162

in Table 6. The angles Au-N-C(1") and Au-N-C(1'"")
are 100 and 106° respectively, whilst C(9)-N-C(1),
C(9)-N-C(1""") and C(1")-N-C(1'"") are 136, 102 and
88°. The corresponding angles to the mid-points of the
ethynyl groups are 109, 115, 127, 97 and 84°. These
values indicate that the amino hydrogen atoms are
directed approximately towards neighbouring ethynyl
groups. Calculation of the positions of these two atoms,
assuming N-H bond lengths of 1-0 A and H-N-H
angles cf 108°, leads to H- - - C distances of 2-58 and
2-49 A to C(1") and C(1’"). The N-H- - -C angles are
133 and 167° so that the angle to C(1") departs con-
siderably from 180°.

Tertiary phosphine complexes of phenylethynyl-
gold(I) are monomeric in benzene solution and have
large dipole moments of about 6-5D. In contrast, the
amine complexes are associated in solution and their
dielectric constants show the presence of much less
polar aggregates (Coates & Parkin, 1962). The Au-N
bonds are expected to be at least as polar as the Au-P
bonds, so some factor, other than dipole interactions,
must be responsible for the association of the amine
complexes.

Hydrogen bonds are formed by acidic hydroxyl
groups with ethylenes (West, 1959), with acetylenes and
also between NH groups and olefins (Schleyer, Trifan
& Bacskai, 1958). In the present case, hydrogen bonds
may be formed between N and the ethynyl groups
C(1)-C(2") and C(1""")-C(2'""), although spectroscopic
evidence for this is lacking. The N-H- - -C distances
are about the same as the N-H-:.:-N distances of
3-38 A in solid ammonia (Olovsson & Templeton,
1959). The interaction may be linked with the angle
Au-N-C(9) being greater than tetrahedral and with the
distortion of the angle Au~C(1)-C(2) to 174°.

Acta Cryst. (1967). 23, 162
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The authors wish to express their thanks to Dr C.
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shank for the use of his program and to Professor G.E.
Coates for suggesting the problem and for his interest
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The Crystal Structure of Thomsenolite

By G. Cocco, P.C. CASTIGLIONE AND G.VAGLIASINDI
Centro Nazionale di Cristallografia del C.N.R., Istituto di Mineralogia dell’ Universita di Perugia, Italy

(Received 3 November 1966 and in revised form 14 December 1966)

The determination of the crystal structure of thomsenolite, NaCaAlFs.H,0, has been carried out with
integrating Weissenberg data. The mineral is monoclinic: space group P2/c; ag=>5-583+0-004, bo=
5-508 + 0-005, co=16+127 + 0006 A and B=96°26"+ 3'; Z=4. The final R value is 9-0 %. Fundamentally,
the structure is made up by sheets subparalle! to {001}, resulting from Ca2+ bonded to four [AlFe]3 -
octahedra and by chains parallel to [001] of alternating Ca polyhedra and [AlF¢]3- octahedra. Sodium
is surrounded by the unusual number of eight neighbouring fluorine atoms. The proposed structure is in
good agreement with the physical properties of the mineral.

Introduction

Thomsenolite is a monoclinic hydrated alumino-
fluoride of sodium and calcium: NaCaAlFg.H,0,
dimorphous with pachnolite for which the structure

was recently announced but has not yet been published
(Gerhard, 1966).

The unit cell of thomsenolite has been determined
by Ferguson (1946); a refinement by the least-squares
method on the diffractometric data gives the values
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below, which are similar to those obtained by Fergu-
son:
ay= 5-583+0-004 A
by= 5-508 + 0-005
co=16-127 £ 0-006
B =96°26"+3

Z=4

Dops=2-981 g.cm—3
Dy =2974 g.cm3
Space group: P2;/c

Experimental

A suitable small crystal of thomsenolite from Ivigtut,
Greenland, has been cut into a subspherical shape with
an average radius of about 0-5 mm.

Intensity data were obtained from integrating Weis-
senberg photographs (Cu Ko radiation) about the a
axis, from zero up to fifth layer. Four film packs for
each layer were used with two different time exposures
in order to cover a very large range of intensities; these
last were measured by a microdensitometer. The inten-
sity data for 938 independent reflexions were collected,
of which 203 were indistinguishable from the film

O A
Na

Ca

olele

Fig.1. Projection of the structure of thomsenolite along the
b axis.
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background. The absorption correction was applied
for uR=3-6.

Geometrical and polarization corrections were ap-
plied in the usual way, while the final scale factor
adjustment to the structure amplitudes was made
during the refinement on the 1620 IBM computer.

