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Refinement of the Alum Structures.
I11. X-ray Study of the a Alums, K, Rb and NH4A1(SO,).. 12H,0*

By ALLEN C.LARSON AND DON T. CROMER
University of California, Los Alamos Scientific Laboratory, Los Alamos, New Mexico, U.S.A.

(Received 3 October 1966)

The structures of the « alums K, Rb and NH4AI(SO4)2.12H-0 have been refined using single-crystal
X-ray diffraction data. The x alums are disordered, some of the sulfate groups being in a reversed orienta-
tion along the threefold axis. The fraction of reversed sulfate groups apparently increases as the mono-
valent cation decreases in size. The disordered sulfate groups suggest a mechanism for the ferroelectric
transitions observed in « alums at low temperatures. Because of the disorder it was not possible to
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obtain accurate dimensiouns for the sulfate group.

Introduction

The alums are a large class of double salts having the
general formula AIBII(RO,),.12H,0 and crystallizing
in space group Pa3. All alums were thought to be
isomorphous until Lipson (1935) showed that there are
three different types, which he named «, § and y. In
the first paper of this series (Cromer, Kay & Larson,
1966) the refinement by X-ray and neutron diffraction
of the structure of CsAl(SO,),.12H,0, a # alum, was
given and the relations among the three types were
discussed. In the second paper (Cromer, Kay & Larson,
1967) a similar refinement of NaAl(SO,),.12H,0, the
only known member of the y alum class, was given.

* Work performed under the auspices of the U.S. Atomic
Energy Commission.

In the present paper we give the results of X-ray refine-
ments of the « alums KAI(SO,),.12H,0, RbAI(SO,),.
12H,0 and NH,AI(SO,),.12H,0. In the final paper
(Cromer & Kay, 1967) a detailed three-dimensional
neutron diffraction analysis of ND,AI(SO,),.12D,0
will be described.

Experimental

Crystals of K, Rb and NH, alums were grown from
water solution and ground into spheres about 0-15 mm
diameter*. Lattice constants were measured with a

* Rb alum is a good material to use for aligning a single
crystal diffractometer. The crystals are stable, easily grown and
easily ground into small spheres. With Mo radiation the 200
reflection, quite strong, occurs at 20=6-655° and can be ob-
served both at y=0° and 90° if the crystal is mounted along
the a axis.

Table 1. Crystallographic data

Number of independent

Crystal a intensities measured intensities observed*
KAI(S04):.12H,0 12:157 +0-003 A 540 252
RbAI(SO,4):.12H-0 12:243 + 0-003 547 205

NH,AI(SO4);.12H,0 12:240 + 0-003 406 239

* Fobs> 0 if (Intensity — Background)>3 (Intensity + Background)*.

Table 2. Least-squares parameters for KA1(SO,),.12H,0
Standard deviations, in parentheses, apply to the rightmost digit

Number of independent

B x 104
or B

Atom x y : (A2)  Brax 104 By3x 104 Brax 104 Biyx 104  Boyx 104
K 1 b1 3 2:6 (9)
K’ 0-485 (4) X X 2:9 (24)
Al 0 0 0 23 (4 Bu Bu 14 (10) B2 Bz
S 0-3075 (4) X X 29 (2) .38 A 3(6) B2 B2
o(1) 0-2388 (15) x X 96 (17) A B -28(32) B2 B2
o(1) 0-3729 (39) x x 6-3 (27)
0(2) 0-3105 (13) 0-2648 (14) 0-4228 (14) 71 (15) 57 (20) 31 (12) 36 (29) —4(206) 44 (24)
o2y 0-2038 (36) 0-3736 (29) 0-2901 (29) 3-2(141)
w(l) 0-0465 (7) 0-1353 (7) 0-3007 (7) 48 (9) 35(7) 25(7) 2(13) 9 (14) —5(195)
w(2) 0-0206 (7) —0-0190 (7) 0-1544 (6) 22 (8) 40 (9) 17 (7) 4 (15) 4(12) -6 (12)

