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Refinement of the Crystal Structure of Helvite, Mn4(BeSiO4)3S* 

BY WALTER M. HOLLOWAY, JR AND THOMAS J. GIORDANO 
The University of Michigan, Department of Chemistry, Ann Arbor, Michigan, U.S.A. 

AND DONALD R. PEACOR 
The University of Michigan, Department of Geology and Mineralogy, Ann Arbor, Michigan, U.S.A. 

(Received 2 July 1970) 

The crystal structure of helvite, Mn4(BeSiO4)aS, space group P~3n, a = 8.294 + 0.007 A, and Z =  2, has 
been refined using counter-diffractometer data to R = 4.0 %. The Si-O and Be-O distances are 1"623 + 
0.003 and 1.638 + 0.003/~ respectively. Tetrahedral coordination of Mn(II) has been confirmed, with 
Mn-S = 2.432 + 0.002/~, and 3 x Mn-O = 2.082 + 0.004 A,. 

Introduction 

The mineral helvite is a tektosilicate of the idealized 
formula Mn4(BeSiO4)~S. It is one of a number of iso- 
typic, isometric phases characterized by rings of four 
tetrahedra in each of the faces of the unit cell which are 
linked together forming rings of six tetrahedra about 
each of the cell corners. Interest in the compound lies 
primarily in the structural effects which arise from the 
introduction of beryllium into tetrahedral sites, and in 
the nature of the supposed fourfold coordination of 
Mn(II). 

Helvite from Hortekollen, Norway, was reported to 
have the space group P43n (T 4) with a=8.19 A, by 
Barth (1926) utilizing powder photographs. From ro- 
tation photographs, Gottfried (1927) determined that 

4 a =  8.52 A, and that the space group is T~ for a sample 
of helvite from an unreported source. Both Barth and 
Gottfried noted that helvite appeared to be isotypic 
with sodalite, Naa(A1SiOa)aC1. 

Table 1. Final fractional coordinates 
Standard errors are in parentheses. 

x y z 
O 0.1418 (3) 0.1404 (3) 0.4171 (4) 

0.137" 0.133" 0.416" 
Mn 0.1693 (1) 0.1693"~ 0.1693t 

0.175" 
Si 0 ½ ¼ 
Be ½ 0 ¼ 
s ½ ½ ½ 
* Fractional coordinates, Pauling (1930). 
t z=y=x 

A sample from Schwarzenberg, Saxony, was ana- 
lyzed by Pauling (1930)using oscillation photographs, 
for which he obtained a = 8-25 A,. Assuming a sodalite 
structure in which beryllium replaces aluminum, man- 

* Contribution No. 299, The Mineralogical Laboratory, 
Department of Geology and Mineralogy, The University of 
Michigan. 

ganese replaces sodium, and sulfur replaces chlorine, 
he determined the structural parameters for helvite 
listed in Table 1. Glass, Jahns & Stevens (1944), in a 
paper describing the general mineralogy of the helvite 
group of minerals, reported a =  8.273 + 0.005 A_ for a 
sample of helvite also from Saxony. 

Experimental 

In this investigation, crystals from Schwarzenberg, 
Saxony, were studied. Several chemical analyses have 
been reported for helvite from this region (see Hintze, 
1897; Doelter, 1914, or Glass et al., 1944). From these 
analytical data a composite formula has been calculated 
for the unit-cell contents: (Mn, Fe)7.aa.7.s7Bes.29.6.56 
5i6.05_6.10023.92_25.4751.72.1.73. Previous workers (in par- 
ticular, see Pauling, 1930)demonstrated that the ide- 
alized unit-cell contents are (Mn, Fe)a(BeSiO4)6S2. Anal- 
ysis of powder photographs, using silicon (a = 5.430 A) 
as an internal standard, yielded a value of a=8.294 
+ 0.007 A. Weissenberg photographs using Cu K~ ra- 
diation confirmed that the space group is PT~3n(T~). 

