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Abstract

The crystal structure of jennite is solved and refined in the space group P1, by using single crystal X-ray diffraction data collected at the
Elettra synchrotron radiation facility on a very thin crystal from Fuka, Japan. The triclinic refined unit cell is a=10.576(2) A b= 7.265(2) A,
c=10.931(3) A, o= 101.30(1), £=96.98(1), y=109.65(1)°. The structure of jennite is built up by three distinct modules: ribbons of edge-
sharing calcium octahedra, silicate chains of wollastonite-type running along b, and additional calcium octahedra on inversion centres. The
structural results indicate that the crystal chemical formula of jennite is CagSisO5(OH)s-8H,0, and that all the hydroxyl groups are bonded to
three calcium cations; SIOH groups are not found. The structural disorder observed in jennite is explained on the basis of the OD theory, and

a model for the structure of metajennite, the dehydration product of jennite, is proposed.

© 2004 Elsevier Ltd. All rights reserved.
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1. Introduction

Jennite is a rare mineral, firstly found at Crestmore, CA
[1,2] and, later, in Israel [3], Germany [4,5], Italy [6], Japan;
[7], South Africa [8], and Jordan [9]. It has been also
synthesised hydrothermally (from CaO and fumed silica
[10], and from CaO and acid silica [11]). Its importance lies
mainly in its possible relationships with C—S—H, the poorly
crystalline material, which forms during the hydration of
Portland cement. In fact, several data indicate that both
tobermorite- and jennite-like domains occur in C—S—H, and
that over a period of months and years, the jennite-type
structures become increasingly dominant [12]. Recent
results [13] relate different solubility curves of C—S—H to
its different nanostructures, which range from a purely
tobermorite-like to a largely jennite-like structure. However,
no structural refinement of jennite was hitherto available, so
that its relationships with the nanostructure of C—S—H are
largely conjectured.

The aim of this work is to present the structural results
we obtained from single-crystal data on a specimen of
natural jennite, to clarify its structural arrangement and to
give a sound basis for future works on C—S—H nano-
structures.
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2. Previous results

The chemical composition reported in the original de-
scription of jennite [1] has been refined by successive
chemical analyses [2,7], which pointed to the chemical
formula Caq(SigO13H,)(OH)g'6H,0. The X-ray diffraction
pattern of jennite is characterised by weak reflections with
odd values of k. By neglecting these reflections, an
A-centred monoclinic pseudocell is obtained with a=
9.947(6) A, b=3.642(3) A, ¢=21.37 (1) A, =
101.90(7)° [2]. The true cell is triclinic, a=10.593 A, b=
7.284 A, ¢=10.839 A, x=99.67°, f=97.65°, y=110.11°,
and it can be obtained from the pseudocell by applying the
transformation matrix given in Table 1. The odd k reflec-
tions may be sharp or give streaks parallel to a* of the
pseudocell, so indicating that disorder can occur in that
direction. A TEM study [14] on a disordered synthetic
sample of jennite suggests that “‘the origin of the streaking
is due to the stacking of the layers with various periodicities
along the [100]”, resulting from the shift of b/2 of the
tetrahedral chains, possibly related to the observed fluctua-
tions of the local Ca/Si ratio.

If jennite is heated in air at 70—90 °C, molecules of
water are lost, and the unit cell shrinks in the ¢ direction; the
d value of the strong 002 reflection (indices referred to the
monoclinic pseudocell) decreases from 10.45 to 8.69 A. The
dehydration product is named metajennite [1]. Metajennite
presents the diffraction features just described for jennite,
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Table 1
Parameters (in A and degrees) of the pseudocells and true cells of jennite
and metajennite, taken from Ref. [2]

Jennite Metajennite  Transformation matrices
A-centred @=9.947 a=9.945 A-centred to /-centred pseudocell:
pseudocell h=3.642 bh=3.639 [1,0,0/0,1,0/1,0,1]

c=2137 ¢=18.67 A-centred to true cell:

B=101.90 B=11144 [1,1,0/0,2,0/0, 7=, Y=]
I-centred  a=9.947 a=9.945 I-centred to A-centred pseudocell:
pseudocell b»=3.642  5=3.639 [1,0,0/0,1,0/1,0,1]

