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The Crystal Structure of Ussingite
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Abstract

Thecrys ta ls t ruc tu reo fuss ing i te ,NazAlS isOsOH,a :7 .256,b :7 .686,c :8 .683A,q- -90"45 ' ,
A : 99"45', t : 122"29', space group Pi, Z : 2, has been determined through direct methods using
1261 intensities measured with an automatic'diffractometer. The least-squares refinement led to a
final discrepancy index R : 0.028 for I 101 observed reflections. Ussingite is a unique type of alumino-
silicate framework structure in which two of the nine oxygens are hydrogen-bonded and the others
are bridging oxygens, linking the tetrahedra into a new type of "interrupted" framework (sharing
coefficient c : 1.875) containing dr, G, and S-fold tetrahedral rings. Aluminum is ordered into one
tetrahedral site (mean (l)-O : 1.734 b and silicon into the other three non-equivalent tetrahedra
(mean T-O : 1.620A). One 5- and one Gcoordinated sodium atom are located in irregular cavities
in the framework.

Introduction

Ussingite was found for the first time in a pegmatite
at Kangerdl{rsuk, Greenland, and described by
Bpggild (1915) who determined the chemical formula
as NarAlSirOrOH. Owing to the lack of well developed
crystals, Bgggild could not determine the axial ratios
and angles but only the cleavage angles. The cleavages
observed by Boggild are: c(100), M(lii) and m(}ti);
these indices are consistent with the triclinic reduced
cell adopted in this work.

Ilyukhin and Semenov (1959) described ussingite
from the Lovozero Alkali Massif, U.S.S.R. They
confirmed the chemical formula and determined the
cell parameters which are related to those of the
reduced cell (see below) through the matrix
(oo t /0 ro / l l l ) .

Experimental

A roughly prismatic crystal fragment of ussingite
(0.15 X 0.ll X 0.06 mm) from Lovozero was used
for the data collection. The cell dimensions and the
intensities were measured with a Syntex pi automatic
diffractometer using MoKa radiation monochro-
matized with a graphite crystal.

The lattice parameters arei a : 7.256, b : 7.686,
c : 8.6834(each +0.003A;, o : 90"45', A : 99"45,,
7 : 122o29' (each +2'), V -- 399.43 A'; space group
Pi, Z : 2; observed (Bpggild, l9l5) and calculated
densities are 2.49 and 2.51 g/cc, respectively.

The intensities of all independent reflections in the

range 2.5"-50o 20 were measured using the 0 - 20
scan mode; the scan rate ranged from l.5o to 24" /min.
according to intensity; one standard reflection (222)
was monitored every 15 reflections and its intensity
did not change by more than 4 percent. The intensities
were scaled on the basis of a scan rate of I "/min. and
were corrected for Lorentz and polarization factors
but not for absorption. Of the 126l experimentally
determined reflections, 160 were considered to be
"unobserved" as their intensities did not exceed
twice the standard deviation of the counting statistics.

The secondary extinction was negligible, so no
extinction factor was taken into account. The atomic
scattering factors used for Na, Si, Al, and O are
those listed by Hanson et al (1964); that of hy-
drogen is given by Stewart et al (1965).

Structure Determination and Refinement

The crystal structure was solved by the application
of Sayre's equation using the program written by
Long (1965). A least-squares isotropic refinement,
carried out on the structure amplitudes with a modi-
fied version of the program Onrrs (Busing, Martin,
and Levy, 1962), reduced the conventional R index
from 0.20 to 0.042. At this stage the hydrogen atom
was located along the short hydrogen bond oc-
curring between two oxygen atoms by use of a dif-
ference synthesis. Three successive least-squares
cycles were performed with anisotropic thermal pa-
rameters; the atomic parameters of the hydrogen
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ing 4-, 6-, and 8-fold tetrahedral rings (Fig. 1).
The basic structural feature of ussingite is a zig-zag
chain composed of units of four tetrahedra that re-
peat translationally along c (Fig. 2). Oxygens
O(3), O(4), O(7) and O(9) are the bridging
atoms between tetrahedra within each chain. The
chains are repeated by inversion centers. Each chain
is linked to three adjacent ones through the oxygen
atoms O(1), O(5) and 0(6) to form a three-di-
mensional network which is intemrpted by the non-
bridging, hydrogen-bonded oxygens, O (2) and O ( 8 ) .