Structure determination and refinement

A three-dimensional Patterson synthesis was computed
with corrected F?’s for the observed reflexions; an ap-
proximate reduction of the different layers to the same
scale had been previously made by the Wilson method.
The highest peak was assumed to be a Ca—Ca vector,
and the next in order of height were assigned to Ca-Al
and Ca-Na vectors. The expected Al-F¢ octahedral co-
ordination, in agreement with known features of the cry-
olite structure (Naray-Szabo & Sasvdri, 1938). allowed
the localization of some of the F atoms, whose vectors
had already been ascertained in the Patterson synthesis.

A series of three-dimensional Fourier syntheses, with
phases first calculated from Ca, Al, Na and two fluor-
ine atoms, and on successive stages with the addition
of the remaining fluorine and the oxygen atoms, yielded
trial positions for all the atoms of the mineral.

Fig.2. Simplified projection of thomsenolite along the ¢ axis;
c=1%. Al and Na are not represented. Unit cell in dashed
line. Sheets of Ca—(AlF)¢ octahedra are shown at two levels.
On the right are shown the Ca atoms binding oxygen atoms.

Table 1. Atomic parameters with their standard deviations
(Positional parameters x 104)

x o(x) y a(y)
Ca 1892 4 6745 4
Al 7174 6 1795 6
Na 2542 9 1455 10
F(1) 5511 12 4634 13
F(2) 9887 12 3649 13
F(3) 4406 12 126 13
F(4) 9037 12 9173 13
F(5) 3128 12 6983 12
F(6) 7362 12 1672 14
[0) 8019 15 6585 16

AC23-11*

z o(2) B o(B)
992 1 1-85 A2 0-04 A2
1390 2 1-80 0-05
2487 3 282 0-09
1271 4 255 0-12
1562 4 2-60 0-12
1281 4 263 012
1575 4 2-59 0-12
2505 4 2-39 0-11
301 4 249 011
65 5 2:16 0-14
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The observed and calculated structure factors are
shown in Table 2. The atomic scattering factors, for

twice the reciprocal of the maximum observed F,.
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Table 2. Observed and calculated structure factors
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Fo

The refinement of the structure was carried out by where g is twice the minimum observed F,, and c is
w(hkl)=1/(a+ F,+cF?)

The computer program (Albano, Bellon, Pompa &

Scatturin, 1963) applies the follow

to the observed reflexions

five least-squares cycles with the use of 3x3 and 1 x 1
block-diagonal approximations.
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Ca?+, Nat, AI3*, F~ and O, used in the calculations
of structure factors, were taken from a paper by Han-
son, Herman, Lea & Skillman (1964).

The final reliability index for all the truly observed
reflexions is R=9-0%.

Discussion

Distances and bond angles with their standard devia-
tions are given in Tables 3 and 4. The projection along
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the y axis, of half the unit cell of thomsenolite, is shown
in Fig.1

Ca is bonded to six F and two O atoms, forming an
almost equilateral distorted square antiprism. The dis-
tances Ca-F range from 2-288 to 2:463 A, and Ca-O
distances are 2-488 and 2-508 A respectively. Of course
the angular values of the Ca coordination cover a wide
range.

Al shows the known regular octahedral coordination
with F. Distances and bond angles fall within the limits

Table 3. Interatomic distances and their standard deviations

X, ¥,
‘x5,z
7% 3+y, -z
ivxv '5' —JY,s 'i' +z
Ca-F(1") 2:330+0-007 A Na-F(1””") 2:389+0-007 A
F(2") 2:288 0-007 F(@2) 2:321 0-008
F(3") 2-347 0-007 F2'"") 2-654 0-008
F4) 2-355 0-006 F(3%) 2:419 0-007
F(5) 2:463 0-005 F(4) 2:631 0-008
F(6”) 2:340 0-006 F@4"") 2:367 0-008
O’ 2488 0-007 F(5) 2-484 0-008
o” 2-508 0-008 F(5"") 2-433 0-008
Al-F(1%) 1-817 0-007 Al -F4) 1-785 0-007
F(2) 1-822 0-007 F(5"") 1-811 0-006
F@3% 1-798 0-007 F(6") 1:772 0:006

Table 4. Bond angles and their standard deviations

F(1")-Ca-F(2) 90-2+0-2°
F(3) 82:6 02
F(4") 1448 02
F(5) 722 02
F(6”) 96:9 02
o” 716 02
o’ 1407 0-3
F2) F@3) 1451 02
F(4) 831 02 .
F(5) 74-8 02
F(6") 1412 02
o” 771 02
o’ 775 0-3
F3)  F@) 835 02
F(5) 70-5 02
F(6”) 737 02
o” 1312 03
o’ 12744 03
F@4)  F(5) 726 02
F(6”) 1099 0-3
0" 1388 03
o’ 713 02
F(5)  F(6”) 1436 02
0" 1334 03
o’ 136:5 02
F©6H) 0" 694 03
o’ 730 02
o” o’ 694 03
F(1)-Al-F(2) 86-6+0-3°
F(3) 90-4~ 0-3
F(4) 1741 04
F(5""") 872 03
F(6") 908 03
FQ2) F@3) 1754 03
F(4") 882 03
F(5”") 892 03