k=0-301 (33)
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single-crystal orienter on a General Electric Co. XRD-5
spectrogoniometer using Mo radiation (Mo Kua,=
0-70926 A). Intensities were measured by the fixed-
crystal, fixed-counter method using Mo Ka radiation,
within the range 20<50° for K and Rb alums and
20 <45° for NH, alum. Balanced Zr-Y filters were used
for the Rb and NH, alums and only Zr for the K alum.
No absorption corrections were necessary. Pertinent
data on the lattice constants and reflections measured
are given in Table 1. The lattice constants are in good
agreement with those found by Haussiihl (1961) and
others. Least-squares refinements were by the full-
matrix method which minimized X w(F,— F;)?, where
w is the weight based on counting statistics (Evans,
1961). Form factors were taken from International
Tables for X-ray Crystallography (1952) except that the
form factor given by Cromer & Waber (1965) was used
for Rb. The real part of the anomalous dispersion cor-
rection, —0-89 electron, was added to the Rb form
factor (Cromer, 1965). Refinements generally prcce:d-
ed until 4&;/0(&;) < 1073 for all parameters £. R indices
quoted are X |AF|/X |F,| with unobserved reflections
omitted. Anisotropic temperature factors are in the
form

expl— (h2B11 + k2Boa + 12Bs3 + hkPry + hifys + kif2)] .

Refinement of the structures

Starting with the a alum parameters given by Lipson
(1935), and omitting hydrogen atoms, several isotropic
least-squares cycles reduced R to 12:3% for K alum.
Temperature factors were normal except for high
values for the sulfate oxygen atoms, B~ 13 A2 for O(1)
and B~7 A2 for O(2). High B values for these oxygen
atoms were also noted by Bacon & Gardner (1958) in
a neutron diffraction study of KCr(SO,),.12H,0. An-
isotropic thermal parameters were then given to all
atoms, and further refinement reduced R only to 10-49;.
At this point the average B for O(1) was 14-5 A2 and
for O(2), 9-2 A2. O(2) was very anisotropic, the three
r.m.s. amplitudes being 0-540, 0-235 and 0-048 A.

A difference Fourier synthesis was then calculated
and two highly significant peaks were observed (Figs. 1
and 2). These peaks were about 14 A from the sulfur
atom, one peak being on the threefold axis on the
opposite side of the sulfur atom from O(1) and the
other in a general position. These peaks made approx-
imately tetrahedral angles with the sulfur atom. The
only reasonable interpretation is that some of the sul-
fate groups are inverted along the threefold axis. If
this interpretation is correct, the inverted O(1) is only
about 27 A from the potassium atom at 341. The
potassium had an r.m.s. amplitude of 0-:25A (B=
49 A?) parallel to the threefold axis and an r.m.s.
amplitude of 0-18 A (B=2-6 A2) normal to this axis.
It seems reasonable that the anisotropy of the potas-
sium, rather than being due to thermal motion, is due
to positional disorder caused by the proximity of the
reversed O(1).

REFINEMENT OF THE ALUM STRUCTURES. III

Table 3. Observed and calculated structure factors
fOr KA](SO4)2 . 12H20

Column headings are k, 10F, and 10F.. A minus sign preceding
F, means ‘less than’.
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A least-squares refinement was then made with a
disorder parameter included. The fraction of reversed
sulfate oxygen atoms O(1)" and O(2)' was set equal to
k, the fraction of sulfate oxygen and potassium in the
normal position to (1 —k), and the fraction of potas-
sium displaced into xx x positions was set equal to /2.
The sulfur atom had not shown anisotropy so it was
assumed to be in the same position for both orienta-
tions. With all atoms anisotropic except potassium, &
had the value 0-:37 + 0-04 and R was reduced to 6-8%.
However, the thermal parameters for O(1)’ did not
remain positive definite (although by only about 0-5
s.d.). For the final refinement, the potassium and re-
versed oxygen atoms were held isotropic and the re-
maining atoms allowed to be anisotropic. This refine-
ment led to R=6-9%; with the disorder parameter k=
0-30 £ 0-03. The final parameters are given in Table 2
and the observed and calculated structure factors in
Table 3. (In the Tables and in the discussion we use

