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ABSTRACT

The crystal structure of epistolite, ideally Na4 Nb2 Ti4+ (Si2O7)2 O2 (OH)2 (H2O)4, a 5.460(1), b 7.170(1), c 12.041(2) Å, �
103.63(3), � 96.01(3), � 89.98(3)°, V 455.4(5) Å3, space group P1̄, Z = 1, Dcalc 2.987 g.cm–3 from the Ilímaussaq alkaline
complex, South Greenland, has been solved by direct methods and refined to R1 9.8% on the basis of 1986 unique reflections |Fo
≥ 4�F| collected on a Bruker P4 diffractometer with a CCD 1K Smart detector and MoK� radiation. An electron-microprobe
analysis gave (wt.%): SiO2 29.59, Nb2O5 31.43, TiO2 10.24, MnO 0.34, Fe2O3 0.35, Ta2O5 0.28, Na2O 14.45, CaO 1.89 K2O
0.27, P2O5 0.36, F 1.32, H2O (calculated from structure refinement) 10.46, total 100.43. The empirical formula is (Na3.79 Ca0.27
Mn0.04)�4.06 (Nb1.92 Ti4+

0.04 Fe3+
0.04)�2.00 Ti4+ (Si2O7)2 O2 (OH1.44 F0.56) (H2O), calculated on the basis of 4 Si (apfu). In the crystal

structure, there are two tetrahedrally coordinated sites occupied by Si, with a grand <Si–O> distance of 1.617 Å. The (SiO4)
tetrahedra link together to form [Si2O7] groups. There are two octahedrally coordinated M sites. The M(1) site is occupied prima-
rily by Nb with minor amounts of Fe3+ and Ti4+, with <M(1)–O, H2O> = 2.01 Å. The M(2) site is occupied solely by Ti4+, with
<M(2)–O,OH> = 1.962 Å. There are three A sites, occupied primarily by Na: the A(1) and A(2) sites are octahedrally coordinated,
with <A(1,2)–O,OH> = 2.39 Å, and the A(3) site is [8]-coordinated, with <A(3)–O,OH,H2O> = 2.57 Å. The A(1) site is occupied
by Na, the A(2) site is occupied 92% by Na, and the A(3) site is approximately half-occupied by Na: 0.87 Na + 0.82 � + 0.27 Ca
+ 0.04 Mn2+ apfu. The M(2) and A(1,2) octahedra each share six common edges to form a close-packed sheet. This sheet of
octahedra is the central part of a TS (titanium-silicate) block. Two adjacent sheets of heteropolyhedra consist of [Si2O7] groups
and M(1) octahedra with large hexagonal voids that incorporate [8]-coordinated A(3) polyhedra. A sheet of heteropolyhedra is
connected to a sheet of octahedra through vertices of (SiO4) tetrahedra, M(1) octahedra and A(3) polyhedra. Within one TS block
in epistolite, two [Si2O7] groups, one from each sheet of heteropolyhedra, link to the M(2) octahedron of the central sheet, and
sheets of heteropolyhedra are approximately related by a pseudo-mirror plane, mz. The TS blocks repeat along (001) and are
connected through hydrogen bonds involving (H2O) groups and acceptor O atoms of the TS blocks. Previously, the crystal
structure of murmanite, ideally Na4 Ti4+

4 (Si2O7)2 O4 (H2O)4, a 5.383(4), b 7.053(4), c 12.170(3) Å, � 93.16(2), � 107.82(2), �
90.06(2)°, V 439.14 Å3, space group P1, Z = 1, Dcalc 2.86 g cm–3, has been considered as a topological analogue of epistolite. It
has a TS block as a fundamental building block, but its bond topology is different from that in epistolite. This difference results
from different linkages between the central sheet of octahedra and the two adjacent sheets of heteropolyhedra. In murmanite,
sheets of heteropolyhedra are shifted relative to each other in the (001) plane. Thus epistolite and murmanite are not isostructural.
Murmanite and epistolite are related by the substitution Ti4+

3
 + O2–

2 ↔ Nb5+
2 + � + (OH)–

2.

Keywords: epistolite, crystal structure, disorder, murmanite, Ilímaussaq alkaline complex, South Greenland.

