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meters. We believe that where there are two solutions
possible, it is preferable to choose the more general
case, i.e. the noncentric interpretation.
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The Crystal Structure of NaCl.53NH; and NaBr . 57NH;
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The crystal structures of NaCl. 5:NH3 and NaBr . 54NHj have been determined from single-crystal
X-ray data, collected in a low-temperature Weissenberg camera with Cu K radiation. Both compounds
are trigonal, space group R3, with 21 formula units in a hexagonal cell for which the measured dimen-

sions are:

NaCl . 54NH3: a=23-67, ¢=925 A (t=—58 °C) ;
NaBr . 54NH;: a=24-34, ¢=9-46 A (1= —35 °C).

The ammonia molecules and halide ions together form a roughly cubic close-packed arrangement, the
sodium ions occupying certain of the octahedral interstices, so that only ammonia molecules are
closest neighbours. The octahedra, which enclose some of the sodium ions, share two corners with
adjacent octahedra; in this case the effective coordination of the sodium is only fivefold, the sixth

ammonia molecule lying at a greater distance.

Introduction

The present investigation forms part of a series of
structure determinations of some ammines formed
with salts of the alkali metals and ammonium. The

structures of NH,.3NH; (X=Cl, Br, I) and
NH,I . 4NH,; have been reported earlier (Olovsson,
1960 a, b)

In the systems NaX-NH; (X=F, Cl, Br, I) the fol-
lowing compounds have been reported : NaCl . 2:5NH;
(Friedrichs, 1921), NaCl. 5NH; (Joannis, 1891; Biltz
& Hansen, 1923; Biltz, 1923; Patscheke, 1933),
NaBr . 5-25NH; and NaBr . 5-75NH; (Biltz & Hansen,
1923; Biltz, 1923), Nal . 4NH; (Picon, 1919; Leonard,
Lippincott, Nelson & Sellers, 1955), Nal . 4:5NH; and
Nal . 6NH; (Biltz & Hansen, 1923; Biltz, 1923). A
phase with the composition NaCl . 2:5NH; does not
exist according to later investigations (Biltz & Hansen,
1923). The phase reported as Nal.4NH; has the
composition Nal . 4-5NH; according to Biltz & Han-
sen (1923). The structures of the ammines of sodium

ACI18—4*

iodide are currently being investigated in this labora-
tory.

In this paper the structures of the compounds
formulated above as NaCl . 5NH; and NaBr . 5:25NH;
are reported. The X-ray crystallographic investigation
shows that these compounds are isomorphous and
have the exact composition NaCl.51NH; and
NaBr. 51NH;, respectively. This point is further
discussed below. For covenience these compounds
are called ‘pentammines’ in the following text,
although it should be kept in mind that this design-
ation is not altogether adequate.

Experimental

The solubility curve of sodium chloride in ammonia
is shown in Fig. 1. The values were taken from the
work by Patscheke (1933) (cf. also Patscheke & Tanne,
1935), but the results of Guyer, Bieler & Schmid
(1934) and Distanov (1938) are very similar. The
curves give the composition of the solution in equili-
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brium with ‘pentammine’ (lower curve) and with
ammonia-free sodium chloride (upper curve), respect-
ively. Thus the ‘pentammine’ decomposes at temper-
atures above —9-5°C into pure sodium chloride and
a solution of sodium chloride in ammonia. As shown
in the figure, the maximum solubility of sodium
chloride is 15-37 wt.% NaCl (18-90 moles NHj/mole
NaCl) at the transformation temperature —9-5°C. The
corresponding solubility curve for sodium bromide
in ammonia is analogous. Sodium bromide is, however,
considerably more soluble; the maximum solubility is
about 54-5 wt.%; NaBr (about 505 moles NH;s/mole
NaBr) at +13°C (Distanov, 1938). At this point the
saturated solution evidently has a composition very
close to that of the solid phase NaBr. 51NHj; (5-143
moles NH;/mol NaBr).

It is obviously not possible to grow single crystals
of NaCl. 51NH; in the ordinary way from a liquid
of the same composition. The crystals of the ‘pentam-
mine’ would have to be formed by reaction between
solid sodium chloride and ammonia-sodium chloride
solution by cooling to a temperature below —9-5°C.
To obtain single crystals this way seems rather diffi-
cult. It was therefore decided to grow the crystals
from a homogeneous liquid containing as much sodium
chloride as possible (maximum 15-37 wt.%; NaCl at
—9:5°C, as stated above); the details of the procedure
are described in the following section.

