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Refinement of the crystal structure of pseudomalachite
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Abstract

The crystal structure of pseudomalachite, cuu(Pon)r(oH)r, (from Rheinbreitenbach, Ger-
many) has been refined by full-matrix least-squares techniques to a residual R : 0.040 (R, :
0.047) using automatic diffractometer data. The lattice parameters (space group p2r/c) are a
= 4.4728(4), b : 5.1469(5), c = 17.032(3) A, and P : 91.043(7)o. The copper ions l ie in sheets
ofedge-sharing coordination polyhedra in the bc plane; the sheets are l inked together in thea
direction by highly distorted phosphate tetrahedra. This work confirms the essential features
of an earlier structural study of pseudomalachite with increased precision. Through an
analysis of bond distances, coordination, and bond valence sums, probable locations of
hydrogen bonds were determined. Hydrogen bonds appear to be important in stabil izing the
pseudomalachite structure.

Introduction
We recently reported (Anderson et at., 1977) the

preparation and crystal-structure determination of
synthetic Cuu(POo)r(OH)r, a polymorph of pseudo-
malachite (PM ). The structure of this synthetic phase
(called PPM for convenience) differs from that of pM
only in the difference in the polyhedral linkages in
two-dimensional copper-containing sheets.

In our comparison of the two structures, the only
difference in cooper coordination seemed to occur
about the Cu(2) ion, which we considered to be five-
coordinated (4 + l )  in PPM but which Ghose (1963)
reports as six-coordinated (4 + I + 1) in pM. As a
result, we decided to complete a three-dimensional
least-squares refinement of the structure of pM in
order to compare the coordination polyhedra at the
same level of accuracy. This paper reports the results
of that refinement.

Experimental

Samples of pseudomalachite were obtained from the
Harvard University Mineralogical Museum and from
the Smithsonian Institution. The best crystals for X-
ray diffraction were found in a sample from Rhein-
breitenbach, Germany (Harvard #110744). Accord-
ing to published analyses, pseudomalachite from
Rheinbreitenbach contains traces of iron, but an ex-

amination of fragments from our sample by electron
microprobe showed none.

A sphere was ground to a radius of 0.0065(5) cm.
Precession photographs revealed monoclinic symme-
try with systematic absences corresponding to the
space group P2r/c. The lattice parameters were deter-
mined in a PICK-II least-squares refinement pro-
gram, using 50 reflections within the angular range
37o < 20 1 50"; the reflections were automatically
centered on a Picker FACS-I four-circle diffractome-
ter using MoKa, radiation. At 22.C the lattice pa-
rameters are a : 4.4728(4) b = 5.7469(5), c :
17.032(3) A, and P : 91.043(7)o, where the figures in
parentheses represent the standard deviations in the
last reported figure. The calculated density, with Z :
2,  is 4.367 g cm-3.

Diffraction intensities were measured using Zr fil-
tered MoKa radiation at a take-off angle of 2.5' with
the diffractometer operating in the c.r scan mode. l0-
second background counts were taken at the ends of
a 1.4" 0-N scan corrected for dispersion. Of the 1694
independent data investigated in the angular range2
0 < 65", 14l 1 were considered observable according
to the criterion l-F,l ) 3.00or, where op is defined as
0.02 lF. l  + [C + k '81' t '1, l f " l  Lp; the total  scan
count is C, k is the ratio of scanning time to the total
background time, and B is the total background
count. Three reflections were systematically mon-
itored and no variations in intensity greater than 3

'Author to whom correspondence should be addressed
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Table l. Fractional atomic coordinates and anisotropic thermal parameters
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percent were observed over the data collection pe-
riod; the mean variation was much smaller.

Intensity data were corrected for Lorentz and po-
larization effects, and absorption corrections were
made for the spherical crystal with pR : 0.83
(MoKa). The maximum relative absorption correc-
tion applied was 3.5 percent of lF."l.

