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Enfin, les liaisons ioniques de ce cristal (K...O=
2,60; 2,60; 2,75 A) sont tout a fait comparables 2
celles que 1’on trouve dans les sels de potassium d’aci-
des organiques: acide fumarique: 2,65; 2,89 A (Gupta,
1956); acide maléique: 2,82; 2,89; 2,87; 3,03 A
(Darlow & Cochran, 1961); acide glycuronique: 2,79;
2,85;2,97; 2,99 A (Gurr, 1963).
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The Crystal Structure of Clinoclase, CuzAsO4(OH)s
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The dark bluish green mineral clinoclase, Cu3AsO4(OH);, is monoclinic, space group P2;/c, with
ao=7-24, bo=646, co=12:38 A; B=99°30". The heavy atoms were located from three-dimensional
Patterson sections, using Buerger’s minimum function method. The light atom positions were revealed
in the subsequent three-dimensional Fourier synthesis. The atomic parameters were refined by the
method of full-matrix least squares, using three-dimensional data.

The coordination of the three independent copper atoms is essentially fivefold distorted tetragonal
pyramidal. Cu-O (or OH) distances within the coordination plane average 1-96 A, while the fifth Cu-O
(or OH) bond varies in length from 2-30 to 2-51 A, and the sixth from 2-84 to 3-32 A. The copper coor-
dination plane is always curved in a boat shape towards the fifth ligand. Clinoclase contains two sets
of Cuz(OH)404 dimeric groups, each formed by two tetragonal pyramids, sharing an edge of the equa-
torial plane. One set of dimers forms an infinite chain by sharing two OH corners with two adjacent
dimers. These chains, occuring zigzag with respect to each other in the unit cell, sandwich between
them isolated Cux(OH)4O4 dimers and AsQ, tetrahedra, thus giving rise to a complex sheet structure
running parallel to the (100) plane, These complex sheets are held to each other through long Cu-O
and O-H ... O bonds.

Introduction

As part of a structural study of basic copper arsenates
and phosphates, the structure determination of clino-

* Present address: Department of Biological Structure,
University of Washington, Seattle, Washington, U.S.A.
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clase, Cu;AsO4(OH);, and cornetite, Cu3PO4(OH);
has been undertaken. In spite of the chemical analogy,
these two minerals are not isostructural. Clinoclase
crystallizes in the monoclinic system, but cornetite in
the orthorhombic system. In contrast, basic copper
phosphate-arsenate pairs, like libethenite, Cu,PO,
(OH), and olivenite, Cu,AsO4OH) (Heritsch, 1938,
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1940; Walitzi, 1963), pseudomalachite, Cus(POy),
(OH), and erinite, Cus(AsO4)»(OH), (Ghose, 1963;
Berry, 1951) are isostructural. The structure of corne-
tite has been described recently (Fehlmann, Ghose &
Finney, 1964). In this paper, the structure determina-
tion of clinoclase is reported.

Crystal data and experimental

A very good description of the morphology, as well
as the determination of the optical characters, unit-cell
dimensions and space group is given by Palache &

Berry (1946). Beautifully crystallized dark bluish green
needles of clinoclase from Majuba Hill, Nevada
(Harvard Museum, No. 100792) have been made
available for this study through the courtesy of Prof.
Clifford Frondel. The crystals are slender needles,
elongated [010] and tabular parallel to [100]. The cell
dimensions of clinoclase, determined by Berry (Palache
& Berry, 1946), are given below (@ and ¢ interchanged):

Monoclinic, 2/m

ay="71-24, by=6-46, co=12:38 A; f=99°30".
Space group: P2)/c

Cell contents: 4[Cu3;AsO4OH);]

Dp=4-38 g.cm™3 . D;=442 g.cm—3.

u for Cu Ko=201+4 cm~1L

Optical properties of clinoclase from Majuba Hill,
determincd by Hurlbut (Palache & Berry, 1946), corre-
sponding to this orientation are as follows:

Orientation n Pleochroism
X 1-756 Pale blue-green Biaxial (=)
Yb 1-874 Light blue-green 2¥=50° (meas.)
Z near ¢ 1-896 Benzol-green r<v, very strong

It should be noted that the refractive indices along
Y and Z directions are approximately the same, while
that along X is significantly smaller. This fact, coupled
with the negative optic sign, indicates a sheet struc-
ture parallel to (100). The perfect (100) cleavage
strongly favors this idea, which is ultimately confirmed
by the following structure determination.

