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ABSTRACT

Two-dimensional Patterson, Fourier and difference syntheses have been used to
solve and refine the structure of lindgrenite, 2CuMo004Cu(OH)s. The results show an
infinite three-dimensional network of CuO,(OH); octahedra sharing edges to form
endless chains which are cross-linked through MoO, tetrahedra sharing corners with
adjacent octahedra. Powder data (indexed for d > 2.25 &) are given in an Appendix as
an aid to the identification of lindgrenite.

Introduction

Lindgrenite, 2CuMoQ,.Cu(OH),, is a comparatively rare mineral
originally found in Chile, and first described by Palache (1935). It has
more recently been identified in Idaho and in Arizona (Cannon &
Grimaldi, 1953), and in Great Britain (Kingsbury & Hartley, 1954).
Lindgrenite is monoclinic; its unit cell constants have been reported as
a =56l A b=14034A, ¢ = 5404, g = 98°23', with two formula
units per cell, and space group P2;/n (Barnes, 1949). Its structure is of
interest as that of a naturally occurring molybdate, of which few are
known, and also as that of an oxy-hydroxy copper compound.

Experimental

A portion of the original specimen studied by Palache (1935) and by
Barnes (1949) was available through the kindness of Professor Clifford
Frondel. Two crystals from this specimen were employed in the present
investigation. The first was cut from a large plate and had dimensions
of 80X90X 110 p. The %0 and 0%! reflections were recorded on precession
photographs (MoK« radiation, X = 0.7107 A) from some of which the
unit cell constants and the space group, reported previously (Barnes,
1949), were confirmed. The measurements on those precession films
(8 = 30°) from which the values of @, b and ¢ were calculated, utilized
the row lines of spots from the resolved a; (A = 0.70926 A), as (A =
0.71354 A) doublet. Weissenberg photographs (CuKa radiation,
A = 1.5418 A) were employed for the {201} zone. The intensities of the
spots on the precession films were estimated by comparison with a scale
obtained by means of a rotating sector, while a logarithmic-interval scale
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prepared from the crystal itself was used for the Weissenberg films. All
intensities were corrected as usual for Lorentz and polarization factors
(Buerger, 1941; Waser, 1951). Absorption corrections, however, were not
applied to the data from the precession photographs (& = 25°) because
they are virtually constant for Mo radiation over the observed range
of sing, but it was necessary to correct the intensities of the %0/ reflections
(Cu radiation) and an approximate analytical method was adopted. The
relative values of | F|? were placed on an absolute scale by the procedure
of Wilson (1942).

After a few stages of refinement of a trial structure, however, it became
clear that observed structure amplitudes of greater accuracy would be
necessary in order to establish the co-ordinates of the oxygen atoms with
any degree of certainty. For this purpose a second crystal was reduced to
a sphere of radius 9841 u in a Bond (1951) Sphere Grinder, although
some difficulty was experienced at first owing to the pronounced cleavage
parallel to (010). The spherical crystal was finally obtained as follows.
Several fragments were ground against 325 grit aluminium oxide paper,
under an air pressure of 10 to 15 pounds per square inch, until roughly
spherical particles were produced. These particles were then ground
individually in short stages of about 1 minute each using 600 grit silicon
carbide paper and an air pressure of 5 p.s.i., because tests had shown
that continued treatment under the initial conditions caused the crystals
to shatter. At the end of each stage the particle was examined under a
stereoscopic microscope. After several attempts a satisfactory sphere,
free from visible cracks or partings, was obtained.

The reflections from the {4k0} zone of the spherical crystal were
recorded with CuKe radiation in an integrating Weissenberg instrument
(Wiebenga & Smits, 1950). The strong and medium intensities were
measured with a divided-beam photometer. Long-exposure non-integrated
photographs were employed for recording the weak reflections, the
intensities of which were estimated by careful comparison with a photo-
graphic intensity scale prepared from the same crystal. The intensities
of each of the four types of equivalent reflections, zk0, hkO, hk0, hkO,
were measured and the mean of the results for each set of four equivalent
planes was adopted, because in some cases (large sind) the observed values
within each set were not exactly equal. Of 100 possible reflections from
this zone, 99 were observed. The intensities of 58 were measured with
the photometer, the intensities of 13 were estimated by eye with the
aid of the intensity scale, and the intensities of 28 of medium strength
were obtained by both methods to provide correlation between the results
from the photometer and those from the eye estimations.

The reflections from the {40/} and {Okl} zones were recorded on
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precession photographs taken with @ = 30° and MoK a radiation. Twelve
films were exposed for various pre-determined times from % hour to
116 hours for the {#0l} zone, and ten films with exposure times of % hour
to 129 hours were obtained for the {0%l} zone. All but one of the 48
possible reflections from {%#0!}, and all 122 possible reflections from {0k},
were observed. The structure amplitudes of 5 of the former (including
the one unobserved), and 14 of the latter, were not included in the
refinement calculations because of uncertainty in the Lorentz-polarization
cotrections at the large sind values involved.

