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An accurate, X-ray crystallographic redetermination of the structures of both the ammonium Tutton salts and the 
hexafluorosilicates of the divalent hexaaqua species that are formed by the elements of the first transition series, 
namely, V, Cr, Mn, Fe, Co, Ni, Cu, and Zn, is presented here. For the Tutton salts, the metal-to-water bond 
distances show minima at vanadium and nickel as expected from ligand field theory considerations. For the second 
series of compounds, vanadium and chromium deviate unexpectedly from the pattern. A comparison of the variation 
of the metal-to-water distances in other hexaaqua compounds is also given and the general trends are discussed. 
Special attention is given to the suppression of the Jahn-Teller effect in the hexaaqua hexafluorosilicate compounds 
of Cr(I1) and Cu(I1). 

Introduction 

In our earlier studies of Jahn-Teller active compounds of 
chromium(II), our desire to make comparisons of the chromium- 
to-ligand bond distances with those in other compounds, both 
those of chromium(I1) itself and those containingother dipositive 
cations of the first transition series (FTS), has been generally 
frustrated by lack of reliable data. In all of our studies the li- 
gandof preeminent interest has been H20a2 Much to our surprise, 
we have found that the number of compounds containing [M- 
(H20),I2+ moieties for which precise crystal structures are 
available is extremely small for chromium(II)3 and even smaller 
for ~anadium(II) .~ Even more surprisingly, accurate structural 
characterizations of compounds containing the very important 
[M(H20)6]2+ ions of the FTS elements are very few in n ~ m b e r . ~  

In addition to the limited data base of precise structures, there 
are other problems worth noting. One concerns the possible effect 
of unrecognized impurities on the crystal structures of compounds 
of Jahn-Teller active CrII and Cu". As our previous work has 
shown.6 solid solutions containing both CrII and ZnII can easily 
be made and the metal-ligand distances found are then not the 
same as those in either of the pure compounds. 

For chromium this is an important consideration since an easy 
way to prepare chromium(I1) solutions in the laboratory is by 
reducing chromium(II1) species with the Jones reductor (Zn/ 
Hg). In the case of the crystallization of mononuclear compounds, 
many times both chromium and zinc are incorporated in the 
crystalline products.' Many other possible combinations with 
other metals also occur, examples ofwhich are [ (V1,Nix)(H20)6]- 
Sod8 and (NH4)2[V0.45Zn0.55(H2O)6l(S04)2.~ 
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Following our studies on the Cr/Zn solid solutions of the 
ammonium Tutton salts, (NH2)2[CrXZnl,(H2O)6](S04)2,6 we 
decided to undertake a study of the entire series of pure Tutton 
salts and to redetermine each structure making sure of the purity 
with respect to the metal atom. The Tutton compounds are 
important because hundreds of studies have been reported for 
them and they afford a rare example of isotypic structures 
extending right across the FTS from which the least ambiguous 
structural comparisons can be drawn. Unfortunately many of 
the other known series of [M(H20)6l2+ compounds of the FTS 
crystallize differently from metal to metal, as is the case, for 
example, with thenitrates.10 Inothercases,such asinthesulfates, 
there are even changes in the stoichiometry. Hexaaqua com- 
pounds of the type [M(H20)6]S04 are simply not known for 
chromium" or copper,12 although they are known for others." 

The ammonium Tutton salts have already been studied 
extensively by diffraction methods.14 Unfortunately, not all of 
the structural data are available at one temperature. For 
comparison purposes, this is an important consideration since it 
has been shown, at least in the cases of the Jahn-Teller-active 
species chromium(I1) and copper(II),3 that there are large 
variations in the structural parameters as the temperature is 
changed.15J6 Also, in some cases, data come from neutron 
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Table I. Crystal Data for (NH4)2[M(H20)6](S04)* (M = V, Cr, Mn, Fe, Co, Ni, Cu, and Zn) 

Cotton et al. 

V Cr Mn Fe c o  Ni c u  Zn 

formula MS2014N~H2o 
fw 387.23 388.29 391.23 392.14 395.23 395.00 399.83 401.66 
space group 
a, A 
b, A 
c, A 
0, deg v, A3 
7 

m / c  
6.221(1) 6.200(1) 6.233(1) 6.233(1) 6.2358(7) 6.238(1) 6.297(1) 6.254(2) 
12.588(4) 12.703(2) 12.664(2) 12.566(2) 12.510(1) 12.457(3) 12.372(2) 12.500(4) 
9.283(4) 9.431(1) 9.353(1) 9.270(1) 9.253(1) 9.177(1) 9.201(1) 9.224(2) 
107.00(2) 106.66(1) 106.89(1) 106.78(1) 107.03(1) 106.91(1) 106.12(1) 106.87(2) 
695.2(7) 71 1.5(2) 706.4(2) 695.1(2) 690.2(1) 682.3(4) 688.7(2) 690.1(3) 

2 I - 

g/cm3 1.850 1.812 1.839 1.873 1.902 1.923 1.928 1.933 
j t  cm-1 95.32 11.32 110.88 122.37 15.98 17.90 19.48 21.80 
radiation (monochromated Cu Mo c u  cu Mo Mo Mo Mo 

in incident beam)" 
temp, OC 22(1) 
transm factors: 

max 1 .ooo 0.9979 1 .Ooo 1 .ooo 0.9989 0.9998 0.9985 0.9982 
min 0.784 0.9385 0.671 0.637 0.9263 0.7185 0.8576 0.7802 

Rb 0.029 0.024 0.045 0.026 0.020 0.026 0.021 0.032 
RWC 0.048 0.043 0.065 0.035 0.036 0.042 0.034 0.041 

Mo K a  (A, 0.710 73 A); Cu K a  (A, = 1.541 84 A). R = zllFol - IFJl/CIFoI. R, = [Cw(lFd - IFcl)2/zwlFd2]'/2; w = l/uZ(IFd). 

