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Abstract: The paper presents the first data on the crystal chemistry of the cation-exchanged forms of layered titanosilicates belonging
to the epistolite group. It was found that these heterophyllosilicates have high exchange capacity and selectivity for cations of
chalcophile elements (Ag, Cu and Zn) and could be considered as potentially novel raw materials or, more likely, as possible
prototypes of cation-selective synthetic microporous materials. The crystal structures of Ag- and Cu-exchanged forms of lomono-
sovite and Ag-exchanged form of murmanite were studied by single-crystal X-ray diffraction. The topology of the main structural
unit, the HOH block, remains unchanged in cation-exchanged forms as compared to the initial lomonosovite NasTi4(Si,07),04 -
2Na;PO, (P-1) and murmanite NayTi4(Si,07),04 + 4H,O (P-1). In Ag-exchanged murmanite, Ag cations occupy two crystal-
lographically non-equivalent positions: one in the heteropolyhedral (H) sheet and another one in the octahedral (O) sheet correspond-
ing to the positions of Na in initial murmanite. The crystal structure of the Ag-exchanged form of lomonosovite is characterized by an
increased unit-cell parameter ¢ and doubled parameter b as compared to initial lomonosovite. Ten large-cation sites statistically
occupied by Ag and Na correspond to the Na sites in the initial lomonosovite: six in the interlayer space, two in the H sheet and two in
the O sheet. Silver significantly replaces Na in sites in the interlayer space and in the O sheet, whereas sites in the H sheet are less
affected by the ion exchange. Unit-cell parameter ¢ of the Cu-exchanged form of lomonosovite decreases by 3.58 % as compared to
the initial lomonosovite whereas a and b remain almost the same. The Cu cations occupy two crystallographically independent
positions. The Cu(1) site, corresponding to the Na(3) site in the initial lomonosovite, is located in the interlayer space. The low-
occupancy Cu(2) site is located on the inversion centre in the O sheet; this site is vacant in the initial lomonosovite. The Cu(2) site is
surrounded by six O atoms forming an octahedron distorted due to the Jahn-Teller effect.
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crystal structure.

Introduction chalcophile elements, including industrially important
ones, whereas other, earlier studied silicate minerals
demonstrated exchange selectivity to lithophile elements,
in first place alkali and earth-alkali metals. Thus, these
epistolite-group heterophyllosilicates could be considered

as potentially novel raw materials or, more likely, as pos-

The ion-exchange properties of various natural micropor-
ous titano-, niobo- and zirconosilicates with structures
based on zeolite-like heteropolyhedral frameworks have
been actively studied during the last two decades, includ-

ing the ion-exchange capacity, kinetic and crystal chemis-
try of their cation-exchanged forms. The obtained results
found applications in both the industry and the geosciences
(see, e.g., the reviews by Chukanov & Pekov, 2005, and
Pekov & Chukanov, 2005). However, data on the layered
titano- and niobosilicates as ion exchangers have not been
reported until recently. Our studies show that heterophyl-
losillicate minerals belonging to the epistolite group prove
to be the first known family of minerals that show strong
affinity and selectivity in cation-exchange processes for
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sible prototypes of cation-selective synthetic microporous
materials.

Murmanite, ideally Na,Ti4(S1,07),0; - 4H,0, and lomono-
sovite, NayTi4(S51,07),04 - 2NazPO,, are layered titanosili-
cates (heterophyllosilicates) of the bafertisite mero-plesiotype
series (Ferraris & Gula, 2005). Their crystal structures are
based on the heterophyllosilicate HOH block. The central O
sheet is composed by close-packed Na- and Ti-centred octahe-
dra and is sandwiched between two H sheets consisting of
alternating  [Si,O;] groups, Ti-centred octahedra and
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Na-centred eight-fold polyhedra. The interlayer space contains
Na™ cations and PO,>~ groups in lomonosovite or H,O mole-
cules in murmanite (Belov et al., 1977; Khalilov, 1989).

Murmanite was briefly described by Ramsay (1890) as an
“‘unknown mineral #3” from the Lovozero alkaline massif,
Kola Peninsula, Russia, and later characterized as a new
mineral species by Gutkova (1930). Lomonosovite was dis-
covered at Lovozero by Gerasimovsky (1945, 1950). The
morphological and chemical similarities of these minerals
were obvious, and Borneman-Starynkevich (1946) showed
that Na™ and PO, can easily be leached from the interlayer
space of lomonosovite and replaced by H,O molecules which
results in its transformation to murmanite.

The crystal structures of murmanite and lomonosovite
were first examined by Khalilov et al. (1965) and repeat-
edly refined later (Rastsvetaeva et al., 1971; Belov et al.,
1977, Rastsvetaeva & Andrianov, 1986; Khalilov, 1989;
Nemeth et al., 2005; Camara et al., 2008). The history of
these studies is given in detail by Camara ez al. (2008).