¢=21.63 ¢=17.656  I-centred to true cell:

f=104.84 £=100.18 [1,1,0/0,2,0/ Y=, V2, 1]
True cell  a@=10.593 a=10.590  True cell to A-centred pseudocell:

b=7284 bH=7278 [1, v2,0/0,Y2,0/0, >, 2]
c=10.839 ¢=9.511 True cell to /-centred pseudocell:
2=99.67 «=101.03 [1,55,0/0,75,0/1,1,2]
£=97.65 [=105.74

»=110.11 y=110.10

with a distinction between the weak and sometimes diffuse
reflections for odd & values and the strong reflections for
even k values, corresponding, as in the case of jennite, to a
monoclinic pseudocell. Table 1 presents the crystallographic
data for both jennite and metajennite: the true unit cells, the
pseudocells (beside the A-centred cell, also an /-centred
pseudocell has been used by the previous authors), together
with the corresponding transformation matrices.

A detailed discussion of the nature of the structural
disorder occurring in both jennite and metajennite will be
presented in a following paragraph.

Some data on the structure of jennite are available from
spectroscopic studies. The occurrence of single chains
(dreierketten) in jennite is confirmed by a 2’Si—-NMR
spectrum [15], in which the main peak, at — 85.7 ppm,
points to the occurrence of prevalent Q sites. The presence
of a consistent fraction of Q' sites, suggested in Ref. [15], is
ruled out by the NMR study of Cong and Kirkpatrick [11],
who found essentially Q” sites only and a few Q' sites, as
chain-end tetrahedra, due to missing bridging tetrahedra.
The 'H-?’Si CPMAS NMR results [11] indicate that the Q?
sites are indeed differentiated in two groups, as the Q* peak
in the MAS spectrum is resolved into two narrow peaks, at
—85.3 and —82.7 ppm. Moreover, the authors state that
silicon atoms and at least some protons are strongly coupled
in jennite, different from the other crystalline hydrated
calcium silicate phases described in the same paper (tober-
morites, xonotlite, hillebrandite, calciochondrodite). The
"0 MAS NMR spectrum of jennite [11] is similar with
that of 1.4 nm tobermorite, except for some interesting
features: (i) the different positions and intensities of the
peaks attributed to nonbridging oxygen (NBO) atoms; (ii)
the peak near 0 ppm, related to the water content, is
narrower than the corresponding peak in 1.4 nm tobermor-
ite; and (iii) the relative intensities of the peaks attributed to
Ca—OH and Si—OH, respectively.

The same conclusions about the topology of the silicate
chains in jennite are obtained through Raman [16] and
infrared [17] spectroscopic studies.

3. The building of the starting model

The wide amount of data collected on the natural and
synthetic samples of jennite, as well as some observed
similarities with the 1.4 nm tobermorite structure, points
to a model based on layers in which a central Ca—O
corrugated sheet is flanked by rows of dreierketten and
OH groups. The essential features of this model have been
indicated by Taylor [18] many years ago, although it was
impossible to completely assess the model and definitely
test it with reliable diffraction data.

The Taylor model [18] had features in common with those
of tilleyite and cuspidine, presenting the so-called tilleyite
ribbons [19]. Those ribbons occur also in the structural
arrangement of jaffeite [20,21], the natural analogue of the
tricalcium silicate hydrate. A tilleyite ribbon is indicated in
Fig. 1. In the figure, disilicate groups are connected to zigzag
octahedral walls, forming infinite layers. A sound model for
jennite has been built through different steps:

(a) First of all, additional ‘bridging’ tetrahedra are added to
the disilicate groups to form dreierketten. The layers
(@a=10.5 A, b=73 A, y=110°) are then stacked one
after the other through the connection of the bridging
tetrahedra of the layer, with apical oxygen atoms of the
calcium octahedra of adjacent layers, to give rise to a
structural arrangement with a triclinic cell a=10.5 A,
b=73 A, c=9.5 A, x=101, f=106, y=110°, closely
corresponding to the unit cell of metajennite (see Fig. 5).
Without any assumption about the relative position of the
silicate chains, and assuming a disordered distribution of
these chains in the structure, we obtained the set of
coordinates for the average structure of metajennite,
which gave rise to a calculated X-ray powder diffraction
pattern, in acceptable agreement with the observed one.

