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Table 7. Torsion angles about C(24)-C(23) in vinbarbi-
tal and in analogous systems in other crystal structures*

Atoms in the several molecules being compared with vinbarbi-
tal are numbered according to the conventions adopted by the
respective authors. The torsion angles are defined in the same
way as shown in Fig.5.

Compound Atoms Angle

Vinbarbital C(24)-C(23) 586°

Geranylamine hydro- C(6)—C(5) 47

chloridet

Harunganin} C(26)-C(16) 60
C(31)-C(16) 51

Rubber§ C(4)—C(6) 48-7
C(H—CQ) 49-7

Oleic acid|| C(8)—C(7) 48-6
C(11)-C(12) 51-5

* This is not an exhaustive table

1 Jeffrey (1945)

I Alden, et al. (1964)

§ Nyburg (1954)

i Abrahamsson & Ryderstedt-Nahringbauer (1962)

Computer programs for the IBM 7090 used in this
work were written by Drs Busing, Martin and Levy
(full-matrix least-squares) and Johnson (thermal ellip-
soid plot) of Oak Ridge National Laboratory, and by
Dr Zalkin (Fourier) of the University of California.
These programs were modified by Dr Shiono of the
Uaiversity of Pittsburgh, who together with Dr Chu
wrote the IBM 1620 programs used in data collection
and processing. One author (C.C.) is grateful for a fel-
lowship from the Coordenagdo de Aperfeigoamento
do Pessoal de Nivel Superior (Brazil) and the Organi-
zation of the American States. This work was suppor-
ted by a grant NB-02763 from the U.S.Public Health
Service, National Institutes of Health.
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NH,LiSOg4: A Variant of the General Tridymite Structure

By W.A.DOLLASE
Geology Department, University of California, Los Angeles, California 90024, U.S.A.

(Received 26 December 1968)

The crystal structure of the pseudohexagonal form of NH4LiSO4 has been determined and refined
to an R index of 5.0% with 364 counter-diffractometer measured reflections. The space group is P2icn
with a=15.280 (2), b=9.140 (7), c=8.786 (6) A and Z=4. SO4 and LiOy tetrahedra share corners to
form a framework enclosing large cavities which contain the NH4 groups. The tetrahedral framework
differs from that of KLiSO4 (a tridymite derivative structure) by inversion of two tetrahedra in each
of the six-membered rings of tetrahedra. The inversion of these tetrahedra leads to the formation of
chains of four-membered rings of tetrahedra and modification of the shape of the large cavity, relative

to the KLiSOy4 structure.

Introduction

Ammonium lithium sulfate, NH,LiSO,, is reported
(Wyrouboff, 1890), to be polymorphous. The form
crystallizing from an aqueous solution above room

temperature is orthohombic, pseudohexagonal, and
based on its morphological cell and pseudosymmetry is
evidently related to the hexagonal compounds KLiSO,
and RbLiSO,. The crystal structure of KLiSO, (Brad-
ley, 1925) shows that it is a derivative structure of tri-
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dymite, SiO,, with LiO, and SO, tetrahedra arranged
in a tridymite-like framework, and K atoms occupying
the large cavities of the framework (this latter site is,
of course, unoccupied in tridymite itself).

The present investigation was undertaken to deter-
mine the relationship of the pseudohexagonal form of
NH,LiSO, to the KLiSOy structure, . e. its relationship
to the general tridymite structure — in order to further
understanding of this important structure type.

Crystal data and data collection

NH,LiSO, was crystallized at about 25°C from an
aqueous solution prepared from equimolar amounts of
reagent grade (NH,),SO, and Li,SO,.H,0 dissolved in
distilled water. The pseudohexagonal plates that form
are almost invariably sector twinned, the sectors being
related by a 120° rotation about the twin axis, which
is coincident with the morphologic pseudohexagonal
axis. Small crystal fragments were broken from indivi-
dual sectors in order to obtain untwinned material.
The diffraction symmetry determined from preces-
sion photographs is mmmP-cn, which allows both space
groups Pmcn and P2,cn. The cell dimensions, meas-
ured on precession photographs on which a pattern
from an NaF crystal was superimposed, are a=
5-280(2), 5=9-140(7) and c = 8-786(6) A, using the value
of 4-6342 A for the NaF cell edge (Swanson & Tatge,
1953). The estimated standard deviations, referring to
the last digit, are given in parentheses. The cell-edge
ratios then are 1:1-7311:1:6640, compared with values
of 1:1:7303:1-6679 previously determined from the
morphology (Wyrouboff, 1890). As expected, the cell
dimensions are closely related to those of hexagonal
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KLiSO, with ag~ap, by~ }/3as and cy~cp. Assuming
four formula units per unit cell, in analogy to the
KLiSO, structure, the calculated density is 1:896 g.cm=3
in agreement with the value of 1-889 measured by
Wyroboff (1890).

