(lLul,- 

less i t  is specifically noted otherwise, all data refer to the solid state. 
326 (1956) (KHaPFs in aqueous solution). 
salts; Raman, HZGeFe in aqueous solution). 
(various SiFe2- compounds; Raman values in aqueous solution). 
D. W. A. Sharp, J .  Chevz. Sac., Sect. A ,  100 (1967). 
(HzSiFs in aqueous solution). 0 L. Couture-Mathieu and J. P. Mathieu. J .  Chirvl. Phys., 49, 226 (1952) ( (SH&SiF6).  
:tnd D. F. Evans, J .  Chew?. Soc.,  Sect.  A ,  698 (1967) (infrared, CsaSiFR; Kamati, (NH,  SiF6 in aqueous solutiod. 
(CsrGeFe). 
ulissenschaften, 47,393 (1960) (K;nSnFe. H20 and (NH4)ZSiiFe). 

j See footnote h ( (NH4)sr iF~ in aqueous solution). Scc footiiotc h (CS~SI I I  ti). 

values from the literature if these were available. Lit- 
erature values for aqueous solutions of the ions are also 
iiicluded in the table. In  Table I we assumed the ions 
have simple Oh structures and made assignments of the 
fundamental vibrational frequencies on that basis. 

Discussion 
The major features of the Raman and infrared spec- 

tra are accounted for by assuming octahedral struc- 
tures (Oh) for the anions. For this configuration. we 
expect three Ranian-active fundamental vibrations, 

vl, up (double degenerate), and vj .  Two inlraretl-active 
vibrations, u3 and v4 (both triple degciierate), shoukl be 
observed. The sixth vibration, V 6 ,  is inactive in both 
the infrared and Raman spectra. X-Ray studies of 
the crystalline compounds are summarized in Table 11. 
These studies support the spectral conclusion that the 
configurations of the anions are close to octahedral. 

The site svmmetries of the anions are listed in TabIe 
11. In general, these symmetries are lower than the 
group symmetry which is close to Oh in all cases. If we 
use a simple site-group analysis, such as that suggested 
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TABLE I1 
CRYSTAL SYMMETRY OF HEXAFLUORIDE COMPOUNDS 

Space Group Central ion M-F 
Compound group symmetry site distance, A Ref 

symmetry 

KPFs Fm3m Oh Oh 1 .58  b 
CsAsFS Rg Oha SS 1.82h c 
LiSbFS Rg Oh SS 1.877 d 

KzGeFs P%ml Oha D i d  1.76 f 
Na2SnFs Immm Oh" D2h 2.05 g 

a Possibly some distortion present. * H. Bode and H. Clausen, 
Z. Anorg. Allgem. Chem., 265,229 (1951). B. Cox, J .  Chem. Soc., 
876 (1956). J. H. Burns, Acta Cryst., 15, 1098 (1962). e A. 
Zalkin, J. D. Forrester, and D. H. Templeton, ib id . ,  17, 1408 
(1964). f J. L. Hoard and W. D. Vincent, J .  Am. Chem. SOC., 
61, 2849 (1939). D. H .  Brown, K. R .  Dixon, R. D. W. Kem- 
mitt, and D. W. A.  Sharp, .7. Chern. Soc., 1559 (1965). R. D. 
W. Kemmitt, D. R. Russell, and D. W. A. Sharp, ibid. ,  4408 
(1963). 

h-a2SiF6 P321 Oha Car DB 1.695 e 

by Halford, we would expect degenerate vibrations in 
the crystals to be split and selection rules to be relaxed. 
The correlation tables may be used to predict specifi- 
cally which bands may splitor change activity. A num- 
ber of the infrared spectra showed shoulders or irregu- 
lar peaks which indicated these effects. However, most 
of the influences of site symmetry must be second order 
since the great majority of the possible splittings 
and selection rule relaxations were not observed in 
our spectra. Some of these effects could possibly be 
observed if better spectra were obtainable. A very 
definite splitting of the v4 frequency in KzGeF6 occurs, 
which is in accord with the symmetry of the GeFe2- 
ion site in the crystal. This effect has been ob- 
served in GeFe2- by Griffiths and Irish.5 The fre- 
quency v6 which is inactive in the o h  structure should 
become infrared active in all of the lower symmetries. 
The expected frequencies, however, would be in the 
range 200-400 cm-l. The long-wavelength limit of 
our infrared spectrophotometer was 250 cm-1 and the 
window materials made observations below 350 cm-l 
difficult, so no bands were observed which could be at- 
tributed to v6. The two combination bands, V g  + vg 
and ve + V 6 ,  should be active in the infrared spectra 
of these compounds, and these bands often provide a 
means of determining V6.  Shoulders in the infrared 
spectra were observed in the region of the v 3  band in 
nearly all of the spectra. However, these were not 
sufficiently resolved or reproducible to permit assign- 
nients of combination bands. 