For the intensity measurements, a crystal measuring
approximately 0-15x0:5x0-25 mm was used. Weis-
senberg multiple-film photographs of zero through the
fourth layer about [010] and [100] were taken with
Cu Ko« radiation. The intensities were visually estima-
ted. To correct the intensities for a;—a, splitting, the
measured «; intensity was multiplied by 1-5, 1-3 and
1-2 for complete, semi-complete and incomplete reso-
lution respectively. Since it was difficult to apply proper
absorption corrections to the data taken about [100],
they were corrected for Lp factors and were primarily
used to normalize data taken about [010]. The A0/,
hll, K21, h3l and A4l intensities were corrected for Lp
factors and absorption, the absorption corrections
being made, assuming the crystal to be a cylinder with
uR=20.

THE CRYSTAL STRUCTURE OF CLINOCLASE, Cu3;AsO4(OH);

The infrared spectrum of clinoclase was recorded
on a Perkin Elmer spectrometer, model 13, with a
calcium fluoride prism, the Nujol mull technique being
used.

The structure determination

Two Patterson projections along the shorter axes a
and b were first computed. The Patterson projections
along a showed that almost all the Patterson peaks
are located in sections at v=0, % and 4. As a first
approximation to the three-dimensional Patterson
function, sharpened Patterson sections along v=0, %
and 4 were computed, with programs written by Shiono

(1960). The Patterson function was sharpened by mul-
tiplying F2 with M (S), where

M(S)=[§Zj/§f0j]2 .exp [—2P sin26/42} .
=1 j=1

P was taken to be equal to 1.

The Harker section at v=1 (Fig. 1(c)) contains many
strong peaks which made the correct choice of Harker
peaks difficult. However, it was noticed that two sets
of three strong peaks made two triangles, ABC and
DEF. These triangles correspond to triangles A'B'C’
and D'E'F’ occurring on the section at v=0 (Fig. 1(a))
in dimension, as well as, relative orientation. This fact
suggested that these peaks are due to the extra symme-
try present in the structure and are not true Harker
peaks. Of the remaining smaller peaks, K, L and M
are of equal height and have been chosen as possible
Harker maxima. The fact that all the strong peaks in
[100] Patterson projections are located at v=0, %, %
indicates that the y coordinates of the heavy atoms
must be close to either § or 3. A peak, corresponding
to the vector (2x, 2y, 2z) must occur on the Patterson
section at v=4%. A systematic search for peaks of this
type in the section corresponding to the Harker peaks
K, L, M, led to the peak marked 2K (Fig. 1(b)). Use
of this peak as the point of superposition led directly
to the correct choice of origin of the M, maps. The
minimum function was derived graphically, as descri-
bed by Buerger (1959), in two stages. The first M, map
was derived with the use of Patterson sections at v=0
and 1, and the second, using sections at v=% and 3.

Occurrence of three strong peaks &, /, m on these
minimum maps corresponded to the Harker maxima
K, L, M respectively. Since the structure contains four
heavy atoms, namely three copper and one arsenic,
occurrence of only three strong peaks in the minimum
maps was surprising. After the structure determination
was completed, it was realized that the missing heavy
atom corresponds almost exactly in position to that
of peak n in the minimum maps. This peak was over-
looked as a possible heavy atom position because of
its lower peak height. A comparison of the M, map
(superposition of two sections) and the second three-
dimensional Fourier synthesis is made in Figs. 2(a)
and 2(b). It will be noticed that they are strikingly
similar.
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The first structure factor calculation of 40/ reflec-
tions using the three heavy atom positions found from
the M, maps (treated as Cu atoms for calculation)
yielded an R index of 0-51. The corresponding Fourier
projections showed a peak at the / position, twice as
high as the other peaks at positions & and m. This
high peak at / was considered to be due to two over-
lapping heavy atoms. The next structure factor cal-
culation including four heavy atoms decreased R to
0-41. Inclusion of some peaks in the structure factor
calculation, which appeared in the electron-density
projection as oxygen atoms, reduced R further to 0-38.

(a)

779

However, it was difficult to separate the two super-
posing heavy atoms, and this projection did not refine
further. This difficulty was overcome through the appli-
cation of the “Optimal Shift” method (Niggli, Vand
& Pepinsky, 1961), using the expressions given below
for the plane group P2:
Ax;= — hAFf; sin 27t (hxi+kyq)/
4 (h2+k2) 2 f2 sin2 2n(hxs+ kys)

Ayy= —kAFf; sin 27 (hx;+ k)jz)/
4n (W24 k)X f1sin? 2n(hxs+kyy) -
J

(6) (c)

Fig. 1. Sharpened three-dimensional Patterson sections of clinoclase, Cu3AsO4(OH);3 at v=0,% and % respectively.