Glass capillaries were made by drawing out one
end of a thin-walled glass tube (diameter about 2 mm)
to a diameter of 0-1 to 0-2 mm and a wall thickness of
0-01 to 0-02 mm. Sodium chloride was weighed into
the capillary and carefully dried ammonia was con-
densed over it. Reweighing, after sealing the capillary
with a micro-flame, gave the amount of ammonia
present. This amount was adjusted to a percentage
by weight of sodium chloride somewhat greater than
15-37 in a series of preparations. The capillary was
then kept for some time at about —10°C to allow as

°C
+40
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L+NaCl

L+NaCl'51/7NH3
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0 2 4 6 8 10 12 14 16wt°/,NaCl

Fig. 1. The solubility curve of sodium chloride in ammonia
(values taken from the work by Patscheke, 1933).
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much sodium chloride as possible to dissolve, the
small excess of sodium chloride then being transferred
to the rear end of the capillary. Single crystals were
grown from this saturated solution in the Weissenberg
camera by blowing a cooled stream of gas parallel to
the capillary axis and following the growth with a
polarizing microscope. The details of the low-temper-
ature apparatus were described in an earlier paper
(Olovsson, 1960c). The bromide was prepared by an
analogous method, but it was considerably easier to
grow single crystals of the bromide than of the chloride.
The crystals of the bromide compound grew prefer-
ably with their ¢ axes parallel to the capillary axis.
If the pentammine of the chloride has an extended
range of homogeneity, the crystals formed by the
above procedure may not attain the ideal composition
of NaCl. 5INH; but may instead have a (small)
excess of ammonia. If this is the case the cell dimen-
sions and other properties will be affected to a cer-
tain extent. Experience obtained from related systems
indicates, however, that solid solutions probably do
not exist, or at least only to a very limited extent. In
the case of the bromide the problem posed by solid
solution formation does not arise in practice since
the crystals may be grown from a solution of the ideal
composition. During the crystal growth good agree-
ment was observed with the earlier determined melt-
ing points.

Equi-inclination Weissenberg photographs were
taken of the chloride at —58°C and of the bromide
at —35°C with Cu K radiation. With [001] as the
rotation axis layers 0</<6 were collected for the
chloride and 0</<8 for the bromide. The relative
intensities were estimated visually with the use of
the multiple-film technique (five films), the intensities
being compared with a calibrated scale. The intensity
range was 1 to 9000. The data were corrected for the
Lorentz and polarization effects. The radii and absorp-
tion coefficients of the cylindrical crystals used were:

NaCl . 51NH;: r=0-010 cm, =377 cm™!
NaBr . 53NHj;: r=0-008 cm, y=657 cm™1.

In addition, rotation photographs were taken of a
single crystal of the chloride at —94°, —133° and
—190°C, but no changes in structure were indicated
in these photographs.

Unit cell and space group

The data showed the diffraction symmetry to be that
of the trigonal Laue group 3. On referring the crystal
to hexagonal axes all reflexions missing for which
—h+k+1#3n indicating a rhombohedral lattice
(with the rhombohedral axes in the ‘obverse’ orient-
ation relative to the corresponding hexagonal axes;
¢f. International Tables for X-ray Crystallography,
1952, p. 20). These results suggest the space groups
R3 or R3. As shown in the next section, the structure
is satisfactorily described by R3 (C%;) and the subse-
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quent refinement of the structure using this space
group gave good agreement with the intensity data
indicating the suitability of this choice. The crystals
are here consistently referred to hexagonal axes and
the general 18-fold equivalent positions in R3 are as
follows:

(0’ 0’ 0; %’ %’ %'; %’ %’ %)+(x$ .y’ z); ('f’ .y-’ 2);
(Jj’ xX=), Z);
(ya y—x, Z-); (y_x’ X, Z); (x—y9 X 2) .
The unit-cell parameters as determined from rota-

tion and quartz-calibrated zero-layer Weissenberg
photographs are:

NaCl . 5:NH;: a=23-665+0-010, c=9-253 +
0:020 A (1= —58°C)
NaBr . 51NH;: a=24-343 + 0-015, c=9-462 +
0:020 A. (r=—35°C)

(@=4913A for a-quartz (1=20°C); A Cu Ko =
1-54051 A, A Cu Ko, =1-54433 A). The uncertainties in
the cell dlmensmns given above are not standard
deviations but correspond to estimated maximum
errors.

The density of the bromide was estimated from the
volume and weight of a completely homogeneous
crystal contained in a cylindrical capillary of uniform
thickness; the volume was measured microscopically
and the weight was given by the preparative technique.
The observed density was: NaBr.5INH;: dons=
1.37 g.cm—3. In view of the symmetry the number of
formula units in the hexagonal unit cell must be a
multiple of three; with 21 formula units deaic is 1:36
g.cm™3 for the bromide and 1-13 for the chloride. The
weighted mean of the densities of the sodium halide
and solid ammonia is 1-22 for the bromide and 1-04
for the chloride.