For estimating the intensities of the reflections from these two zones, a
scale was prepared from a set of precession photographs, available in
the laboratory, which had been taken with timed exposures, in the ratio
1:2:4:8:16:32:64, of a zone of another mineral. The spot due to a specific
reflection was selected on the basis of its photographic density on the
film of shortest exposure time and its very close similarity in size and
shape to those on the lindgrenite films, and a strip containing it was cut
from each of the seven films. The intensities of all reflections from the
{rOl} and {Ok!} zones of lindgrenite were estimated by direct comparison
with this exposure scale according to the usual multiple exposure tech-
nique, and the results were arranged in order of increasing intensity for
each zone. This order and the numerical values in each list were then
refined by careful visual comparison of adjacent entries with the corres-
ponding spots on the appropriate set of lindgrenite films. This procedure
is equivalent to the use of much smaller interpolation intervals than
normally is feasible with a graded intensity scale alone; it was particularly
desirable in the present case because of the rather coarse scale employed
for the initial estimations. The intensities of all reflections were measured,
including those from equivalent planes (i.e., (#01), (A0l) in {%01}; (OkI),
(0kl), (OFI), (OFD) in {Okl}). The average value for each set of equivalent
reflections was accepted in all cases.

The observed intensities for each of the three axial zones were corrected
for Lorentz-polarization effects, appropriate absorption corrections for a
spherical crystal (Taylor, 1944; Evans & Ekstein, 1952) were applied,
and the final values of |FJ? were placed on an absolute sale by Wilson’s
method. It is of interest to note that the discrepancy, =|Fi— Fo|/Z| A,
between the structure amplitudes, |[Fi|, for the spherical crystal, and
those, |Fs|, for the non-spherical crystal, is 0.09, indicating systematic
improvement even when allowance is made for random variations.

Trial Structure; Patterson Synthesis
The co-ordinates of the equivalent positions in the space group
P2 /n (C3,), unique axis b, are
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(¢) 000; 33% (b) 300; 033
(c) 030; 303 (@) 330; 003
() xyz; y+=x, 3—y 3tz 7y 5—x 34y 12
"The unit cell of lindgrenite contains 6 copper atoms and 4 molybdenum
atoms. It is necessary, therefore, to place at least two of the former in
one of the four sets of two-fold special positions. Since these differ only
in choice of origin, two atoms (designated Cu;) may be assigned to (a)
with co-ordinates 0, 0, 0 and %, %, 1. There remain four atoms of copper
(designated Cus) and four atoms of molybdenum which may be expected
to occupy two sets of general positions (e). It is only necessary, therefore,
to determine the co-ordinates of one Cuz and one Mo in order to establish
the sites of all the metal atoms. An examination of the morphology,
optical characteristics, and observed structure amplitudes revealed no
features of direct assistance in suggesting possible locations for these
metal atoms or for the oxygen atoms. S
Patterson projections on (100), (010), and (001) were calculated and
are shown in Fig. 1.2 It may be noted that the majority of the peaks,
with the exception of that at the origin, are approximately equal ‘in
height, and that there is remarkably good resolution in the (010) pro-
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F16. 1. Patterson maps for the {#0l}, {0k}, and {kk0} zones of lindgrenite. Contours
at equal, but arbitrary, intervals above an arbitrary base; contour intervals doubled
at origin.

2While checking the completed drawings for Figs. 1 to 7, an accidental error of about
19, (apparently involving the factor sing = 0.9893) was detected in some of the lengths
representing g, ¢, @ sing, ¢ sinB. Because the figures are designed primarily for illustrative
purposes, and the error is small, it was not considered worthwhile to repeat the laborious
plotting and drawing required to prepare a new set of figures.
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jection despite the length (14.03 A) of the b axis. Correlation of the three
maps gave a list of maxima in the Patterson unit cell which were readily
interpreted as follows.

Because of the large differences between the atomic numbers of copper
and molybdenum and that of oxygen it was assumed that only the peaks
due to metal-metal interactions would appear on the Patterson maps.
The high background level of the projections, therefore, is explicable as
representing the large number of unresolved metal-oxygen and oxygen—
oxygen vectors.

Now as a consequence of the # glide at ¥y = % in space group P2,/% an
atom at x, ¥, z is paired with another at 3+x, $—7v, $+2 and it may be
expected, therefore, that maxima will appear in the Patterson cell alorg
the line %, v,  with v = $+2y, and, for convenience, attention may be
centred on ¥ = $—2y. Examination of the (001) Patterson map (Fig. 1)
shows three peaks, with v = 8/120, 24/120, 37/120, for which 0<v< %,
along the line %, 9. Two of these must be caused by Cus—Cu, and
Mo — Mo interactions, respectively, but the close similarity among the
heights of the three peaks prohibits a direct choice of the appropriate
pair. The » co-ordinates of the atoms responsible for the three peaks
are 26/120, 18/120, 11/120, respectively. Taking these in pairs, assigning
them to metal atoms having scattering powers of 3(fou+tfumo), and with
Cuy at ¥ = 0, three sets of structure factors were calculated for the 0%0
reflections. Reasonable agreement with the observed structure amplitudes
was found only with the two composite metal atoms at y = 18/120 and
11/120, respectively. .

Restricting attention to the atom Cuy at 0, 0, 0 and another metal
atom (Cus or Mo) in a set of general positions (e), twelve independent
Patterson maxima should occur for which the Patterson co-ordinates
#, v, w have the following values in terms of the atomic co-ordinates:
% 3,2 5+% 5—y 3+ %, 342y, §; 2%, 2, 225 3+2x, §, 34235 2x, 2y, 23;
plus these with changed signs. Since there are two metal atoms in separate
groups of general positions, two such groups of maxima, having values
of v corresponding to ¥ = 18/120 and 11/120, respectively, were sought

.among the Patterson maps, and all peaks corresponding to both groups
were found. From the %, w Patterson co-ordinates of these two maxima,
values of x, 2 = 104/120, 56/120 and 52/120, 104/120, associated with
y = 18/120 and 11/120, respectively, were deduced, and their validity
was tested by calculating structure factors for the 200 and 00! reflections,
respectively, as for the 00 reflections, and comparing the results with
the observed structure amplitudes.