Table 11. Positional and Equivalent Isotropic Displacement Parameters for the Non-Hydrogen Atoms of the Tutton Salts (for Each Atomic Site, 
Coordinates Given for All Eight Metals in the Study)" 

atom X Y z B ,  metal atom X Y z B W  
M 0.000 0.000 0.000 1.29(1) V O(2) 0.0308(3) 0.1131(1) -0.1644(2) 2.20(3) 

0.000 0.000 0.000 1.600(9) Cr 0.0415(3) 0.1170( 1) -0.1802( 1) 3.07(3) 
0.000 0.000 0.000 2.31(2) Mn 0.0307(5) 0.1152(2) -0.1677(3) 3.01(6) 
0.000 0.000 0.000 0.69(1) Fe 0.0311(3) 0.1130(1) -0.1650(2) 1.53(3) 
0.000 0.000 0.000 1.440(4) Co 0.0336(2) 0.11156(8) -0.1619(1) 2.27(2) 
0.000 0.000 0.000 1.285(5) Ni 0.0344(2) 0.10976(9) -0.1601(1) 1.92(2) 
0.000 0.000 0.000 1.441(4) Cu 0.0311(2) 0.10868(9) -0.1639(1) 2.42(2) 
0.000 0.000 0.000 1.618(8) Zn 0.0349(2) 0.1123(2) -0).1618(2) 2.41(3) 

S -0.26034(8) 0.36277(4) -0.09249(5) 1.62(1) V O(3) 0.3078(2) -0.0716(1) O.OOOO(2) 2.07(3) 
-0.25665(6) 0.35859(3) -0.10452(4) 1.90(1) Cr 0.2968(2) -0.07156(9) 0.0002(1) 2.20(2) 
-0).2589(2) 0.36219(8) -0.09304(9) 2.42(2) Mn 0.3103(4) -0.0735(2) -0).0010(3) 3.13(6) 
-0.25869(8) 0.36262(4) -0).09340(6) 0.92( 1) Fe 0.3044(2) -0.0713(1) O.OOOl(2) 1.47(3) 
-0.25979(5) 0.36352(2) -0.09163(3) 1.681(5) Co 0.3016(1) -0.06891(7) -0).00047(9) 2.07(2) 
-0.26101(6) 0.36346(3) -0.09212(4) 1.510(6) Ni 0.2998(2) -0.06639(9) 0.0024(1) 1.85(2) 
-0.25453(5) 0.36102(3) -0).08960(3) 1.744(5) Cu 0.2822(2) -0.06510(8) -0.0052(1) 1.98(2) 
-0.26024(7) 0.36318(5) -0.09240(5) 1.72(1) Zn 0.3007(2) -0.0678(2) O.OOlO(2) 2.10(3) 

0 (1 )  0.1674(2) 0.1076(1) 0.1742(2) 2.16(3) V O(4) -0.4115(3) 0.2734(1) -0.0909(2) 2.78(3) 
0.1726(2) 0.1065(1) 0.1675(2) 3.05(3) Cr -0.4015(2) 0.2656(1) -0.1095(2) 3.22(3) 
0.1714(5) 0.1096(2) 0.1768(3) 3.28(6) Mn -0.4113(5) 0.2727(3) -0.0939(4) 3.69(7) 
0.1709(2) 0.1084(1) 0.1736(2) 1.66(3) Fe -0.4088(3) 0.2724(1) -0).0918(2) 2.1 l(4) 
0.1663(1) 0.10762(8) 0.17110(9) 2.26(2) Co -0.4098(2) 0.27295(8) -0.0870(1) 2.89(2) 
0.1621(2) 0.10709(9) 0.1677(1) 1.92(2) Ni -0.4103(2) 0.2724(1) -0.0856(1) 2.51(2) 
0.1766(2) 0.1167(1) 0.1757(1) 2.66(2) Cu -0.3995(2) 0.26805(9) -0.0840(1) 2.76(2) 
0.1646(2) 0.1088(2) 0.1707(2) 2.30(3) Zn -0.4081(3) 0.2712(2) -0.0879(2) 2.73(3) 

O(5) -0.2141(3) 0.421 l(2) 0.0476(2) 3.50(4) V O(7) -0.0500(3) 0.3229(1) -0).1149(2) 2.44(3) 
-0.2286(3) 0.4145(1) 0.0350(1) 3.54(3) Cr -0.0363(2) 0.3262(1) -0,.1206(1) 2.73(3) 
-0).2167(6) 0.4191(3) 0.0474(3) 4.37(8) Mn -0.0462(4) 0.3233(2) -0,.1129(3) 3.20(6) 
-0.2168(3) 0.4216(2) 0.0466(2) 2.72(4) Fe -0.0477(3) 0.3235(1) -0.1142(2) 1.70(3) 
-0.2129(2) 0.4243(1) 0.0488(1) 3.50(2) Co -0.0504(2) 0.32289(8) -0.1150(1) 2.52(2) 
-0.2141(3) 0.4251(1) 0.0487(1) 3.11(3) Ni -0.0522(2) 0.32268(9) -0).1167(1) 2.32(2) 
-0.2189(2) 0.4239(1) 0.0492(1) 3.42(3) Cu -0.0428(2) 0.32110(9) -0.1084(1) 2.64(2) 
-0.2153(3) 0.4239(2) 0.0477(2) 3.30(4) Zn -0.0504(2) 0.3221(2) -0).1149(2) 2.49(3) 

O(6) -0.3760(2) 0.4331(1) -0.2181(2) 2.19(3) V N 0.3573(3) 0.3495(2) 0.1338(2) 2.52(4) 
-0.371 l(2) 0.42929(9) -0.2279(1) 2.44(2) Cr 0.3657(3) 0.3573(1) 0.1264(2) 2.67(3) 
-0.3713(4) 0.4332(2) -0.2173(3) 2.95(6) Mn 0.3599(6) 0.3507(3) 0.1332(4) 3.42(8) 
-0.3728(2) 0.4331(1) -0.2197(2) 1.47(3) Fe 0.3577(3) 0.3498(2) 0.1330(2) 1.79(4) 
-0.3771(1) 0.43342(8) -0.2189(1) 2.26(2) Co 0.3577(2) 0.34803(9) 0.1335(1) 2.50(2) 
-0).3792(2) 0.43309(8) -0.2210(1) 2.01(2) Ni 0.3563(2) 0.3465(1) 0.1347(2) 2.29(3) 
-0.3668(2) 0.42939(8) -0.2194(1) 2.27(2) Cu 0.3597(2) 0.3480(1) 0.1347(1) 2.51(2) 
-0.3768(2) 0.4324(1) 4).2203(2) 2.24(4) Zn 0.3571(3) 0.3483(2) 0.1352(2) 2.46(4) 