Z=0.275

XALETY T 77 / )
e nnvr L

Fig. 1. K alum. Difference Fourier map normal to the threefold
axis, after ordered anisotropic refinement. For this Fourier
map the cell was transformed to a hexagonal cell by the
matrix (1, —1,0; 0,1, —1; 1,1,1). The threefold axis is in the
center and the peaks are the reversed O(2’) atoms. The
value of z is the same as xxx of the cubic cell. The contour
interval is 0-1 e.A-3. The zero contour is dotted and the
positive contours are the heavier lines.
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the symbol W for the water oxygen atoms.) A difference
Fourier synthesis showed no significant peaks except
at approximately the positions found for hydrogen
atoms by Bacon & Gardner (1958) in their neutron
diffraction study of KCr(SO,),.12H,0.

Ordered anisotropic refinements of Rb and NH,
alums led to R=64%; and 8-99 respectively. Differ-
ence Fourier syntheses revealed disordered oxygen
peaks as in K alum, but the peaks were not nearly as
pronounced. Fig.3 shows a section of the Rb alum
difference Fourier syntheses. An NH, alum difference
Fourier synthesis was of similar appearance.

Attempts were also made to refine these structures
with a disorder parameter. The value of k tended to
be in the range 0-1 and 0-15. However, for O(1)’ and
O(2) anisotropic thermal parameters did not remain
real and isotropic thermal parameters for these frac-

X=0
Y"|/4 Y=+i/4
Z:=0 =] L - > |_ | B
o) R CYRNIRS
“y 7 B . . ’
Tt ~._- 3 S M
N o(l) TUNE A
PaNER:
V@I K\ W 77\
_ J( (HES W
_ S
ST AR

Z=1/2

Fig.2. K alum. Difference Fourier map in a plane containing
the threefold axis, after ordered anisotropic refinement. The
cell 15Athc same as defined in Fig.1. The contour interval is
0-2e A3

Atom

Table 4. Least-squares parameters for RbAI(SO,),.12H,0
Standard deviations, in parentheses, apply to the rightmost digit.

X y Zz ﬂ“XIO4 ﬂszIO“' ﬂ33X 104 ﬂ12X]04 ﬂ13x104 ﬂ23X104
Rb ¥ 1 $3 50 (2) Bu Bu 31(8) B2 B2
Al 0 0 0 25 (5) B Bn 11 (18)  Bia B2
S 0-3127 (4) x x 28 (3) B Bu —6(8) B2 B2
o(1) 0-2471 (17) x x 117 (100 B B 56 (46) 12 B2
0Q2) 0-3172 (11) 0-2639 (14) 0-4237 (10) 58 (12) 126 (20) 38 (1 64 (38) —16 (29 72 (27)
w(Q) 0-0451 (10) 0-1406 (9) 0-2975 (10) 39 (12) 30 (10) 16 (10) 1(17) —1(18) 1(19)
W(2) 0-0173 (10) —0-0148 (11) 0-1554 (7) 11 (10) 40 (12) 13 (8) 6 (24) 157 —15(20)

Table 5. Least-squares parameters for NH,AI(SO,),.12H,0
Standard deviations, in parentheses, apply to the rightmost digit.