\

\
cu(2) T

/ OH(2)

] 0(4)
a OH(3
CR @)
THR
DEN;I::I')[/) I[I)Vl SIon CTRo

Fig. 2. (a) Superposition of two M, maps, derived from Patterson sections of clinoclase at =0 and % an v=% and 4. (b) Three-
dimensional electron density distribution of clinoclase between y=0 and 4. Contours are drawn at equal but arbitrary intervals.
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The two overlapping heavy atoms were successfully
separated and the projection was refined by difference
Fourier syntheses till R was 0-28.

The first 0k/ structure factor calculation with the
contributions from the heavy atoms only, using the
z parameters from the [010] projection and y para-
meters as § or 3, yielded an R index of 0-43. Slight
adjustments of the y parameters reduced R to 0-30.
Inclusion of some peaks appearing in the electron-
density projection as oxygen atoms reduced R further
to 0-21. It was found, however, that some of the peaks,
which were presumed to be due to oxygen atoms, did
not agree in both projections. A three-dimensional
Fourier synthesis was computed next, using the signs
of structure factors, calculated with the contributions
from the four heavy atoms only. All the seven oxygen
positions were found readily from the three-dimensional
Fourier sections. The first three-dimensional structure
factor calculation, including all the non-hydrogen
atoms, yielded an R index of 0-33. A second three-
dimensional Fourier synthesis, followed by a struc-
ture factor calculation, reduced R to 0-27.

Further refinement was carried out by the full-
matrix least-squares method, using the program writ-
ten by Busing, Martin & Levy (1962), on an IBM 7090
computer. Hughes’s (1941) weighting scheme was used.
The scattering factors for Cu, As and O were taken
from International Tables for X-ray Crystallography
(1962). 33 positional, 11 isotropic thermal and 5 scale
factor parameters were varied simultaneously. Con-
vergence was reached after eight cycles of refinement.
The final R index is 0-142 for all reflections and 0-137
omitting the unobserved reflections. The final atomic
parameters are listed in Table 1 and the observed and
calculated structure factors in Table 2. A list of bond
lengths and angles is given in Table 3. The average
standard deviations of bond lengths are: Cu-Cu,
+0-0038, Cu-As, +0-0033, Cu-O, +0'013, As-O,
+0-013 and O-O, +0-018 A. Since the absorption
corrections could not be properly made, these values
may be too low. A more realistic estimate of the stan-
dard errors would be to increase these values by 50%.

Description of the structure

The stereochemistry of the cupric ions

The coordination of the three crystallographically
different cupric ions in clinoclase is essentially distorted

tetragonal pyramidal. Two of them, however, have
sixth ligands at much greater distances, completing
the distorted tetragonal bipyramid.

The Cu(l) atom is surrounded by two OH groups
and two oxygen atoms approximately in a plane at
191, 191, 1-97 and 2-07 A. The fifth ligand oxygen,
0O(4), is at a distance of 2:31 A, and the sixth ligand,
OH(3) at a distance of 2-84 A. The copper coordination
plane is curved in a boat shape towards the fifth ligand,
the deviation from planarity being as much as 19°.
The fifth ligand, O(4) deviates somewhat from the
expected pyramidal position, the angles subtended by
0O(4) at Cu(l) with the equatorial ligands being 89-4,
1136, 92-4 and 84-0°. The sixth ligand deviates con-
siderably from the expected octahedral position, as
evidenced by the O(4)-Cu(1)-OH(3) angle, which is
161-7°.

The coordination of Cu(2) is tetragonal pyramidal.
One oxygen atom and three OH ions surround Cu(2)
approximately in a plane at 199, 1-95, 1-89 and 1-93 A.
The fifth ligand, O(2) lies at a distance of 2-51 A.
There is apparently no sixth ligand at a reasonable
distance, the sixth nearest anion being O(4) at a di-
stance of 3:32 A. The Cu(2)-coordination plane is
slightly curved towards the fifth ligand, the maximum
deviation from planarity being about 8°.