Determination of the atomic coordinates

The positions of the halogen atoms were determined by
comparison between the peaks in three-dimensional
Patterson syntheses for the chloride and bromide.
Subsequent interpretation was based on the space
group R3. Here the general ninefold posnions (in
the hexagonal unit cell) are: (0,0,0; %4, %,%; 2,1, 1)+
e, ¥ 2); (J, x=y,2); (y—x, %, 2). The only special
positions are threefold and of the form (0, 0, z). With
21 halogen atoms per unit cell the only practical pos-
sibility is to locate two independent atoms in general
positions (xi, y1, z;) and (x,, y», z,) and one atom in
a special position (0, 0, z;). The z coordinate of one
atom is arbitrary and z; was set equal to zero. The
only possible atomic coordinates for the other halogen
atoms, consistent with the Patterson maps, were found
to be approximately x;=0-09, y,=0-45, z;=0 and
x,=—009, y,=—045, z,=0. Clearly these atomic
positions are equally consistent with the centrosym-
metric space group R3. It is noteworthy that an inde-
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pendent interpretation of the Patterson maps starting
with R3 led to the same coordinates. From three-
dimensional F, syntheses based on these halogen po-
sitions, the coordinates of the sodium and nitrogen
atoms were then determined. Since satlsfactory coor-
dinates for these atoms were obtained assuming the
space group R3 and the subsequent refinements pro-
ceeded successfully, the space group R3 is considered
to be the appropriate one. In the structure thus ob-
tained the halogen and sodium atoms are each located
in one general 18-fold and one special threefold posi-
tion and the nitrogen atoms (21 x5} atoms=108
atoms) in six 18-fold positions.

The preliminary atomic coordinates were first
improved in a series of three-dimensional electron
density calculations and then further refined by the
method of least squares. The least-squares treatment
also involved refinement of individual isotropic tem-
perature factors and inter-layer scale factors.

The Fourier calculations were made on the computer
FACIT EDB with programs (designated STRIX and
PROFFS) written by Liminga & Olovsson (1964).
The electron-density maxima were located with a
program (LOKE) written by Lundberg & Olovsson.

The first series of least-squares calculations (about
20 cycles) was performed on FACIT EDB with a
program (SFLS) written by Brindén & Asbrink (to
be published). A block-diagonal approximation is
used in this program to minimize the function
Zw(|Fol —|Fel)2. The weighting scheme used was that
due to Cruickshank, Pilling, Bujosa, Lovell & Truter
(1961). In this w=1/(a+|Fo|+c|F,}?) , where the con-
stants @ and ¢ were chosen as follows: a=2. |F,, min|
and ¢=2/|F,, max|. Reflexions too weak to be observed
were given zero weight. Orthorhombic symmetry is
the highest symmetry that this program can handle cor-
rectly. Structures of higher symmetry can be refined if
they are treated as having lower symmetry, which
necessitates the inclusion of more than the independent
data. The standard deviations obtained are then
incorrect. In the present case the least-squares refine-
ments were performed for the structure described in
terms of the corresponding monoclinic symmetry.

Finally five cycles of least-squares calculations were
performed with a full matrix program, ORFLS, writ-
ten by Busing, Martin & Levy (1962). The same weight-
ing scheme as above was used. The shifts in the atomic
positions in the final cycles were less than one tenth
of the standard deviation for the coordinate in
question. The ‘discrepancy indices’ at this point were:

For the chloride:

Ry =Z||Fo| — | Fell/Z| Fo| =0-093

Ry=[Zw(|Fo| — | Fel)2/ Zw|Fol]*=0-125
For the bromide:

R;=0-067, R,=0-089 .

The atomic parameters together with the standard
deviations after the final least-squares refinement are
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listed in Table 1.* The observed and calculated struct-
ure factors at this stage are compared in Table 2. The
number of reflexions recorded was 756 for the chloride
and 1985 for the bromide. Distances and angles
together with their standard deviations were calculated
using the program ORFFE (Busing, Martin & Levy,
1964). The standard errors of the distances and angles
were then computed from the errors of the atomic
coordinates obtained in the form of a variance-
covariance matrix at the final least-squares cycle
using ORFLS. The errors of the cell parameters were
also included in these calculations.

The atomic scattering factors used in the above
calculations were those given for N°, Na*, Cl- and

Table 1. Atomic parameters and standard deviations

NaCl . 51NH;

NaBr . 5}NH;

X(1) x=0-0947(9) + 0-0001(7) 0-09470 + 0-00003
y=0-4461(1) £ 0-0002(0) 0-44645 + 0-00003
z=0-9948(2) + 0-0005(0) 0-99502 + 0-:00007
B=1-93+0-09 3:54+0-03

X(2) x=0 0
y=0 0
z=0 0
B=2:19+0-20 3:44+0-04

Na(1) x=04376(5) + 0-0002(6) 0-4380(5) + 0-0001(4)
y=0-1320(1) + 0-0003(2) 0-1311(5) £0-0001(8)
z=0-1526(7) + 0-0007(4) 0-1507(0) + 0-0002(9)
B=158+0-13 3-71£0-06

Na(2) x=0 0
y=0 0
z=0-50 0-50
B=1-47+0-26 3:93+0-14

N(1) x=0-2551(4) + 0-0006(4) 0-2557(2) £ 0-0003(1)
y=0-4742(4) + 0-0006(8) 0-4711(2) + 0-0003(1)
2=0-0429(8) + 0-0015(4) 0-0297(6) +0-0007(7)
B=2:91+0-28 4:26+0-12

N(2) x=0-3363(5) + 0-0006(3) 0:3379(2) + 0-0003(2)
y=0-0513(2) + 0-0006(3) 0:0524(6) + 0-0003(1)
z=0-0292(0) - 0-0015(4) 0-0216(2) +0-0007(6)
B=2-95+0-31 4:48+0-13