As a final confirmation of the x, ¥, z co-ordinates for the two metal
atoms in the separate sets of general positions, all other possible inter-
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actions among all the metal atoms were calculated and were found to
account for the remaining important features of the three Patterson
projections. Furthermore, the closest metal-metal distances were reason-
able, namely 3.1 to 3.8 A. It was not possible at this stage, however, to
distinguish Cu, from Mo.

Refinement; F, and (F,— F,) Syntheses

The Fourier projection on (001) was calculated for Cu; atoms in special
positions (@) at x, ¥y = 0, 0 and %, %, and for metal atoms, each with
scattering power 3(fou+fmo), in two sets of general positions (¢) for
which x, y = 0.43, 0.09 and 0.87, 0.15, respectively, as deduced from
the Patterson maps. Atomic scattering factors taken from the Imter-
nationale Tabellen (1935) were used throughout the structure study
because the substitution of approximate ionic scattering factors (Cu?*,
Mo®+) in the later stages of refinement caused no significant changes in
the discrepancy factor, R. The atomic scattering factors were corrected
for dispersion by the formula of Hénl (1933), and were modified by a
temperature factor with B = 1.0 derived from the Wilson plot with
which the observed intensities were scaled. Only those planes whose
signs had been established by the calculated structure factors were
included in the Fourier synthesis. The discrepancy factor, R, was 0.57,
taking |F,] = 0 for all unobserved reflections. In addition to several
peaks of about 10 e. A2, the Fourier map showed two large peaks of
heights 30 e. A2 and 50 e. A~* which were assigned to the Cu, and Mo
atoms, respectively.

On the basis of the x, y co-ordinates for Cu, and Mo derived from this
Fourier map, together with those for Cu,, a difference synthesis was
computed for which R = 0.43. Three peaks were well resolved in the
difference map and were assumed to represent oxygen atoms. Metal
atom shifts were calculated from the gradients (Cruickshank, 1949), and
structure factors were recalculated with the revised metal co-ordinates
and those of the three oyxgen atoms. The scale of the observed intensities
and the value of B for the metal atoms were readjusted. For the oxygen
atoms B was taken as twice that of the metal atoms on the basis of the
relative sharpness of the peaks in the Fourier maps.

A second difference synthesis, with the metal atoms and the three
oxygen atoms removed, reduced R to 0.25 and revealed the positions of
the two remaining oxygen atoms. Refinement of the atomic positions was
effected and adjustment of the scale and temperature factors was again
carried out. Because the map showed some disturbing features, however,
the next difference synthesis was calculated in two parts, (¢) with only
the metal atoms removed, and (b) with all the atoms removed. The
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discrepancy factor, R = 0.22, was the same in both cases, suggesting
that the x, y co-ordinates of one or more of the oxygen atoms must be
incorrect. Another difference synthesis, therefore, was calculated with
all of the metal and three of the five oxygen atoms removed. The resulting
map (R = 0.25) revealed new sites for two of the oxygen atoms. Four
more difference syntheses brought the shifts in co-ordinates to random
values and reduced R to 0.11.

The {Oki} zone was independently examined in the same way, starting
with a Fourier projection on (100) based on atoms of Cuiaty, z = 0,0
and %, %, and metal atoms with f = 3(foutfume) in two sets of general
positions for which v, 3 = 0.09, 0.87 and 0.15, 0.47, respectively, as
deduced from the Patterson maps. The electron density map (R = 0.34)
showed two peaks of 44 e. A2 and 61 e. A~% with y co-ordinates in
agreement with those of the positions assigned to Cus and Mo, respective-
ly, in the (001) Fourier projection. The three highest of the remaining
peaks were selected as representing the positions of oxygen atoms.

A difference synthesis, calculated with only the metal atoms removed,
reduced R to 0.25, while with all the atoms removed R was 0.19. The
highest peak in the second map was identified tentatively as representing
a fourth oxygen atom. The next difference synthesis (R = 0.16), calculated
with the metal atoms and the four oxygen atoms removed, however,
indicated that the co-ordinates of one oxygen atom probably were
incorrect. This suspicion was confirmed and the correct position of this
atom and that of the fifth oxygen atom were revealed in the next difference
map (R = 0.20). Three more difference syntheses reduced the shifts of
atomic positions to random values (R = 0.15). The y co-ordinates of all
atoms at this stage were in satisfactory agreement with those derived
independently from the analysis of the Fourier and difference maps for
the {#%k0} zone. In both zones, |F,— F,| for the unobserved reflections
was assumed to be 0.7 of the lowest observable |F,| in the first few
difference syntheses, but all unobserved reflections were omitted from
the later calculations.