Atom X y z B x 104 ﬁ22X104 B33 x 104 Bi2x 104 ﬁ13>(104 B23 x 104
N 1 1 b3 59(14) B Bu 2039 pu2 b2
Al 0 0 0 26 (4) Bn Bu 6(11)  pi2 b2
S 0-3090 (4) x x 27 (2) B B 11 (7) B2 B2
o(1) 0-2408 (14) X X 155 (14) 1 B —41 (35) B2 B2
0(2) 0-3142 (10) 0-2607 (11) 0-4173 (9) 83(13) 170 (18) 37 (10) 122 (29) 37 (22) 153 (24)
W) 0:0456 (8) 0-1383 (8) 0-2977 (8) 54 (10) 24 (8) 30 (9) 7 (16) 9 (16) —6 (16)
W) 0-0184 (8) —0-0169 (8) 0-1546 (7) 20 (9) 57 (11) 5(8) —-10(17 —-3(14) 8 (16)



796

Table 6. Observed and calculated structure factors
Jfor RbAI(SOy),.12H,0

Column headings are k, 10F, and 10F.. A minus sign preceding
Fo means ‘less than’.
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tional atoms either oscillated wildly or became quite
large. These fractional atoms have the approximate
scattering power of a smeared out hydrogen atom;
consequently they do not have enough effect on the
scattering for the least-squares procedure to ‘take hold’.
Nevertheless the reversed oxygen atoms were clearly
visible in difference Fourier maps for both compounds.
Water hydrogen atoms were also visible in the difference
Fourier maps, but the peaks were not of really useful
quality. The least-squares parameters for the ordered
anisotropic refinements of Rb and NH, alums are
given in Tables 4 and 5. The corresponding observed
and calculated structure factors are in Tables 6 and 7.

Table 7. Observed and calculated structure factors
Jfor NH,AI(SO,),.12H,0

Column headings are k, 10F, and 10F.. A minus sign preceding
F, means ‘less than’.
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Fig.3. Rb alum. Differcnce Fourier map after ordered aniso-
tropic refinement. The cubic unit cell is used here. The
contour interval is 0-1 e.A-3.
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Discussion

The most interesting feature in the « alums is the
presence of the disordered sulfate group. This disorder
is found in all &« alums that have been studied in suf-
ficient detail. The final difference Fourier map pub-
lished by Bacon & Gardner (1958), in their neutron
diffraction study of KCr(SOy),.12H,0, clearly shows
peaks in the positions we have found for the reversed
oxygen atoms. The disorder also accounts for the large
thermal parameters of the sulfate oxygen atoms noted
by Bacon & Gardner (1958). The o alums, with the
medium size monovalent cations, tend to be like the
y alum, in which the sulfate group is inverted, and the

1
i
|

|
?
|

D - _

Fig.4. Stereo plot of the K alum structure as viewed along [001]. The origin is at the upper left rear, and a right handed coordinate
system is used. Only two sulfate groups are plotted, one near the center and part of one near the lower right front. The K’
atoms have been omitted. Otherwise, all atoms within the range xyz from —% to # are shown. The box encloses the region
000 to #3%. Symbols used are: Potassium, K. Aluminum, A. Sulfur, S. Hydrogen, H. Water(1), W. Water(2), X. Oxygen(1), T.

Oxygen(2),

0.

ND4AI(SO4).12D,0 (Cromer & Kay, 1967).

M=K
Al-6 W (2) 1-908 (8) A
M-6W(1) 2-983 (9)
M’-0(1y 298 (12)
M’-3W(1) 2:92 (2)
M’-3W (1) 3-08 (3)

Sulfate group

S-0(1)
S-30(2)
S-0(1)
S-30(2)

Oxygen(1)’, Y. Oxygen(2)’, P. Hydrogen atom positions are taken from the neutron refinement of

Table 8. Interatomic distances and angles in « alums, MAI(SO,),.12H,0
Standard deviations, in parentheses, apply to the rightmost digit.