Although the cells are closely related, the diffrac-
tion symbol shows that NH4LiSO, cannot be a true
derivative structure of tridymite. This follows from
the safe assumption that the SO, and LiO, tetrahedra,
if linked in the structure, must alternate.* Such alter-
nation of tetrahedra in a tridymite-like arrangement
leads to all SO, tetrahedra pointing one way along the
c axis and all LiO, tetrahedra pointing in the opposite
direction (as found in KLiSO,). However, the presence
of an n glide plane normal to ¢ in NH4LiSO, is ob-
viously not consistent with this arrangement.

A crystal fragment of approximately 0-15x0-16 x
0-21 mm was selected for intensity measurements.
These were made on an equi-inclination type, single-
crystal diffractometer with Zr-filtered Mo Ka radiation.
The measurements were corrected for background and
Lp factors but not for absorption, which was considered
negligible (uR=0-06). A total of 364 independent re-
flections were measured, consisting of all available
data up to (sin )/A~0-6 A-1, Three of these reflections
were considered to be not significantly above back-
ground and assigned zero intensity.

Along with the intensity measurements a check was
made on the possible extent of twinning in the particu-
lar grain chosen. The very strong 121 reflection was

* Non-alternation would give polysulphate groups which
would have hydrolyzed in the aqueous solution from which
the compound crystallized.

Table 1. Observed and calculated structure factors
Values of 100 F, and 100 F¢ are listed.
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measured at the positions where this reflection would
occur if the grain were twinned as described above; no
measurable intensity was recorded. It can be estimated
then that no more than 0-1% of the volume of the grain
could be present in twinned orientation.

Structure determination

A three-dimensional Patterson function was calculated
and the four sulfur atoms present in the unit cell were
identified as belonging to a single position. This posi-
tion could either be the general one in P2;cr or the
position on the mirror plane in Pmcn. With the signs
for F calculated from the y and z coordinates of the
sulfur atoms, an electron-density projection onto the
centric (100) plane was computed. The oxygen atoms
of the sulphate group were found; from their locations
it could be determined that the SO, tetrahedron is not
lying on a mirror plane, thereby restricting the space
group to P2,cn. From assumed bond lengths the x co-
ordinates of the oxygen atoms were estimated and used
in first calculating three-dimensional structure factors
and subsequently a three-dimensional electron-density
map. This map revealed the locations of the N and Li
atoms. At this point full-matrix, least-squares refine-
ment was instituted.

In the calculations scattering curves for neutral atoms
were taken from the tabulation by Ibers (1962). Equal
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weights were used throughout, the quantity minimized
being X(|Fo| —|F¢[)2. On the basis of the strong aniso-
tropy indicated in a late stage difference-Fourier syn-
thesis, anisotropic thermal parameters of the oxygen
atoms were included in the refinement. The final R
index, for all reflections, is 5-0%. Observed and calcu-
lated structure factors are listed in Table 1. The posi-
tional and thermal parameters are listed in Table 2. The
dimensions and orientations of the thermal vibration
ellipsoids, derived from the thermal parameters, are
also listed.

The hydrogen atoms were not located. A difference
map computed after the refinement showed maximum
anomalies of ~0-3e.A-3. As these irregular maxima
were located near the nitrogen atom, they may repre-
sent hydrogen atoms; however attempts at including
trial hydrogen positions in the model improved neither

the overall agreement nor the appearance of the differ-

ence map and refinement tended to shift the atoms to
positions which gave highly improbable N-H distances.
It must be concluded that either the hydrogen atoms
are spatially disordered or, much more likely, the pre-
sent data are insufficiently accurate to reveal their lo-
cations.

Description of the structure

In the structure of NH,LiSO, (Fig.1), the sulfur and
lithium atoms are, as expected, tetrahedrally coordi-

Table 2. NHLiSO, positional and thermal parameters
Estimated standard deviations in parentheses.