The results for the two zones were combined, but several features of
the resulting structure were unsatisfactory, particularly two of the Mo—O
and two of the O—O distances. All of these were dependent on the
co-ordinates assigned to oxygen atoms which, in both projections, would
be affected by the presence of neighbouring metal atoms. Using the
co-ordinates derived from these two zones, therefore, a Fourier projection
and a difference map were calculated for the {20!} zone. Two oxygen
atoms were well resolved but atomic shifts were indicated which suggested
the presence of systematic errors in certain of the oxygen atom co-
ordinates derived from the {#k0} and {0k!} zones.
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F16. 2. Final partial difference maps for the {#0l}, {Ok!}, and {%k0} zones of lind-

grenite. Metal atoms removed. Contours at intervals of 2e.A‘2; zero and negative
contours broken. Atomic sites labelled.
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All atoms removed. Contours at intervals of 1e.A~2; zero and negative contours broken.
Atomic sites labelled.
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At this stage the spherical crystal was prepared and the more complete
and accurate intensity data were collected. Refinement of the three axial
zones was resumed with the use of the new structure amplitudes. To
reduce the shifts in atomic co-ordinates again to random values, two
difference syntheses were required for the (100) projection, and three
each for the (001) and (010) projections.

The last partial difference maps (only the metal atoms removed) are
shown in Fig. 2 and the corresponding complete difference maps (all
atoms removed) are reproduced in Fig. 8. The variations in electron
density in the latter are of the order to be expected from random experi-
mental errors, and the gradients are close to zero at all the atomic sites.
The absence of any systematic features in the difference maps implies
that the final values of the temperature-factor constant B (1.00 for O;

TaBLE 1. FracTioNaAL CO-ORDINATES OF THE ATOMS

(Derived Separately for Each Zone; Weighted Means, w. m.; Values for Unresolved
Atoms are in Parentheses)

x ¥ 2
Atom
{rot} {nzo} w.m, {orz} {nro} w.m. {orz} {not} w.m.,
Cu 0 ] 0 0 0 0 0 0 0

Cus (0.4890) | 0.4884 | 0.4885 || 0.0939 | 0.094¢4 | 0.0942 || 0.8644 | 0.8640 | 0.8642
Mo 0.8766 | 0.8771 | 0.8769 || 0.1545 | 0.1543 | 0.1544 || 0.4550 | 0.4555 | 0.4552

O (0.435) 0.432 0.432 0.222 0.220 0.221 0.977 (0.979) 0.977
Oz (0.101) |(0.094) 0.096 (0.095) |(0.093) 0.094 (0.641) | (0.646) 0.642
Os (0.600) |(0.600) | 0.600 (0.130) 0.129 0.130 (0.550) |(0.562) 0.5564

Oa (0.867) 0.866 0.866 (0.114) | (0.108) 0.112 0.144 0.150 0.149
OH 0.344 0.337 0.341 0.032 0.031 0.031 0.120 0.124 0.123

TABLE 2. INTERATOMIC DISTANCES IN A
‘ (CuO4(OH); Octahedra, Shared Edges indicated by Asterisks; MoQ; Tetrahedron)

0. 0. 0, o) OH OH
Cu 2.46 2.46 1.96 1.96 1.98 1.98
0, 3.09 3.18 2.90* 3.40
0, 2.66* 2.91
Ol 02 03 04 OH OH
Cus 1.92 2.36 1.93 2.45 1.94 2.00
o) 3.02 2.89 2.92 2.85
0. 2.98 2.90% 3.68
Os 3.36 2.84
0, 3.14 2.66*
OH 2.53*%
01 02 03 04
Mo 1.77 1.70 1.75 1.75
0, 2.85 2.87 2.93
0, 2.80 2.81
Os 2.82
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Fic. 4. Final Fourier maps for the {/0l}, {0k}, and {hk0} zones of lindgrenite.
Contours at intervals of 10e.A~2, except 20¢.A~2 around Mo; zero and negative contours
broken.

0.53 for Cu; 0.53 for Mo) are reasonable, although the value adopted for
oxygen is much less critical than that used for the metal atoms. There is
a slight suggestion of an anisotropic temperature effect associated with
Cu; at 0, 0 in the (100) map of Fig. 3.

The fractional atomic co-ordinates, each determined from two different
zones, are given in Table 1. The interatomic distances, calculated twice
(i.e., for each pair of atoms in two different regions of the unit cell), are
listed in Table 2. For each co-ordinate the two values derived from the
appropriate projections were weighted inversely as the variance (¢%) of
each to give the weighted means shown in Table 1. That the differences
between the individual values of the co-ordinates and their weighted
means cannot be considered as significant was supported by the results
of a x® test (Weatherburn, 1947).

The identification of which oxygen atom must represent the OH group
was made as follows. Each Mo is linked to 40 so that, if Mo is assumed
to have a formal electrostatic charge of 6+, a Mo—O bond has a value
of 121, Similarly, each Cu, with a charge of 2+, is joined to 60, thus
giving the Cu—O bond a value of 4. Now atoms O, and Os are each shared
between 1 Mo and 1 Cu so that their formal charges of 2— are approxi-
mately neutralized (13+3), and atoms O, and O, are each linked to
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1 Mo and to 2 Cu, thus accounting for their charges (13+43%) also. But
Oy is closely associated only with 8 Cu and thus retains an apparent net
formal charge of 1—, unless it does in fact represent the OH group. It
has, therefore, been designated OH in the figures and tables.

Electron density projections, calculated with the signs from the final
stage of refinement, are presented in Fig. 4. In these Fourier maps, the
strongly negative region around the molybdenum atom indicates the
magnitude of the effects which caused some of the difficulties in locating
the sites of the oxygen atoms.