The two chains related by the symmetry centers at
0, 0, 0 and O, O, l/2 are linked to each other by
the oxygen atoms O(1) to form rings of six tetra-
hedra (Fig. 3), whereas the two chains repeated by
the centers at l/2, l/2, O and l/2, l/2, l/2 are
connected by the oxygens 0(6) and form rings of
four and eight tetrahedra (Fig. 4). The same situa-
tion occurs for the chains related by symmetry
centers at l/2,0, 0 and l/2, O, l/2 and linked
through the oxygens O(5). The four adjacent chains

Tlsl.s 3. Interatomic Distances and Tfahedral Bond
Angles in Ussingite*

Atsons Angle

x / a y / D 8 , .  ( A - )

N a ( 1 )
N a  ( 2 )

T ( r )  =  A I
r ( 2 )  =  s i
r ( l )  =  s i
T ( 4 )  =  S i

o ( 1 )
o { 2 )
o { l )
o ( 4 )
o ( 5 )
o ( 6 )
o ( ? )
o ( 8 )
o ( 9 )

I

0 . 1 ? 5 9 ( 2 )  O . 1 9 2 4 1 2 )
0 , 8 2 1 4  ( 2 )  O . 2 3 4 2 \ 2 1
0 . 2 4 2 2 ( r )  0 . 0 { 5 ? ( 1 )
0 . 2 4 6 3 ( 1 )  0 , 1 9 1 5 ( 1 )
0 . 3 2 0 3 { 1 )  0 . 4 ' , 1 4 7 ( ' , 1 )
0 . 7 0 1 4 ( I )  0 . 1 0 4 1 f i )

o . o o 2 r ( 3 )  0 . 1 3 5 6 ( 3 )
0 . 1 4 1 9 ( 4 )  0 . 4 7 4 9 ( 3 )
o . 2 1 6 1  l 4 )  - 0 .  0 0 2 1  {  3 )
0 , 1 0 1 0 ( 3 )  0 . 2 9 7 0 ( l )
0 . 4 4 a 2 ( 4 )  0 . 0 2 2 4 ( l )
0 . 4 2 3 1  (  r )  0 . 3 8 1 8  (  3 )
0 . ? 9 8 0 ( 4 )  0 . 0 3 4 4  ( 4 )
0 . 8 9 8 0 ( 4 )  0 . 1 5 5 ?  ( l )
0 . 2 9 ? t ( 4 )  0 . 2 6 0 4 ( 3 )

0 , 9 ? 9 ( 9 )  0 . { 0 5 ( 8 J

0 . 0 5 5 5  ( 2 )
0 , { 4 2 1 ( 2 )
0 . 8 5 5 r  ( 1 )
0 . r 6 2 6 ( 1 )
0 . 6 9 2 4  (  I  )
0 . 8 1 2 9 ( 1 )

0  . 2 7 9 2  l l l
0 . 6 5 1 5 ( l )
0 . 3 4 7 3  ( 2 )
0 . E 4 6 9 ( 2 )
0 . 7 9 5 5  ( 3 )
0 . 2 7 6 8  (  3 )
0 , 9 6 2 5 ( 3 )
0 . 8 2 1 0 ( 3 )
0 . 5 4 8 5 { 3 )

0 . 7 6 5 ( 5 )

* Standard detsiations in parentheses; equiualent isotropic
temperature tactors af ter Hamilton (1959).

atom were introduced in the structure factor calcu-
lations, but were not allowed to vary. The R index
dropped to 0.030. Two more cycles, carried out by
varying the coordinates and the isotropic temperature
factor of hydrogen, led to a final discrepancy index
R : 0.028 for the 1101 observed reflections (0.035
for all reflections).

The final atomic parameters are given in Tables I
and 2; bond distances and angles are listed in Table
3; the observed and calculated structure factors are
compared in Table 4.