SOMMAIRE

Nous avons résolu la structure cristalline de l’épistolite, de formule idéale Na4 Nb2 Ti4+ (Si2O7)2 O2 (OH)2 (H2O)4, a 5.460(1),
b 7.170(1), c 12.041(2) Å, � 103.63(3), � 96.01(3), � 89.98(3)°, V 455.4(5) Å3, groupe spatial P1̄, Z = 1, Dcalc 2.987 g.cm–3,
provenant du complexe alcalin d’Ilímaussaq, dans le sud du Groënland, par méthodes directes, et nous l’avons affinée jusqu’à un
résidu R1 de 9.8% en utilisant 1986 réflexions uniques |Fo ≥ 4�F| prélevées avec un diffractomètre Bruker P4 muni d’un détecteur
CCD 1K (rayonnement MoK�). Une analyse avec une microsonde électronique a donné (proportions pondérales): SiO2 29.59,
Nb2O5 31.43, TiO2 10.24, MnO 0.34, Fe2O3 0.35, Ta2O5 0.28, Na2O 14.45, CaO 1.89 K2O 0.27, P2O5 0.36, F 1.32, H2O (quantité
calculée à partir le l’affinement de la structure) 10.46, pour un total de 100.43. La formule empirique est (Na3.79 Ca0.27 Mn0.04)�4.06
(Nb1.92 Ti4+

0.04 Fe3+
0.04)�2.00 Ti4+ (Si2O7)2 O2 (OH1.44 F0.56) (H2O); elle est calculée sur une base de 4 Si (apfu). La structure

contient de sites tétraédriques qu’occupe le Si, avec une distance globale <Si–O> de 1.617 Å. Les tétraèdres (SiO4) sont agencés
en groupes [Si2O7]. Il y a deux sites M à coordinence octaédrique. Le site M(1) contient surtout le Nb, avec des quantités moindres
de Fe3+ et Ti4+, et <M(1)–O, H2O> est égal à 2.01 Å. Le site M(2) ne contient que le Ti4+, avec <M(2)–O,OH> = 1.962 Å. Il y a
trois sites A, qui contiennent surtout le Na; les sites A(1) et A(2) ont une coordinence octaédrique, avec <A(1,2)–O,OH> = 2.39 Å,
et le site A(3) possède une coordinence [8], avec <A(3)–O,OH,H2O> = 2.57 Å. Le site A(1) contient uniquement le Na, le site A(2)
en contient à 92%, et le site A(3) est environ à moitié rempli par le Na: 0.87 Na + 0.82 � + 0.27 Ca + 0.04 Mn2+ apfu. Les sites
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octaédriques M(2) et A(1,2) partagent six arêtes communes pour former un feuillet à empilement compact. Ce feuillet d’octaèdres
constitue l’élément central d’un bloc TS (à silicate de titanium). Deux feuillets adjacents d’hétéropolyèdres consistent de groupes
[Si2O7] et d’octaèdres M(1) parmi lesquels de grosses cavités hexagonales renferment les polyèdres A(3) à coordinence [8]. Un
feuillet d’hétéropolyèdres est connecté à un feuillet d’octaèdres par les vertex des tétraèdres (SiO4), des octaèdres M(1) et des
polyèdres A(3). A l’intérieur d’un bloc TS dans l’épistolite, deux groupes [Si2O7], un de chaque feuillet d’hétéropolyèdres, sont
connectés à l’octaèdre M(2) du feuillet central, et les feuillets d’hétéropolyèdres sont grosso modo agencés selon un pseudo-
mirroir mz. Les blocs TS se répètent le long de (001) et sont connectés grâce à des liaisons hydrogène impliquant des groupes
(H2O) et des atomes accepteurs d’oxygène des blocs TS. On avait considéré la structure cristalline de la murmanite, de formule
idéale Na4 Ti4+