N(@3) x=0-4817(5) + 0-0006(3) 0-4807(6) + 0-0002(8)
y=0-0715(6) & 0-0006(3) 0-0721(3) + 0-0002(8)
z=00157(8) + 0-0015(8) 0-0103(4) £ 0-0008(0)
B=2-80+0-31 4-10+0-13

N(@4) x=0-3025(8) + 0-0006(9) 0-3000(4) £ 0-0003(3)
y=0-1915(1) + 0-0006(6) 0-1894(3) + 0-0003(3)
z=0-0051(7) +0-0016(7) 0-0081(5) + 0-0007(9)
B=3-75+0-35 4-64+0-14

N(5) x=0-2366(7) +£0-0007(2) 0-2373(9) £+ 0-0003(0)
y=0-6099(6) + 0-0007(5) 0-6118(0) + 0-0003(0)
z=0-9829(4) + 0-0018(5) 0-9922(5) +0-0007(3)
B=4-13+0-38 4-19+0-13

N(6) x=0-1432(1) + 0-0006(7) 0-1433(2) +0-:0003(1)
y=0-1696(2) + 0-0006(1) 0-1681(2) +0-0003(1)
2=0-9941(0) +£0-0016(1) 0-0003(0) +0-0007(4)
B=3-23+0-32 4-33+0-13

* It is noticeable that the temperature factors for the
bromide are considerably higher than those for the chloride,
more than expected for the difference in temperature. As the
slightly stronger absorption in the bromide contributes in
the opposite direction the effect is evidently due to other
factors (e.g. disorder).

Br— in International Tables for X-ray Crystallography
(1962, p. 202 and 206), based on wave functions ob-
tained by the method of the self-consistent field. Hy-
drogen atoms were not included in the calculations.

Description of the structure

The structure can perhaps be most easily described
with reference to Fig. 2. Both the ammonia molecules

f6CI00.000
SO (X))
S 5 @é—%)@

b =
2

Z= 2/3 —a
(c)

Fig. 2. The crystal structure of NaBr . 51NHj3. The ammonia
molecules and halide ions are approximately located in
three separate layers parallel to (001) with the z coordinates
0, 1 and % as shown in (a), (b) and (c¢). The sodium ions
are situated above and below these layers in some of the

octahedral interstices. The nitrogen atoms have been num-
bered as in Table 1.
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Table 2. Observed and calculated structure factors
F, and F; are } of absolute scale. Unobserved reflexions are marked with an asterisk.

NaCl . 51NH;
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Table 2 (cont.)

NaBr . 5}NH;3

¥

Fe

%

00 = =10 1 O N0 N — = NG 1@ — O 1) O)T 1 = 0).2 NN QYA OYNE® = 00 N O)S 017,00 ~ @ O, =T = =~ 1N G, 0, MM O \0 00 1 ) e 01y

NRMN NG M MNNG QG070 NG G0 =@ = N QMA@ MY NG = - 1, 0D O NN NN N0, 1T 00 1| N oD g > e N
R R R IR SR I OO NN R 17,00 NO@ A =m0 O MO N® — — NS0 0@ O O A S L A AN RR AN AN AL 1RGN A NN AnUnANRNaAnN
LerAe RSN g ~mMiacNT A S it T 032238h65750885010|05b309h60b29738589363|8 09&65!6597090h20125&8655035&57|28|307632b3 SmrRNgw g ol
<TFR o8 osre 25 SVINgIILOTNATRRURFFLDIVISNTRLIR 20T Z2RTURARSS 28IRE
Ty * &

JJ&JJJSJhJJ&JddSﬁéJﬂ&J&&279SOSSSS|367&58273711&7111&10739|Ju790595&JI&§JJJJ$JJJJJJ0HZJSO!SJSOBI!9907!653b675hm73703 hemomaa e
55706206835626659555!52u739055\9h|9L6707L&6909h07|669526h209&857968&15912&7L06L|7|251165|S|98bb230h6353813857736l08 N O BB
QeFReas ene CI e Eg N T R I RN RS SR I N DN I T RARK T AT ER MY AR TRREANR =TS CZORNERORRS P vy 40
N N N O O N N O N N N O N O N N N N - menmemmm

73Jdﬁ979k|B381908066636205]75!7657LB13957712956590&3796&&J806372JhJllJJJJJﬁd&J&JSGJ&&Z?JJ&J&JJhh3h2J&0ﬁ7572A3J0 0000 O\ N T VO T
TRIMNODV ORI Y NO QM@ - b80k636MMJ92127527h72699103&36233863576&32b8h19705538|0k733376621070331k01391h35037696229k332
= N=G~ ~AN—NNT ~—-—wnoo FTmo~—— ~er~ Tam RRETRATRART oA "M raa fnm =mlh RT O NO- = N~
s . 3 - * %%
296J566|260&6h3067629b538917391hlh66355h7|339k 56668559JJD96JJJ66$907HJJJJ&&JSL&J&&&23353&2J2h677h9h0725369ﬁJJ
3863522665&7063685602&63385&013286060856925316&8622865“h565k69&570206&50l07532659|Il69h26521692676053696&666356 OG0B0 MG AN D =
RN R RYRZ = Y emTanaraam T e mnv o ANR=E= e PN SENIETAIAR Coa-mIINS —_— P = PArt =i Hae)