Using the positional parameters reported by Ghose
(1963) as a trial structure, full-matrix least-squares
refinement (Busing et al.,l962a) with a l/o2 weight-
ing scheme, zerovalent scattering factors for Cu, P,

and O (Cromer and Mann, 1968), isotropic temper-
ature factors, and corrections for secondary ex-
tinction and anomalous dispersion, yielded a residual
R : 0.067 and weighted residual R, : 0.078. The
anisotropic refinement, based on a data to parameter
ratio of l6 with 87 independently varied parameters,
yielded a final R : 0.040 and Rp : 0.047 for the
observed data (figure of merit : 0.959). In the final
refinement, the maximum extinction correction
(Zachariasen, 1968) was I 5 percent of I F.l for the i04
reflection. The final atomic coordinates and aniso-

Fig. L Section of the pseudomalachite structure projected onto the bc plane, illustrating the layer of edge-sharing copper-containing
polyhedra and the phosphate tetrahedra which join successive layers. Broken bonds go to hidden atoms. Dotted lines indicate the
positions of proposed hydrogen bonds between the layers. Insert shows the symmetry elements for P2r/c. Thermal ellipsoids of vibration
(987o) are shown.
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Fig 2. Projection of the pseudomalachite structure onto the ac plane illustrating the layers of copper-containing polyhedra joined by
phosphate tetrahedra. Broken bonds go to hidden atoms. Dotted lines indicate the positions of proposed hydrogen bonds. Insert shows
the symmetry elements for P2t/c. Thermal ellipsoids of vibration (987o) are shown.

tropic thermal parameters are given in Table l; the The copper ion polyhedra each exhibitthecharac-
structure factor data are presented in Table 2.1 The teristic distortion of four short and two longer bonds
hydroxyl oxygen atoms are O(5) and 0(6). common for divalent copper (Wells, 1975). Cu(1), on

Results 
an rnversion center, has two oxygens and two
hydroxyl oxygens at an average distance of 1.946 A

The crystal structure of PM was described by and two more oxygens at 2.757 A. Cu(3) has two
Ghose(1963).  The copper ionsl ie in sheetsofedge- oxygens and two hydroxyl  oxygens at  an average
sharing coordination polyhedra (Fig. l) in the bc distance of 1.986 A and two oxygen atoms at an
plane; the sheets are l inked together in the a direction average distance of 2.420 A. Cu(2) is surrounded by
by highly distorted phosphate tetrahedra (Fig. 2). one oxygen atom and three hydroxyl oxygens at an
The average P-O distance is I .538A (-0.027 , average distance of 1.964 A, a fifth oxygen at 2.395 A,
+0.049A), and the average O-P-O angle is 109.4" and a sixth oxygen atom at 2.755 A. Table 4 summa-
(-3.7, +3.2"). Table 3 presents the tetrahedral bond rizes the bond angles and distances for the three
angles and distances. The standard deviations for all copper polyhedra, and Table 5 presents the relevant
bond lengths and angles were computed by the func- bond angles and distances about each oxygen atom.
tion and error program ORFFE (Busing et al., To verify the cation coordination, we calculated
1962b). the bond valences (in v.u.) about each of the metal

Bond Distmce (, f i ) B o n d  A n g l e s  ( ' ) Edse Lensth (.8.)

atoms using Brown and Shannon's (1973) empir ica l
correlation of bond length and bond valence: S :

,So(R/Ro)-N, where ,S : bond valence, R : bond
length, and ̂ S0, Ro and l{ are empirically f it constants
for a given atom. The values (Brown and Shannon,
1973) of So, Ro, N for Cu2+ and P6+ are 0.333, 2.084,
5.3 and 1.25,1.534,3.2,  respect ive ly  (see Table 6) .

Assignment and location of hydrogen atoms

Bond-valence sums (in valence units) calculated for
each oxygen atom are given in Table 6. Clearly, O(4),
O(5), and 0(6) are under-bonded in this model. The
chemical formulation of PM, Cuu(POn)r(OH)n, re-
quires two unique hydrogen atoms per asymmetric
unit for charge balance. Since the phospho-
rus-oxygen bonds of the phosphate tetrahedra are all

' To receive a copy of Table 2, order document number AM-77-
049 from the Business Office, Mineralogical Society of America,
Suite 1000 lower level, 1909 K Street NW, Washington, D C.
20006. Please remit $1.00 for the microfiche.