Accuracy of the Results

The observed structure amplitudes and the calculated structure factors
are listed, separately for each of the three axial zones, in Table 3.

For each of the 28 planes in the {#%0} zone, the reflection intensities
of which were measured both with the photometer (integrated Weissen-
berg photographs) and by eye (non-integrated Weissenberg photographs),
the value of F, in Table 3 is the mean of the two results. The discrepancy,
2|F,—F,|/Z|F,|, between the structure amplitudes, |F,|, from the
photometric measurements and those, |F,|, estimated by eye is 0.06s
when the results for all 28 planes are included. If the (280) plane, for
which |AF| is greater than 5 times the probable error of a single AF
(calculated for all 28 values of AF = |F,|—|F,|) is rejected (Scarborough,
1950, p. 437), this discrepancy is reduced to 0.06;. For the other 27
planes, AF = —0.130, Z(AF) = —3.5, Z(AF)? = 56.87. The estimated
standard deviation of AF,

war = /| zwrr- PP o),

is 1.47, and o(F) = vZ(AF)?/2n = 1.03. The es.d. of the mean
AF = ¢(AF) = ¢(AF)/+/n = 0.283, and AF/o(AF) = 0.459. This ratio
is less than that (0.684) for the 509 probability level (Youden, 1951),
thus demonstrating that there is no significant difference between the
results obtained with the photometer and those from the eye estimations.
Furthermore, there is no significant difference between the discrepancy
factors, R = Z|F,— F,|/Z|F,|, calculated with F, = F,and with F, = F,
respectively, for the 27 reflections.

It is of interest that comparable results are obtained by application
of the same treatment to the structure amplitudes for dibenzyl, |Fgl,
obtained by Robertson (1934) from intensities measured with an integra-
ting photometer, and those, |F,|, obtained by Jeffrey (1947) from eye
estimations with the aid of a calibrated intensity scale. There are 95
observed reflections (Jeffrey, 1947, p. 224) for which both Fz and F,
are available. Jeffrey points out that the difference between the two
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TABLE 3—(continued)

%0 |Fol Fe 1RO 1F,! F. 1kO LRl Fe
020 45.6 + 52.3 || 28 37.1 + 83.9 || 480 6.6 + 7.6
040 128.4 —149.9 || 290 57.8 + 52.4 || 490 15.1 - 13.8
060 48.9 + 44.5 { 2.10.0 66.5 + 70.5 || 4.10.0 105.4 +108.3
080 72.0 + 62.5 | 2.11.0 61.1 — 60.7 || 4.11.0 8.2 — 6.6
0.10.0 7.4 + 6.9 2120 47.1 + 46.8 || 4.12.0 6.9 T 4.1
0.12.0 81.4 + 84.9 || 2.13.0 13.3 + 11.81 4.18.0 <1.8 + 0.2
0.14.0 35.1 + 32,5 || 2.14.0 11.7 4+ 11.1 || 4.14.0 20.0 — 20.8
0.16.0 88.0 — 93.5 || 2.15.0 59.6 + 62.8 || 510 44.9 — 50.5
0.18.0 13.1 + 12.0 || 2.16.0 17.6 — 16.7 || 520 60.7 — 62.9
110 31.1 + 27.8 | 2.a7.0 46.6 ~ 53.4 || 530 70.3 + 73.4
120 86.3 + 94.0 || 310 52.1 — 56.7 || 540 26.9 + 25.7
130 29.9 —~ 24.6 || 320 60.6 + 6324 || 550 53.0 + 58.2
140 77.6 — 73.2 || 330 121.7 +126.6 || 560 . 29.9 + 28.2
150 84.7 + 78.6 || 340 62.0 — 54.7 || 570 9.3 - 21
160 74.8 — 72.3 || 350 83.6 + 80.5 || 580 15.3 — 11.0
170 126.5 +123.9 || 360 50.4 — 49.8 || 500 36.5 + 36.4
180 76.6 + 67.6 || 370 10.5 + 7.2 5.10.0 15.6 + 17.8
190 57.4 — 58.8 || 380 84.9 + 86.7 || 5.11.0 6.8 - 14.4
1.10.0 16.3 — 19.3 || 390 30.0 + 27.2 || 5.12.0 24.0 + 21.2
1.11.0 17.1 — 10.1 || 3.10.0 5.9 — 7.7 |l eo00 30.2 + 32.7
1.12.0 47.0 — 45.8 || 3.11.0 8.9 —12.1 || 610 4.2 — 44.3
1.13.0 62.8 + 67.9 || 3.12.0 43.3 — 441 620 33.2 + 40.8
1.14.0 28.2 + 29.8 || 3.13.0 38.7 — 35.4 || 630 5.5 - 7.1
1.15.0 24.0 + 19.0 || 3.14.0 7.2 + 12.0 || 640 10.6 + 7.8
1.16.0 7.9 + 6.3 s.15.0 52.8 + 56.7 || 650 61.1 + 62.7
1.17.0 7.8 + 6.9 3.16.0 5.9 + 7.6 660 10.0 - 8.2
200 132.3 +140.8 || 400 46.4 — 48.4 || 670 38.0 — 35.8
210 116.0 +119.4 || 410 12.2 + 7.6 680 8.3 + 10.3
220 48.4 + 45.4 || 420 62.0 + 65.6 || 690 39.9 — 43.1
230 26.3 + 23.3 || 430 7.5 —15.5 || 710 14.0 + 15.0
240 23.4 —27.8 | 440 68.4 + 64.1 ] 720 39.0 — 53.4
250 87.3 — 78.4 || 450 3.6 + 0.7 730 15.2 - 14.6
260 36.5 — 32.1 || 460 74.1 - 77.2