(1 Values for anisotropically refined atoms are given in the form of the equivalent isotropic displacement parameter defined as ~ / ~ [ U Z U * ~ B I I  + b2b*2E22 

suppressed for Cu.19 The crystal structure of the vanadium 
compound was not heretofore known, and that of the manganese 
compound had not been reported in full.20 This precluded 
discussion of any possiblecorrelationsof thestructural parameters 
a t  the time of our earlier reportZb on the structure of [ C r ( H ~ 0 ) 6 ] -  
SiF6. For the rest of the metals of the first transition series there 

+ c2cS2B33 + 2ab(cos y)a*b*B12 + 2ac(cos p)a*c*B13 + 2bc(cos a)b*c*B2,]. 

diffraction studies16bJ7 while in others data were obtained from 
X-ray diffraction.15-18 

Another series of compounds of the FTS that are  of interest 
in thissame context are  the [M(H20)6]SiF6compounds. Because 
of the symmetry and rigidity of the crystal structure, the Jahn- 
Teller effect is completely suppressed for M = Cr2b and partially 
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was a neutron diffraction study for the iron compound in which 
the standard deviations for the F e O  distances were high (0.013 
A),Z1 although apparently satisfactory X-ray structures for the 
Co, Ni, and Zn compounds22 were in the literature. 

This series of hexaaqua hexafluorosilicates is also of interest 
because phase transitions are common and the structures and 
internal dynamics have been subject to investigation by a variety 
of technique~~3 Many of these studies have been done for the 
copper compound; however, this is the one member of the series 
that crystallizes differently from the others,Ig with a unit cell 
containing four times as many molecules than that of the other 
members of the series. 

In this paper we present consistently accurate data for both the 
Tutton salts and the [M(H20)6]SiFs compounds for all metals 
in the FTS that form them, namely, V, Cr, Mn, Fe, Co, Ni, Cu, 
and Zn. We then examine the trends displayed within each series 
as well as the differences between the two series. 

In our examination and discussion of trends we shall take as 
our point of departure the now well-knownz4 graph of radii us 
atomic number for the divalent ions of the FTS. This behavior 
was first noted and rationalized according to ligand field theory 
(LFT) in 1952 by van Santen andvan Wieringen.25 They pointed 
out that superimposed on an underlying monotonic decrease in 
3d orbital radii with increasing atomic number would be the 
following contributions: each added tze electron should have a 
less than average effect and each added eg electron should have 
a greater than average effect. Thus, actual radii (for high-spin 
species) should decrease for d0-d3, increase for d4 and d5, again 
decrease for d6-d*, and increase for d9 and dlo. If a smooth curve 
is drawn through the do(Ca2+), d5(Mn2+), and dto(Zn2+) radii, 
all others lie below this curve, forming two festoons, with the 
minima at d3(V2+) and d*(Ni2+). 

Experimental Section 

In the preparation of divalent vanadium, chromium, and iron 
compounds, all operations were carried out under a nitrogen or argon 
atmosphere using standard Schlenk techniques. Water was deionized, 
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Table III. Bond Distances (A) and Angles (deg) for the M(H2O)s 
Units of the Tutton Saltso 

(17) (a) Deeth, R. J.; Figgis, B. N.; Forsyth, J. B.; Kucharski, E. S.; Reynolds, 
P. A. Aust. J .  Chem. 1988, 41,  1289. (b) Fender, B. E. F.; Figgis, B. 
N.; Forsyth, J. B.; Reynolds, P. A.; Stevens, E. Proc. R. SOC. London, 
A 1986,404, 127. (c) Figgis, B. N.; Kucharski, E. S.; Reynolds, P. A. 
Acta Crystallogr. *989, C45, 942. (d) Figgis, B. N.; Keppert, C. J.; 
Kucharski, E. S.; Reynolds, P. A.; Acta Crystallogr. 1992, 848, 753. 
(e) Maslen, E. N.; Ridout, S. C.; Watson, K. J.; Moore, F. H. Acta 
Crystallogr. 1988, C44,412. ( f )  Maslen, E. N.; Ridout, S. C.; Watson, 
K. J. Acra Crystallogr. 1988, B44,96. (g) Fender, B. E. F.; Figgis, B. 
N.; Forsyth, J. B. Proc. R .  SOC. London, A 1986,404, 139. (h) Figgis, 
B. N.; Khor, L.; Kucharski, E. S.; Reynolds, P. A. Acta Crystallogr. 
1992, 848, 144. (i) Maslen, E. N.; Watson, K. J.; Moore, F. H. Acta 
Crystallogr. 1988, 844,  102. 

(18) (a) Montgomery, H.; Chastia, R. V.; Natt, J. J.; Witkowska, A. M.; 
Lingafelter, E. C. Acta Crysrallogr. 1967, 22, 775. (b) Montgomery, 
H.: Chastain. R. V.: Lingafelter. E. C. Acta Crvstallow. 1966.20.731. 
(c) Montgomery, H.; Lhgafelter, E. C. Act6 Crysthlogr. 1964, 17, 
1478. (d) Montgomery, H.; Lingafelter, E. C. Acta Crystallogr. 1966, 
20, 659. (e) Montgomery, H.; Lingafelter, E. C. Acta Crystallogr. 
1964,17, 1295. 
Siddhartha, R.; Zalkin, A.; Templeton, D. H. Acra Crystallogr. 1973, 
829, 2748. 
Kodera, E. Torii, A.; Osaki, K.; Watanab6, T. J.  Phys. SOC. Jpn 1972, 
32, 863. 
Hamilton, W. C. Acta Crystallogr. 1962, 15, 353. 
Siddhartha, R.; Zalkin, A.; Templeton, D. H. Acta Crystallogr. 1973, 
829, 2741. 
(a) Syoyama, S.; Osaki, K. Acta Crystallogr. 1972, 828, 2626. (b) 
Weir, R. D.; Halsted, K. E.; Staveley, L. A. K. J.  Chem. Soc., Faraday 
Trans. 1985, 81, 189. (c) Price, D. C. Can. J.  Phys. 1987, 65, 1280. 
(d) Boiko, F. A.; Bochkovaya, G. Yu.; Bykov, A. M.; Duka, A. Ya.; 
Kovarskii, V. L.; Kolmanovich, V. Yu.; Pis'menova, W. E.; Sukharevskii, 
B. Ya.;Tsybul'skii,E.O.;Shatalova,G. E. Isv. Akad. NaukSSSR.Ser. 
Fiz. 1989, 53, 1353. (e) Sukharevskii, B. Ya.; Tsybul'skii, E. 0.; 
Shatalova, G. E.; Vitebskii, I. M. Sou. Phys. Crystallogr. 1983,28,288. 
( f )  Boiko, F. A.; Bochkovaya, G. Yu.; Bykov, A. M.; Kovarsky, V. L.; 
Pismenova, W. E.; Ksenofontov, V. G.; Ruban, I. V.; Sukharevsky, B. 
Ya.; Tsybulsky, E. 0.; Shatalova, G. E. Ferroelectrics 1987, 431. 
Cotton, F. A.; Wilkinson, G.; Gaus, P. L. Basic Inorganic Chemistry, 
2nd ed.; John Wiley & Sons: New York, 1987, p 465. 
van Santen, J. H.; van Wieringen, J. S. Recl. Trau. Chim. Pays-Bas 
1952, 71, 420. 