(b) The set of coordinates corresponding to the true structure
of metajennite in the triclinic cell may be derived from
those of the average structure through the transformation

Fig. 1. A tilleyite ribbon. The Ca-occupied octahedra are indicated in dark
grey, whereas the superimposed tetrahedra of the disilicate groups are
coloured in light grey.
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matrix given in Table 1, taking into due account that there
are two possible relative positions of the silicate chains
on both sides of the calcium octahedral walls.

(c) The final step is the passage from the true structure of
metajennite to the true structure of jennite. The
derivation is based on the obvious observation that the
increase in the dj; distance from metajennite to jennite
(8.69 and 10.46 A, respectively) may be explained as
due to the introduction of layers of water molecules
W), 1.77 A wide, which alternate, in the jennite
structure, with metajennite (MJ) layers (MJ-W-MJ—
W-—...). Through purely geometrical considerations,
the relationships between the basis vectors in jennite
and metajennite may be obtained (a;=an;; bj=b.,; ¢;=
0.191 apjt+ 0.146 byi+1.202 cy,), and the model for
jennite be built up.

4. Experimental

The natural samples of jennite we studied come from
three different localities: (a) Crestmore, CA; (b) Zeilberg,
Germany; (c) Fuka, Japan. All the samples are composed of
nearly parallel or radial aggregates of thin fibres. Many of
them were selected to collect single-crystal data by using
synchrotron radiation at the Elettra facility (Trieste, Italy).
The experiments were performed at the beamline 5.2 R (X-
ray diffraction), the wavelength of the radiation was set to
0.99890 A, and a 165-mm MarCCD detector was placed 50
mm from the sample. In this experimental setting, the
irradiated sample is rotated about the ¢ axis by a few
degrees, depending on its reciprocal spacings. Each re-
corded frame can be therefore used for the indexing process,
refinement of the unit cell, and integration of the diffraction
spots. The whole data collection can be finally obtained
after the scaling of all the different frames.

However, all the trials to select single crystals from the
Crestmore and Zeilberg samples failed, as the collected X-
ray diffraction patterns indicated that they were always
formed by many subparallel fibres, preventing any reliable
indexing procedure and data collection. The same unlucky
series of trials was repeated for the Fuka specimen, until an
X-ray pattern was recorded, in which, together with the
usual multifibre diffraction effects, a set of weak spots
appeared due to a single crystal rotated nearly 60° with
respect to the others. After carefully selecting these reflec-
tions, we used the Denzo [22] indexing program to find the
following triclinic triacute cell: a=7.25 A, b=10.58 A,
c=11.16 A, x=742, p=280.6, y=69.9°. By applying the
transformation matrix [1 10, 1 0 0, 0 0 1|, the well-known
unit cell of jennite was finally obtained and refined as a=
10.576(2) A, b=7.265(1) A, c=10.931(2) A, o=101.34(1),
£=96.98(1), y=109.65(1)°. Using the same crystal, 63
frames with A@=3° were collected; the frames were
processed with the HKL package of programs [22]. A total
of 2278 intensities (—9<h<9, —6<k<5, —10</<10)

was extracted from the 63 frames and corrected for back-
ground, Lorentz, and polarization factors. No absorption
correction was performed.

5. Determination of the average structure

As the reflections with odd & were systematically very
weak, we decided to use, initially, only the strong even k
reflections to solve the average structure, which has a
halved b parameter. This substructure was indeed solved
in the space group A2/m, by using direct methods and
successive Fourier maps (Shelx-97 package; [23]). The
atoms, which were located by means of the direct
methods, corresponded to the corrugated layer of CaOg
octahedra, as predicted by the model, and to one inter-
layer calcium cation. Moreover, two symmetry-related
silicon atoms were found in the position roughly
corresponding to that of the paired tetrahedra of the
silicate chain. The other atoms of the silicate chains were
located through successive difference Fourier maps; they
presented half occupancy and pointed to the simultaneous
presence, in the average structure, of two chains shifted
by b/2, with respect to each other. Finally, four symme-
try-related electron density maxima, at distance of about
23 A from the interlayer Ca cation, were attributed to
water molecules. The least-square refinement of this
average model converged to R=.16 by using only the
215 stronger reflections. This result confirmed the sub-
stantial correctness of the model and testified to the
acceptable quality of the diffraction data, encouraging us
to look for the real structure of jennite, using both even
and odd £ reflections.