The Cu(3) atom forms a planar group with three
oxygen atoms and one OH ion at distances of 2-02,
1-99, 1-98 and 1-90 A. The fifth ligand is an OH(2)
group at 2-:30 A and the sixth, OH(1) at 2:99 A. The
Cu(3)-coordination plane is strongly curved in a boat
shape towards the fifth ligand, the deviation from
planarity being as much as 26°. The fifth ligand, OH(2),
deviates from the expected pyramidal position, as
shown by the angles subtended by OH(2) at Cu(3)
with the equatorial ligands, which are 104-8, 87-2, 99-3
and 88-9°.

There are two sets of dimeric Cuy,(OH)404 ions in
clinoclase, each consisting of two tetragonal pyramids,
sharing an equatorial edge. The first dimer is formed by
tetragonal pyramids around Cu(l) and Cu(2) sharing
the equatorial edge O(3)-OH(2). The second dimer is
formed by two tetragonal pyramids around two Cu(3)
atoms, related by a center of symmetry, sharing the
equatorial edge O(1)-O(1). In the first dimer the pyra-
midal ligands are OH ions, but in the second, oxygen
atoms. In both dimers, the pyramidal ligands occur
trans to each other.

Table 1. Atomic parameters of clinoclase, Cu3AsO4(OH),

Cu(l) 0-7877 £+ 0-00034 0-1389 £ 0-00052 0-3291 + 0-00019 098+ 0-078
Cu(2) 0-8150 + 0-00032 0-3824 1 0-00048 0-1275 £ 0-00018 0-85+0-077
Cu(3) 0-3872 + 0-00034 0-3532+£0-00052 0-4127 +0-00019 0-89 + 0075
As 0-3088 + 0-00021 0-1510 + 0-00040 0-1796 £ 0-00012 0-24 +0-069
o(l) 0-4121 +0-00138 0-:0667 + 0-00275 0-0724 + 0-00082 0-20+0-173
0(Q2) 0-1623 £ 0-00179 0-3453 £0-00265 0-1346 + 0-00102 0-72+0-217
0(3) 0-1758 +£0-00148 —0-0568 +0-00280 0-2141 £ 0-00087 0-41+0-180
04) 0-4728 + 0-00137 0-2173 +0-00248 0-2861 + 0-00081 0-20+0-176
OH(1) 0-7797 £ 0-00137 0-2026 + 0-00284 0-4791 + 0-00081 026 +0-180
OH(2) 0-1911+0-00158 0-5979 + 0-00266 0-3209 + 0-00090 0-48 + 0-203
OH(@3) 0-1780 + 0-00159 0-1736 + 0-00246 0-4080 + 0-00093 0-47 +0-200
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Table 2. Observed and calculated structure factors of clinoclase, CuzAsO4(OH),.
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Table 2 (cont.)
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In the Cu(1)-Cu(2) dimer, the shared edge, OH(3)-
OH(3) (259 A) is much shorter than the unshared
edges, which average 2-81 A. The Cu(1)-Cu(2) distance
within the dimer is 2:984 A and the coordination planes
around Cu(l) and Cu(2) make an angle of about 173°
with each other. These dimers polymerize to form an
infinite chain, running parallel to the ¢ axis, by sharing
two OH(1) groups with two adjacent dimers. The
equatorial planes of the dimers lie zigzag, roughly
parallel to (100). The edges of two adjacent dimers,
namely, OH(3)~OH(1) and OH(1)-O(2) make an angle
of 61-1° with each other within the dimeric chain
(Fig. 5).
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Within the isolated Cu(3)-Cu(3) dimer, the shared
edge, O(1)-O(1) (252 A) is much shorter than the
unshared edges, which average 2-89 A. The Cu(3)~
Cu(3) distance, 3-127 A is considerably longer than the
corresponding distance in the Cu(1)-Cu(2) dimer.

The arsenate group

The tetrahedral arsenate group deviates considerably
from regularity. The As—O distances may be grouped
into two classes, namely, As-O(l), As-O(3) averaging
1-73 A and As-O(2), As-O(4) averaging 1-68 A. The
difference in these two sets of bond lengths (4/0=2-5)
is probably significant. Qurashi & Barnes (1963) have
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Table 3. Interatomic distances and angles in clinoclase, Cu3AsO,(OH);

Cu(1)(D)-OH(1)(T)
~O@)(VIII)
—OHQ)(VID)
-03)(VID)
-0
-OH(3)(V)

OH(1)(I)-O(2)(VIII)

O@)(VII)-OHE)(VII)

OH(2)(VID-O(3)(VII)

O3)(VID-OH(1)(I)

O(4)(D-OH1)(I)

O(4)ID-0(2)(VII)

O(4)(D-OH(2)(VII)

O(4)(1)-O(3)(VII)