Table 3. Bond distances, angles, and polyhedral edge lengths for
the phosphorus tetrahedron*

P - 0 (  1  )
P - 0 (  2  )
P - 0 (  3  )

r . 5 I ( j r )  0 ( ) + ) - p - 0 ( t )  1 1 2 . 6 ( 2 )  o ( ! ) - o ( r )  2 . 5 2 0 ( 5 )
r . 5 1 8 ( 3 )  0 ( ) r ) - p - o ( 2 )  1 1 2 . t ( 2 )  o ( t + ) - o ( 2 )  2 . 5 3 3 ( 5 )
1 . t 3 6 ( 3 )  0 ( ) + ) - p - o ( 2 )  1 r l . r ( 2 )  o ( \ ) - o ( 3 )  2 . 5 5 5 ( 5 )
I . 5 8 7 ( 3 )  0 ( r ) - P - o ( 2 )  1 0 5 . ? ( 2 )  o ( 1 ) - o ( 2 )  2 . i r 8 5 ( r r )

0 ( 1 ) - p - 0 ( 3 )  1 0 8 . 8 ( 2 )  o ( r ) - o ( 3 )  2 . 5 2 5 ( 5 )
0 ( 2 ) - p - o ( 3 )  1 0 5 . 8 ( 2 )  o ( 2 ) - o ( 3 )  2 . r + 9 1 ( r )

Nmbers in p@entheses ee e. s.d. ts in the Laet significmt figwe.
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Table 4. Bond distances, angles, and polyhedral edge lengths for the copper polyhedra

.  r 9 r
bono l l s rance tA l  Bond Angte  (o )  lage  Length  (A)

ry

2 x  1 . 8 8 \ ( 3 )
2 x  2 . 0 0 7 ( 3 )
z x  z . l > t \ 4 )

2 . 5 9 6 ( \ )
2 . 9 o r ( 5 )
3 . \ 6 9 , 5 )
3 . 2 0 3  (  5  )
3 . 5 9 2 ( r )
3 . 2 1 8 (  5  )

cu ( r ) -o ( r )
cu (1 ) -o (5 )
c u ( l ) - o ( l + )

0 ( 1 ) - c u ( 1 ) - o ( 5 )
o ( 1 ) - c u ( 1 ) - o ( t ) e
o  (  1 )  -cu(  1 ) -o  (  )+  )
o ( r ) - c u ( 1 ) - o ( ) +  ) c
o(  5  ) -cu(1)  -o (  )+  )
0 (  5  ) -cu(  1 ) -o (  l+  )  c

Cu(2) Polyhedron

c u ( 2 ) - 0 ( 2 )
c u ( 2 ) - o ( 6 )
c u ( 2 ) - o ( t ) c
c u ( 2 ) - 0 ( t )
c u ( 2 ) - o ( r )
cu(  e  ) -o (  )+  )

o ( 2 ) - c u ( 2 ) - o ( 6 )
o ( 2 ) - c u ( 2 ) - o ( 5 )
0 ( 2 ) - c u ( 2 ) - 0 ( 1 )
o ( 2 ) - c u ( 2 ) - o ( ) + )
0 (  5  ) - c u (  2  ) - o (  5  ) d
o ( 6 ) - c u ( 2 ) - o ( r )
o( 6 )-cu( 2 ) -o ( l+ )
o ( l ) c - c u ( e ) - o ( 5 )
o ( 5 ) c - c u ( z ) - o ( r )
o ( 5 ) c - c u ( z ) - o ( t + )
0 ( t ) - c u ( 2 ) - o ( 1 )
o ( 5 ) - c u ( 2 ) - o ( l + )

0(  2  ) -cu(  2  ) -o (  5  )c
o ( 6 ) - c u ( 2 ) - o ( 5 )
o ( 1 ) - c u ( 2 ) - o ( ) + )

uul J,/ rorynedron

c u ( s ) - o ( 6 )
c u ( 3 ) - o ( 5 ) b
c u ( r ) - o ( r ) b
c u ( r ) - o ( E )
c u ( 3 ) - o ( 2 )
c u ( l ) - o ( l + )

o ( 6 ) - c u ( 3 ) - o ( 3 ) b
o ( 5 ) - c u ( 3 ) - o ( 3 )
o ( 6 ) - c u ( 3 ) - o ( 2 )
o ( 5 ) - c u ( r ) - o ( t + )
o ( 6 ) b - c u ( 3 ) - Q ( 3 ) b
0 ( 6 ) b - c u ( 3 ) - 0 ( 3 )
o ( 6 ) b - c u ( 3 ) - o ( 2 )
0(5  )b -cu(  3  ) -0 ( )+  )
o ( 3 ) b - c u ( 3 ) - o ( 2 )
o( 3 ) b-cu( 3 )-o( )+ )
0 ( 3 ) b - c u ( 3 ) - 0 ( 2 )
0 ( 3  ) - c u ( 3  ) - 0 (  l +  )

o ( 5 ) - c u ( 3 ) - o ( 5 ) b
o ( 3 ) - c u ( 3 ) - o ( 3 ) b
o ( 2 )-cu( 3 )-o( lr  )