6. Real structure refinement

The passage from the substructure to the real structure
of jennite (the transformation matrix is reported in Table
1) implies an ordered arrangement of the silicate chains.
The silicate chains, which are grasped on both sides of
each octahedral ribbon, are displaced either by b/4 or
—b/4. An ordered structure corresponding to the cell
parameters of the triclinic true cell is realised when one
of the two possible displacements is constantly applied (a
more detailed discussion is presented in Section 7). The
corresponding structural arrangement was successfully
tested and refined in the space group PI. The final
refinement cycles, carried on by introducing anisotropic
displacement parameters for the calcium cations of the
walls and for the silicon cations, converged to R=.153 for
1278 reflections with / >4a(/). Relevant data about the
crystal and the intensity collection are reported in Table 2.

The final positional and displacement parameters are
listed in Table 3, whereas selected bond distances are
reported in Table 4.
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Table 2
Crystal and structure refinement data for jennite

CaoSis015(OH)s.8H,0

Empirical formula

Formula weight 1063.44
Wavelength 0.99890 A
Space group P1

a=10.576(2) A, 2=101.30(1)°
b=7.265(2) A, f=96.98(1)°
¢=10.931(3) A, 7=109.65(1)°
z 1

Unit cell dimensions

Calculated density 2.325 g/em®
Absorption coefficient 1.912 mm !
Crystal size Unknown

Theta range for data collection ~ 3.58° to 28.45°

Limiting indices —9<h<9, —6< k<5, —10<I<10
Reflections collected/unique 2278/1950 [R;,=0.1272]
Completeness to 0= 28.45 88.1%

Refinement method Full-matrix least-squares on F>
Data/restraints/parameters 2278/0/130

Z ||Fo| _ |Fc ” 0.153 for 1287 reflections with /> 4a(1)
R =

~ XIFR|

6.1. Structure description

The crystal structure of jennite is reported in Fig. 2, in
two different projections. It is built up by three distinct
modules: ribbons of edge-sharing calcium octahedra, silicate
chains of wollastonite-type (both ribbons and chains run-
ning along b), and additional calcium octahedra in special
position on inversion centres. The ribbons—two octahedra
large—are connected to each other by sharing vertices,
giving rise to a zigzag layer of calcium octahedra, in which
the ribbons are also firmly linked through the silicate chains
running on both sides of it.

Two kinds of ribbon can be distinguished: in the former
(Cal, Ca3), all the vertices of the octahedra are shared with
other polyhedra, namely, silicate tetrahedra and/or calcium
octahedra, in the latter (Ca2, Ca4), the apices on both sides
of the zigzag layer are free and correspond to water
molecules.

The composite octahedral—tetrahedral (001) layers are
connected through the additional calcium octahedra in
special position.

6.2. Hydrogen bond system and chemical formula of jennite

The bond-valence sums for the various oxygen atoms of
the structure were calculated according to the parameters
listed in Ref. [24], and the corresponding values are reported
in Table 5. Bond-valence sums largely different from 2 v.u.
(valence units) were obtained for the atoms O8 (1.04 v.u.),
02 (1.09 v.u.), O11 (1.02 v.u.), and O12 (0.89 v.u.), besides
for O13, O14, W1, and W2 (0.27, 0.21, 0.35 and 0.35 v.u.,
respectively), which certainly correspond to water mole-
cules. The actual chemical nature of the former four atoms,
i.e., if they are either hydroxyl groups or oxygen atoms, may
be understood by looking at the complex system of hydro-

gen bonds connecting the H,O molecules among them and
to the oxygen atoms of the structure. A hydrogen bond
system, which is in agreement with all the structural
evidences, is drawn in Fig. 3. Here, we see that the atom
08, namely the free atom in the bridging tetrahedron, is the
acceptor in three strong hydrogen bonds with the water
molecules W1, W2, and O13. Applying the equation pro-
posed in Ref. [25] to correlate bond valence versus OO
distance, an additional contribution of 0.92 v.u. to O8 may
be calculated, indicating that O8 is actually an oxygen
anion. On the other hand, the anions 02, O11, and O12
are hydroxyl groups. The bond valence sums, corrected by
taking into account the hydrogen bonds system drawn in
Fig. 3, are reported in the last column of Table 5. The
formula of jennite, which results from the structure refine-
ment, is therefore CagSisO;3(OH)s.8H>0.