NN N O N N N N NN N O N NN N NN N N NN NN NN NN NN N NN N NN N NN N NN NNNNNNNNNNNNNN N

NN N O N NN NN NN N N N N N N N NN NN NN NN NN NNNNNNNNNNNNNNNNNNNNNNNNNNNNN NN

sr333 ~ 00000 m——m—— — NN NN MM an
||||||| A e e R R R R R R D D R D R R R R R NN NN AR R NRNN AN NN NNNRR
N DN MO NS NN AONTOANDY MO~ TRNN DML CEANRO MO T @ NN T ZO Y.
P N A A i A A SHias et S A R - A frieer-Set o
v O vy v OO AR I B 00N
NTONSE SO NS MR M ANOMONNO NN O T IRR NN R NSRRI R R QNI LT LNNANNT
......h...h....h...h.....h.hh..h..h& =a D ND D W Ko £ NS PAT AG MEG T MO G
PRSNG[N P0G MmC@NT AN MO TT ~ QN e V@R SO O GARR 2 MR T TR AN FRGARAERTIRT AR TR TR - T I N TR oo s N

065k|755|kIOA36|8732390h&JJJJ$§785JJJJJJ..... N7 OYNG OO
F SRR O SN SR N R S = SN RR RO B
LN NOOJADNADDDMNT SO0 20 CGI OO OMOO T O R ReIgon

O=~0000000O000000~
CRLINRRARRRNARNFIINNNN NN VNN NN NAAAAnm

~z
K

NOre o =)
== VN
D)

ouNgo~T
o O] v

e on N DN NN MO DO AN TWO 1 O DNIND NG =T =D
DEOVNIEI O PYRRT2TIN TETEVT SORRRTIIS
O )

Qw-lc.;nl#n.I‘anU-ﬂwk-‘nbnlclﬂs-sén:é |awawvanulw~I- -O.,D-Q"B.Juc.lcﬂuO-B.I-‘OJhw.l.“anU-lﬂln an-.l-I/Quu.D.Ja-l.logeolﬂ-O-J.\ugqlldka O=— IO NM—ANARMNONO MO NNVD ~ T ~OVNNNDNNOMOVINOOIMI—=NOWVT 9:)55
© D Tyere (D A LA N N0 DAOND D Or o 1 st 1 OV 4T £ P (3 LD D e DD ~Pe =@ = NP~ D0TF O~ NOFNT T NOD N —NO N =N T ND —3 00 LZZL..L..hh..........h.h....h.h........h...L.
2D RATTIVARNIARTRE RN N NN PO T T ® SN~ — RO T O~ NG LRI RO IORAS AT R VRGAT 2D IECDIRIRIIZITVEET NINPQONI0INRONRNNG Y b6670

3 - » *
D0 MVD MO PT N AN =M MT ]

1565028&232066&239075|I35213633&&&6865888853530b20!2!18h5992530h0all780l3k2098725

8903&2“3]396‘906508 <3 MO AN 2 AV NM = IND VMDD T MO N NINMO O = M MO N0 T MMM NI U NG N — =D U Pl -

Sgredsdidagas riddes st g ge toga g s dig i Tre ghdd S undrdinddidggagididandigi s dgagdsgidgnedsiagdgndadnidng degr gum goa

e~ CO00OQOOOD ~rmmrmrmem = NNANNNNN M T 3TN ~ OOOOOO—mmrmm e (NONNANNN N AMMMMAM-T T3 333 T3 NNN
eoggooeoorrrrrmINN NN NN Annan LLCEE RPN RN IS 1 L N R e AT AT

7 T % 01 PO D N T U YD MR IR = D, TN A GNE T I D O g I NN T SN IO TR Sy - - — -

07 T R R D R L T S Ty T T T R T R g P D R T T Y N S R T I SN RO (RN NN TR MR NI TR AN PRI EA TP P YRL

© € =0 CUAN Oy =T O} G N0 1 =, NGO N QNN F 1 0) O, 0D ® M AMO T N~ 1= MO QI MO, =~ = M@ ® O MNI 0O NN

OITNNOOVN=MMNO ~ MO NYXSNANOYNOMOT V0L O NNMNODNNITI NI WO N, DL " St} O,MmM,

8IZZSlhb080bI7B&L2815866L6263733597b935|16h97818230677068h273]13789010606061302525322723519853721|003397732603753839 G~
Y Id T o bbbty X QRARTTG= SEARRE SRS 220RICRAN QRSN
+ * * . *
7£JS|l!hbSB7076899170110953b52|55h9558||B79037B7|988621J97960JJJJ retmona-rnalonoNog i mam waunnnndomrunonngeninda
SASGB AT BT RRAG AN S M= S ARG P NG T G Ag R n T s RS gNg ~ < B A AL L NSRS NN SO GO e NS S SP BT T3
S SMRESRPNRRNNQIQNRQURENIRE IONT DNRRRE YRR RRLHRET SR QUNRTERILAR LeRIRRGARE
0000000000 0000000 = mmmmmmm— ——————————— ——————— e e e o o e ————————————— e ————————— —————————— ————— -
omm=—— NNNNNMMMT 22 N000000000000000——m === N NN NN N NN NN NN N MMMMOM MmN MmN nSnS 333 IS I I TSI IS wnn ~~—r——
0 D N NAND 1D MO T =00 T D A0 PNV ED L ¥ WD 1D = G0 = 3 1 © AT o= D AN M0 O N (D =T TID MO I~ AN~ O A0 NN NI O
™Y N R L o T T R RN TR T O T DRI PP T TR AR RARERRTTVVIRTEERRNNT
AN