OH@3)(V)-OH(1)(I)

OH@3)(V)-0Q2)(VIID)

OH@3)(V)-OH(2)(VII)

OH(3)(V)-O3)(VID)

Cu(2)(1)-O(3)(VIL)
—OH(2)(VI)
—OH(1)(XII)
—~OH@3)(VID)
-0(2)(v)
—O(4)(VID)

O@)(VID-OH(2)(VID)

OH2)(VID-OH(1)(XII)

OH(1)(XID-OH@3)(VID)

OH@B)(VID-0(3)(VIL)

O2X(V)-O(3)(VII)

O(2)(V)-OH(2)(VIT)

O(2)(V)-OH1)(XID)

O(2)(V)-OH@3)VID)

Cu(3)(D-0(1)(IV)
~O(1)(VID)
-0(HM
-OHQEXD)
-OH2)(D)
OH(1)(T)

O(H(IV)-O(1)(VII)

O(IXVID-034XD)

O(4)X(D-OH(3)(T)

OH(3)(I)-O(1)(IV)

OHQ)(D-O(1)(1V)

OH(2)(D)-O(1)(VII)

OH(2)(D-0(4)(I)

OH(2)}D-OH3)XD)

I X, ¥, 2

(II) —Xy, =Y, —Z
(IIT) —X, 3 +y, 3z
av) X 3=y, itz
V) 1+x,y, 2z

(4'2)) 1—-x,1-y, —2

(VII) l—x, %+y, 3—2
(VIII) l—x, —3+y,3—2

(IX) x, —1+y, z
(X) 1+x, =14y, 2z
(XI) l—x,1—-y,1-2

(XII) X, i'_y’ _%+2
Xan  14+1-x), —+y, -z
(X1V) —1+x,y, 2

Within the Cu(l) polyhedron

1-913 A OH(1)-Cu(1)(H)-O(2)(VIII)
1-969 OQ)(VIIT)-Cu(1)(1)-OH(2)(VII)
1-906 OH(2)(VID-Cu(1)D)-O3)(VII)
2:066 OB)(VID-Cu(1)(D)-OH(1)(I)
2:310 O@)()-Cu(1)T1)-OH(1)X(T)
2-842 O(4)(D-Cu(1HT)-O2)(VIII)
2:771 O(4)(D)-Cu(1)(1)-OH(2)(VI)
2-805 O(4)()-Cu(1)(H-0GB)(VII)
2-586 OH(B)(V)-Cu(1)(D)-OH (1))
2:915 OH(3)V)-Cu(1)(1)-O2)(VIiI)
2-984 OH@3)V)-Cu(1)(1)-OH(2)(VII)
3-586 OH(3)(V)-Cu(1)(T)-O(3)(VII)
3055 OH(1)(I)-Cu(1)(I)=OH(2)(VII)
2-934 O@)(VIID-Cu(1)(1))-O3)(VII)
3-156 O(4)(D-Cu(1)(1)-OHB)(V)
3-227

3-593

3-256

Within the Cu(2) polyhedron

1990 A OG)(VID)-Cu(2)T)-OH(2)(VII)
1-949 OH2)(VID-Cu(2)(I)~OH(1)(X1I)
1-894 OH(1)(XID)-Cu(2)(1)-~OH(3)(VII)
1-934 OH@)(VID-Cu(2)(1)-O(3) V1)
2:513 0(2)(V)-Cu(2)(1)-O(3)(VID)

3320 0(2)(V)-Cu(2)(1)~OH(2)(VII)
2-586 O(2)(V)-Cu(2)(1)-OH(1)(XII)
2-769 O(2)(V)-Cu(2)(1)-OHB)(VII)
2795 0(3)(VI)-Cu(2)(-OH(1)(X11)
2-822 OH(2)(VII)-Cu(2)(I)~-OHG3)(VII)
3-379 0(2)(V)-Cu(2)(1)-O(4)(VII)
3-142

3116

3.227

Within the Cu(3) polyhedron

2:023 A O(1)(IV)-Cu(3)(D-O(1)(VII)
1-990 O(1)(VID)-Cu(B)I)-O(4)(I)
1-983 O4)IM)-Cu(3)(D)-OHB)XI)
1-901 OH(3)(I)-Cu(3)(I)-O(1)(1V)
2:296 OHQ)XD-Cu(3)(H-0O(1)(IV)
2-988 OHQ@)D)-Cu(3)(DH-O(1)(VII)
2:516 OHQ@XI)-Cu(3)T)-O(4)(T)
2-894 OH)(I)-Cu(3)I)-OH3)(I)
2-824 O(1H)(IV)-Cu(3)(D)-O(4)(I)
2-948 O(I(VID-Cu3)(I)-OHGBXI)
3-427 OHEYI)-Cu3)(I)-OHU XI)
2964