This crystal chemical formula refers to the natural sample
we have studied, which shows a full occupancy of the
interlayer Ca5 site. The occurrence of this calcium cation,
which coordinates two hydroxyl groups and four water
molecules at distances of 2.50 and 2.36 A, respectively,
results in the hydrogen bonding scheme reported in Fig. 3.
However, it was observed [10—12] that, usually, the syn-
thesised jennites show a C/S ratio lower than the ideal value
of 1.5. In those samples, the deficit in positive charge is
possibly balanced by a corresponding occurrence of OH ~
groups in the OS site, giving rise to the occurrence of Si—
OH bonds. In fact, when Ca5 cations are absent, the water
molecules are no more constrained to stay in the positions

Table 3
Fractional coordinates and isotropic displacement parameters U (Az) for
jennite

X Y z Ueq or Uiso
Cal 0.0601(5) 0.3632(9) 0.3648(6) 0.059(2)
Ca2 0.4226(5) 0.7984(9) 0.3617(6) 0.056(2)
Ca3 0.0658(6) 0.8664(9) 0.3769(6) 0.061(2)
Ca4 0.4289(6) 0.2954(9) 0.3531(6) 0.061(2)
Sil 0.8014(8) 0.942(1) 0.1939(8) 0.060(3)
Si2 0.7248(8) 0.241(1) 0.3748(8) 0.063(3)
Si3 0.7222(8) 0.673(1) 0.3784(8) 0.058(3)
o1 0.970(2) 0.024(3) 0.246(2) 0.051(5)
02 0.273(2) 0.962(3) 0.308(2) 0.069(6)
03 0.588(2) 0.129(3) 0.423(2) 0.047(5)
04 0.872(2) 0.318(3) 0.487(2) 0.057(5)
05 0.742(2) 0.121(3) 0.246(2) 0.068(6)
06 0.720(2) 0.747(3) 0.249(2) 0.060(6)
07 0.701(2) 0.433(3) 0.331(2) 0.071(6)
08 0.756(2) 0.859(3) 0.0409(2) 0.047(5)
09 0.581(2) 0.658(3) 0.429(2) 0.055(5)
010 0.866(2) 0.794(3) 0.480(2) 0.058(6)
Ol1 0.273(2) 0.458(3) 0.303(2) 0.066(6)
012 0.985(2) 0.542(3) 0.230(2) 0.065(6)
013 0.443(2) 0.193(3) 0.129(2) 0.086(7)
014 0.542(2) 0.191(3) 0.863(2) 0.080(7)
Cas 0.0 0.5 0.0 0.072(3)
Wi 0.914(2) 0.143(3) 0.941(2) 0.079(7)
w2 0.781(2) 0.519(3) 0.964(2) 0.083(7)
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Table 4
Selected bond distances (A) in jennite
Cal o1? 2.35(2) Ca2 o3’ 2.33(2) Ca3® 0Ol 2.33(2) Ca4 02¢ 2.34(2)
Ol11 2.35(12) 09 2.35(2) 02 2.33(2) 09° 2.36(2)
o12° 2.37(2) O11 2.35(2) 04° 2.36(2) O11 2.40(2)
04° 2.38(2) 03¢ 2.35(2) 012°¢ 2.39(2) 013f 2.45(2)
o10° 2.42(2) 02 2.36(2) 0108 2.46(2) 09 2.48(2)
0O4b 2.49(2) 0o14° 2.54(2) o10° 2.47(2) 03 2.51(2)
o7 2.77(2)
Sil 08 1.61(2) Si2 05 1.57(2) Si3 06 1.61(2) Cas 012 2.50(2) x 2
06 1.65(2) 03 1.61(2) 010 1.62(2) Wi 2.36(2) X 2
05°¢ 1.66(2) o7 1.64(2) 09 1.63(2) w2 2.36(2) X 2
Ol 1.67(2) 04 1.71(2) o7 1.65(2)
P x+1,y, 2z
LI I, —y+1, —z+1.
Cx—1,yz
dx, y—1,z
Cx,y+1,z.
f

‘x+1,y+1,z+1.
& —x+1, —y+2, —z+1.

reported in Table 3, and the corresponding hydrogen bonds
might not occur.