1-447 (29)
1-495 (14)
1-377 (79)
1-510 (40)

Hydrogen bonds

o) -3 (1)
0(2) -w(1)
0Q2y-W(1)
0Q2) -W(2)
0Q2y-W(2)
W()-w(Q)

2:759 (20)
2-726 (16)
2-821 (36)
2-563 (16)
2-721 (36)
2:604 (13)

M=Rb
1923 (9) A
3-068 (12)

1-392 (36)
1-485 (12)

2-864 (27)
2-730 (15)

2:553 (18)
2-600 (17)

M=NH4
1-916 (8) A
3-051 (10)

1447 (29)
1-453 (10)

2-787 (20)
2:759 (14)

2:565 (16)
2:605 (14)

M=K M=Rb M=NH,
< WQ2)-Al-W() 90-4 (4)° 90-3 (5)° 90-2 (4)°
< W(Q2)-Al-W(2) 896 (4) 89-7 (5) 89-8 (4)
< W(1)-M-W(Q1) 1051 (2) 114-1 (2) 113-8 (2)
< W({)-M-W() 74-9 (2) 659 (2) 662 (2)
< O(1) -S-0(2) 110-8 (8) 108-5 (8) 108-4 (7)
<0(2) -S-0(2) 1181 (9) 110-4 (7) 110-5 (7)
< O(1)’-S-0(2)y 104-8 (16)
< 0(2)'-S-0(2) 113-7 (13)
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fraction of reversed sulfate groups evidently tends to
increase as the cation becomes smaller.

Fig.4 is a stereo drawing of a portion of the K alum
structure. The disorder can be described by reflecting
the sulfate group through a mirror normal to the three-
fold axis and passing through the sulfur atom, followed
by a rotation of 17-7°. The two positions for the oxygen
atom O(2) are only 0-98 A apart and their peaks are
not completely resolved in a Fourier synthesis. Fig.5
shows a section of the observed three-dimensional

REFINEMENT OF THE ALUM STRUCTURES. 111

Fourier synthesis; the elongated oxygen peak is to be
noted. The appearance of this peak is consistent with
the final anisotropic thermal parameters. The reversed
oxygen atom O(2)’ can form hydrogen bonds with the
same sets of hydrogen atoms as the normal oxygen
O(2). The reversed oxygen atom O(1)" does not form
any hydrogen bonds, but it is close to the potassium
atom. The O(1)-K distance would be 2-68 A if the
potassium were not disordered. However, if there are
indeed k/2 potassium atoms, K’, in an xx.x position

Table 9. Thermal ellipsoids in KAl(SOy,),.12H,0

Standard deviations, in parentheses, apply to the rightmost digit.

Direction angles relative to crystal axes

a B Y
54-7° 54-7° 54-7°
547 547 547
54-7 547 547
43 (24) 50 (19) 77 (16)

130 (25) 56 (20) 58 (17)
78 (13) 122 (12) 35 (14)
11 (15) 88 (26) 79 (16)
90 (28) 13 (34) 103 (34)

101 (15) 78 (34) 17 (28)
22 (50) 96 (24) 69 (52)
84 (24) 6 (23) 90 (16)
111 (52) 88 (16) 21 (52)

Table 10. Thermal ellipsoids in RbAI(SO,),.12H,0

Standard deviations, in parentheses, apply to the rightmost digit.

rms.
amplitude B;
Al 017 (2 A 22 (6) A2
011 (2) 1-0 (3)
0-11 (2) 1-0 (3)
S 0-15 (2) 19 (4)
0-15 (2) 1-7 (2)
0-15 (1) 1-7 (2)
o(1) 0-23 (6) 4-0 (22)
0-29 (3) 65 (14)
0:29 (3) 6'5 (14)
0(2) 0-25 (3) 5.1 (13)
0-21 (3) 3-4 (10)
0-11 (4) 1:0 (7)
w() 0-19 (2) 2:9 (5)
0-16 (2) 2:1 (5)
0-13 (2) 1-4 (5)
W) 0-13 (2) 1-3 (5)
0-17 (2) 24 (5)
0-11 (2) 1:0 (4)
r.m.s.
Amplitude B;
Rb 025 (1) A 49 (5 A
0-16 (1) 2:1(2)
0-16 (1) 2:1 (2)
Al 0-16 (4) 2-1 (11)
0-12 (3) 1-2 (6)
0-12 (3) 1-2 (6)
S 0-13 (3) 1-4 (5)
0-15 (1) 19 (3)
0-15 (1) 1-9 (3)
o(l) 0-36 (5) 10-4 (30)
0-26 (3) 5-3 (13)
0-26 (3) 5-3 (13)
0(2) 0-21 (3) 3-5(9)
033 (3) 8:8 (14)
0-11 (4) 0-9 (8)
w(l) 0-17 (2) 2:3(7)
0-15 (3) 1-8 (6)
0-11 (3) 1-0 (6)
w(2) 0-05 (8) 0-2 (6)
0-18 (3) 2:5(7)
0-12 (3) 1:2 (6)