3-268

2-953

91-1°
927
81-2
94-1
89-4
113-6
92-4
84-0
80-6
82-1
96-3
81-5
174-8
161-7
1617

82:1°
92:2
93-8
92:0
96-6
88-6
88-9
92:1
172:0
174-0
1368

77-6°
935
93-3
97-4
104-8
872
99-3
889
1537
172:6
147-4

783
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Table 3 (cont.)
Within the AsO4 group

As(1)-01)(T) 1-716 A
~0(2)(I) 1-678
—-0(3)(I) 1-746
—04)(1) 1:677

O(1)(X)-0(2)(I) 2750

O(1)1)-0(3)(1) 2:762

O(1)(D)-0(4)(I) 2785

0R)M-0(3)(I) 2774

0)(1)-0(4)(I) 2:804

OG)1)-O(4)(I) 2814

Copper—copper distances

Cu(1)(D-Cu(2)) 2:984 A
Cu(1)(I)-Cu(2)(XI1I) 3286
Cu(2)(H-Cu(3)(VII) 3:376

Copper-arsenic distances

3226 A
3-132

As(D)-Cu(1)(VID)
As(I)-Cu(3)(D)

Hydrogen bond distances and angles

OH(1)(D)-O(1)(VID)

Cu(2)(IV)-OH(HD)-O(1)(VID) 117-0°
O()(VID)-OH(1 X(D-Cu()(I) 931

OH2)(DH-0(3)(V)

O(3)(V)-OH(2)(D-Cu(1)(T) 97-2°
OGYV)-OH2)(I)-Cu(2)(I) 1083
O(3)V)-OH(2)M)-Cu(3)(VIII) 108-9

OH(3)-0(2)(1V)

O)IV)-OHGBXD)-Cu(1)(XIV) 97-9°
O)(IV)-OH3)XI)-Cu(2)(VII) 101-0
C(2)(IV)-OHGBXD)-Cu(3)XD) 99-1

* See text.

suggested that in the AsO, distorted tetrahedra of
arsenates, bond lengths of about 1-64 +0-04 A repre-
sent essentially covalent double bonds, while those of
about 1-74 +0-03 A represent covalent single bonds.
It is most likely that As-O(2) and As-O(4) bonds in
clinoclase possess considerable double bond character.
The difference in the As—O bond lengths can be explai-
ned on the basis of bonding schemes of the oxygens
concerned. Thus, O(1) and O(3) are involved in two
further short Cu-O bonds, while O(2) and O(4) are
involved in one short and one long Cu-O bond. It is
interesting to note that the bonds with considerable
double bond character, As—O(2) and As-O(4), subtend
the largest angle (O(2)-As-O(4)), 113:4°, consistent with
the largest bond-pair/bond-pair interaction.

The complex sheet structure

Two sets of Cu(1)-Cu(2) dimeric chains are arranged
in a zigzag fashion with respect to each other in the
unit cell. These chains sandwich between them iso-
lated Cu(3)-Cu(3) dimers and AsO, tetrahedra. The
complex sheet structure thus formed runs parallel to
the (100) plane. The first set of chains, occurring at
x~0-2, y~0-75 in neighboring cells, are bonded to
each other through the AsO, tetrahedra and the Cu(3)-

o(H(I)-As(1)-0(2)(D 108-2°
O(1)(I)-As(I)-O(3)(I) 105-9
O(1)(I)-As(I)-O4)(I) 110-3
O2)(D-As(I)-03)(I) 108-2
O()(I)-As(I)-O(4)(I) 1134
O3)(I)-As(I)-O(4)(T) 110-5
Cu3)(D)-Cu(2)(VII) 3376 A
Cu(3)(D)-Cu3)(XD) 3-127
As(D)-Cu(3)(VII) 3-268 A