4 (Si2O7)2 O4 (H2O)4, a 5.383(4), b 7.053(4), c 12.170(3) Å, � 93.16(2), � 107.82(2), � 90.06(2)°, V 439.14 Å3,
groupe spatial P1, Z = 1, Dcalc 2.86 g cm–3, comme l’analogue topologique de l’épistolite. La murmanite contient aussi le bloc TS
comme unité fondamentale, mais la topologie des liaisons diffère de celle de l’épistolite. Cette différence est le résultat
d’agencements différents entre le feuillet central d’octaèdres et des deux feuillets adjacents d’hétéropolyèdres. Dans la murmanite,
les feuillets d’hétéropolyèdres sont déplacés l’un l’autre dans le plan (001). L’épistolite et la murmanite ne sont donc pas
isostructurales. Ces phases sont liées par la substitution Ti4+

3
 + O2–

2 ↔ Nb5+
2 + � + (OH)–

2.

(Traduit par la Rédaction)

Mots-clés: épistolite, structure cristalline, désordre, murmanite, complexe alcalin d’Ilímaussaq, Groënland du Sud.

sidered as a Nb-analogue of murmanite (e.g., Egorov-
Tismenko & Sokolova 1990, Ercit et al. 1998).

In the 1980s, A.D. Khalilov discussed with ES the
possibility of refining the crystal structure of epistolite,
but could not find an appropriate single crystal. It is
widely known that epistolite does not form single crys-
tals; it occurs as intergrowths with other minerals
(Karup-Møller 1986a) or twinned crystals (Ferraris &
Németh 2003). However, the very careful analytical and
textural work of Karup-Møller (1986b) is not in accord
with the formula proposed by Khalilov et al. (1965b),
and Dr. Karup-Møller kindly supplied the best-quality
material from his careful study. We emphasize that this
material is very difficult to work with, and solution of
the crystal structure was a non-trivial enterprise. How-
ever, we have obtained a stereochemical model of
epistolite that fits the diffraction data tolerably well and
is in accord with the available chemical data, and report
it here.

EXPERIMENTAL

Electron-microprobe analysis

Three crystals of epistolite were analyzed with a
Cameca SX–100 electron-microprobe operating in
wavelength-dispersion mode with an accelerating volt-
age of 15 kV, a specimen current of 10 nA, a beam size
of 20 �m, and count times on peak and background of 2
and 10 s, respectively. The following standards and crys-
tals were used for K or L X-ray lines: F, P: apatite; Na,
Si: tugtupite; Mg: forsterite; Ca: diopside; K: eifelite;
Nb, Mn: MnNb2O6; Ti: TiO2; Fe: fayalite; Zn: gahnite;
Sr: strontianite; Zr: zircon; Ba: barite; Ta: mangano-
tantalite. Data were reduced using the �(�Z) procedure
of Pouchou & Pichoir (1985). The chemical composi-
tion of epistolite is given in Table 1 and is the mean of
10 determinations. The empirical formula (Table 1) was
calculated on the basis of 4 Si apfu (atoms per formula

INTRODUCTION

Epistolite is a low-temperature (Nb–Ti)-silicate min-
eral first described from the Ilímaussaq alkaline com-
plex in South Greenland (Bøggild 1901), and then found
in the Lovozero alkaline massif, Kola Peninsula, Rus-
sia (Semenov et al. 1962). The crystal structure of
epistolite was proposed by Khalilov (1965) and Khalilov
et al. (1965b: a 5.41, b 7.08, c 12.07 Å, � 103.1, � 96.1,
� 88.0°, space group P1), and this version has been the
accepted structure of epistolite since then. Khalilov et
al. (1965b) presented a drawing of a two-dimensional
projection of the crystal structure of epistolite with an
Rh0l = 22%, but gave no atom coordinates for the struc-
ture. Based on the structure of murmanite (Khalilov et
al. 1965a, a 5.50, b 7.00, c 11.94 Å, � 96, � 100.4, �
88.9°, space group P1), Khalilov et al. (1965b, Fig. 2)
suggested a pattern of cation order in the third dimen-
sion of epistolite. Comparison of Figures 1 and 2 of
Khalilov et al. (1965b) with Figure 4 of Khalilov et al.
(1965a) indicates an epistolite structure with zig-zag
chains of edge-sharing (TiO6) octahedra alternating with
similar chains of (NaO6) octahedra. The resulting stoi-
chiometry is in accord with their proposed formula for
epistolite, Na2 Ti4+