Description and Discussion of the Structure

Ussingite is a unique framework alumino-silicate
in which two of the nine oxygen atoms are hydrogen
bonded and the others are bridging oxygens, linking
the tetrahedra into a new type of "intemrpted"
framework (sharing coefficient c = 1.875) contain-

Tlnrr 2. Anisotropic Thermal Parameters for Ussingite*

U i b  U i . U i u  U i b  l J i c

1 . 7 9

0 . 5 r
0  . 6 6
0 , 6 6

1 . 1 5
| . 4 9
I  . 0 9
1  . 0 5
1 , 3 E
1  . 2 8
1  . 5 6
1  . 5 9
1 . 5 5

4  . 1 2
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o  ( 2 1
o ( 2 ' )
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T ( 1 ) - o ( 1 )
o ( 4 t
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t ( 2 ) - o f i )
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o ( 6 t
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r ( { ) - o ( 3 )
o  ( 5 )
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2 , 4 1 1  ( 2 1
2 , 4 3 2 ( 3 1
2 . 6 1 3 ( 3 )
2 . 6 9 1  ( 3 )
2 . 3 4 6 ( 3 )

2 . 5 3 9

2 . 4 4 0 ( 3 )
2 . 4 4 9 ( 3 )
2 . 2 8 3 ( 3 1
2.489 l2 l
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2 . 4 3 5

1 .7  46  lz t
1  .744 t2 l
1  . 7 2 8  ( 2 1
1 . 7 2 1 1 2 ' )
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1 . 6 4 0 ( 2 )
1  . 6 2 9  t 2 l
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' t  .6 ' l  9

1 . 5 8 4  ( 2 )
1  , 6 2 6  ( 2 1
1 . 6 3 6 ( 2 )
I  . 6 3 5  l 2 l

1  . 6 2 0

o ( 1 ) - r ( 2 ) - o ( 3 )
o ( 6 )
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o ( 3 ) - T ( 2 ) - o ( 6 )

o ( 6 ) - T ( 2 ) - o ( 9 1

1 ' t 3 . 1 ( 1 )' t  0 6 . 7  '
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- o  ( 1 )
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o  ( 6 )
o  ( ? )
o ( 8 t
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o ( 1 ) - r ( 1 ) - o ( 4 )  1 1 t . 8 ( 1 ) 6
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o ( 4 ) - r ( 1 ) - o ( 5 1  1 ' , l 1 . 6  "
o ( 7 )  1 1 1 . 6  "

o ( s ) - r ( 1 ) - o ( 7 )  1 1 1 . 7  (

N a { 1 )

I { a  { 2 )

T t 1 )

r  t 2 l

T { l )

T { 4 )

o ( 1 )

o ( z )

0 . 1 1 3 ( l )
0 . 1 4 7 ( 2 )
0 . 1 5 9 ( 2 )

0 . 1 2 5 ( l )
0 . r l ? ( 3 )
0 . 1 5 7 { 2 )
0 . 0 8 !  ( 3 )
0 . 0 9 1  ( 3 )
0  1 0 2 ( 2 )

0 . 0 8 1  ( 3 )
0 . 0 9 3 ( 3 )
0 . 0 9 6  ( 2 )

0  0 8 1  ( 3 )
0 . 0 9 3  { 3 )
0 .  r  0 2  ( 2 )

0 . 0 7 6  (  3 )
0 , 0 9 2 ( 2 )
0 . 1 0 r ( 2 )

0 . r 1 r  ( 5 )
0 . r 2 t ( 5 )
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0 , r 1 7 ( { )
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6 6  6 9  1 4 2
l J  7 0  5 2
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1 5 0  6 8  5 0
5 0  1 2 5  a l
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9 0  7 0  1 5 0
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7 l  1 0 a  1 6 5
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8 1  9 0  1 ? 6
9 2  3 1  9 1

t ? 1  5 9  E 9

1 6 9  6 E  6 l
1 0 0  3 a  6 E

9 2  5 6  1 5 5

5 1  7 2  1 2 1
6 5  9 1  a 0
4 3  1 5 2  1 0 2

1 0 6  6 3  t 5 l
1 9  t 2 t  1 1 7

r 0 0  1 3 a  i 0 0

1 2 0  1 1 7  5 9
1 2 8  a 2  a 9
1 2 3  6 0  r  3 2

8 6  9 1  1 7 0
1 1 2  1 0  9 l
t 5 6  6 0  E l

o ( 2 ) - r ( 3 ) - o ( 4 )  1 1 3 . 7 ( 1 )
0 ( 6 )  1 1 2 . 2  "
o ( 9 )  1 1 1 . 5  "

o ( 4 ' - T ( 3 ) - O ( 6 )  1 0 6 . 1  "
o ( 9 )  ' , 1 0 6 . 6  "

o ( 6 ) - r ( 3 ) - o ( 9 )  1 0 6 . 1  "

o ( 3 1 - r ( 4 ) - o ( 5 )  1 0 7 . 0 ( 1 )
o ( 7 )  1 0 7 . 5  "
o  ( 8 )  1 0 7  , ?  "

o ( 5 ) - T ( 4 ) - o ( 7 )  1 1 3 . 1  "
o ( 8 )  1 1 1 . 9  "

o ( ? ) - T ( 4 ) - o ( E )  1 0 8 . 8 '