Light-scattering effects produced some variations 
of the spectra in the pellets, although the main band 
centers were relatively constant. Spectra from mulled 
samples tended to be poorly resolved with broad bands. 
Three infrared absorption bands were observed near 
V I  with pellets made from KPF6 and KBr. With min- 
eral-oil mulls, KPF6 gave one broad absorption band 
with shoulders on the short-wavelength side. It was 
not clear whether the splitting in the pellet was due to 
resolution of combination bands or to exchange effects 

(4) R. S. Halford, J .  Chem. P h y s . ,  14, 8 (1946). 
(5) J. 8. Gri5 ths  and D. E. Irish, Inoug. Chem., 3, 1134 (1964). 

between KPF6 and KBr. Because of this uncertainty, 
we have reported only data obtained from mineral-oil 
mulls of KPF6. 

Force Constant Calculation 
A number of force constant treatments of six-atom 

octahedral molecules have been published.6-8 Follow- 
ing Claassed and Pistoriusj7 we have used a simple 
valence force treatment of the hexafluoride ions. The 
following symmetry coordinates were used. 

& ( a d  = l / v % ( A r ~  + Ar2 4- A r 3  -k Ar4 + Arb + A d  
&(e,) = l /dig(Arl  - 2Ar2 + Ar3 + 

Are - 2Ar5 -I- Are) 

Sdfd = l / d ( A r 4  - A d  
&(flu) = l / d s ( A ~  -I- Aaa4 + A0145 + A0146 - 

Aalz - Aa13 - Aalg - A ~ 1 6 )  

&(fzg) = 1/2(AQ23 -k AQ66 - Aazs - Aaaa) 

Ss(f2,) = 1/2/g(-AQ24 + Aa34 - Aa41, + 
Ac~46+ Aai2 - A ~ i a  + Aa15 - Aai6)  

Here rl, r2, etc., are the distances from the central atom 
to the fluorine atoms, and a12 is the angle Fl-M-Fe, 
etc. The fluorine atoms are numbered counterclock- 
wise, looking down on the common plane of F2, Fa, Fgr 
and F6 with F1 above and F d  below the plane, respec- 
tively. All the a's were taken as 90". The metal- 
fluorine distances were taken to be equal in each molec- 
ular ion, and the values used are listed in Table 11. 
Since only five frequencies were observed for each 
molecule, we simplified the force constant matrix and 
included only the following valence force constants: fr, 

the bond stretching constant for the metal-fluorine 
bond; frr,, the constant for interaction between a bond 
being stretched and the bond opposite to i t ;  f r r ,  the 
constant for interaction between a bond being stretched 
and an adjacent bond; fa, the angle bending constant; 
and faa, the constant for interaction between an angle 
and an adjacent angle in the same plane. For the two 
small ions, PF6- and SiF6'-, no real solutions could be 
found using only these constants; in these cases, an off- 
diagonal term, F34 = 2(fra - frat), wasincluded in the 
computation. Here fra is the interaction constant be- 
tween an angle and one of the bonds forming its sides, 
and frat is the interaction constant between an angle and 
a bond in its plane but not forming one of its sides. 
The Wilson F-G matrix method was used to solve the 
equations relating the normal vibrational frequencies 
of the ions to the valence force constants of the molecu- 
lar potential function. A machine-iterative, least- 
squares process similar to that of Overend and Schererg 
was employed to solve the determinant for the vibra- 
tional frequencies. Values for F34 were varied sys- 
tematically, and the associated F33 and F 4 4  elements 
were calculated. 
(0) H. H. Claassen, J .  Chon .  Phys., 30, 468 (1'359). 
(7) C. W. F. T. Pistorius, ib id . ,  29, 1328 (1958). 
(8) J. W. Linnett and C .  J. S. M. Simpson, T ~ a n s .  Faraday SOC., 65, 857 

(1959). 
(9) J. Oveiend and J. R. Scheiei, J .  Chem. Phys., 32, 1280 (1'360). 



Some selected results of the force constant calcula- 
tions are summarized in Table 111. These are not a 
unique set of force constants because of the many inter- 
actions that were set equal to zero and because of the 
arbitrary selection of a value for F3A. ClaassenG has 
suggested using the value of Fa* which gives a mini- 
mum value of FW However, we see no special need for 
this selection and have chosen to use the l o ~ e s t  posi- 
tive value of F3, which gives real solutions. In Table 
111, values calculated for V6, assuming F66 = F.11, are 
also tabulated. 