2 [Nb2O 2(OH)4] (Si2O7)2 (H2O)2.
More work has been done on the crystal structure of
murmanite (Khalilov et al. 1965b, Rastsvetaeva &
Andrianov 1986, Khalilov 1989). Its original chemical
formula was given as Na2 Mn Ti4+ [Ti4+

2(OH)4] [Si2O7]2
(H2O)4 (Khalilov et al. 1965b), but has since been
changed to Na4 Ti4+

4 (Si2O7)2 O4 (H2O)4 on the basis of
a more recent crystal-structure refinement (Khalilov
1989). This later formula is in accord with the analyti-
cal work of Karup-Møller (1986b). From the findings
of Khalilov (1989), it has been assumed that epistolite
and murmanite have the same structure topology, dif-
fering only in the distribution of Ti4+ and Nb over the M
sites. In later publications, epistolite has been often con-
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unit), and the end-member composition is Na4 Nb2 Ti4+

(Si2O7)2 O2 (OH)2 (H2O)4. We did not assign the small
amounts of K and P in the chemical composition to the
empirical formula of epistolite (Table 1), as these con-
stituents may belong to the unidentified submicroscopic
phase that has been observed in epistolite crystals from
several localities (Karup-Møller 1986a).

CRYSTAL STRUCTURE

A single crystal of epistolite was mounted on a
Bruker P4 automated four-circle diffractometer
equipped with graphite-filtered MoK� X-radiation and
a Smart 1K CCD detector. The intensities of 4748 re-
flections with 6̄ < h < 7, 7̄ < k < 10, 1

—
6 < l < 16 were

collected to 59.99°2	 using 30 s per 0.1° frame, and an
empirical absorption correction (SADABS, Sheldrick
1998) was applied. The refined unit-cell parameters
(Table 2) were obtained from 2363 reflections with I >
10�I.

On the basis of 1986 unique observed reflections (Fo
> 4�F), the crystal structure of epistolite was solved and
refined with the Bruker SHELXTL Version 5.1 system
of programs (Sheldrick 1997) to R1 = 9.8% and a GoF
of 1.145. Scattering curves for neutral atoms were taken
from the International Tables for Crystallography
(1992). R indices are given in Table 2, and are expressed
as percentages. Site occupancies for the M and A sites
were refined with the scattering curves of Nb, Ti and
Na. At the last stages of the refinement, three peaks
(with magnitudes from 7.6 to 2.5 e–) were found in the
difference-Fourier map, close to the M(1), Si(1) and

Si(2) sites (1.40, 1.58 and 1.32 Å, respectively), each
shifted from the corresponding site along the b axis.
These subsidiary sites were included in the refinement,
and their site occupancies were refined with the scatter-
ing curves of Nb and Si, and with Uiso fixed at 0.05 Å2.
The refined site-occupancies are approximately 10% of
the occupancies at the associated sites. We tried to find
coordination polyhedra around these partly occupied
cation sites, but had no success. This is not surprising,
considering the expected scattering values (approxi-
mately 10% of an O atom, ~1 e–) and the high R index
of the refinement. The three cation sites with ~10% oc-
cupancy presumably belong to the submicroscopic
phase that is intergrown with epistolite (cf. Karup-
Møller 1986a). Details of the data collection and struc-
ture refinement are given in Table 2, final atom
parameters for the epistolite structure are given in Table
3 and for the subsidiary sites in Table 4, selected inter-
atomic distances and angles in Table 5, refined site-scat-
tering values and assigned populations for selected sites
are given in Table 6, bond-valence values are given in
Table 7, and a proposed scheme of hydrogen bonding is
given in Table 8. A table of structure factors may be
obtained form the Depository of Unpublished Data,
CISTI, National Research Council, Ottawa, Ontario
K1A 0S2, Canada.
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DESCRIPTION OF THE STRUCTURE