T  ( 1  )  - O  ( 1  )  - T  ( 2 )  1 4 4 . 0  (  1 ;
T ( 2 ) - o ( 3 ) - T ( 4 )  

' t 2 7 . . 3  "
T ( 1 ) - o ( 4 ) - T ( 3 )  1 2 5 ' 9  "
T t l ) - o ( 5 ) - r ( 4 )  1 4 9 . 0 '
T ( 2 ) - o ( 6 ) - T ( 3 )  

' t 4 2 . 6  "
T ( 1 ) - o ( ? ) - T ( 4 )  1 4 3 , 7  "
T  ( 2 )  - o  ( 9 )  - T  ( 3 )  1 4 8 . 9  "

o ( 2 ) - H - o ( 8 )  1 7 1  ( 3 )

o t E )

o  ( 9 )

o (2 )  -o  (8  )  2  .507 l3 l
o ( 2 ) - H  1 . 5 4  ( 5 )
o ( 0 ) - H  0 . 9 ? ( 5 )

r R @ t  h . a n  r q u a r €  t h . r m a l  v l b r a t l o n s . l o n g  l h e  e l l l p s o r d . x e s  ( A )  a n d . n g l e s
( o ,  b . t e . e n  t h e  c r y s t . I l o g r l p h l c . x e .  a n d  t h e  P r l n c l p a I  a x e s  ( u r )  o f  t h e
v l b l r l l o n . l l l P l o t d .

r  E s t i m a t e d  s t a n a l a r d  d e v l a t i o n s  a r e  9 1 v e n  L n  P a r e n t h e s e s  t o  i m e -

d i a t e  r i g h t  o f  l n e e r a t o m i c  d i s t a n c e s  o !  b o n d  a n g l e s ,
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Tlrt-p 4. Observed and Calculated Structure Factors for Ussineite*

2. r  - ! .o  - t  .  !  e .a  - lo . t  -2  .  .  l r . .
to .o  lo .o  . r .a  - .4 .2

lo . r  - ro . !  t  t  -a  r . r  ro .0  . .0  - t .o
t6 . r  - ra . j  2 t .9  2 t .2
f 6 , .  r r . u  .  - a  2

- t ! 2 .

_ a t z  r t . 6 - t 5 . r  - t . a  a ' . a
lo . .  ro . .  22 . t

t 2 . .  - t r . ,  6 . 0

* The reflections marked by an asterisk were considered as unobserued. The column heads are h, k, l, F,D-, and F""r".
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b  s i n o

2a sin p

Frc. 1. The crystal structure of ussingite projected along [001]. The broken lines sketch the monoclinic pseudo-cell. L1, L2, a3 refer
to the thickness of the partial projections shown in Figures 2,3, and 4.

\.
Frc. 2. Projection along [210] of a cell slab of thickness

A3 (see Fig. 1); b'and, C are the projections of D and c
onto the plane normal to [210].

ly ing around the centers atO,I /2,0 and 0, l /2, l /2
are not bonded by bridging oxygen atoms, but
through the sodium atoms and the short hydrogen
bond between O(2) and O(8) (Figs. 1 and 2).

The type of framework described for ussingite was
unknown until now. Bavenite (Cannillo, Coda, and
Fagnani, 1966) and leifite (Coda, Ungaretti, and
Della Giusta, 1974; formulas in Table 5) display
interrupted frameworks of tetrahedra which are com-
pletely different from that of ussingite. The distin-
guishing structural features of ussingite compared
with those of the mentioned silicates are summarized
in Table 5 following Zoltai's (1960) classification.