Intensity data were measured for a complete octant 
of reciprocal space using a tetrahedral crystal (0.26 mm 
on an edge) mounted on a Weissenberg-geometry 
single-crystal diffractometer. Pulse-height analysis was 
used with Mo K~ radiation, in conjunction with a 
monochromating graphite crystal. All intensity data 
were corrected for both Lorentz-polarization factors 
and absorption (/Znn= 51"4 cm-1). The data consisted 
of 408 non-zero reflections. Symmetry related reflections 
were averaged to produce 116 observed structure fac- 
tors. 

Refinement 

Least-squares refinement was carried out using the 
program SFLSQ5, which utilizes the full matrix, written 
and kindly made available by C. T. Prewitt. Initial 
fractional coordinates were those given by Pauling 
(Table 1). Refinement was carried out on the coordi- 
nates, the isotropic temperature factors, and the scale 
factor, using unit weighting. The refinement converged 
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with R = 5.1%. At this point, refinement of anisotropic 
temperature factors was initiated and the weighting 
scheme was changed to a modification of the weighting 
scheme suggested by Hughes (1941). The scheme was 
altered to take into consideration the number of indi- 
vidual structure factors averaged to produce the final 
value of the observed structure factor. 

As refinement progressed, it became evident that for 
structure factors with magnitudes below the minimum 
observed values, estimated values based on standard 
counting statistics were uniformly too large. These 
structure factors were all superstructure reflections 
(h + k + l= 2n + 1). Refinement was therefore continued, 
omitting these reflections and using corrections for 
anomalous scattering. The R value converged at a value 
of 2.1%. This R value represented refinement on 94 
reflections averaged from 324 separate intensity meas- 
urements. The final atom parameters (for the refine- 
ment with R=2.1%) are listed in Tables 1 and 2. 
Using these parameters, a final R value of 4.0% was 
obtained for the full set of 116 structure factors. The 
final structure-factor data are listed in Table 3. 

Table 2. Final an&otropic temperature factors (x  104) 
S t a n d a r d  e r r o r s  are  in pa ren these s .  

/~11 fl22 fl33 ill2 ill3 ]~23 
O 21 (4) 22 (4) 31 (4) 12 (4) 3 (3) - 3  (3) 
M n  38 (1) 38* 38* 5 (1) 5* 5* 
Si 19 (5) 23 (3) 231" 0 0 0 
Be  31 (21) 17 (12) 171- 0 0 0 
S 45 (2) 455 455 0 0 0 

* ]~33=f122=fl l l ;  /~23 =f l13=fl12 
t #33 =/~22 
~[ ]~33 =fl22 = i l l  1 

Table 3. Observed and calculated structure factors 

h k 1 F o F c h k I F o F c n k ! }o Fc h k l F o F¢ 

2 2 o 31.7 35.2 2 5o' o~ ,. 32 o2 ~ ,o, .0.i 
66.0 62.8 3 3.1 0.0 v 3~.I 40.1 ~ J' 3 58.3 57.6 1 3 O 

2 26.1 26.2 ;' ~1.5 51.9 2 9 1 38.1 37.4 i, 5 3 26., 27.9 
3 xh6.6 11~8.9 2.7 0.5 l,.1 o.6 ~9.l 86.7 3 6 3 

68.3 62.5 ~ j O ~ 8.1 8.} 16.7 16.6 O 2~.5 30.2 
3.3 0.I 2 13.'> I~..0 v 5.3 C.2 5 26.5 25.1 

56.7 ~8.~ . ~ ~ ' ~  ~'2 ~ o 2 31.o 29.)  ~ 7 .~ 2. .~ ~5.6 
2 2 67.5 56.3 3 

132.O I~0.6 ~ 30.~ 30.1 ~ ~ 29.! 27.1 5.8 3.5 

i~;. ~12~.~ ~ ~ . . . .  ~o ;~ ~3,0 45 .c  i 5 0 41.9 ~3. 4 2 i 
21.1 21.2 2 3 6l.t 21.3 21.6 z. 3.2 O.a 71..~ ~ ~.~ ~o.~ 5 3. 71.7  1.[):$) 115 . -  15.3 13.8 
1~.o~:~ o.~ ~ ~.o ~,~.,~ ~ -~ ~-~. ~ .... 9 ~ .... 25.. 