Cation sites

In the crystal structure of epistolite, there are two
tetrahedrally coordinated sites occupied by Si with a
grand <Si–O> distance of 1.617 Å. There are two octa-
hedrally coordinated M sites. The M(1) site is sur-
rounded by five O atoms and one (H2O) group, and is
occupied primarily by Nb with minor amounts of Fe3+

and Ti4+ (Table 6) with <M(1)–O, H2O> = 2.01 Å. The
M(2) site is occupied solely by Ti4+ and is coordinated
by five O atoms and an (OH) group with <M(2)–O,OH>
= 1.962 Å. There are three A sites, occupied primarily
by Na with minor amounts of Ca and Mn2+. The A(1)
site is octahedrally coordinated by O atoms and (OH)
groups, with <A(1)–O,OH> = 2.34 Å. The A(2) site is

octahedrally coordinated solely by O atoms with <A(2)–
O> = 2.449 Å. The A(3) site is [8]-coordinated by six O
atoms, one (OH) group and one (H2O) group, with
<A(3)–O, OH, H2O> = 2.57 Å. The refined site-scatter-
ing value for A(3) is 16.7(6) epfu (electrons per formula
unit), indicating that this site is only partly occupied by
Na. Based on the chemical analysis (Table 1), we as-
signed Ca and Mn2+ to the A(3) site: 0.87 Na + 0.82 �
+ 0.27 Ca + 0.04 Mn apfu (Table 6).

Examination of Table 6 shows that there are some
significant discrepancies between the refined site-scat-
tering values and the corresponding values derived from
results of the electron-microprobe analysis. In particu-
lar, the M(1) site shows a refined value (74.5 e) much
less than that required by the chemical composition de-
rived from the microprobe results (80.6 e). The refined
site-scattering values reflect the chemical composition

FIG. 1. General view of a sheet of octahedra with adjacent
[Si2O7] units in (a) epistolite, and (b) murmanite. (TiO6)
octahedra are yellow, (NaO6) octahedra are blue, (SiO4)
tetrahedra are orange, (OH) groups are shown as small red
circles.

FIG. 2. Linkage of M(1) octahedra and [Si2O7] groups in the
sheet of heteropolyhedra in epistolite [A(3) cations are
omitted for clarity]: (a) the side facing a sheet of octahedra;
(b) the side facing away from the sheet of octahedra. Leg-
end as in Figure 1, (H2O) groups are shown as large red
circles.
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of epistolite, whereas the chemical composition incor-
porates epistolite plus the intergrown phase represented
by the M(1)-, Si(1)- and Si(2)-satellite peaks in our dif-
ference-Fourier map (see above) and the submicro-
scopic phase intergrown with epistolite that was noted
in the very careful work of Karup-Møller (1986a).
Hence the observed difference between the two M(1)
site-scattering values indicates that the submicroscopic
phase is more enriched in heavy species (presumably
Nb and perhaps Ti) than epistolite.

Structure topology

We will describe the crystal structure of epistolite
and compare it with that of murmanite to show that their
structures are significantly different. In the crystal struc-
ture of epistolite, (SiO4) tetrahedra link together to form

[Si2O7] groups. The M(2) (= Ti4+) and A(1,2) (= Na)
octahedra all share six common edges to form a close-
packed sheet (Fig. 1a), with an A:M ratio of 3:1. In the
crystal structure of murmanite, Ti4+ octahedra and Na
octahedra both form edge-sharing brookite-like chains
within a sheet of the same topology (Khalilov 1989)
(Fig. 1b). The sheet of octahedra is a central part of the
TS (titanium silicate) block that is a constituent of sev-
eral Ti-silicate minerals (Sokolova & Hawthorne 2001).
Two outer parts of the block are heteropolyhedral sheets
of [Si2O7] groups and M(1) octahedra (Figs. 2a, b), with
large hexagon-shaped interstices that incorporate [8]-
coordinated A(3) cations. Two heteropolyhedral sheets
are connected to a sheet of octahedra via (a) common
vertices of (SiO4) tetrahedra and M(2) octahedra, and
(b) linkage of M(1) and A(3) polyhedra with A(1) and
A(2) octahedra (Fig. 3a). The opposite side of the sheet

FIG. 3. General view of the crystal structure of (a) epistolite; (b) murmanite. Legend as in
Figure 1; [6]- and [8]-coordinated Na polyhedra are blue.
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is shown in Figure 2b: (H2O) groups of M(1) octahedra
and A(3) polyhedra form the outer boundary of the TS
blocks. Note that several types of linkages within a TS
block have been recently described by Christiansen et
al. (1999).