M M - 0 0 )  M - 0 W  M-0(3) 
2.116(1) V 2.133(1) 2.136(2) 
2.052( 1) Cr 2.122( 1) 2.327( 1) 

Mn 2.185(3) 2.191(3) 2.149(3) 
2.098(2) Fe 2.143(2) 2.136(2) 

c o  2.1054(9) 2.102(1) 2.0699(9) 
Ni 2.065(1) 2.064( 1) 2.039( 1) 
c u  2.222( 1) 2.070( 1) 1.964( 1) 
Zn 2.109(2) 2.105(2) 2.061 (2) 

M 0(1)-M-0(2) ' 0(1)-M-0(3) 0(2)-M-0(3) 

V 89.58(6) 91.67(5) 90.7 7 (6) 
Cr 89.93(5) 91.21 (5) 89.81(5) 
Mn 89.6(1) 92.1( 1) 91.1(1) 
Fe 89.25(6) 91.02(6) 90.86(6) 
c o  88.94( 3) 91.16( 3) 89.69(4) 
Ni 88.45(4) 90.30(4) 89.50(5) 
c u  88.76(4) 90.62(4) 88.82(4) 
Zn 88.32( 6) 90.85(6) 89.74(7) 

a Numbers in parentheses are estimated standard deviations in the 
least significant digits. 

Table IV. Distances (A) and Angles (deg) for Atoms Involved in 
Hydrogen Bonds in the Fe Tutton Salt" 

Bond Distances 
H( 1)-0(1) 0.83(3) H(3)-0(2) 0.89(3) H(5)-0(3) 0.95(3) 
H(2)-0( 1) 0.83(3) H(4)-0(2) 0.75(3) H(6)-0(3) 0.94(3) 
H(1)-O(6) 1.95(3) H(3)-0(5) 1.82(3) H(5)-0(4) 1.74(3) 
H(2)-0(7) 2.01(3) H(4)-0(7) 2.00(3) H(6)-0(6) 1.82(3) 
0(1) -0(6)  2.778(2) 0(2) -0(5)  2.709(2) 0(3) -0(4)  2.686(2) 
0(1)-0(7) 2.829(3) 0(2) -0(7)  2.755(2) 0(3) -0(6)  2.753(2) 

Bond Angles 
O(l)-H(1)-0(6) 170(3) 0(2)-H(4)-0(7) 175(3) 
0(1)-H(2)-0(7) 173(2) 0(3)-H(5)-0(4) 173(3) 
0(2)-H(3)-0(5) 174(3) 0(3)-H(6)-0(6) l69(2) 

Numbers in parentheses are estimated standard deviations in the 
least significant digits. 

deoxygenated by prolonged refluxing in a nitrogen atmosphere, and 
distilled just before it wasused. All metals were purchased from Johnson 
Matthey Electronics with a purity of 99.95% or better. Purified 
ammonium carbonate (Fisher Scientific), ammonium sulfate (Fisher 
Scientific), silicic acid (Baker), and HF (48-51%, Baker) were used as 
received. 

Metal Carbonate Hydrates. These were typically prepared by first 
dissolving the metal in an appropriate acid, such as HCI or HNOo, and 
then evaporating to dryness. The solids were redissolved, and an 
ammonium carbonate solution was added. The precipitated carbonates 
were filtered and washed with abundant amounts of water. In the case 
of vanadium, the carbonate was prepared by beginning with [V(H20)6]- 
SO, instead of the metal. 

Hexafluorosilicic Acid. HF, 48-5 1%, was carefully added to an excess 
amount ofsilicic acidin a plasticbeaker. After several days it was decanted 
and stored in polypropylene bottles. 

M(H2O)&ii6. The hexafluorosilicic acid solution was carefully added 
to an aqueous suspension of the metal carbonate. Upon complete 
dissolution of the solid, the solvent was allowed to slowly evaporate for 
those compounds that are air-stable. In the case of copper, a desiccator 
with a small amount of potassium hydroxide was used. For the others, 
a layer of ethanol was carefully added and the mixtures were placed in 
a refrigerator at 4 OC. After several days crystals formed. In each case 
the compound was recrystallized from aqueous solution. 

(Nf i )~M(H~O)~] (SO, )2 .  A dilute sulfuric acid solution (ca. 1 M) 
was added to an aqueous suspension of the metal carbonate. When the 
solid had dissolved, an equivalent amount of an ammonium sulfate solution 
was added. Then, a few drops of ethanol were added, and the mixture 
was cooled to 4 OC. After several days, the crystals were filtered. In 
each case, they were then recrystallized from aqueous solution. 

X-ray Structure Analyses 

Tutton Salts. A crystal of each sample was mounted on the tip of a 
glassfiberandcoveredwithaverythincoatofepoxycement. Geometrical 
and intensity data were collected on a Rigaku AFCSR for the V, Mn, 
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Table V. Crystal Data for [M(H20)6]SiF6 (M = V, Mn, Fe, Co, Ni, and Zn) 

Cotton et al. 