8 3 . 5 ( l )
9 5 . ] . i ( l )
9 1 + . 9 ( t )
B t . r ( 1 )
9 5 . 5 ( r )
8 3 . ) + ( r )

t . 9 3 9 ( 3 )
1 . 9 5 8 ( 3 )
1 . 9 7 1 + ( 3 )
1 . 9 8 5  (  3  )
2 . 3 9 5 ( \ )
2 . 7 5 5 ( \ )

1 . 9 5 r (  3  )
L . 9 7 9 ( \ )
r . 9 8 5 ( 3 )
2 . 0 0 5 ( 3 )
2 . 3 ) + 5 ( 3 )
2 . ) + 9 3 ( l + )

8 5 . 5 ( 1 )
9 5  . 7  ( r )
9 7 . 5 \ r )
B T . r ( r )
9 7 . 3 ( t )
9 5 . 0 ( 1 )
7 6 . 6 ( r )
8 2 . B ( 1 )
9 2 . 2 ( r )
B ) + . 1 ( t )
7 2 . 0 ( 1 )

u 6 . 2  ( r  )

r 5 9 . 3 ( 1 )
1 5 ? . 0 ( r )
r 7 0 . 2 ( 1 )

2 . 6 7 2 ( \ )
2 . 9 0 9 ( 1 + )
3 . 2 7 2 ( 5 )
3 . 2 8 9 ( i )
2 .952( )+)
3 . 2 2 \ ( r )
2  . 9 8 7  ( r )
z . 6 1 8 ( 5 )
3 . 1 6 r ( t )
3 . 2 1 8 ( 5 )
2 . 5 9 6 ( \ )
1 + . 0 ) + 5 ( 5 )

z , y o > \ )  )
2 . 8 7 ( \ )
3. 201+ ( l+ )
2  . 9 8 7  ( 5 )
2 . 8 7 ( \ )
2  .9 r1  t '  )
2 . 6 7 2 ( \ )
J .  ) ) o t  )  /
z . 8 T \ 6 )
3 . 2 6 0 ( 5 )

3 . 3 \ 2 ( t )

9 7 . 8 ( 1 )
8 3 . 6 ( r )
9 5 . 0 (  1  )
8 3 . 5 ( r )
83 . )+ ( r )
9 \ . r ( r )
7 t . B ( r )

ro )+ .9 (  r )
8 2 . T ( r )
9 2 . 8 ( 1 )
8 9 . 2 ( r )
9 t . ) + ( 1 )

r7 t . r ( 2 )
1 ? 1 . 9 ( 1 )
u 5 . 3 ( 1 )

Number.e in pazenthesee
d n, L/2-y, L/Z+z; b)

e . s . d . ' s  i n
L/2+y, L/2-z;

signifieant figure.
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the Last
c )  i !

a?e
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within the l imits found for a normal orthophosphate The distance of O(4) from Cu(1) and Cu(2) in-
group, we conclude that none of the phosphate oxy- dicates that these copper atoms do not play a major
gens are hydroxyls. This leaves O(5) and 0(6) as role in fulf i l l ing its bonding requirements (Table 6).
hydroxyl oxygens, as proposed by Ghose in 1963. The valence deficiency of O(4) coupled with its large
Geometrically, this is quite acceptable since the hy- anisotropic thermal parameters suggests that it may
drogen atoms wil l point into the space between the be receiving electron contribution from hydrogen
layers of copper atoms, and complete a roughly tet- bonds. Two of the major thermal-ell ipsoid axes of
rahedral arrangement of cations around O(5) and O(4) appear to be pointed in the general direction of
0(6). O(5) and 0(6) in the adjacent Cu layer, as can be seen

Table 5.  Bond distances,  bond angles,  and polyhedral  edge lengths for  oxygen polyhedra