Direction angles relative to crystal axes

o« B Y
547° 54-7° 547°
54-7 457 547
547 547 547
547 547 54-7
33 (15) 96 (9) 122 (15)
73 (10) 24 (6) 74 (7)
63 (13) 113 (6) 37 (13)

4 (52) 86 (52) 90 (22)
94 (52) 5 (50) 87 (40)
89 (21) 93 (39) 3 (40)
44 (25) 101 (17) 132 (24)
88 (25) 14 (18) 104 (20)
46 (26) 81 (26) 46 (27)
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with x=0-485, the O(1)-K' distance is 2-98 A, a value
in good agreement with the K-W (1) distance of 2:98 A.
The minimum K’-W(1) distance of 2:92 A does not
seem unduly short.

The reversal of some of the sulfate groups does not
appear to perturb any atoms in the structure other than
the potassium. The thermal parameters of the sulfur
atoms or the water oxygen atoms are not sufficiently
extreme to suggest positional disorder. Nevertheless a
small variation of the sulfur position does not seem
unreasonable and therefore it is probably not meaning-
ful to correct bond lengths for thermal motion.

As in the other alums the octahedron of water oxy-
gen atoms about the aluminum is quite regular. The
six W(1) atoms about the potassium are arranged in a
trigonal antiprism, compressed along the threefold axis,
and when this group is in contact with a reversed sul-

Z20.05

Xs-1/4
Ye-\V4/ 77T LT 7T A4
_.//////o(zr

[ 27
p L[ AL L TP S

,.l' £
(7 1L LT T 777 200 \'

y=/4

Fig.5. K alum. Observed Fourier map normal to the threefold
axisAThe cell is defined as in Fig.1. Contour interval is
1e. A3
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fate group the potassium atom is pushed off center and
the antiprism is capped on one end with an O(1)" atom.

The various interatomic distances are given in Ta-
ble 8. Corresponding distances are in good agreement
with each other and with the other alums. There is con-
siderable variation in the S-O distances but because
of the disorder and resulting fractional atoms with
large thermal parameters the standard deviations of
these distances are relatively large. The hydrogen bond-
ing is the same as in the other alum types. The hydro-
gen atoms of water(1l), which is associated with the
monovalent cation, link O(1) of one sulfate group with
O(2) of another sulfate group. The hydrogen atoms of
water(2), associated with the trivalent cation, form
hydrogen bonds with water(1) and with an O(2) atom.

The anisotropic thermal parameters were transformed
to obtain the thermal ellipsoid parameters given in
Tables 9, 10 and 11. Except for the orientation of the
major axis of O(1) in Rb alum the ellipsoids for the
three compounds are in reasonable agreement. The
apparent motions of O(1) and O(2) are, of course, less
in K alum because of the different refinement model.

A number of « alums have been reported to be ferro-
electric at low temperature (Pepinsky, Jona & Shirane,
1956). Ray & Ray (1965) have studied KCr(SO,),.
12H,0 by X-ray diffraction and report that at 192-:5°K
some powder lines appear that are extinct in space
group Pa3. From single-crystal studies they deduce
that the cubic cell undergoes a slight distortion and
becomes rhombohedral with a ~ 12:2 A and a=288°.
It is quite possible that at this temperature the sulfate
groups order so that they all point the same way and
the cubic [111] direction becomes the polar axis.