There is one unique TS block per unit cell in the crys-
tal structures of epistolite (Fig. 3a) and murmanite (Fig.
3b). The blocks repeat along the c direction and are con-
nected by hydrogen bonds between (H2O) groups and
O atoms of adjacent TS blocks. The TS block is a funda-
mental building block (FBB) for both epistolite and
murmanite, but the topologies of the blocks are differ-
ent in the two structures. This difference results from
different linkage of the central sheet of octahedra to
adjacent heteropolyhedral sheets. In epistolite, two
[Si2O7] groups, one from each heteropolyhedral sheet,
link to a single M(2) octahedron of the central sheet,
and heteropolyhedral sheets are approximately related
by a pseudo-mirror plane (Figs. 4a, 5a). In murmanite,
two [Si2O7] groups, one from each heteropolyhedral
sheet, link to two distinct octahedra, Ti(2) and Ti(4)
(Khalilov 1989) of the brookite-like chain (Fig. 4b).
Hence, heteropolyhedral sheets are shifted relative to
each other in the (110) plane by about 1.1 Å (Fig. 5b).
Thus the bond topology of the TS block is different in
epistolite and murmanite, and epistolite and murmanite
are not isostructural.

Structural formulae for epistolite and murmanite

We may write the structural formulae of these two
minerals in terms of the components of their TS blocks.
Consider first the sheet of octahedra; as all cation sites
are filled in these minerals, these sheets must have the
formula [Mn�2n] (= [M�2]n), where M is any cation and
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� is any anion. We may write the corresponding formu-
lae as follows: epistolite: Na3 Ti4+ (OH)2 O6; murmanite:
Na2 Ti4+

2 O2 O6. Consider next the heteropolyhedral
sheet; these have the formula [[8]A2 [6]M2 (Si2O7)2 �8];
we have written here the formula of the two hetero-
polyhedral sheets that constitute a single TS block. We
may write the corresponding formulae as follows:
epistolite: [[8]Na � [6]Nb2 (Si2O7)2 O2 (OH)2 (H2O)4];
murmanite: [[8]Na2 [6]Ti4+

2 (Si2O7)2 O2 O2 (H2O)4]. In
terms of the constituent sheets, we may write the for-
mulae of epistolite and murmanite in the following way:

Hydrogen bonding

It was not possible to directly locate the H atoms of
the (OH) and (H2O) groups in epistolite. However,
bond-valence calculations show that O(10) and O(11)
are O atoms of (H2O) groups, and O(8) is an O atom of
an (OH) group (Table 7). There are four hydrogen-bonds
involving four (H2O) groups connecting two TS blocks
(Table 8, Figs. 6a, b). To derive a possible local stereo-
chemistry for these hydrogen bonds, we note that an O
atom of an (H2O) group usually forms four tetrahedrally
arranged bonds (i.e., sp3 hybridization). Each (H2O)
group is a ligand of an M(1) atom [O(10)] or an A(3)

Mineral Sheet of Octahedra Sheets of Heteropolyhedra

Epistolite Na3Ti4+(OH)2* O6* [8]Na � Nb2 (Si2O7)2 O2 (OH)2 (H2O)4

Murmanite Na2Ti4+
2O2* O6* [8]Na2 Ti4+

2 (Si2O7)2 O2 O2 (H2O)4

Anions indicated by stars belong to the sheet of oc-
tahedra and adjacent sheets of heteropolyhedra, hence
they should not be summed from the sheet of octahedra
to give the complete formula as they are counted in the
sheets of heteropolyhedra.