x y z B
NH4 04912 (25) 0-2137 (7) 0-4999 (7) 1-8 (1) A2
Li 0-0084 (73) 04117 (14) 0-3234 (15) 1-5 (2)
S ot 0-0836 (2) 0-2030 (2) 0-90 (4)
(0]6)) 0-0003 (33) 0-0961 (10) 0-0384 (7) *
0Q2) 0-3323 (15) 0-4631 (7) 0-2496 (9) *
0@3) 0-2585 (15) 0-0537 (7) 02565 (9) *
04) 0-9059 (16) 0:2191 (7) 0-2705 (11) *
* Anisotropic temperature factors of the form (by1h2+- .. .2b12hk+ .. .).
1 Fixed, to define x axis origin.
b1 b2 b33 2b12 2b13 2b23
0o(1) 0-028 (3) 0:030 (2) 0-003 (1) —0-004 (4 0-001 (3) 0-003 (1)
0(2) 0:016 (3) 0-006 (1) 0-011 (1) —0-005 (1) 0-006 (2) —0-004 (1)
0@3) 0-009 (2) 0-007 (1) 0-009 (1) 0-002 (1) —0-004 (1) —0-004 (1)
04) 0-019 (3) 0:004 (1) 0-021 (2) 0-001 (1) 0-002 (2) —0-004 (1)
Ellipsoid R.m.s.
axis amplitude pal b @c
o(l) 1 020 (1) A 9 (12)° 86 (6)° 82 (13)°
2 036 (1) 95 () 8(4) 84 (2)
3 0-09 (2) 97 (13) 97 (2) 10 (9)
0(2) 1 011 (2) 44 (21) 46 (20) 88 (20)
2 0-13 (2) 122 (24) 59 24) 48 (4)
3 025 (1) 64 (4) 120 (4) 42 (4)
1076)) 1 0-10 (2) 23 (15) 87 (19) 67 (13)
2 0-13 (2) 105 (21) 35 (6) 60 (11)
3 0-23 (1) 107 (5) 125 (5) 40 (5)
0@4) 1 0-17 (1) 16 (10) 74 (10) 90 (4)
2 0-10 (2) 106 (10) 21 (8) 77 3)
3 029 (1) 86 (4 103 (3) 13 3)

I The ¢’s are the angles between the ellipsoid axes and the cell axes.
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nated, with each SO, tetrahedron sharing all of its cor-
ners with LiO, tetrahedra and vice versa. As seen in the
Figure, the NH,4LiSO, tetrahedral framework and the
tridymite framework are topologically the same in the
c-axis projection. The differences between the structures
stem from the fact that, in each six-membered ring of
tetrahedra in NH,LiSO,, three adjacent tetrahedra
point ‘up’ the ¢ axis while the other three, forming the
other half of the ring, point ‘down’. In contrast, in the
tridymite-like arrangement, adjacent tetrahedra point
in opposite directions along the ¢ axis. Thus the se-
quence of ‘up’ and ‘down’ tetrahedra in tridymite deriv-
ative structures is UDUDUD whereas in NH,LiSO,
the sequence is UUUDDD.

The successive layers of tetrahedral rings are almost
exactly eclipsed as viewed along the ¢ axis. The indi-
vidual layers are joined parallel to the ¢ axis by con-
necting tetrahedra in one layer that point down with
those in the next lower layer that point up, and so forth,
One consequence of neighboring tetrahedra pointing
the same way is the formation of four-membered rings
of tetrahedra. As seen in the Figure, these rings form
a dense double-chain of tetrahedra running along the

(a)
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a axis. In a tridymite-like arrangement, only six-mem-
bered rings are formed in this orientation.

The NH,4 groups lie approximately at the centers of
the large cavities in the tetrahedral framework. The
group is eightfold coordinated with six oxygen atoms
forming the corners of a truncated trigonal prism and
two equatorial oxygen atoms lying outside two of the
prism faces. Each of the oxygen atoms in the structure
is coordinated to one Li, one S and two NH, groups.
Interatomic distances and angles are listed in Table 3.

If the NH,LiSO, structure were transformed to a
tridymite-like arrangement by inversion of some of the
tetrahedra, the NH4~O bond lengths would remain
essentially the same but the coordination number of the
NH, group would increase to nine and O(1) would be-
come five-coordinated. This, however, assumes that the
S-O(1)~Li bond would remain nearly linear. In some of
the actual tridymite derivative structures, such as kal-
silite KA1SiO,4 (Perrotta & Smith, 1965), which is iso-
structural with KLiSO, but more accurately known,
and nepheline Na;KAl,Si,O,s (Hahn & Buerger, 1955),
the analogous 7-O-T" bond is bent away from a linear
arrangement, reducing the respective coordination

(®)

Fig.1. NH4LiSO4 polyhedral linkage. (a) View along the ¢ axis. Only one tetrahedral layer is shown. In successive layers, which
are almost exactly eclipsed in this view, a LiO4 tetrahedron pointing up is replaced by a SO4 tetrahedron pointing down, efc.
Fractional coordinates (z) of labeled atoms are NHy (heavy circle) 0-50 and (light circle) 0-00, O(1) 0-51, O(2) 0-25, O(2") 0-75,
0O(3) 0-26, O(3") 0-76, O(4) 0-27, O(4’) 0-77, Li 0-32, S 0-30. (b) b-axis view of ‘double chain’ of tetrahedra.