The distribution of Si and Al in the four inde-
pendent tetrahedra is apparently ordered. The mean

"(1)-O 
bond length,1..734 A, indicates occupation

of Z(1) by aluminum. The remaining tetrahedral
sites are mainly occupied by silicon according to the
bond lengths shown in Table 3. The two non-bridging
oxygen atoms O(2) and O(8) participate in Z-O
bonds whose lengths are quite different: the T(3)-
O(2) distance (1.584 A) is the shortest 7-O
bond while. f(4)-O(8) (1.626 A) is longer than
average. This is explicable under the assumption that
O(8) is the hydroxyl group.

The sodium atoms lie in cavities where the tetra-

@t".'
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2c sin o

2 a  s i n  y

Ftc. 3. Projection along [010] of a cell slab of thickness A2
(see Fig. l  ) .

hedral framework is interrupted (Fig. 1). Na(l) is
surrounded by six oxygen atoms at distances rang-
ing from 2.35 to 2.74 A whereas Na(2) is l inked
to five oxygens with bond distances ranging from
2.28 to 2.52 A (Fig. 2). The oxygen aroms are
arranged around the two sodium atoms in irregular
ways, so that it is difficult to describe the environ-
ment of these cations in terms of coordination poly-
hedra. The shortest sodium-sodium distance is 3.473
A and occurs between two equivalent Na(2) atoms.

The balance of the electrostatic charges, computed
with the method suggested by Donnay and Allmann
(1974), is satisfactory, each oxygen atom receiving
a sum of electrostatic bond strengths ranging from
1.84 to 2.14 valence uni ts .

Ussingite displays a marked monoclinic pseudo-
symmetry. The parameters of the pseudo-monoclinic
cell are: a^ = 72.243, bn = 7.686, cn, = 8.683 A,
ao' = 90o45', Brn = 102"4', yrr, = 90"29'. These
values can be obtained from the parameters of the
triclinic cell through the matrix (2 | O/ O I O/ 0 0 1).

2c'

o] '

Flc. 4. I'rojection along [l10] of a cell slab of thickness Al
(see Fig. 1); c 'and [10] 'are the project ions of c and [ l101 onto
the plarre normal to [110].

Tlnre, 5. Comparison of Si l icates with Interrupted
Tetrahedral Framework Structures

i l i n e r a l  c h e n i c a l  f o l n u l a  z  s P .  g r o u p  n ( f )  "

U s s i n g i t e  N a 2 A I s l t o B o E  2

a a v e n i t e  c a { s i 9 A l 2  ( B e o f f )  
2 0 2 6  

I

L e i ! i t e  N a 5 s i l 6 A 1 2  ( B e o H )  
2 o 3 9  

I  5 8 2 o  1

P t  I  E 7 5

C h c r  1  . 9 2 2

P 3 n 1  1 . 9 7 5

4 , 6 , 4

E ( 1 ) , 4  t 2 )

6 t 1 t  . 1  l 5 l  ,
5  ( 6 ) . 4  ( l )

r  s h a r i n g  c o e f f i c r e n t  { z o I t a i ,  l 9 6 o ) .  I n  f r d e w o l k  s l l i c a t e s  c  =  2 .

r r  n - m e m b e r e d  l o o p s  o f  E e t l a h e d r a  w i t h  t h e l !  r € l a t i v e  t r e q u e n c i e s  i n  P a . e n t h e -

s e s  r n  u s s i n g i t e  t h e  ! h r e e  l o o P s  o f  t e t r a h e d r a  h a v e  t h e  s a h e  f E q u e D c v _
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T\e C2/c pseudo-symmetry is particularly evident
in Figure 1. where the pseudo-monoclinic cell is out-
lined. The ordered distribution of Al and Si in the
tetrahedra T(1) and T(2) and the asymrnetric O(8)-
H . . . O(2) hydrogen bond are the main structural
features which account for triclinic symmetry. A
hypothetical monoclinic ussingite would have a dis-
ordered Al-Si distribution in the tetrahedra now
labelled Z(1) and T(2);the non-equivalent oxygen
atoms O(2) and O(8) would be equivalent and the
O-H-O bond would be symmetric, or asymmetric
with the two involved oxygen atoms acting statisti-
cally as donor and as acceptor.

Ussingite often shows lamellar twinning on (120).
This twin plane corresponds to the glide plane of the
pseudo-monoclinic cell. Twinning could be explained
on a structural basis assuming that, at the boundary
between the two individuals of the twin, the pseudo-
glide plane becomes a true glide plane, i.e., both I(l)
and T(2) are occupied by the same chemical species.
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