270 52.2 + 55.6 || 470 13.0 — b.5

values for the (200) plane probably is an extinction effect; in any case
|AF| for this plane is greater than 5 times the probable error of a single
AF (calculated for all 95 values of AF = |Fg|—|F,|) and, therefore, it
may be rejected. For the other 94 planes, the discrepancy, 2|Fr—Fs|/2
| Fzl, between the photometer measurements, Fz, and the eye estimations,
F,, is 0.06y, in exact agreement with the corresponding value for the 27
reflections of lindgrenite. For the 94 planes of dibenzul, AF = 0.074,
I(AF) =7, Z(AF)? = 111, o(AF) = 1.09, o(F) = 0.765, o(AF) = 0.109.
Considering the disparity in the number of available planes involved,
these results are not significantly different from those deduced from the
lindgrenite data.®

#The expressions for o(AF) and o F) are strictly valid only if |AF| is independent of

| Fl. Now the number of observations in the lindgrenite case is rather small (27), and the
range of | F| is not large (~7 to ~36), but the mean IAFl's calculated for separate groups
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The structure factors (F,) in Table 3 have been calculated with the
atomic co-ordinates shown separately for each zone in Table 1. The final
values of R, obtained directly from the data in Table 3, are 0.07 for
the {Okl} zone, 0.07 for the {401} zone, and 0.09 for the {rkO} zone when
all planes are included;; if the planes (040) and (720) are excluded, because
|AF| for each (where AF = | Fo|—|F|)-is greater than 5 times the P.E.
of a single AF, and the unobserved (4.13.0) is ignored, R for the {h%0}
zone is 0.08.

Because of the inherent difficulty of locating the oxygen atoms with
reasonable accuracy in the presence of the much heavier atoms of copper
and molybdenum in lindgrenite, special care was taken throughout this
investigation to reduce errors of observation to a minimum. Intensity
estimations, whether by photometer or by eye, were made several times
for each reflection, the use of the spherical crystal removed much uncer-
tainty in the corrections for absorption, and, by recourse to very long
exposure times, 268 of a possible 270 reflections were observed, although
18 observed (and 1 of the unobserved) reflections, for which sinf was
large, were rejected because of uncertainty in the evaluation of their
Lorentz-polarization factors. Errors due to finite series summations were
effectively corrected by the use of the difference synthesis method of
refinement, and rounding-off errors in the full difference syntheses were
reduced by scaling up the coefficients. Taking the estimated o(F) =
|F,—F,, the values of o(p), (Cruickshank, 1949, equation 11.10),
in the final Fourier syntheses (Fig. 4) are 1.0 e. A2 for the {0k} zone,
1.8 e. A2 for the {h0l} zone, and 0.8 ¢. A2 for the {7k0} zone.

For those atoms which are resolved in projection, the standard
of the larger and the smaller values of | F| do suggest that |AFl probably is not indepen-
dent of the magnitude of the structure amplitude. In the case of dibenzyl (94 planes),
the mean |AF! is 1.64 for the largest amplitudes (70 > |Fe| > 20; 11 planes), it is
0.76 for the middle group (20 > [Frl > 10; 83 planes), and it is 0.48 for the smallest
amplitudes (10 > |Fr| > 2; 50 planes). Also, the discrepancy between Fr and Fy
(0.06, for all planes) is 0.04¢ for the first, 0.057 for the second, and 0.08; for the third of
these groups. Because of the scarcity of available data suitable for direct comparison of
photometered and eye-estimated intensities, it is of interest to summarize other forms
in which the dibenzyl results have been expressed, particularly in view of the fact that
they are not all mutually consistent for reasons that are not immediately apparent.
There seems to be no doubt that the 94 pairs of F’s (R & J) from Jeffrey’s Table 1
(Jeffrey, 1947, p. 224), for which observed values are given (omitting the (200) plane),
have been used in all cases. Jeffrey (1947) has shown that the differences between the
R and J results (even when the (200) plane is included) “form an approximately normal
error curve from which the most probable error is 0.6, Cruickshank (1949, p. 73) gives
the standard deviation for all planes as 1.12 (omitting the (200) plane), and points out
that this must be divided by +/2 because both sets of observations are subject to error;
thus, 1.12/4/2 = 0.79;. Lipson & Cochran (1953, p. 289) express this as “o(Fo) = 0.8,
assuming o( Fo) independent of |F, . Finally, Jeffrey & Cruickshank (1953, p. 867) state

that, “In dibenzyl, for 94 reflections the s.d. of the difference between independent
measurements by photometer and by visual estimation was 5.0% of the mean [ Fobs, |



LINDGRENITE 45

TABLE 4. STANDARD DEVIATIONS (in A) OF ATOMIC CO-ORDINATES
(Separately for Each Zone; Standard Deviations of Weighted Means, s.d.w.m.)