2302
Table 3. Bond lengths and angles
Uncorrected Corrected*
Bonds length E.s.d. length
S-0(1) 1450 A 0-007 A 1-496 A
-0(2) 1-474 0-008 1-493
-0(3) 1-469 0-008 1-490
-0@4) 1-460 0-007 1-489
Li-O(1) 1-891 0-105

-0(2) 1-889 0-036
-0(3) 1979 0-028
-0@4) 1-899 0-018

NH4-0(1) 3-139 0-019
-0(1") 3-219 0-019
-0(2) 3277 0-010
-02") 2:851 0-011
-0(3) 2-867 0:011
-0(3") 3333 0-011
-04) 2:976 0-014
-0@4") 3-290 0-013

* Assuming oxygen atoms ‘riding’ on sulfur atoms.

Bonds Angle E.s.d.

0(1)-S—0() 110-0° 0-7°

0(1)-S—0(3) 109-4 0-8

0(1)-S—04) 109-8 0:6

0(2)-S—0(3) 109-2 0-5

0(2)-S—04) 108-3 05

0(3)-S—0(4) 110-1 05

0(1)-Li-0(2) 111-9 2:0

0(1)-Li-0(3) 1113 2:0

0(1)-Li-0(4) 101-7 13

0O(2)-Li-0(3) 108-6 19

0(2)-Li-0(4) 1139 2:0

0O(3)-Li-0(4) 109-4 13

S—O(1)-Li 173-2 1:7

S—O(2)-Li 129-3 0-7

S—O(3)-Li 1289 07

S—O(4)-Li 1420 13

numbers to eight and four. The bending of the 7-0O-T"
bond angle could be interpreted as an attempt by this
oxygen atom to retain fourfold or smaller coordination.
In NH,LiSO, and in orthorhombic high tridymite (Dol-
lase, 1967) such bending is unnecessary to retain four-
fold-or-less coordination, and the respective 7-O-T"
angles are 173-24 1-7° and 178.7 £ 0-9°.

It is not evident why NH,LiSO, adopts this struc-
ture rather than forming a tridymite-derivative struc-
ture. Perhaps this is only related to a favorable disposi-
tion of N-H...O bonds. There does not, however,
seem to be any reason why this structure could not
form with spherically symmetric atoms such as Rb in
the cavities. Therefore the possibility of NH,LiSO,-like
tetrahedral arrangements should be considered for
some of the numerous compounds that appear to be
tridymite-derivative structures on the basis of their cell
dimensions and pseudosymmetry (see, e.g. Deer,
Howie & Zussman, 1963). Even more generally, such a
unit cell and (pseudo) symmetry relationship should
be considered as only suggesting (pseudo) hexagonal
layers of six-membered tetrahedral rings with succes-
sive layers joined by those tetrahedra pointing up be-
ing connected to tetrahedra in the next layer that point
down. These structural aspects would give rise to a
tridymite-like cell. The disposition of the tetrahedra in
any one of these six-membered rings is not fixed by
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these relationships. In such six-membered rings there are
only eight topologically different arrangements of tetra-
hedra that point either up or down. Any one of these
should be considered possible in unknown structures.
Besides the two demonstrated in this paper, the only
other arrangement with three tetrahedra pointing in
the same direction, namely UUDDUD, has, in fact,
been proposed (Kunze, 1954) to exist in orthorhombic
KAISiO,, although the structure has not been deter-
mined. Another of the eight possibilities, the arrange-
ment with all tetrahedra in a ring pointing in the same
direction (UUUUUU), exists in hexagonal CaAl,Si,O3
and related structures (Takéuchi & Donnay, 1959) .

Thermal motion and hond-length corrections

The observed orientations of the thermal ellipsoids
(long axes roughly normal to the S-O bonds and short
axes roughly parallel to the S-O bonds) are consistent
with a rigid-body librational motion of the sulfate
tetrahedra. Values of the S-O bond lengths corrected
for a model of oxygen atoms ‘riding on’ sulfur atoms
are included in the Table. As the magnitude of the vi-
bration is large, the corrections are significantly larger
than the formal standard deviations in the bond lengths
The vibrational ellipsoids do not indicate that such a
correlated-motion model is applicable in the case of the
weaker-bonded LiO4 and NH,O; polyhedra.

The vibrational ellipsoid of the O(1) atom deserves
a further comment. The smallest vibration amplitude
is approximately in the c-axis direction, along the
S-O(1) bond. Vibration in the ab plane, however, is
also very anisotropic and is apparently influenced by
the near non-bonded neighbors in the four-member
tetrahedral rings such that vibration of O(1) normal to
the approximate ‘plane’ of the chain-forming rings is
almost twice that parallel to the chain direction (see
Fig.1).

This research was supported by a grant from the
National Science Foundation. The computations were
carried out at the UCLA Campus Computing Network.
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