Several spectroscopic data suggest the occurrence of few
SiOH groups in samples of synthetic jennite. In the room
temperature 'H MAS NMR spectrum [26], a small peak at
8 ppm was attributed to the hydrogen atoms belonging to
SiOH groups, and the mid-IR spectrum of jennite shown in
Ref. [17] displays a weak band at approximately 3740
cm ', attributed by the authors to SiO—H stretching in
SiOH groups. On the other hand, the '"H—>’Si CPMAS
NMR results [11] evidenced a pronounced peak at — 82.7
ppm, corresponding to one of the Q? sites (a bridging
tetrahedron, according to our result), strongly coupled with
at least some protons. The authors’ conclusion [11] was that
Si—OH linkages are present in jennite, but the observed

strong interaction of the silicon and the protons could also
depend on the occurrence of strong hydrogen bonds point-
ing to the free vertex of the bridging tetrahedron.

7. Disorder model

As we have previously said, jennite may display disorder
in the sequence of the structural layers, as evidenced by
diffuse reflections, or even continuous streaks, for odd k&
values, with diffuseness along a* [2,14]. These diffractional
features, as well as the monoclinic symmetry displayed by
the reflections with even k value, are characteristic of OD
structures [27—-30] consisting of equivalent layers. In such
structures, neighbouring layers can be arranged in two or

E——

b siny
(b)

Fig. 2. Crystal structure of jennite, as seen along (a) [010] and (b) [100].
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Table 5
Bond valence balance for jennite (v.u.)
Cal Ca2 Ca3 Ca4 Cas Sil Si2 Si3 San S
0Ol 0.355 0.375 0.883 1.613 (6] 1.800
02 0.346 0.375 0.365 1.086 OH 0.947
03 0.375 0.230 1.039 1.999 (0] 1.999
0.355
04 0.328 0.346 0.793 1.710 (6] 1.710
0.243
05 0.907 1.157 2.064 (6] 2.064
06 0.932 1.039 1.971 (0] 1.971
o7 0.114 0.958 0.932 2.004 (6] 2.127
08 1.039 1.039 (0] 1.962
09 0.355 0.250 0.984 1.935 (6] 1.935
0.346
o10 0.294 0.264 1.011 1.833 (6] 1.833
0.264
Ol11 0.355 0.355 0.310 1.020 OH 0.880
012 0.336 0.319 0.237* 0.892 OH 0.892
013 0.271 0.271 H,O —0.064
014 0.212 0.212 H,O 0.131
Wil 0.346 * 0.346 H,O 0.065
w2 0.346 * 0.346 H,O —0.039
Seat 1.912 1.999 1.942 1.887 1.856 3.761 3.946 3.966

Parameters were taken from Ref. [24].

The anionic bond valence sums, corrected by taking into account the hydrogen bonds system, are reported in the last column. The asterisks (*) mean two

equivalent bonds for the given anion.

more geometrically equivalent ways; different ways of
stacking neighbouring layers allow the existence of a series
of both disordered and ordered (polytypes) sequences.

The symmetry of the average structure points to an OD
layer with monoclinic symmetry. The single OD layer,
presented in Fig. 4, has translation vectors bopp.=—b,
CopL=—a—2¢ (bopL=7.284 A, copL=21.632 A), third

basic vector ag=a/2+b/4 (ap=4.974 ;\, [ =104.84°), and
layer group symmetry P(1)2/ml (the symmetry is only
approximately valid for two of the water molecules in
octahedral coordination around Ca5). Each subsequent layer
is obtained from the preceding one, in the arrangement of
Fig. 4, through the partial operations 2;,, (rotation by 180°,
followed by translation bop; /4), as well as n; , (reflection in

O1 o7
1.61 2.00
Ca2 2.79 Si1 3.04
| 0.19 | 0.12
2.96
Ca4 — 02 |—==3 W1} 222 08 | €230 —|013— caq
1.00| 0.14 : 104 : 0.27
0.35 0
| \ Az 87
cas Cas 530 016
\ / 2.74
W2 |—214 5 014)— a2
035| 021" |g21
012
0.89 3.01
2.95 0.13
\ 0.14 \4
05
Cal =—O011|— Ca4 2.06
1.02
Ca2

Fig. 3. Hydrogen bonding system in jennite. The O...O distance (A) and the strength of the corresponding hydrogen bond (v.u.) are reported near to each

arrow. The arrows point towards the acceptor atom in the hydrogen bond.
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JANE
AVAVAYAVA
VAR NASAVESY
\ OD layer

Fig. 4. OD layer in jennite. The symmetry elements of the layer (two fold
axes along bop, and mirror plane m perpendicular to bopy ) are indicated,
as well as the screw axes 2, which relate adjacent OD layers. The unit cell
of the triclinic jennite is outlined.

the horizontal plane, followed by translation e¢op/2+ ag).
Subsequent layers may be connected also through the
operations 2 _ .