2:752 A*
Cu(1)(D)-OH)YD)-Cu(2)(IV) 149-2°

2-804 A

Cu(1)(D)-OH)D)-Cu(2)(I) 101-4°

Cu(1)(I)-OH2YI)-Cu(3)(VIII) 115-8
Cu)(I)-OH2)(D-CuB3)(VIID) 122:2

2:828 A
Cu(1)(XIV)-OH@B)(I)-Cu(2)(VIII) 84-7°
Cu(1)(XIV)-OH@BYD)-Cu(3)1) 143-2
Cu(2)(VII)-OH@3)ID)-Cu(3)(}) 1233

tetragonal pyramids. The AsO, tetrahedron shares
corners O(2), O(3) with two Cu(l)-coordination planes,
while the Cu(3)-tetragonal pyramid shares corners
OH(2), OH(3) with two Cu(2)-coordination planes,
belonging to two adjacent dimeric chains (Fig. 4). The
Cu(3)-Cu(3) dimers are connected to each other
through AsO, groups, sharing corners, O(1) and O(4).
Two sets of dimeric chains, occurring at x~0-2, y ~0-75
and x~0-8, y~0-25, are cross linked by the Cu(3)-
Cu(3) dimeric groups, sharing one OH(3) corner each
with two Cu(2)-coordination planes, belonging to two
different dimeric chains (Fig. 5). The chains are further
joined together by long Cu-O bonds between Cu(l)
and O(4) (231 A). The complex sheets are held to-
gether by long Cu-O bonds, namely Cu(1)-OH(3),
2:84 A, Cu(2)-0(2), 2-51 A, and a hydrogen bond
O-H(2) - -+ O(3), 2:80 A (Fig. 3). These long bonds
are naturally weak and the perfect (100) cleavage
breaks just these bonds.

The hydrogen bonds

The infrared spectrum of clinoclase at the 3u region
consists of a sharp peak at 3530 cm~! and a broad
band, presumably due to superimposition of two sepa-
rate peaks, at 3325 cm~!. The sharp peak at 3530 cm~!
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indicates a practically free OH group, while the broad
band at 3325 cm~! indicates that the other two OH
groups are hydrogen bonded.

The hydrogen bond between OH(3) and O(2)
(O-H(3) - - - O(2)=2-83 A) binds two adjacent Cu(l)-
Cu(2) dimers closer together, while that between
OH(2) and O(3) (O-H(2) - - - O(3)=2-80 A) helps bind
the complex sheets to each other. The distance between
OH(1) and O(1) (2:75 A) is a reasonable hydrogen
bonding distance. However, if OH(1) is really hydrogen
bonded to O(1), the configuration of the OH(1) oxygen
would be highly distorted trigonal planar. In view of
this fact, as well as the infrared evidence, it is sugge-
sted that the OH(1) group is virtually free. In contrast,

=000

785

all the three OH groups in the structure of cornetite,
Cu;3PO4(OH); are involved in hydrogen bonding.

Discussion

The stereochemistry of the copper(Il) ions in the
structure of clinoclase, though essentially tetrahedral
pyramidal, shows a transitional state between tetra-
gonal bipyramidal on the one hand, as evidenced by
a sixth ligand at a much greater distance, and a trigonal
bipyramidal on the other, by means of a curvature of
the coordination plane in a boat shape towards the
fifth ligand. A similar stereochemistry of the copper-
(IT) ions has previously been noted in the structure of

5
Y
Y W

)I\ \ )\Q?VO
/ OH(1) Y% OH(2)
B OTOBB-0

1

O As
OCu

Oo
O o

i
t a
W

Fig. 4. A part of the complex sheet structure in clinoclase viewed down the @ axis between x=0 and 4, showing the link-
age of the Cu(1)~-Cu(2) dimeric chains through AsO4 groups and Cu(3)-tetragonal pyramids.
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cornetite, Cu;PO4(OH); (Fehlmann, Ghose & Finney,
1964). Cornetite, however, possesses a three-dimensio-
nal network structure. In both of these structures, the
cupric ions occur in two sets of dimers, one set of
which polymerizes further into an infinite chain. The
dimeric chain found in clinoclase is apparently a new
type, while that found in cornetite is similar in prin-
ciple to the chain found in euchroite, Cu,AsO4(OH) .
3H,0 (Giuseppetti, 1963).