17.6 ~ i~.) : 7 . :  i ~ . )  19.3 5 5.5 0.5 

• 3 o 126.~ 129., ~ ~ 5 ~ ,6.9 47.4 , .~. ,3 50.7  21.~ 25.5 a 4 4 70.1 72.1 
19.2 1~.3 3 ~.-- ~.~ ,~.~ 35.~ 

2 4~,. 9 t~2.9 h 7~.'- 7~.S : 3.~ O.O u t: 31.B 33.1 
3 19.3 18.9 1 '3 1 2~. ~ 29.5 ~.~ 7.7 ~ !~.9 I".9 

7.1 7.0 2 ~.~ 0~ ; :: ~.~ :~.! 1).0 1<8 
25.2 35.a "~.5 • : 6.-3 17.3 5 17.2 7 4 ,~.5 ,~.3 ~ 1o.~ :7., 7 : ~:~ ~:~ lo.7 11.4 

7 0 18.8 17.9 92 . :  52.5 1~,.5 !5 .7  ~, ~7.5 53.3 
17.6 17.6 2 7 5~.~ )1.J ~.3 35.:,' 5 5.6 0.1 

3 58.8 58.5 3 3.) C.:, 3.2 0.5 9 Z; i _~6.9 .'6.8 
0 2 /6.0 3~.2 22.~ 32.9 3.6 o.o 42.2  . 

~1.5 .... 14.2 5 3.1 7 2 14.5 .... 7 
13.1 13.7 o 22.B 23~a h l . 7  a3. 3 

7 37.ti 37.1 1 8 I 51.6 61.9 12.7 12.5 
o ~ 0 ~3~ .... ° ~g:~ 151 3 ~ 2 8~ 8~ 

28.9 ~ 13.0 11.8 1 ~ .2  0.7 3 

During refinement, the form-factor scale factors were 
allowed to vary. With the exception of beryllium, all 
factors remained at their initial values within standard 
error (oxygen, 100% O; manganese, 88.9% Mn, 
11.1% Fe; silicon, 100% Si; sulfur, 100% S). The Mn 
form factor scale factor refined to a value of 0.890 + 
0.003, for example. The final unit-cell contents as deter- 
mined by our refinement were (Mn7.nFe0.89)s(B%.73 
5i0.27)65i6024S z. The calculated density for this formula 

(3.25 g.cm -z) agrees well with the literature values 'of ! 

3.17 and 3.20 g.cm -3. The relative amounts of Fe and 
Mn were determined by X-ray fluorescence analysis, 
subsequent to the refinement. The value of 15 % Fe so 
determined is in good agreement with values used in 
the refinement. 

Discussion 

Table 4 contains a list of bond lengths and angles, with 
estimated standard errors, as calculated using the pro- 
gram ORFFE (Busing, Martin & Levy, 1964) and Table 
5 gives the magnitudes and orientations of the principal 
axes of the thermal ellipsoids. The estimated standard 
errors were computed utilizing the final least-squares 
variance-covariance matrix and lattice-parameter stan- 
dard errors. Included in Table 4 for comparison with 
the present results are data from a refinement of the 
crystal structure of sodalite (L6ns & Schulz, 1967). 

The high-spin manganese(II) ion is on a triad axis, 
tetrahedrally coordinated by three oxygens (2.082 A), 
and one sulfur (2.432 A). Corliss, Elliot & Hastings, 
(1956) reported that MnS with the zincblende structure 
has the lattice parameter a=  5.606 A. The calculated 
Mn-S bond length for the manganese tetrahedra is 
2.427 A, in excellent agreement with the value deter- 
mined for helvite. Bond lengths calculated by employ- 
ing effective ionic radii of Shannon & Prewitt (1969), 
and extrapolating values of ionic radii for tetrahedrally 
coordinated Mn(II) and sulfur ions from the corre- 
sponding octahedrally coordinated values, yielded 
Mn-S and Mn-O distances of 2.45 and 2.02 A respec- 
tively.* The resulting Mn-S distance is in good agree- 
ment with the one observed in helvite. The Mn-O dis- 
tance (2.08 A) is somewhat larger than that predicted, 
however. The difference cannot be explained by the 
presence of smaller Fe(II) ions substituting for manga- 
nese. 