Pairs of layers built up with both operators (21, or2 _ ;5)
are geometrically equivalent. A whole family of OD struc-
tures may be obtained, characterised by different sequences
of the operators. Their common symmetry properties are
indicated by the symbol that presents the partial symmetry
operations, which transform the layer into itself (first line) or
into an adjacent layer (second line):

P (1) 2/m 1

{(1) 2y2/m12 1}

The parentheses in the first position of each line indicate that
only bop and ¢op are translation vectors, whereas a, is not
a translation vector.

Two sequences correspond to the structures with maxi-
mum degree of order (MDO). In them, not only pairs, but
also triples, quadruples, ... n-tuples of subsequent OD
layers are geometrically equivalent.

1) The sequence 215, 21, 210, 215, --., gives rise to
MDO,, triclinic, space group symmetry P1, with:

a =2ay+bopr/2; b = —bopr;
¢ = —a +bODL/4 _cODL/Z

and cell parameters just corresponding to those of the
triclinic true cell of jennite (Table 1).
ObViously, the sequence 2_ 1/25 2 1/25 2 1/25 2_ 1/2
...corresponds to the twin polytype (through the
reflection in the plane normal to b).

2) The sequence 21, 2 _ 15, 21, 2 _1p-..giVes rise to
MDO,, monoclinic, space group symmetry P12/cl,
with:

a =2ay; b= —boprL; ¢ = —2ay — copr

and cell parameters: a =9.947 A, b=7.284 A, ¢=21.370
A, and =101.90°.

As a matter of fact, most crystals of natural jennite occur
as substantially ordered MDO; triclinic polytype. In some
cases, streaks parallel to a* for odd k& values are evident,
pointing to highly disordered sequences of the OD layers,
which stack in the a, direction. The streaking is more
frequent in the synthetic specimens. No clear evidence has
been so far obtained for the existence of largely ordered
domains of the monoclinic MDO, polytype.

8. Relationships with metajennite

Jennite transforms to metajennite at 70—90 °C by losing
four water molecules. A structural model for metajennite has
been already sketched in Section 3. The results of our
structural study of jennite now consent a more precise
formulation of the structural arrangement of metajennite.
The loss of the water molecules around the Ca5 calcium
cations has severe consequences on the stability of the
whole structure: not only is Ca5 no more properly coordi-
nated, but also, the apical oxygen atom O8 of the bridging
tetrahedron is no more an acceptor in the three strong
hydrogen bonds with water molecules. The structure there-
fore reorganises itself in a shrinked phase by directly
connecting successive composite tetrahedral—octahedral
layers (the apical O8 oxygen atom of the bridging tetrahe-
dron, which assures the connection, is now a hydroxyl
group), thus consenting an appropriate coordination to
Ca5 calcium cations.

a siny

Fig. 5. Structural model of metajennite.
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The structure of metajennite is presented in Fig. 5, where
the Ca5 cation is tentatively located in a special position on
the inversion centre, at 0, 0, 1/2, where it realises an
acceptable octahedral coordination. The crystal chemical
formula that corresponds to the discussed model, as well
as to the indications in Ref. [2], is Cag[SigO¢ (OH),]
(OH)3.2H,0.

In contrast to jennite, no single crystal of metajennite has
been found, and the structural model has not been refined.
We are presently collecting powder diffraction data for
carrying out a Rietveld refinement of the structure to define
the actual position of the Ca5 cation, as well as of the water
molecules indicated in the crystal chemical formula, and to
definitely assess the whole crystal structure.

Metajennite too presents disorder with crystals exhibiting
streaks parallel to a* for odd & values [1, 2]. As in the case
of jennite, the disorder is a manifestation of its OD charac-
ter. The single OD layer in metajennite is defined as that of
jennite, obviously with reference to the actual parameters of
metajennite; it presents the same layer group symmetry
P(1)2/m1, and adjacent layers are related by 2;, or 2 _
operations. The constant application of the 2, operation
between succeeding layers gives rise to the triclinic form
with the parameters given in Table 1 and structural model
represented in Fig. 5.
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