F(1"")-Na-F(2’) 162:7+0-3°
F(2') 5907 0-2
F(3') 1105 03
F(4') 1205 03
F(4”) 84-1 03
F(5) 618 02
F(5"") 718 0-2
F(2') F(2") 1101 03
F(3') 867 03
F(4) 60-5 03
F(4) 799 03
F(5") 1267 03
F(5"") 1203 03
F2”)  F@3) 1256 03
F(4') 69-4 02
F(4'") 754 03
F(5) 59-4 02
F(5"") 1296 03
F(3') F(4') 765 02
F(4") 1583 03
F(5) 690 03
F(5"") 616 02
F(4') F(4) 1106 03
F(5) 678 02
F(5"") 1374 03
F@”)y  F() 1326 03
F(5"") 1112 03
F(5') F(5") 894 03
F(2')—Al -F(6') 91-8+0-3°
F(3) F(4) 947 04
F(5"") 872 03
F(6") 917 03
F4) F(5"") 899 03
F(6") 92:1 03
F(5)  F(6) 1778 0-4
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quoted in the literature. The average value for the Al-F
distances is 1-80 A, with 1-772 as minimum and 1-822 A
as maximum. The angular values F~Al-F are not far
from 90° and 180°.

The coordination around the Na may be referred
to a distorted triangular prism having six F lying at
the corners, and there are two more F atoms beyond
two of the prism faces. The distances Na-F range from
2:321 to 2-654 A with an average of 246 A.

The unusual number (eight) of F atoms neighbouring
Na, which is usually 6 or 7, together with some un-
usually high Na-F distances, implies that Na is con-
tained in the coordination polyhedron by electrostatic
forces which are weaker than usual. This assumption
may be confirmed by the Na thermal parameter (2:8 A2),
which is the highest of the whole structure.

The structure on the whole may be described thus:
Ca polyhedra are linked by F [F(1), F(2), F(3), F(4)]
to four Al octahedra forming undulating sheets at
%, 2, § and % ¢ nearly parallel to (001) (Fig.2). Within
these sheets lie the strong Ca~F bonds, so determining
the perfect cleavage of the mineral and its somewhat
pearly luster on {001}.
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Ca polyhedra also form chains with the F(5) and
F(6) of the same Al octahedra which develop nearly
parallel to the ¢ axis at about # and } b, close to }
and 3 a respectively. The chains in two adjoining cells
are connected by a Ca-F bond for each Ca and by
pairs of oxygen atoms around the center at 0,%,0. Such
chains yield the distinct cleavage {110}.

On the whole the thomsenolite structure is not very
compact and the distribution of its atoms in the cell
is rather homogeneous, so giving a clear explanation
of its low hardness (H=2) and low birefringence.
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The Crystal Structures of the Spodiosite Analogs, Ca,CrQ4Cl and Ca,PO,Cl*}
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Both calcium chromate(V) chloride (Ca,CrO4Cl) and calcium phosphate chloride (Ca,PO4Cl) crystallize
in the orthorhombic system, space group Pbcm, with four molecules per unit cell. The dimensions of
the unit cell are: a=6-259+0-005, b=7-124+0:005, ¢=10-990+ 0-005 A for CaCrO,Cl, and a=
6-185+ 0002, 5= 6983 +0-002, c=10-816+0-004 A for CaPO4Cl. The crystal structures of both com-
pounds have been determined from full data in three dimensions. X-ray reflection intensities were
measured with scintillation counters. Refinement of the atomic coordinates was carried out by full-
matrix least-squares procedures. The structures are made up of discrete CrO3- and PO3}- tetrahedra
which appear to be held together primarily by calcium ions. The indicated distortion of the CrO3-
tetrahedra is considerably greater than that of the PG}~ tetrahedra. This is in agreement with measure-
ments of infrared absorption which show substantially more splitting of vibrational bands of the

chromate compound than of the phosphate.

Introduction

Recently the syntheses of compounds of composition
Ca,CrO,Cl and Ca,PO,Cl, as well as their strontium

* Abstracted in part from a dissertation submitted by
Martha Greenblatt to the Polytechnic Institute of Brooklyn
in partial fulfilment of the requirements for the degree of
Doctor of Philosophy in Chemistry.

1 Supported in part by contract DA-31-124-ARO(D)-70.

analogs, have been reported (Banks & Jaunarajs, 1965).
X-ray diffractometric studies indicated that the dimen-
sions of the unit cells of these phases were close to those
of chlorospodiosite (ideally Ca,PO,Cl) (Palache, Ber-
man & Frondel, 1951). The Ca,CrO,Cl compound is
of particular interest, since in it the chromium appears
to be in the 5+ state.

The analysis of the crystal structures of Ca,CrO,Cl
and Ca,PO,Cl was undertaken to make possible de-
tailed comparisons of the atomic parameters in the two