0T O\ OO N M0 = MED LA DN IS N AT = 0YO N2 N0 M@ O O — A QYT DT T N1 O QYN OYO, N NNT.T O N-T — @ M OY0NT N0 O~ 100 O, m 2 N0 0 O Mitd = 013 N~ MU — Y N NN 0N — O30 MO0 @ 0 Ml — 21 3,

e O N MO NG MWD MO AN - NS ANC O I RO NNDOD T I NNOD O SA-Tw© ~os s Smmaong SIS MO~ Rm I SO Y g rnnm T aguonmis Ml Cw N
RN gt il ot 2 p ITRRRRRIFCIFRTIAACR RIZEACIR fpaapat-fap F-$ v RMTRIER STZRITRER SAaT2eC b =3

P *
205hSSSk8&JJ&J&JZl9k6830d32#dd&3&&0JJJJJJ&&956795&&&96J8J6JJ7M079$J83536OJJJJJBOIBSJJJJSI20JJ9LS70L33592A151h13161350k8036 °
BhbIZIGIIhbzs228367672&05b23922532098583u|9707516101560326175866869852657857685h57|1876936535k60kl6L30579680367&730&1165h5 ~
PTINEPCEATISEIRINS RS CIRFRANI I RP IR DA ZMTRERG R SRS eI I RERK - =SR2 =3% |RRRIEEFR 2RR&E At

06000000000 00000000000000000000000000000000000000000000000000000000000000RE00000000000R00000000000000000000000000000000R000000

CO000000rmmmmmm —————— e NNNNNNNNNNNNNNNNMMMAMMMAMMMMMMMSITIITIITIIIIINN ~r~r~ coooo
- @ NN VO MO =2 IO MPT =D NNV N D = WO MO T O MO NN NN W0 = F O O I~T =00 NN — .
POerZIARR P2 ORIRRENIRD2® DARARASS NN IICIARIREIZIED NRONICIICQRANINRNARIALIINR

treT e DRI ) D) e D




885

IVAR OLOVSSON

Table 2 (cont.)

NaBr . 53NH;
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Table 2 (cont.)
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molecules is quite regular. Distances and angles for
the bromide are shown in Fig. 3 and are listed for

and the halide ions are approximately situated in three

separate layers 4, B and C parallel to (001) having the
z coordinates 0, + and %, respectively. The relative

both compounds in Table 3. Notice that the ammonia

molecules surrounding this kind of sodium ion are

arrangement of the ammonia molecules and halide

ions in

these layers is illustrated in Fig. 2(a), (b) and

(¢); it is noteworthy that the layers are almost close-

packed. These layers are superimposed in such a way
that an approximately cubic close-packed structure
of the ammonia molecules and halide ions is formed.
In this close-packed arrangement the sodium ions are

only ammonia molecules as closest neighbours. Each
sodium ion is accordingly surrounded by six ammonia
molecules in roughly octahedral coordination. The

details of the coordination are described in the next

located in 21 of the available 129 octahedral holes per
two sections.

unit cell, those holes being utilized which provide

wons

! posit

The octahedron enclosing a sodium ion in a special

um ions in specia

i

1(a) Coordination of sodi

Na(2) Br(1) Br(2)

Fig. 3. Bond distances to the neighbours of sodium in special
position [Na(2)]. ¢f. also Table 3.

(threefold) position [Na(2)] does not share corners with
other octahedra and the coordination of the ammonia
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all crystallographically equivalent and are related to

each other by the 3 axis which passes through the
sodium ion.

Table 3. Distances and angles with their standard devi-
ations to the neighbours of the sodium ions
(c¢f. Figs. 3 and 5).

Distance NaCl . 54NH3 NaBr . 5JNH;3
Na(1)-N(1) 2:548+0-015 A 2:474+0-008 A
Na(1)-N(2) 2:474+0-014 2:536 +0-008
Na(1)-N(@3) 2:497+0-015 2-530+0-007
Na(1)-N(4) 2:475+0-017 2-527+0:007
Na(1)-N(6) 2:478 £ 0-016 2-501 + 0-007
Na(1)-N(2") 3-392+0-015 3-463 + 0-008
Na(l)-other atoms  >3-99 A >418 A
Na(2)-N(5) 2:618 +0-016 2616 +0-007
[Six equal distances Na(2)-N(5)]