V V Mn Fe c o  Ni c u  Zn 

formula 
fw 301.11 301.11 305.11 
space group 
a, A 9.391(1) 9.427(1) 9.660(2) 
c, A 9.703(1) 9.775(1) 9.801(2) 
v, A3 741.0(1) 752.3(3) 792.1(5) 
Z 3 3 3 
Lidl g/cm3 2.02 1.99 1.92 
p cm-1 11.86 11.68 123.8 
radiation (monochromated Mo Mo c u  

temp, OC -6O( 1) 22(1) 22(1) 
in incident beam)' 

transm factors 
max 0.9997 0.998 1 1 .ooo 
min 0.921 1 0.9086 0.821 1 

Rb 0.014 0.021 0.032 
RWC 0.021 0.037 0.048 

' MO Ka (A, 0.710 73 A), CU Ka (X, = 1.541 84 A). R = Z11Fol 

MSiF606H12 
306,02 309.10 
R3 (hexagonal setting) 

9.636(2) 9.3664(7) 
9.690( 3) 9.73 1 (1) 
779.1(6) 739.3(2) 
3 3 
1.96 2.08 
16.54 19.51 
Mo Mo 

308.88 313.71 315.54 

9.309(1) 18.066(1) 9.361(3) 
9.619(2) 9.842(1) 9.689(5) 
721.9(3) 2781.8(6) 735.3(8) 
3 12 3 
2.13 2.25 2.14 
22.44 25.89 27.81 
Mo Mo Mo 

22( 1 ) - W )  22( 1) 

0.9972 0.9926 0.9992 
0.8703 0.7469 0.9256 
0.017 0.065 0.015 
0.027 0.086 0.019 

1FcI)2/ZwlFd21'/2; w = 1/u2(1Fol). 

Table VI. Positional and Equivalent Isotropic Displacement Parameters for the [ M(H20)6]SiF6 Structures' 

0 

Si 

atom [occ] X Y Z BOP$ metal atom [occ] X Y z BOPV 
M 0.000 0.000 0.000 1.734(8) V H(1) -0.074(3) 0.201(3) -0.119(2) 5.1(5)* 

0.000 0.000 0.000 1.439(4) V (-60 "C) 0.015(1) -0).172(1) -0).216(1) 1.5(3)* 
0.000 0.000 0.000 2.44(3) Mn 0.288(7) 0.199(7) -0).114(8) 19(3)* 
0.000 0.000 0.000 1.78(1) Fe 0.203(2) 0.107(2) -0).212(2) 7.8(2)* 
0.000 0.000 0.000 1.794(5) Co 0.273(2) 0.088(2) -0).116(1) 2.2(4)* 
0.000 0.000 0.000 1.623(3) Ni -0).076(2) 0.194(2) -0.1148(9) 2.2(2)* 
0.000 0.000 0.000 1.920(6) Zn -0.267(1) -0.196(2) 0.110(2) 4.0(3)* 

-0.0120(1) 0.1767(1) -0.12699(8) 3.01(2) V H(2) 0.015(2) 0.193(2) -0).212(2) 4.0(3)* 
-0.01024(7) -0.18848(6) -0.12741(7) 2.31(1) V (-60 "C) -0.075(1) -0.282(1) -0.122(1) 2.2(3)* 
0.2039(4) 0.1004(6) -0.1311(4) 8.2(2) Mn 0.194(7) 0.072(7) -0).219(5) 10(2)* 
0.2030(2) 0.1015(3) -0.1271(1) 5.46(6) Fe 0.299(2) 0.125(3) -0).116(2) 11.1(3)* 
0.1860(1) 0.0114(1) -0.12442(8) 3.12(2) Co 0.178(2) -0.006(2) -0.206(1) 2.7(4)* 

-0.00630(8) 0.17647(8) -0.12172(6) 2.55(1) Ni 0.175(2) 0.167(1) 0.209(1) 2.2' 
-0.0089(1) -0.18539(9) -0.12397(8) 2.93(2) Zn 4.167(2) -0.184(2) 0.204(2) 5.1(3)* 
0.000 0.000 0.500 1.67(1) V F(2) [0.45] 0.1021(3) 0.1657(2) 0.5981(2) 2.83(4) 
0.000 0.000 0.500 1.313(6) V (-60 "C) [0.30] 0.1294(3) 0.1570(2) 0.5996(2) 3.13(4) 
0.000 O.Oo0 0.500 2.25(5) Mn [0.47] 0.1505(4) 0.0190(4) 0.4019(3) 3.3(1) 
0.000 0.000 0.500 1.65(2) Fe [OS21 0.1475(2) 0.0104(3) -0.6010(2) 2.95(5) 
0.000 0.000 0.500 1.708(9) Co [0.49] 0.1555(2) 0.1317(2) 0.4001(1) 3.94(5) 
0.000 0.000 0.500 1.542(7) Ni [0.30] 0.1590(3) 0.1297(4) 0.3982(2) 4.03(7) 
0.000 0.000 0.500 1.658(9) Zn [0.33] 0.1316(3) 0.1562(3) 0.5994(2) 3.80(7) 

F(l)  [OS51 -0.0343(5) -0).1585(2) 0.3992(1) 4.75(8) V 
[0.70] -0.0727(1) -0.16792(8) 0.39968(8) 2.43(1) V (-60 "C) 
[OS31 0.1293(4) -0).0214(5) 0.5988(4) 3.9(1) Mn 
[0.48] 0.1375(2) -0.0096(3) 0.3993(2) 2.49(5) Fe 
[OS11 0.0643(2) -0).1026(2) 0.6000(1) 3.14(3) Co 
[0.70] 0.1023(1) 0.1686(1) 0.60102(7) 2.92(2) Ni 
[0.67] -0).0683(2) -0.1678(2) 0.3989(1) 3.32(3) Zn 

@ For each atomic site, the coordinates are given for the six isotypic structures and the low-temperature vanadium structure. The same starting 
positional parameters were not necessarily used for each structure. The refined occupancy for each fluorine site is indicated. b Values for anisotropically 
refined atoms are given in the form of the equivalent isotropic displacement parameter defined as I / ~ [ u ~ u * ~ B ~ ~  + b2b*2B22 + cZcs2B33 + 2ab(cos 
y)a*b*B12 + 2ac(cos j3)a*c*B13 + 26c(cos a)b*c*B23]. Starred values denote atoms that were refined isotropically. 

and Fe salts; data for the remainder of the series were taken on a P3/F 
(equivalent) diffractometer. Orientation reflections on the AFC5R 
diffractometer were found via an automated search routine. On the P3 
diffractometer, initial orientation reflections were taken from a 360" 
rotation photograph. A set of 25 reflections, ranging from approximately 
22 to 35" in 28, was selected from a preliminary data set taken on the 
Co salt for the determination of accurate lattice dimensions. These same 
reflections were then used for the remainder of the samples studied on 
the P3 diffractometer. 