Atom z y s

{not} {ne0} | sdowam.|| {ORI} {reo} | sdwam.|| {ort} {noi} |s.dwm
Cu: 0 0 0 0 0 0 0 0 0
Cus (0.01) 0.004 | 0.004 || 0.004 | 0.003 | 0.002 || 0.004 | 0.005 | 0.003
Mo 0.003 | 0.002 | 0.002{ o0.002 | 0.002 | 0.001 | 0.0038 | 0.003 | 0.002
(o)} (0.04) 0.01 0.01 0.008 | 0.006 | 0.01 0.03 (0.04) | 0.03
(0% ©0.04 | (0.02) | 0.02 || (0.02) | (0.02) | 0.01 (0.02) | (0.00) | 0.02
Os 0.03) | (0.02) | 0.02 || (0.03) 0.02 0.02 || (0.03) | (0.04) | 0.02
O (0.02) 0.01 0.01 0.02) | (0.04) | 0.04 0.02 0.01 0.02
OH 0.009 | 0.009 | 0.01 0.01 0.01 0.01 0.01 0.005 | 0.01

deviations of individual co-ordinates have been calculated with the aid
of Cruickshank’s formula 11.12 (Cruickshank, 1949, p. 72). For those
atoms which are not resolved, the standard deviations of the co-ordinates
have been estimated with the aid of the approximation given by Lipson
& Cochran (1953, p. 279, equation 279.4) for the electron density near
the centre of an atom, peak curvatures being obtained from the partial
difference maps (Fig. 2). All results are shown in Table 4, where the
values in parentheses are those for atoms which are not fully resolved.
The standard deviations of the weighted mean co-ordinates (see Table 1)
also are included in Table 4; their r.m.s. values are as follows: Mo,
0.002 &; Cu, 0.003 A; Oy, Oy, O3, Oy, none of which is fully resolved in
all three projections, 0.02 to 0.03 A; OH (fully resolved), 0.01 A. The
standard deviations for the metal-oxygen and metal-hydroxyl distances
are virtually the same as those for the O and OH co-ordinates because
the s.d. of the latter are so much greater than the s.d. of the metal
co-ordinates. The standard deviation of the Mo—Cu distances is 0.004 A.
The probable errors in the unit cell constants of lindgrenite have no
significant effect on the standard deviations of the interatomic distances.

Description and Discussion

Axial projections of the structure of lindgrenite are shown in Figs. 5,
6, 7. The explanation of the perfect cleavage parallel to (010) is imme-
diately apparent from an inspection of Figs. 5 and 7.

In lindgrenite each atom of molybdenum is surrounded by four atoms
of oxygen (Oy, Og, O3, Oy) at the corners of an essentially regular tetra-
hedron (see Table 2) in which the average length of the Mo—Q bond is
1.74 A, the average O—O distance is 2.84 A, and the average value of
the tetrahedral angle is 109.5°. Although the co-ordination of O around
Mo in molybdenum compounds frequently is octahedral, it is both
tetrahedral and octahedral in Mo,Oy (Magnéli, 1948) where the Mo—O
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bond length in the tetrahedra is 1.75 A. Donohue & Shand (1947) report
1.83 A for the length of the Mo—O bond in the regular MoO, tetrahedra
of AgsMoOs. There appears to be nothing unusual, therefore, about the
MoO, tetrahedra in lindgrenite.

Two crystallographically distinct oxy-hydroxy octahedra are co-ordi-
nated around the copper atoms (Cu;) at the symmetry centres and those
(Cus) in general positions. Both Cu; and Cus have two O and two OH
as nearest neighbours in approximately square array with two O (one
above and one below the plane of the square) on the normal through
the Cu at the centre. In both octahedra the Cu—O bonds normal to
the square are appreciably longer (averages: 2.46 A for Cuy, 2.42 A for
Cu;) than the Cu—0, Cu—OH bonds in the plane of the square (aver-
ages: 1.97 A for Cuy, 1.95 A for Cus). The octahedron around Cu; is

[ T T I T

O I 2 3 4 5A

F16. 5. Projection of the structure of lindgrenite on (100). One unit cell outlined;
large solid circles, Cu; small solid circles, Mo; open numbered circles, Oy, Oz, Os, Os;
hatched circles, OH.
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much less distorted than the one around Cu,. The two OH are diagonally
situated in the O,—OH—0,—OH square having Cu; at the approximate
centre, but they are adjacent in the O —OH—OH—O; square around
Cus. Furthermore, each Cus-octahedron shares four edges (two O,—OH,
two OH—O,) with four neighbouring Cus-octahedra, whereas each Cua-
octahedron shares two edges (O,—OH, OH—O,) with two adjacent
Cus-octahedra and one edge (OH-—OH) with an adjacent Cus-octahedron.
The interactomic distances along shared edges (designated by an asterisk
in Table 2) are significantly shorter than those along corresponding edges
that are not shared. Also, the very short OH—OH edge (2.53 A) which
is shared between two Cus-octahedra is associated with a relatively
short Cuy—Cu; distance of 3.01 A; the other distances between copper
atoms are 3.15 A and 3.22 A, between Cus in one octahedron and Cu,
in two adjacent octahedra.