Na(2)-other atoms  >413 A >4-35 A
Angle
N(1)-Na(1)-N(2) 95-88 +0-49° 94-89 +0-24°
N(1)-Na(1)-N(3) 91-87+0-49 93-02+0-24
N(1)-Na(1)-N(4) 111-154+0-51 10793 +0:25
N(1)-Na(1)-N(6) 110-76 +0-47 109-22 +0-26
N(1)-Na(1)-N(2") 169-64 +0-44 170-17 +0-23
N(2)-Na(1)-N(3) 81-:07+0-49 80-27 +0-22
N(2)-Na(1)-N(4) 85-40+0-52 86-96 + 0-24
N(2)-Na(1)-N(6) 152-41+0-54 155-19+0-27
N(3)-Na(1)-N(4) 154-39+0-56 156-35+0-27
N(3)-Na(1)-N(6) 90-74 + 0-51 92-39 +0-24
N(4)-Na(1)-N(6) 91-31+0-56 9096 +0-25
N(5°)-Na(2)-N(5) 82-39+0-54 84-43+0-22
N(5°)-Na(2)-N(5") 97-61+0-54 95-57+0-22
N(5°)-Na(2)-N(5") 180-00+0 180-00+0

(the other angles involved are equal to these three by symmetry)

1(b) Coordination of sodium ions in general positions

The octahedron enclosing a sodium ion in a general
(18-fold) position [Na(l)] shares two corners with
adjacent octahedra as shown in Fig. 4. The nitrogen
atom [N(2)] on one of these shared corners is located
very close to the line which connects the two sodium
ions of the coupled octahedra. Considering that an
ammonia molecule can form a bond to sodium only
by utilizing its lone pair it is evidently impossible for
ammonia on one of the shared corners to form a
strong chemical bond to more than one of the sodium
ions. The observed bond distances confirm this. Bond
distances for the bromide are shown in Fig. 5 and values
for both compounds are listed in Table 3. It is signi-
ficant that one of the six nitrogen atoms coordinating
sodium is much more remote (3-46 A in the bromide;
3-39 A in the chloride) than the other five (average
distance in the bromide 2-52 and in the chloride
2:48 A). Evidently, the lone pair of the sixth ammonia
molecule is not directed towards this sodium ion
which must therefore be described as 5-coordinated.
With one nitrogen atom of the octahedron situated
more remotely, the bond angles subtended at the
sodium ion by the other five nitrogen atoms are quite
naturally somewhat altered from the normal octahe-
dral values as illustrated in Fig. 5 and Table 3. There
is also a significant difference in the Na-NH, distances
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for the two different kinds of sodium atom. This
distance is 2:62 A for the 6-coordinated sodium ions
(in special positions) but 2-50 A (2-52 in the bromide,
2-48 in the chloride) for the effectively 5-coordinated
sodium ions (in general positions). These relative
differences are approximately of the same order of
magnitude as those commonly observed when the
coordination number is changed from 6 to 5.

In contrast to sodium in special positions the am-
monia molecules surrounding sodium in general po-
sitions are not all crystallographically equivalent.

2. Coordination of ammonia

As described above, each ammonia molecule is
coordinated to sodium by means of its lone pair.

Fig. 4. The environment of sodium in general positions
[Na(1)]. The picture illustrates mutual corner sharing by
octahedra.

o000

Na(1) Br(1) Br(2)

Fig. 5. Bond distances to the neighbours of sodium in general
position [Na(1)]. ¢f. also Tables 3 and 4.
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Furthermore, the ammonia molecules and halide ions
taken together form an approximately cubic close-
packed arrangement. Each ammonia is accordingly
surrounded by twelve neighbours which are either
ammonia or halogen. A close examination reveals
that two or three of these neighbours are halide ions.
Since the free electron pair is utilized in bonding to
sodium, hydrogen bonding between the ammonia
molecules themselves seems impossible. The other
kinds of neighbour to be considered are the halide
ions. As stated above, each ammonia molecule is
surrounded by two or three halide ions in the first
coordination shell. Some of the ammonia molecules,
together with the three halogen neighbours, form a
fairly symmetrical pyramid. In those cases where only
two halogen ions belong to the first coordination
shell a third halogen ion is situated more remotely.
The distribution of the halogen neighbours is illu-
strated in Figs. 3 and 5; the distances are listed for
both compounds in Table 4. The average distances are:
N-Cl=3-63 A, N-Br=3-75A (the distances N(2)-
CI(1)(VI)=3-91 A and N(2)-Br(1)(VI)=3-92 A are not
included in these average values since they deviate
rather significantly from the rest; the distances to
other halogen neighbours are larger than 5:0 A). These
values are quite close to the average distances between
ammonia and halogen observed in NH,Cl . 3NH; and
NH,Br . 3NHj;, namely N-Cl=3-59 A, N-Br=3-72 A
(Olovsson, 19604). In those cases where three negatively
charged halide ions are relatively favorably arranged
around an ammonia group it may be supposed that the
hydrogen atoms are preferably oriented towards the
halide ions.