The corresponding end-member formulae for these
two minerals are as follows:

Epistolite Na4 Nb2 Ti4+ (Si2O7)2 O2 (OH)2 (H2O)4

Murmanite Na4 Ti4+
4 (Si2O7)2 O4 (H2O)4
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atom [O(11)]; thus the O atom of each (H2O) group is
bonded to one cation. Hence there should be three addi-
tional bonds, two donor–hydrogen bonds of the (H2O)
group, and a third hydrogen...acceptor bond from an-
other (H2O) group. Figure 6a shows all possible
D(donor)–A(acceptor) distances involving (H2O)
groups. There is no possibility for sp3 hybridization-type
hydrogen bonding within this arrangement of bonds
constrained by P1̄ symmetry. Thus we conclude that hy-
drogen bonding does not obey P1̄ symmetry, whereas
with P1 symmetry, a stereochemically sensible scheme
can be derived (Fig. 6b). There are two (mutually ex-
clusive) D–A bonds [O(10)–O(11)a and O(10)–O(11)b]
that can each occur (Table 8). For these particular bonds,
the mean D (donor)–A (acceptor) distance is 2.97 Å,
corresponding to weak hydrogen-bonding. The arrange-
ment of hydrogen bonds is shown in Table 8 and Figure
6a. There is weak hydrogen bonding involving (OH)
groups within the TS block (Table 8, Fig. 6b), but most
of the hydrogen bonds link adjacent TS blocks (Fig. 6b).

FIG. 5. Linkage of two sheets of heteropolyhedra with a sheet of octahedra within one TS
block in (a) epistolite, and (b) murmanite. Legend as in Figure 3; [8]-coordinated Na
atoms are shown as blue circles.

FIG. 4. Linkage of [Si2O7] groups of two adjacent sheets of
heteropolyhedra with (TiO6) octahedra of the central sheet
in (a) epistolite, and (b) murmanite; [6]-coordinated Na at-
oms are shown as blue circles.
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FIG. 6. Proposed scheme of hydrogen bonding in epistolite:
(a) all possible D–A distances involving (H2O) groups are
shown (in Å); the black circles indicate inversion centers.
(b) A general scheme of hydrogen bonding that conforms
to P1 symmetry. (c) An xz projection of the crystal struc-
ture. Legend as in Figures 1 and 3; (H2O) and (OH) groups
are shown as large and small red circles, [8]-coordinated
Na atoms are shown as blue circles, possible donor (D)–
acceptor (A) distances are shown as dashed lines, and bonds
from A(3) and M(1) atoms to (H2O) groups are shown as
solid lines. The arrows indicate the direction from donor to
acceptor anions.

Mineral Sheet of Octahedra Sheets of Heteropolyhedra

Epistolite Na3 Ti4+ (OH)2* O6* [8]Na � Nb2 (Si2O7)2 O2 (OH)2 (H2O)4

Murmanite Na2 Ti4+
2O2* O6* [8]Na2 Ti4+

2 (Si2O7)2 O2 O2 (H2O)4

Some of hydrogen bonds proposed are quite long, but
as shown by Brown (1976), significant interactions still
occur at such distances.

SUMMARY

(1) Epistolite and murmanite are not isostructural,
despite the similarity of their formulae and unit cells.
The difference between them involves the topology of
their main structural unit, the TS (titanium silicate)
block.

(2) The different topologies of the TS blocks result
from different linkages of the central sheet of octahedra
with the two adjacent sheets of heteropolyhedra. In the
crystal structure of epistolite, two sheets of hetero-
polyhedra are approximately related by a pseudomirror
plane, mz, coinciding with the plane of the sheet of oc-
tahedra. In murmanite, two sheets are shifted relative to
each other.

(3) Detailed structural formulae for the TS block in
epistolite and murmanite (Khalilov 1989) are as follows:
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Anions indicated by stars belong to the sheet of oc-
tahedra and adjacent sheets of heteropolyhedra, hence
they should not be summed (from the sheet of octahe-
dra) to give the complete formula as they are counted in
the sheets of heteropolyhedra.

(4) The ideal (end-member) chemical formula of
epistolite is Na4 Nb2 Ti4+ (Si2O7)2 O2 (OH)2 (H2O)4.

(5) Murmanite and epistolite are related by the sub-
stitution Ti4+

3
 + O2–

2 ↔ Nb5+
2 + � + (OH)–

2.
(6) Local decrease of symmetry from P1̄ to P1 re-

sults from hydrogen bonds of (H2O) groups located be-
tween the TS blocks.
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