The CuO4(OH): octahedra share 4 and 3 edges alternately to form

/—>0 Q) 0O .. N

P I I T A AT
Ot 2 3 4 5A

F16. 6. Projection of the structure of lindgrenite on (010). Symbols as in Fig. 5. Only
the metal atoms between b and 25, with their associated O and OH, are shown.
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endless chains. These chains are cross-linked through the MoO, tetrahedra
to form an infinite three-dimensional network. Each MoO, tetrahedron
shares its four corners as follows: O; with a Cus-octahedron; O, with
both a Cus-octahedron and a Cus-octahedron; O; with a Cus-octahedron;
and O, with both a Cus-octahedron and a Cus-octahedron; but not all
of these octahedra are parts of the same chain. The corresponding Mo—Cu
distances are Mo—Cus, 3.63 A; Mo—Cuy, 3.65 A and Mo—Cus, 3.91A;
Mo-Cus, 3.42 A; Mo—Cuy, 3.42A and Mo—Cu,, 3.70 A. Since the
tetrahedra are essentially regular, the variations among the Mo—Cu
distances (particularly those for Mo—Cu,) illustrate the distortion of
the octahedra, especially that around Cus.

A portion of one of the chains of CuO4(OH); octahedra, with four of
the MoOj; tetrahedra, is shown in idealized form in Fig. 8.

O

[P I D T I T A
0O | 2 3 4 5A

FIG. 7. Projection of the structure of lindgrenite on (001). Symbols as in Fig. 5.
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It is of interest to compare the CuO,(OH); octahedra of lindgrenite,
a basic copper molybdate, with the CuO4(OH); and CuO:(OH), octa-
hedra of malachite, a basic copper carbonate (Wells, 1951). In malachite,
Cu;, is at the centre of a square (O—OH—0-—0H) in which the average
Cu—O0, Cu—OH bond length is 1.98 A, and two oxygen atoms are
situated on the normal to the square, one above and one below, at an
average Cu—O distance of 2.71 A. A similar square (0—OH—0—OH),
in which the average Cu—0, Cu—OH bond length is 2.01 A, surrounds

F1c. 8. An idealized portion of one of the endless chains of CuO4(OH); octahedra in
lindgrenite with four of the MoO, tetrahedra through which the chains are cross-linked
to form an infinite three-dimensional network. Each of the two octahedra on the vertical
central line is co-ordinated around a copper atom (Cu;) at a center of symmetry.
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Cuy; but, in this octahedron, hydroxyl groups are located on the normal
to the plane of the square at an average Cu—OH distance of 2.41 A.
Thus in both Cu-octahedra of malachite the two OH in the square are
across a diagonal as in the Cuj-octahedron of lindgrenite. Furthermore,
there are no significant differences among the average Cu—0O, Cu—OH
bond lengths within the squares around Cu; and Cus in lindgrenite, and
Cu;y and Cuyy in malachite. All four octahedra are elongated along the
normal to the plane of the square, and the Cuy—O and Cuy—O bond
lengths along this normal in lindgrenite are virtually the same as the
corresponding Cu;r—OH bond length in malachite, but they are signi-
ficantly shorter than the length of the Cur—O bond in the other malachite
octahedron.

Grateful acknowledgment is made to Mrs. M. E. Pippy for carrying
out many of the calculations, and to Mrs. H. M. Sheppard and Mr. B. J.
Cowick for assistance in collecting the powder data.
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APPENDIX

X-RaYy DIFFRACTION POWDER DATA FOR LINDGRENITE

(CuKa,» = 1.5418 X ; camera radius, 114.6 mm.; cut-off, 17 A; Straumanis film mount-
ing; negligible film shrinkage; indexed on basis of ¢ = 5.613, b = 14.03, ¢ = 5.40; A,
8 = 98°23’, P2i/n; I /I, estimated by eye with aid of intensity scale; B (or BB) indicates
a broad (or very broad) line)

28 ach) hEl /n ady ) yn | ad) -
Obs. Calc Obs. Calc. Obs.
20 7.01 7.02 020 20 2.46 2.46 221 5 5 1.40°
5 | 5.18 5.16 110 20 2.40 2.40 122 | 15 1.39
5 | 4.97 5.00 o011 : 2.39 230 10 1.87
35 | 4.34 4.35 120 2.34 060 5B |71.84°
— — 4.25 021 — | - 2.33 151 8 1.29
55 | 4.15 4.17 101 2.32 032 5 1.27
— 3.99 111 2.30 211 8B 1.25 -
5 ss | {360 | 101 % 229 | 220 |28 _|| 1 1.23
% s 3.58 | 130, 121| 1 225 | 2.5 | 12138| 2B | 1.20
3.52 031 15 2.21 2B | '1.18
100 1850 | (351 | o0 10 | 215 2B | 1.15 .
25 | 3.47 3.49 111 5B 2.08 . 2 1713
10 | 3.19 3.20 121 10 1.97 1 1.104
10 | 3.11 3.11 131 20 1.93 2 1.007
20 | 2.96 2.97 140 20 1.90 2 1.054
10 | 2.92 2.93 041 25 1.88 2 1.039
15 | 2.84 2.85 181 10 1.78 1 .1.019
20 | 2.76 2.78 200 15 1.76 1 1.011
20 | 2.72 2.72 210 25 1.72 3 0‘938
2.68 141 208 1.66 1 0.977
40 ) 2.67 {2.67 002 20 1.59 1 0.969
2 | 2.62 2.63 | ‘012 10BB | 1.57 2 0.959
2 2.57 2.58 220, 211 2 1.54 1B 0.932
— — 2.52 112 2 1.52 1B 0.904
2.51 141 10 1.49 1 0.884
25 | 2.50 2.50 022, 150 1 1.48 1 . 0.871
2.48 051 10 1.44