Table 4. Distances to the halogen neighbours of the
ammonia molecules (cf. Figs. 3 and 5)

Distance NaCl. 5{NH; NaBr . 5}NH;
N(1)-X(2) >50 A >50A
N(D-X(1)(1T) 3-501 3-635
N(1)-X(1)(IV) 3538 3671
N(2)-X(1)(I1I) 3-655 3-830
N(2)-X(1)(VI) 3-905 3918
N(2)-X(1)(V) 3662 3-770
N@G3)-X(1)(IV) 3-814 3-848
N@G3)-X(1)(V) 3-593 3-691
N(3)-X(1)(VI) 3708 3-832
N(4)-X(1)(T) 3-650 3-749
N(4)-X(1)(II) >50 >50
N(4)-X(1)(I1I) 3-605 3773
N(5)-X(2) 3-540 3689
N(5)-X(1)(VII) >50 >50
N(5)-X(1)(I1) 3-647 3-780
N(6)-X(2) 3-741 3-827
N(6)-X(1XI) 3-566 3704
N(6)-X(1)(VI) >50 >50

3. Coordination of halogen

The relative arrangement of the ammonia mole-
cules and halide ions in the roughly close-packed
structure is such that all twelve neighbours to a
certain halogen are ammonia molecules. Distances
may be derived from Table 4.

THE CRYSTAL STRUCTURE OF NaCl.5:NH; AND NaBr. 5/NH;

Summary

The ammonia molecules and halide ions together form
a roughly cubic close-packed arrangement with the
sodium ions located in certain of the octahedral holes,
so that only ammonia molecules are closest neighbours.
The octahedra enclosing sodium ions in special three-
fold positions do not share corners with other octa-
hedra but those octahedra which enclose the remaining
sodium ions (in general 18-fold positions) share two
corners with other octahedra. The ammonia groups
on these corners cannot be considered to be bonded
to more than one of the sodium ions which effectively
reduces the coordination of this kind of sodium ion
to fivefold, the sixth ammonia molecule being situated
more remotely. The possible rotation of the ammonia
molecules about their threefold axes may be relatively
restricted by interaction with the halide neighbours.
The exact composition of the present compounds,
NaX . 54NH; is easily understood in the light of the
structural features: Thus in the hexagonal unit cell
there are three sodium ions with sixfold coordination
and 18 sodium with fivefold coordination. This corre-
sponds to an average composition of 5! ammonia
molecules per sodium ion [(3 x 6418 x 5)/21 =54].

Discussion

In earlier investigations the compositions of the pre-
sent compounds were reported to be NaCl . 5NH; and
NaBr . 5-25NH;, respectively. The structure determi-
nations decribed here, however, clearly demonstrate
that both compounds should be formulated as
NaX . 51NH; or approximately NaX . 5-143NH;. In
the absence of a better designation the compounds
could be called pentammines although this does not
give a completely correct indication of the true com-
position.

As stated at the beginning of this paper, it was rather
more difficult to grow single crystals of the chloride
than of the bromide. Sodium iodide evidently does not
form a corresponding phase. These differences in
behavior may possibly be related to the relative sizes
of ammonia and halogen in the different cases.

A comparison with other ammines shows that
configurations similar to the close-packed arrangement
of ammonia and halogen found in the present com-
pounds occur in many instances. For example, com-
pounds such as MX, . 6NH; with the K,PtClg type of
structure may be described as cubic close-packed
arrangements of X and NH; with M situated in some
of the octahedral interstices. In the following paper
the structures of some of the earlier studied metal
ammine salts will be reviewed to see if packing con-
siderations of this kind find a more general appli-
cation.

The preliminary work on these compounds was
done in collaboration with Miss Marianne Westerman
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Packing Principles in the Structures of Metal Ammine Salts
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From simple considerations of the different ways in which ammonia may be introduced into the struc-
tures of metal ammine salts it is evident that while the ammonia molecules tend to be coordinated to
the metal ions they otherwise behave as rather inactive groups towards their remaining environment.
Accordingly a factor of major importance for the formation of these structures is the form of the most
favourable packing of the large groups, namely the ammonia molecules and negative ions. This will
be particularly true for the halides since the interaction between ammonia and halide ions appears
to be quite small in general. Some metal ammine salt structures studied earlier, mainly halides, are
briefly reviewed with the object of investigating to what extent such simple packing is realized in
practice. It is shown that in the majority of such compounds the arrangement of the ammonia mole-
cules and negative ions may be described approximately as cubic or hexagonal close-packed or as
body-centred cubic, with the metal ions in tetrahedral or octahedral interstices.

Introduction

In the preceding paper the structure common to
NaCl . 54NHj and NaBr . 51NH; is presented (Olovs-
son, 1965). It is found that this structure can be de-
scribed as a nearly cubic close-packed arrangement
of ammonia molecules and halide ions with sodium
ions occupying some of the octahedral interstices.
Subsequent interest has become focused on the struc-
tures of metal ammine halides in general since it
appears very probable that simple building principles

such as the close-packing of ammonia molecules and
halide ions would be an important factor in the struc-
tures of many other ammines. A survey of some of the
earlier published structures with this concept in mind
therefore seems valuable.

General considerations

Let us first consider the different ways of inserting an
ammonia molecule into the structure of a metal am-
mine salt. It is found by experience that ammonia is