Dis tuce  (A)  Ang le( ' )  ndge l ,eneth  (A)

i )  0(1)  poryhedron

o ( 1 ) - c u ( 1 )
o ( 1 ) - c u ( e )

P - o ( t ) - c u ( 1 )
p - o ( t ) - c u ( 2 )
c u ( r ) - o ( 1 ) - c u ( 2 )

i r )  0 (2 )  Po l yhed ron

0 (  2  ) -P
o( 2)-cu( z )
o ( 2 ) - c u ( 3 )

P - o ( 2 ) - c u ( 2 )
P - o ( 2 ) - c u ( 3 )
c u ( z ) - o ( a ) - c u ( : )

r r a /u \  J /  r o t yneo ron

0 ( 3 ) _ P
o ( 3 ) - c u ( 3 )
o ( 3 ) - c u ( 3 )

P - o ( 3 ) - c u ( 3 )
P - o ( 3 ) - c u ( 3 )
c u ( : ) - o ( : ) - c u ( : )

iv)  0( l+)  Polyhedron

o ( l + ) - P
o ( ) + ) - c u ( 3 )
o ( l + ) - c u ( 2 )
o(  r+ ) -cu( I  )

P - o ( l + ) - c u ( 3 )
P - o ( 4 ) - c u ( 2 )
P-o( )+ ) -cu(t  )
c u ( 3 ) - o ( 4 ) - c u ( 2 )
c u ( 3 ) - o ( \ ) - c u ( 1 )
c u ( 2 ) - 0 ( ) + ) - c u ( 1 )

v )  u \ ) l  f o _ L y h e d r o n

o ( 5 ) - c u ( 2 )
o ( l ) - c u ( 2 )
0 ( 5 ) - c u ( 1 )

c u ( 2 ) - 0 ( t ) - c u ( 2 )
c u ( e ) - o ( 5 ) - c u ( r )
c u ( 2 ) - o ( 5 ) - c u ( 1 )

v i )  o(5)  Polyhedron

o (  6  ) - cu ( :  )
o ( 6 ) - c u ( 2 )
o ( 6 ) - c u ( 3 )

c u ( 3 ) - o ( 6 ) - c u ( 2 )
c u ( 3 ) - o ( 5 ) - c u ( 3 )
c u ( 2 ) - o ( 6 ) - c u ( 3 )

r . 5 1 8 ( 3 )
r . 8 8 ) + ( 3 )
2 . 3 9 5 ( \ )

r . > s 6 ( s )
1 . 9 3 9 ( 3 )
z . t t +6 (z )

r . t 8 T ( 3 )
1 . 9 8 r ( 3 )
2 . 0 0 7 ( 3 )

r ,  l r r ( t+  )
2 , ) + 9 3 ( ) + )
2 . 7 5 5 ( \ )
2 . 7 5 7  ( \ )

1 . 9 7 4 (  3  )
r . 9 8 5 ( 3 )
2 . 0 0 7 ( 3 )

1 . 9 5 1 ( 3 )
1 . 9 5 8 ( 3 )
r . 9 7  9 ( \ )

r 3 l + . 9 ( 2 )  3 . 1 \ 5 ( r )
\ L 2  . 2 ( 2 )  3 .  2 B ) +  (  r  )
9 1 . 7 ( 1 )  3 . 0 9 1 ( t )

r 3 1 . 9 ( 2 )  3 . r 7 7 ( 1 )
L 4 . 7 ( 2 )  3 . ) + r + 3 ( 1 )
9 0 . o ( 1 )  : . o l + : ( r )

L 3 2 . 3 ( 2 )  3 . 2 T 2 ( L )
r 2 8 . r + ( 2 )  3 . 2 3 9 ( r )
9 2 . 7 , 1 )  2 . 8 8 7 3 ( 3 )

r 0 7 . 3 ( 2 )  3 . 2 7 7 Q )
r 7 z .  j ( 2 )  \ . z j T  Q )
9 9 . 7 ( 2 )  3 . 3 5 9 ( r )
7 9 . 8 ( r )  3 . 3 T 2 ( r )

1 0 8 . 2 ( 1 )  ) r . 2 r 5 Q )
7 5 . j + ( 1 )  3 . 3 7 r ( 1 )