Helvite and sodalite provide an unusual opportunity 
to compare the effects on the tetrahedral framework 
of two dissimilar cations on the T sites (Be, AI) and of 
very different non-framework cations (Mn, Na). The 
silicon containing tetrahedra in these two structures 
have dimensions which are identical within 2a. Sim- 
ilarly, while the bond lengths reflect differences in ionic 
radii, the bond angles for the Be and A1 tetrahedra are 
also markedly alike for helvite and sodalite respectively. 
The principal difference is in the small Si-O-T (T= 
A1, Be) angle of helvite. The value of this angle has been 
proposed to be a qualitative measure of the degree of 
d-p rc bonding in the silicate framework (Cruickshank, 
1961; Brown, Gibbs & Ribbe, 1969) such that a bond 
angle of 180 ° corresponds to the maximum d-p rc inter- 

* T h e  t e t r a h e d r a l l y  c o o r d i n a t e d  M n ( I I )  ion ic  r ad ius  was 
p red i c t ed  by  c o m p a r i s o n  wi th  s imi la r  changes  f r o m  o c t a h e d r a l  
to  t e t r a h e d r a l  c o o r d i n a t i o n  fo r  Fe( I I ) ,  Cr ( IV) ,  a n d  Zn( I I ) .  
Thes, gave  va lues  o f  the  M n ( I I )  ion ic  r ad ius  o f  0.67, 0.66, a n d  
0.66 t%, respec t ive ly .  T h e  t e t r a h e d r a l l y  c o o r d i n a t e d  su l fu r  ion ic  
r ad ius  was p r e d i c t e d  us ing  a s imi lar  c o m p a r i s o n  wi th  c h a n g e s  
in ox ide  ionic  radi i .  

A C 28B - 8* 
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action. In sodalite, both A1 and Si have 3d orbitals 
available for such interactions. In helvite, beryll ium 
has no available orbitals of  the correct symmetry to 
produce interactions of this type with the oxygens co- 
ordinating it. Therefore the small S i -O-Be angle 
(128.20 °) is expected as a result of  the lesser zc contribu- 
tion to the bonding of the framework in helvite. 

Table 4. Bond lengths and angles 

Standard errors are in parentheses. 

Helvite* Sodalitet 

Silicon tetrahedra: Silicon tetrahedra: 
Si--O 4 x 1.623 (3) .~ Si--O 4 x 1.628 (4) .& 
O - - O  4 x 2.622 (4) O--O 4 x 2.629 (8) 

2x 2.704 (6) 2x 2.714 (8) 
O - - S i - - O  4x 107.8 (1) ° O--Si-O 4x 107.7 ° 

2x 112.9 (2) 2x 113.0 

Beryllium tetrahedra: Aluminium tetrahedra: 
Be--O 4 x 1.638 (3)/~, A1-O 4 x 1.728 (4)/~ 
O - - O  4 x 2.649 (4) O--O 4 x 2.806 (8) 

2 x 2.725 (6) 2 x 2.855 (8) 
O--Be--O 4x 107.9 (1) ° O--AI-O 4x 108.5 ° 

2x 112.6 (2) 2x 111.3 
S i - -O--Be  128.2 (2) Si--O-AI 138.3 

Manganese tetrahedra: Sodium tetrahedra: 
Mn-S 2-432 (2) A Na-C1 2.730 (4) A 
Mn-O 3 × 2.082 (4) Na-O 3 x 2.351 (8) 
S - - O  3 x 3-835 (5) 
O- -O  3 x 3.238 (7) 
S - - M n - O  3 x 116.1 (1) ° 
O- -Mn-O 3 x 102.1 (1) 

* This work. 
t L6ns & Schulz (1967). 