Intensity data were taken at 22 & 1 "C for each sample. For the V, 
Cr, Mn, Fe, and Co salts, data were collected in the +h,+k, f l  quadrant. 
For the Ni, Cu, and Zn salts, data were measured in the +h,&k,*l 
hemisphere. In each case the (v-28 scan technique wasused, and azimuthal 
scans were measured for use as the basis of an empirical absorption 
correction. Normal-beam oscillation photographs were used to verify 
the primary lattice repeats and the mirror symmetry perpendicular to the 
6 axis. Lorentz and polarization corrections were applied to each data 
set, and equivalent data were averaged. Only those data having Fo2 L 
3u(Fo2) were used in the refinements of the structures. 

The known approximate positions of the non-hydrogen atoms were 
used as starting parameters for the refinement of each Peaks 

corresponding to hydrogen atoms were seen in a difference Fourier map 
in each case, and the hydrogen positions were included in the refinement. 
All non-hydrogen atoms were refined with anisotropic thermal parameters. 
The isotropic thermal parameters for hydrogen atoms were refined with 
constraints in each case except the Co and Cu structures, in which each 
hydrogen isotropic thermal parameter was allowed to refine indepen- 
dently.26a Table I presents a summary of the geometrical and refinement 
results. Positional parameters are listed in Table 11; metal-oxygen bond 
distances and angles appear in Table 111, and a sample of hydrogen- 
bonding interactions is shown in Table IV. 

Hexaaqua Hexafluorosilicates. Each sample crystal for room- 
temperature analysis was mounted on the tip of a glass fiber and covered 
with a very thin coat of epoxy cement. The low-temperature sample 
crystals (the copper salt and one of the vanadium samples) were attached 
to the fiber witha small bit of stopcockgrease. Geometrical and intensity 
data were collected on a Rigaku AFC5R for the Mn salt; the 
low-temperature data sets for the V and Cu samples were taken on a 

(26) (a) Refinement calculations were carried out on a Local Area VAX 
cluster using the SDP programs. (b) The SHELX-76 programs were 
used for refinement. 
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Table Vn. Positional Parameters and Their Estimated Standard 
Deviations for [Cu(HzO)s]SiF6 
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atom X Y Z B,' A2 
0.000 
0.500 
0.000 
0.500 
0.0803(2) 
0.4105(3) 
0.2639(3) 
0.3043(3) 
0.0969(3) 
0.2516(3) 
0.0753(3) 
0.1750(3) 

O.Oo0 
0.000 
0.000 
0.000 
0.07 14(2) 
0.2072(3) 
0.1709(3) 
0.0683(3) 
0.0896(3) 
0.4276(3) 
0.3346(3) 
0.2384(3) 

0.000 
0.000 
0.500 
0.500 
0.4009(4) 
0.2854(5) 
0.2751(5) 
0.2207(5) 
0.1198(5) 
0.4434(5) 
0.4396(6) 
0.4920( 5 )  

1.06( 3) 
1.18(2) 
1.15(7) 
1.22(5) 
1.84(9) 
2.8(1) 
2.6(1) 
3.3(1) 

1.9(1) 
1.9(1) 
1.7(1) 

2.0( 1) 

a Values for anisotropically refined atoms are given in the form of the 
equivalent isotropic displacement parameter defined as 1/3[a2a*2B~~ + 
bZb*ZB22+ c2cS2B33 + 2ab(cosy)a*b*B12+ 2ac(cosB)a*c*B13 + 2bc(cos 
a)b*~*B23]. 

Table WI. M-O Distances (A) and Angles (deg) for the Isotypic 
Hexafluorosilicatesa 

M-O 0-M-O M-O 0-M-O 
M dist angle M dist angle 

V 2.125(1) 89.33(3) Co 2.080(1) 89.53(4) 
V (-60 "C) 2.1214(7) 89.46(2) Ni 2.0418(8) 90.39(3) 
Mn 2.135(3) 87.6(2) Zn 2.0776(9) 89.92(3) 
Fe 2.095(1) 88.93(8) 

a The 0-M-O angle is the one generated by the crystallographic 3-fold 
axis. Numbers in parentheses are estimated standard deviations in the 
least significant digits. 

Table IX. Cu-O Distances (A) and Angles (deg) in 
ICu(H20h1SiFna 

~~ ~ 

Bond Distances 
CU(l)-o(l) 2.059(4) c~(2)-0(3) 1.964(6) 
CU(2)-0(2) 1.954(4) ~ ~ ( 2 ~ x 4 )  2.379(5) 

Bond Angles 
O(l)-C~(1)-0(1') 90.5(2) 0(2)-C~(2)-0(4)  87.7(2) 
0(2) -C~(2) -0(3)  89.6(2) 0(3)-C~(2)-0(4) 90.9(2) 

a Numbers in parentheses are estimated standard deviations in the 
least significant digits. 

Table X. Distances (A) and Angles (deg) for Atoms Involved in 
Hvdronen Bonds in [Co(H~o)dSiF6' 

~~ 

Bond Distances 
H(1)-0 0.78(1) H(1)-F(1) 2.00(1) H(2)-F(1) 2.14(1) 
H(2)-0 0.80(1) H(l)-F(2) 1.99(1) H(2)-F(2) 1.93(1) 
F(l)-O 2.900(2) F(l)-O 2.772(2) F(2)-0 2.709(2) 

F(2)-0 2.720(2) 

Bond Angles 
F(1)-H(l)-O 171(2) F( 1)-H(2)-0 159(2) 
F(2)-H( 1)-O 154(2) F(2)-H(2)-0 167(2) 

* Numbers in parentheses are estimated standard deviations in the 
least significant digits. 

CAD4 diffractometer; data for the remainder of the series were taken 
on a P3/F (equivalent) diffractometer. 

Orientation reflections on the AFCSR and CAD4 diffractometers were 
found via automated search routines. Initial orientation reflections for 
crystals on the P3 diffractometer were taken from rotation photographs 
and a final set of reflections selected either from a fast preliminary data 
set (20" < 28 < 35") or from one of the data sets previously collected 
on another of the samples. In each case the initial primitive rhombohedral 
cell was transformed to the triple hexagonal setting before data collection. 