9 7  . z ( t )  2 . 9 6 9 Q )
D j  . 7  ( 2 )  3 .  3 7 1 (  1  )
1 0 1 . 5 ( 1 )  3 . 0 9 1 ( 1 )

r r 9 . 2 ( 2 )  3 . 3 7 2 ( r )
9 \ . 5 ( 1 )  2 . B B T 3 ( 3 )

t _ 0 1 . 2 ( t )  3 . 0 ) + 3 ( 1 )

Numbers in panentheses ane e,s,d,ts in the Last significmtt figzre.
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Table 6.  Indiv idual  bond strengths_and bond-strength sums about each atom
( r n  v  u . )

1047

0 ( r )

p t 2 0

*
c u ( 1 )  . 5 9

cu (a  )  . L6

C u ( 3 )

0 ( 2 )

. )+9

. a o

o ( l r  )

r .  31

. 4 7

. 0 8

t ?

D cat ion

\ . g e
r .  05

2 . 0 6

2 . a 6

t  oxygen 2 .02 r . 9 6 r . 5 9

Cu(1) is Located on an inuersion center

in Figures I and 2. Examination of oxygen-oxygen
distances reveals that O(4) l ies sufficiently close to
both O(5) (3.044A) and 0(6) (3.0094') in the next
layer to permit weak, interlayer hydrogen bond inter-
actions.

Not surprisingly, difference Fourier maps failed to
reveal the hydrogen atom positions. Several trial po-
sit ions for hydrogen atoms were postulated with O(5)
and 0(6) as H-bond donors and O(4) and O(2) as the
logical H-bond acceptors. The hydrogen atoms were
added to the model structure and allowed to vary
isotropically during least-squares refinements. No
stable position was found around 0(6) for a hydro-
gen atom, but, surprisingly, a hydrogen stabil ized
between O(5) and O(a) (at 0.68, 0.69, 0.04) at a
distance of 0.80A from O(5), 2.30A from O(4), and
an O-H ' . .  O angle of  155' .  Fur ther  at tempts us ing
scattering factors for charged atoms gave essentially
the same results except for a slight improvement in
the statistical f it.

As Brown (1916) implies from a survey of neutron-
diffraction data that the maximum observed valence
contribution from long hydrogen-acceptor bonds is
about 0.2 v.u. when the O-O distance is 2.734, the
longer O-O distances in PM suggest a smaller contri-
bution. Therefore, the contribution from one long
hydrogen bond alone does not appear to be sufficient
to satisfy O(4)'s valence requirements. We hypoth-
esize that although the second H atom was not exper-
imentally found, a second hydrogen bond exists be-
tween 0(6) and O(4). The positions of these
hydrogen bonds are indicated in Figures I and 2.

Discussion

The structural details of PM are now nearly com-
plete, but the factors affecting its stability relative to

the structures of other copper phosphates are ndt
entirely clear. In many of these structures the copper
atoms appear to favor a 4 * 2 distorted octahedral
environment with vertex and edge-shared con-
nections to neighboring polyhedra. In PM the coordi-
nation of the Cu(2) 

";; 
6 O(4) is strongly depen-

dent on the P-O(4) interaction. Since O(4) atom
receives most of its valence requirements from the
bond to phosphorus, its close approach lengthens the
Cu(2)-O(a) distance to an extent that the valence
contribution from the copper is small. O(4) receives a
larger valence contribution from each of its two long
H-acceptor bonds than it does from either Cu(l) or
Cu(2). This suggests that the hydrogen bonds play an
important role in the stabil ization of this structure.

In study of the structure of PPM (Anderson et al.,
1977) we discussed the similarity between the struc-
tures of the two polymorphs of Cuu(POn)r(OH)0, nat-
urally occurring PM and our synthetic phase PPM.
These structures differ only in the system oll inkages
between copper polyhedra in the copper-containing
sheets, PM being based on a 3-connected two-dimen-
sional network whereas PPM is based on a 4-con-
nected two-dimensional net. In PPM O(3) is in a
position similar to O(4) in PM. O(3) in PPM is pri-
marily bonded to P, but is valence-deficient and is
expected to gain the remainder of its valence needs
from acceptor H-bonds to O(5) and 0(6) in neigh-
boring layers. The factors affecting the relative stabil-
ity of PM us. PPM are sti l l  unknown.
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