The tendency of the cupric ions to form isolated
dimers by sharing an edge of the coordination plane
or a pyramidal edge has been noted recently in a num-
ber of inorganic, as well as metal-organic, cupric
complexes; e.g. libethenite, Cu,PO4(OH) and olivenite,
Cu,AsO4(OH) (Heritsch, 1938, 1940; Walitzi, 1963), cal-
laghanite, Cu,Mg,CO;(OH)¢ . 2H,O (Brunton, Stein-
fink & Beck, 1962), dolerophanite, CuOSO, (Fliigel-
Kabhler, 1963), LiCuCls . 2H,0O (Vossos, Fitzwater &
Rundle, 1963), KCuCl; and NH4CuCl; (Willet, Dwig-
gins, Kruh & Rundle, 1963), Cu,Cl,(CH;CN), and
Cu;Cl¢(CH;CN), (Willet & Rundle, 1964), acetyl-
acetone-mono-(o-hydroxyanil) copper(Il) (Barclay &
Hoskins, 1963), anhydrous copper formate (Barclay
& Kennard, 1961), N,N’-ethylenebis(salicylideminei-
minato)copper(Il) (Hall & Waters, 1960), copper bis-
8-hydroxyquinoline (Bevan, Graddon & MacConnell,
1963), etc. The polymerization of the dimers to form
an infinite chain is known so far in the structures of
clinoclase, Cu3AsO4(OH);, cornetite, Cu3;PO4(OH),
and euchroite, Cu,AsO4(OH) . 3H,0.

The complex sheet structure found in clinoclase is
a new type, in contrast to the simple distorted-octa-
hedral sheet structures, found so far in basic cupric

THE CRYSTAL STRUCTURE OF CLINOCLASE, Cu3AsO4(OH);

compounds (Ghose, 1963). The arsenate group forms
an integral part of the sheet in clinoclase, while in
erinite, Cus(AsO,),(OH), it binds the distorted octa-
hedral sheets together into a three-dimensional net-
work.

Professors C. Frondel, Harvard University, and V.
P. Gianella, Reno, Nevada, kindly provided clino-
clase crystals for this investigation. The authors are
indebted to professor G. A. Jeffrey, University of
Pittsburgh, for the earlier part of the computations,
which were carried out at the University of Pittsburgh
Computation and Data Processing Center and to the
IBM, Extension Suisse for a gift of free time on the
IBM 7090 computer. Professor A. Niggli, Ziirich,
suggested the use of the Optimal Shift method. To
him and to Professor F. Laves thanks are due for their
interest and encouragement. Pauline K. Persing Ghose
kindly prepared the diagrams. This research has been
supported in part by the Swiss National Science Foun-
dation.
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The Crystal Structure of y-Dicalcium Silicate
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Least-squares analysis of three-dimensional single-crystal data confirms that y-Ca,SiOQ, is isostructural
with olivine, Mg,SiO4. The relative positions of the SiO4 tetrahedra and half the Ca atoms are similar
to those in the g and « forms. The remaining Ca atoms are surrounded by corresponding tetrahedra
but considerably displaced. The y form hydrates less rapidly than the g and " forms because of the
greater strength and uniformity of Ca~O bonding.

Introduction

The polymorphism of dicalcium silicate has been the
subject of many investigations because of its import-
ance to portland cement clinker and slag chemistry.
Bredig (1950), Nurse (1952), Roy (1958), Smith, Ma-
jumdar & Ordway (1961) and others have agreed that
four distinct crystalline modifications of Ca,SiO, do
exist. These forms, designated «, o', §, and y in order
of decreasing temperatures of stability, exhibit com-
plex equilibrium phase relations which are still not
established beyond doubt. The presently accepted
schematic free energy-temperature diagram (Smith,
Majumdar & Ordway, 1961) is shown in Fig. 1.
Several authors discuss possible structure types for
the various modifications and their interrelations.
O’Daniel & Tscheischwili (1942) proposed the olivine-
type structure for »-Ca,SiO, by its analogy with
Na,BeF,. Greer (1932) apparently reached the same
conclusion, from a study of (Ca,Mg),SiO, solid solu-
tions. The «-Ca,SiO, unit-cell dimensions were deter-
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Radiation Laboratory, Livermore, California, U.S.A.

T Present address: Central Building Research Institute,
Roorkee (U. P.), India.

t Present address: Melpar Inc., Falls Church, Va., U.S.A.

mined by Bredig (1950) and Douglas (1952) from the
high temperature X-ray data of Van Valkenburg &
McMurdie (1947), by showing an analogy with glase-
rite, Na;K(SO,),. The cell dimensions for the «’ form,
based on analogy with the K,SO, structure, were de-
termined by Bredig (1950) from the data of Trémel
and verified by Douglas (1952). Although similarities
between the a’ and « forms were obvious from a com-

RELATIVE FREE ENERGY

TEMPERATURE

Fig. 1. The schematic free energy-temperature diagram for the
polymorphs of Ca;SiO4. The solid lines indicate regions of
apparent stability; the dotted lines, of apparent metastability.