Table 11. Thermal ellipsoids in NH4A1(SO,),. 12H,0
Standard deviations, in parentheses, apply to rightmost digit.

r.m.s.
Amplitude By
N 024 (MHA 4-7 (26) A
0-19 (4) 2:9 (14)
0-19 (4) 2:9 (14)
Al 0-16 (3) 19 (7
0-13 (2) 1-4 (4)
0-13 (2) 1-4 (4)
S 017 (2) 2:3(5)
0-13 (1) 1-3 (2)
0-13 (1) 1:3(2)
o(l) 0-29 (5) 68 (21)
0-36 (2) 10-5 (15)
0-36 (2) 10-5 (15)
o) 0-21 (2) 3-4 (8)
0-42 (2) 13:9 (14)
003 (12) 0-1 (6)
w(Q) 0-20 (2) 33 (6)
013 (3) 1:3 (6)
0-15 (2) 1-9 (6)
W) 0:12 (3) 141 (5
0-21 (2) 3-5(6)
0-06 (5) 0-3 (5)

AC22-4

Direction angles relative to crystal axes

a B Y
54-7° 54-7° 54-7°
54-7 54-7 54-7
54-7 547 547
54-7 54-7 54-7
25 (6) 107 (5) 107 (9)
67 (4) 33(3) 68 (3)
82 (9) 117 (4) 28 (6)
12 (16) 84 (15) 80 (19)
99 (14) 26 (47) 66 (47)
97 (21) 115 (48) 26 (45)

9317 82 (12) 94 (27)
98 (12) 9(12) 86 (8)
86 (27) 94 (9) 6(19)
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All calculations were performed on an IBM 7094
using codes written by Larson, Roof & Cromer (1963,
1964, 1965). The figures were drawn by an SC-4020
microfilm plotter. Fig.4 was produced by a code re-
cently developed by Larson (1966).
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Refinement of the Alum Structures
IV. Neutron Diffraction Study of Deuterated Ammonium Alum,
ND,AI(SO4):.12D,0, an a Alum*
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The structure of deuterated ammonium alum, ND4AI(SO4),.12D,0, an « alum, has been refined with
the use of three-dimensional neutron diffraction data. The presence of sulfate group disorder, as found
from the X-ray study of « alums, is confirmed. There is no evidence for water molecule disorder. The
ammonium ion attains average centric symmetry by randomly choosing either of two orientations.

Introduction

Deuterated ammonium alum, ND,Al(SO,),.12D,0,
was selected as an « alum to study by neutron diffrac-
tion for several reasons. The hydrogen atoms in the
water molecules of an « alum could thus be located accur-
ately and the nature of the disorder of the ammonium
ion, which must exist if the space group is Pa3, could
also be determined. The ammonium ion can attain the
necessary average centric symmetry by freely rotating
or by randomly assuming either of two orientations.
It was also of interest to verify, by a different technique,
the sulfate group disorder found in the X-ray study
of the o alums (Larson & Cromer, 1967) and to deter-
mine whether any water molecule disorder is coupled
with the sulfate group disorder.

* Work performed under the auspices of the U.S. Atomic
Energy Commission.

Experimental

(ND,),SO4 and anhydrous Al;(SO,);, in equimolar
amounts, were dissolved in D,0. Crystals suspended
on fine wires were grown by evaporation of the solvent
in a closed desiccator. An octahedron, about 6 mm on
an edge and with small {100} and {110} forms devel-
oped, was selected, and was briefly immersed in liquid
nitrogen in order to reduce the effects of extinction.
Intensities of 759 independent reflections with 26 <90°
were measured by step scanning using a neutron wave-
length of 1-063 A. There were 490 reflections observed
according to the criterion (/— Background) >2-5 (/+
Background)*. No corrections for absorption or ex-
tinction were made. Subsequent comparison of ob-
served and calculated structure factors showed that
extinction effects were not serious. The lattice constant
was found to be 12:243 +0-001 A from an X-ray pow-
der photograph (4 Cr Ko;=2-28962 A). The lattice