Brown et al. (1969) have further noted that the Si-O 
bond length should be affected by the T atom. The near 
equality of  the Si-O bond lengths in both sodalite and 
helvite is thus seemingly inconsistent with this bond 
model. This direct comparison between Si-O distances 
in sodalite and helvite is not necessarily reasonable, 
however, because L6ns & Schulz assumed the Si-O 

bond in sodalite was affected by limited A1 substitution 
(10 %), while analysis for helvite indicates less than 3 % 
AI in the silicon sites. 

The Si-O-Be angle in tugtupite, Naa(AIBeSiaO12) 
(C1, S) (Dano, 1966) is 143.4 °, significantly larger 
than that in helvite. Significant d-p ,z contributions 
to the bonding are indicated by the other S i - O - T  
angles, 157.4 and 141.9 (T=S i )  and 135-9 ° (T=A1).  
In beryl, A12(BeSi206)3 (Gibbs, Breck & Meagher, 
1968) the Si -O-Be angle is 127.0 °, in good agree- 
ment with that of helvite, while the Si-O-Si  angle 
is 168.3 °, again indicating significant rc bonding in the 
framework. The change in S i -O-Be angle in going 
from helvite to tugtupite (isotypic with helvite) is con- 
sistent with the hypothesis that re-bonding through the 
Si -O-Si  and Si-O-A1 linkages controls the detailed 
geometry of  the framework and thus the S i -O-Be 
angle. In helvite, where all oxygen atoms bridge be- 
tween Si and Be, the framework is free to contract as 
required by the Mn(II) ion, which is unusually small 
for the tektosilicate structures. Similarly, in beryl, 
where all the oxygen atoms in the Be tetrahedron bridge 
to Si, the framework is again free to contract about  the 
A1 atoms occupying octahedral sides. Thus, the frame- 
work geometry appears to be controlled by both the 
nature of covalent bonding and the size of the non- 
framework cations present. Clearly more studies on 
Si-Be framework minerals is needed to firmly establish 
the ranges of S i -O-Be angles to be expected in these 
compounds.  

Qualitatively, the differences in the lattice parameter ,  
a, that occur in going from sodalite ( a =  8.87 A, L6ns 
& Schulz, 1967) to helvite ( a =  8.29 A) and even among 
the helvite group itself [danalite (Fe, Mn)4(BeSiO4)3S, 
a = 8.19 A;  genthelvite (Zn, Fe)4(BeSiO4)3S, a = 8.11 A;  
Glass et al. (1944)] can be easily explained. By consider- 
ing changes in ionic radii alone, substituting beryl l ium 
for a luminum and manganese for sodium, decreases in 
a of 0.34 A and 0.76 A respectively are predicted. A 
combinat ion of both, plus restrictions on the relative 

Table 5. Magnitudes and orientations of  principal axes of  thermal ellipsoids 
Standard errors are in parentheses. 

Principal R.m.s. Angle to Angle to Angle to 
axis displacement + a + b + c 

O 1 0.057 (14) 45"0 (9.0) 133.0 (9.0) 100.0 (8"0) 
2 0.105 (8) 110.0 (88.0) 95.0 (98.0) 159.0 (115.0) 
3 0"108 (7) 51"0 (58"0) 43"0 (21"0) 108"0 (131"0) 

Mn 1 0-106 (2)* 114.1 (0.0) 114.1 (0-0) 35.3 (0.0) 
2 0.106 65.9 (0-0) 65-9 (0.0) 144.7 (0.0) 
3 0.129 (2) 54.7 (0.0) 54.7 (0.0) 54.7 (0.0) 