M-ith a few exceptions, there are regular decreases 
in the force constants with increasing ion size. If pairs 
of isoelectronic ions are compared, it is apparent that 
the doubly charged ion has weaker bond-stretching and 
bond-bending constants than the singly charged ion. 
For AsF6- and GeF62-, the values of f r  are lower than 

’I‘AHLU 11 
VUKCE C O X S I A ~ ~ Y S  IWK HEXAFLC~KIDB Ioss ( M U Y S E S / ~ \ )  

(?;a - YC 

fa/ fad & a t ) /  (calcd),’ 
Ion ,fc .fn frr,  YO1 1.02 yoa cm-1 

AsFe- 3 .72  0.26 0.80 0.38 0 .10  0.00 322 
SbFa- 3 .83  0.25 0 .16  0 .48  0.12 0.00 2g4 
SiFaZ- 3 . 0 1  0.40 0.33 0 .68  0.02 0.24 347 
GeFti2- 2 .71  0 . 3 1  0 .40  0 .47  0 . 0 8  0 .00  280 
S n F K  2.77 0 .25  0 .24  0 .36  0.09 0 .00  202 

a Value assumed. 

~ 1 ’ ~ -  4 . 1 2  0.43 0 . m  0.90 0.13 0.32 403 

Calculated assuming Fe6 = F4*. 

expected and the values of f r r l  (opposite bond interac- 
tions) are higher. Thus it seems that, for these ions in 
which the fluorine atoms are beginning to overlap, there 
is interaction between opposite bond stretching motions 
which decreases the value of f r  and increases that of .frr t ,  

This interaction “through” the central metal ion is 
smaller for both the smaller and the larger ions. 

C O  NTRIBUI’IO N FRO h l  THE I) EPAK‘I‘ME Yl’ 01: C1.I E MISTR \’, 
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The magnetic properties are reported for a series of intertnetallic cornpouiids desigtiated by the foritiula LnPtz in which LII 
represents Pr, Nd, Gd, Tb ,  Dy, Ho, or Er. All have the C15 (MgCu,) structure. Emphasis was placed on the paramagnetic 
region. The effective moment (geri) for the paramagnetic LnPtz compounds is fairly close to g d / J ( J  + l), the value for the 
free tripositive Ln ion. In GdPtz fieff  exceeds this by about 2 7 , ,  which is ascribed to conduction electron polarization effect\. 
The measured geff values indicate that  P t  in the LnPtz series is nonmagnetic. Curie-Weiss behavior is observed a t  all tem- 
peratures down to the Curie temperature indicating a relatively weak crystal field interaction. The low moment obscrvcd 
for the samples in the ferromagnetic state is ascribed to failure to achieve saturation. All except PrPtz become ferronmg- 
netic a t  4.2’K. PrPtz may be a Van Vleck paramagnet a t  this temperature. 

I. Introduction 
This study is concerned with the series of internietal- 

lic compounds represented by the formula LnPts, in 
which Ln is one of the seven lanthanide elements men- 
tioned in the abstrack2 The magnetic behavior of this 
group of compounds was studied earlier by Crangle 
and Ross,3 but their attention was confined to the ferro- 
magnetic state. Certain of their observations (vide 
infru) have made it desirable to extend the work to 
include the paramagnetic region. The present study 
was largely concerned with that aspect of the LnPtz 
compounds and in this sense parallels the work of Far- 

(I)  Participant in the  United States-Soviet Union Cultural and Educa- 
tion Exchange Program and on leave from the  University of Leningrad, 
USSR. 

(2) Sm and T m ,  which are usually included in such studies, were omitted 
because their volatility is such as t o  render the  making of the  high-melting 
platinum compounds very difficult. En and Yb are normally divalent in the 
metallic state and hence were omitted from this study which was concerned 
with tripositive lanthanides. 

(3) J. Crangle and J .  W. Ross, “Proceedings of the International Confer- 
ence on Magnetism a t  Xottingham,” Insti tute of Physics and the Physical 
Society, London, 1964, p 240. 

re11 and Wallace4 on the isostructural and chemically 
siniilar LnNi2 and LnCo2 series. 

Ross and Crangle3 observed that the moment per 
formula unit of LnPts in the ferromagnetic state was 
consistently less than gJ, the moment of the free tri- 
positive Ln ion. Since the platinum ion is without 
moment in the element, it  is generally assumed to be 
nonmagnetic in intermetallic compounds. Thus in 
the LnPt2 compound the lanthanide is regarded as 
supplying all of the moment. The discrepancy be- 
tween the measured moment and gJ in all cases except 
GdPt2 was ascribed by Crangle and Ross to the qtiench- 
ing effect of the crystalline field. For GdPt9 there was a 
smaller difference which, of course, cannot be ascribed 
to this effect. Crangle and Ross attributed it to anti- 
ferromagnetic spin polarization of the conduction elec- 
trons-that is, net spin of the conduction electron? in 
opposition to the spin associated with the 4f shell o f  the 
Gd ion. 

(1) J. Fai-i-dl and W. 1s. \\’allace, 1 i i o i . g .  Cheiiz., 5 ,  105 (I!JG(i)  