All of the room temperature data sets included at least one redundant 
measurement for each reflection. The low-temperature measurements 
on the vanadium compound included an entire sphere of data. Only the 
+It,+&,&/ region was measured for the copper compound. The $-scans 
were used as the basis of an empirical absorption correction in each case. 
Lorentz and polarization corrections were applied to each data set, and 
equivalent data were averaged. Only those data having Fo2 2 3u(FO2) 
were used in the refinements of the structures. 

f 

Figure 1. Representation of the nature of the hydrogen bond network 
in crystals of the Tutton salts. Hydrogen bonds between HzO molecules 
and SO42- units are indicated as dashed lines. 

In each case except one, the metal and silicon atoms were placed at 
0, 0,O and 0, 0, 0.5, respectively, and the scale and temperature factors 
were refined. (The copper crystals are not isotypic with the remainder 
of the series; handling of its structure is described below.) The oxygen 
and (disordered) fluorine atoms were then found in difference Fourier 
syntheses. In each case the fluorine atoms of the unit were modeled 
as two distinct sets, and the refinement included a factor defining the 
occupancy ratio of these two orientations. The two unique hydrogen 
atoms were taken from later difference maps in every case; positional and 
isotropic temperature factors for the hydrogen atoms were included in 
the final refinement cycles. Intensity statistics for the Mn, Co, and Ni 
structures indicated a secondary extinction effect, so a correcting 
coefficient was refined for these structures. 

Starting positional parameters for the Cu structure were taken from 
the previously published report.19 Following least-squares convergence 
with all of the non-hydrogen atoms anisotropic, peaks corresponding to 
all of the expected hydrogen atoms were seen in a difference map. It was 
not possible, however, to successfully refine their positions and isotropic 
thermal parameters; this is the same result that the original authors 
reported. When the hydrogen positions were held fixed and only a com- 
mon isotropic thermal parameter was varied, the residuals were further 
reduced to their final values.26b 

A summary of important data collection and refinement results is 
given in Table V. Positional parameters for the isotypic hexaaqua 
hexafluorosilicates are given in Table VI, and for the copper compound 
in Table VII. Metal-water distances and angles are given in Tables VI11 
and IX, and Table X lists the hydrogen contacts for the Co compound 
(as an example). 

Results and Discussion 
Tutton Salts. The compounds of the FTS elements from an 

isotypic series. In this structure there exists a network of strong 
hydrogen bonds (Figure 1) which is probably the chief reason 
why the structure type persists across the whole series. Thespecial 
stability of the structure doubtless plays a role in the unusual 
stability toward oxidation shown by the dry crystals of the 
vanadium and chromium compounds. 

In this work we have re-refined all of the structures of the  
(NH&[M(H2O)a](SO& compounds (M = V, Cr, Mn, Fe, Co, 
Ni, Cu, Zn), employing new data, collected for the purpose at 
room temperature (22 "C). The new results agreewell (to within 
a few standard deviations) with those of previously reported, room- 
temperature X-ray structures. 

As shown in Figure 2, the variation in M-OH2 bond lengths, 
for the independent bond distances as well as for the average 
values, follows the expected pattern predicted by LFT for these 
octahedral high spin species. There are maxima at manganese 
(d5) and zinc (d10) and a minimum at nickel (d8) and the results 
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Figure 2. Variation in metal-to-water distances in the Tutton salts and 
the hexaaqua hexafluorosilicates of the first transition series. 

0 
Figure 3. Hydrogen bonding in crystals of the [M(H20)6]SiFs com- 
pounds. For clarity, some of the SiF6” groups are represented only by 
the fluorine atom interacting with the [M(H20)6]*+ unit shown. 

are consistent with there being a minimum at vanadium (d3), 
although no data are available for Ca2+, Sc2+, or Ti2+. It is also 
clear that qualitatively, the d4 chromium(I1) ion and the d9 copper- 
(11) ion have largeand similar deviations from the regular patterns, 
as expected from the Jahn-Teller theorem. The octahedron is 
distorted in such a way that one of the axes is markedly elongated 
while theothertwoaxesareslightly compressed. (Note, however, 
that the elongated M - 0  bond is not the same one in the Cr and 
Cu structures;6 i.e. Cr-O(2) us Cu-O( l).) Overall, the behavior 
of the Tutton salts is similar to that found in the saccharinate 
complexes of the FTSk 

[M(H&)SiFs Compounds. We again have an isotypic series 
of compounds, all of which crystallize in the space group R3. The 
copper compound is an exception, having a unit cell containing 
more molecules (uide infra). In all other cases, the SiF62- ion 
was found to be disordered, with a single silicon position 
surrounded by twosets of fluorineatoms. However, the hexaaqua 
metal ion is fully ordered. All hydrogen atoms participate in 
hydrogen bonding forming an extensive network, as shown in 
Figure 3. The metal atom resides on a site of 3 symmetry that 
necessitates the crystallographic equality of all metal-to-water 
bonds. This leads to a suppression of the Jahn-Teller effect for 
chromium, as discussed previously.2b 

The lower part of Figure 2 shows the variation of the 
crystallographically unique metal-to-water distance for the 
different metal ions of the FTS. The two maxima at manganese 
andzincand theminimumat nickelcorrespond to thesamepattem 
found for the Tutton salts. However, the left side of the figure 

0- overage 

---_ - median 

T 

1 
I I I 

V Cr Mn Fe Co NI Cu Zn 
Figure 4. Ranges and averages of metal-to-oxygen distances in hexa- 
aqua compounds of the first transition series. See the text for a detailed 
description. 

indicates puzzling results. The slope of the line from vanadium 
to manganese is extremely small. Furthermore, the chromium- 
to-water bond length is far shorter than would be expected from 
the standard assumptions of LFT. So far, we have been unable 
to find a completely satisfactory explanation for this fact. 
Although it is possible that the crystal forces are stronger for the 
hexafluorosilicates than for the Tutton salts, since in each case 
the bond distances around the metal atom are shorter for the 
former by several hundredths of an Angstrom than for the averages 
for the latter, as seen in Figure 2. It is possible that what we 
observe is the result of varying degrees of libration in the different 
specimens. A thorough study of this question, which is beyond 
the scope of the present manuscript, is underway. It is also 
interesting to note that the difference in the M-0 bond distances 
in the two compound types is essentially negligible for vanadium. 