Si 1 0-081 (11) 0 90 90 
2 0"089 (6)t 90 90 180 
3 0.089 90 90 0 

Be 1 0.076 (28)* 90 90 0 
2 0.076 90 90 180 
3 0-104 (36) 0 90 90 

S 1 0" 120 (4)~: 0 90 90 
2 0-120 90 0 90 
3 0.120 90 90 0 

* 2 = 1 ;  t 3 = 2 ;  :~ 3 = 2 = 1 .  
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orientation of the tetrahedra by the existence of changes 
in d-p n-bonding contributions can explain the ob- 
served difference of 0-58 ,~, in the lattice parameters of 
sodalite and helvite. The changes in ionic radii in the 
series Mn(II), Fe(II), and Zn(II) cause the decrease in 
a in the helvite group. On this basis, the predicted dif- 
ference between each of the members is 0.07 A, in good 
agreement with those observed (0.10 A, helvite to da- 
nalite, and 0.08 A, danalite to genthelvite). 

One of the authors (WMH) wishes to acknowledge 
the Monsanto Chemical Company for a summer fellow- 
ship providing support during part of this work. Dr 
G. V. Gibbs reviewed the manuscript and suggested a 
number of improvements. 
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The Structure of Hydrogen Triuranatet 

BY STANLEY SIEGEL, ARLEN VISTE,3~ HENRY R. HOEKSTRA AND BENJAMIN TAN/ 

Chemistry Division, Argonne National Laboratory, Argonne, Illinois 60439, U.S.A. 

(Received 1 March 1971) 

Hydrogen triuranate, H2U3Olo , is triclinic, space group PI ,  with a=6.802 (5), b=7"417 (16), c= 
5.556 (5)A, ~=108.5 (4), fl=125-5 (1), and 7=88.2 (2) °. Measured density is 6.7 g.cm -a and the 
computed value is 6.85 g.cm -s for the one formula weight. The structure was resolved with 756 inde- 
pendent reflections recorded with an automatic diffractometer utilizing the double-filter technique. A 
least-squares refinement, based on F, gave an R value of 6.0 %. The configuration of oxygen atoms 
about U(1) (at origin) is an octahedron, while the coordination about U(2) (in general positions) is a 
pentagonal bipyramid. Apex oxygen atoms lead to shared U(2)-U(1)-U(2') bipyramids and octahedra 
to give triuranate groups along c*. The apex (uranyl) oxygen atoms of each bipyramid form part of an 
octahedral array of oxygen atoms about the point 0 ½ 0 of the unit cell as a 'center'. The hydrogen atoms 
can be shown to be associated with oxygen atoms of this octahedron. 

Introduction 

One of the phases in the UO3-I'-[20 system is a compo- 
sition previously considered to be the 'hemihydrate' ,  
UOz.½H20. Infrared (IR) observations by Urbanec 
(1966) show, however, that the compound does not 
contain lattice or coordinated water; hence, the com- 
position should be formulated as H2U207 or as 
U2Os(OH)2. Early X-ray studies (Vier, 1944) assigned 
monoclinic symmetry to this phase, but subsequent 
observations (Staritsky & Walker, 1952) led to triclinic 

t Based on work performed under the auspices of the U. S. 
Atomic Energy Commission. 

:I: On leave from Augustana College, Sioux Falls, South 
Dakota. 

symmetry with a =  6.87, b =  7.42, e=  5.57 A, c~ = 107.5, 
fl = 125, and ~,= 89-5 °. Based on a measured density of 
6.7 g.cm -3, these parameters lead to three formula 
weights of the hemihydrate in the unit cell and a 
calculated density of 6.78 g.cm -3. No further struc- 
tural work appears to have been performed on this 
compound. 

Our investigation was carried out as part of a con- 
tinuing study of uranium oxide systems, and parti- 
cularly because of the bearing this hydrate has on the 
structure of certain oxides. Interest in the phase also 
stems from the fact that the assigned unit cell does not 
contain an integral number of water molecules and 
that our analytical data gave U:HzO ratios approach- 
ing 3: 1, rather than 2: 1. In addition, the IR spectrum 
shows a remarkable similarity to transition metal tri- 