To make sure that this result is genuine and not due to some 
contamination, we prepared samples independently a t  both of 
our laboratories. The results were the same. We also decided 
to check the effect of temperature on the vanadium compound 
and found no anomalous behavior for the bond distance. The 
V-Odistanceis2.125(1) A a t  20 ‘Cand 2.1214(7)Aat-6O0C. 

Other [M(H10)6P+ Species. To be able to put our observations 
in the correct context, we searched the literature for additional 
precise structures of hexaaqua ions of the FTS determined by 
X-ray diffraction a t  room temperature. 

Figure 4 shows the general trends found. As indicated in the 
Introduction, we are using only crystal structures for which the 
average standard deviation in the M-O distance is 0.005 A or 
less. The upper limit is the maximum bond length found and the 
lower limit represents the smallest M-O distance. Open circles 
represent the average values (unit-weighted, including each 
individual bond), and the median values are shown by horizontal 
broken lines. In each case, we used the values for the Tutton salts 
and the hexaaqua hexafluorosilicate, as well as those for any 
other published structure meeting the aforementioned standard 
of accuracy that we were able to find. Other data were included 

Several features are immediately evident in this figure. In 
general, the averagevalues follow the pattern expected from LFT 
considerations, showing well defined maxima for manganese and 

for V,27 Mq28 Fq29 Co,lOb.l3b.30 Ni,13c,30hS31 C~,308.31d.32 and Zn.33 

(27) Holt, D. G. L.; Larkworthy, L. R.; Povcy, D. C.; Smith, G. W.; Leigh, 
G. J. Inorg. Chim. Acto 1990, 169, 201. 
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zinc and minima for vanadium and nickel. Also noteworthy is 
the fact that the median is generally very close to the average, 
except for the Jahn-Teller active chromium and copper ions for 
which the median is significantly smaller than the average. This 
is, of course, a result of the form taken by the Jahn-Teller distortion 
in which one axis of the octahedron elongates while the other two 
axes contract. 

The case of vanadium is atypical. The dispersion of the bond 
lengths is very narrow. All distances are within the range of 
2.12-2.13 A with the single exception of one of the axes in 
[V(H20)6]S04for which thedistanceis 2.1 50A.13a Is this because 
the vanadium ion is more rigid than the others or is it just because 
we do not have enough data? We hope that future work will 
answer that question. 

Copper Hexafluorosilicate Hexahydrate. An earlier report of 
the crystal structure of this compound19 showed a number of 
interesting features and left several questions open. In contrast 
to the remaining ions of the FTS, copper forms a compound that 
crystallizes in the same space group but with a unit cell that is 
four times larger and contains two independent copper centers. 
One-fourth of the copper atoms occupy a site with 3 symmetry, 
requiring all Cu-0 bonds to be equal. The remaining copper 
atoms occupy a position on a center of symmetry in which there 
is a considerable Jahn-Teller distortion. The original structure 
was determined using a very limited amount of data, and it was 
also reported that the crystal decomposed and moved during data 
collection. In addition, there had been published reports both 
~ l a i m i n g ~ ~ ~ ~ ~  and disclaiming the Occurrence of phase transitions 
in this compound. Thus, for these several reasons, and oth- 
ers,34,35J6J7,38 we considered it worthwhile to try to establish the 
structure of this substance more precisely. 

Inorganic Chemistry, Vol. 32, No. 22, 1993 4861 

We first set out to study the structure at room temperature, 
but soon found (as had our predecessors) that the crystals were 
highly unstable and lost water readily. We tried different 
techniques to mount the crystals, but under all conditions the 
crystals continued to move while in the beam. Therefore, we 
decided that we had no recourse but to study the low temperature 
(-60 "C) crystal structure. Even at this temperature we observed 
a small but nonnegligible decay of the intensity standards. 

The structure we obtained is essentially the same as that 
described previously at room temperature. The copper-to-water 
distance at the 3 site at -60 OC is 2.059(4) A, which is about 0.01 
8, shorter than that in the room temperature report. The three 
independent Cu-0 bond lengths at the inversion center follow 
the usual pattern of two short ones, 1.954(4) and 1.964(6) A, and 
one long one, 2.379(5) A. 
Thelongbondis0.012Alongerat-60 'C than theonereported 

at room temperature. While this difference is small, the same 
trend has been frequently observed in Jahn-Teller active 
species.l5,16a,b 

An analysis of the displacement parameters, similar to that 
carried out for [Cr(H20)6]SiF6,Zb shows that all distances are 
indeed identical, and not just an average of long and short distances 
statistically distributed over the three directions. However, we 
believe that the M-0 distances for both Cr and Cu at the 3 sites 
may be to some extent modified by libration and averaged to an 
as yet unknown extent by the dynamics of the Jahn-Teller effect. 

Note Added in ProoT: Just as this paper was being submitted 
an ab initio study of the hexaaquo Mz+ ions of the first transition 
series appeared (Akesson, R.; Petterson, L. G. M.; SandstrGm, 
M.; Siegbahn, P. E. M.; Wahlgren, U. J. Phys. Chem. 1992,96, 
10773.). The bimodal variation of the M-0 distances already 
predicted by simple crystal field theory is again found. Values 
for the Cr2+ and Cuz+ ions in undistorted octahedral environments 
were obtained by averaging those for the actual tetragonal 
structures. Because of assumptions made in the theoretical model 
that are not consistent with the situation prevailing in the 
compounds we have studied experimentally, numerical agreement 
is not necessarily to be expected. However, the theoretical results 
doconfirm that thebehavior of [V(HzO)6]SiF6and/Or [Cr(H20)6] - 
SiF6 has no obvious explanation. 
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Very few other compounds are known in which symmetry imposes the 
equality (or apparent equality) of all metal-to-ligand distances in 
chromium(I1) and copper(I1) compounds. The best known examples 
are provided by K~M[Cu(NO2)6], for M = Pb, Ba, Ca,)ssb TlPb[Cu- 
(No&],)% [ Cu(en)#3hM tris(wtamethy1pyrophosphoramide)copper- 
(11) perchlorate,)' [CU(H20)6](Br0~)2.)* CrZrF638 and [Cr(H20)& 