Murmanite and lomonosovite are common accessories,
and, sometimes, the rock-forming minerals of specific per-
alkaline rocks and their pegmatites (Khomyakov, 1995).
Despite the wide distribution of these minerals, the long
history of their studies and the many experiments on the
transformation of lomonosovite into murmanite, the ion-
exchange properties of these heterophyllosilicates have not
been examined until recently. Only Selivanova (2012) briefly
reported the ion exchange for murmanite in KCl solutions at
room temperature: its K-exchanged form with 5.3-7.3 wt.%
K>O was obtained but no more data were published. We
conducted the first systematic ion-exchange experiments
with murmanite and lomonosovite in aqueous solutions of
K, Rb, Cs, Ag, Sr, Cu”", Ni**, and Zn salts and found that
both minerals have high exchange capacity and selectivity for
cations of some chalcophile elements, namely Ag, Cu and Zn
(Lykova et al., 2013a and b).

In this paper we report the crystal-chemical data on the
Ag- and Cu-exchanged forms of lomonosovite and the Ag-
exchanged form of murmanite in comparison with the
initial samples used for the ion-exchange experiments.
The crystal chemistry of the Zn-exchanged forms of these
heterophyllosilicates will be given, in comparison with
natural zinc members of the epistolite group, in the com-
panion paper, Part 2.

Experimental procedure

Analytical methods

The chemical composition of initial samples of murmanite
and lomonosovite and their cation-exchanged forms was
studied with a Jeol JISM-6480LV scanning electron micro-
scope equipped with an energy dispersive X-ray spectro-
meter (EDS) INCA Energy-350 under the following
conditions: operating voltage 25 kV, beam current 0.56
nA. The following standards were used: lorenzenite
(NaKo, SiKo, TiKo), diopside (CaKo, MgKo), sanidine
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(KKa), AIPO4 (AlKa, PKo), Cso,NbyOq; (NbLo), MnCO;
(MnKw), FeS, (FeKa), Cu3VS; (CuKo). and Ag,Se
(AgLa). Iron and manganese oxidation states and H,O
content were not determined directly.

The X-ray diffraction studies were carried out using
single-crystal diffraction data collected for more than a
hemisphere of the reciprocal space on a Bruker Kappa
APEX 1I diffractometer equipped with a CCD detector
for lomonosovite and murmanite and in a full sphere of
the reciprocal space on a Bruker Kappa APEX DUO dif-
fractometer equipped with a CCD detector for Ag- and
Cu-exchanged forms of lomonosovite and Ag-exchanged
form of murmanite. The measured intensities were cor-
rected for Lorentz, background, polarization and absorp-
tion effects.

The infrared absorption spectra were obtained using a
Bruker Optics ALPHA FTIR spectrometer. The conditions
were as follows: the wavenumber range from 360 to 3800
cm ™!, the resolution of 4 cm ™!, the number of scans of 16.
Powdered minerals were mixed with dry KBr and pelle-
tized. The IR spectrum of an analogous pure KBr disk was
subtracted from the overall spectrum.

Initial samples and cation-exchange experiments

Murmanite samples for our experiments originate from a
hydrothermally altered peralkaline pegmatite at Severnyi
(North) open pit, Umbozero mine, Mt. Alluaiv, Lovozero
alkaline complex. Lomonosovite samples were collected
from the huge unaltered peralkaline pegmatite Koashva-99
at Mt. Koashva, Khibiny alkaline complex (both Kola
Peninsula, Russia). Murmanite forms lilac lamellar crys-
tals up to 0.05 x 2.5 x 3 cm in the ussingite—microcline
zone of a pegmatite. Lomonosovite occurs as dark-brown
to almost black tabular crystals up to 0.2 x 2 x 3.5 cm
associated with aegirine, pectolite, villiaumite and
thermonatrite.

The ion-exchange experiments with murmanite were
performed in Teflon containers at room temperature, at
60°C and at 90°C (Lykova et al., 2013a). As the experi-
ment at 90°C showed the highest degree of exchange of Na
for Ag, this sample was chosen for the crystal structure
study. A portion of 5-10 mg of the mineral (fraction 0.5-2
mm) was placed in 15 ml of 1N aqueous AgNOj; solution.
Murmanite actively extracts silver from the solution with
sodium displacement. The Ag-exchanged form of murma-
nite contains 3.3-3.7 Ag apfu (atoms per formula unit,
henceforth calculated on the basis of 4 Si + Al), whereas
the initial sodium content was 2.7-2.9 apfu (Table 1). The
possible schemes of the exchange are discussed in detail
below. The reaction spreads over the entire volume of a
grain within several hours.

Lomonosovite did not show the ion-exchange properties
for Ag or Cu at 90°C. For the experiments at 150°C, sealed
glass ampoules were used. In the experiments with 1IN
aqueous AgNOj solution, a novel Ag-rich phase (up to
58.8 wt. % Ag,0) was formed. The content of P (apfu) in
this phase remains the same as in the initial lomonosovite
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Table 1. Chemical composition of murmanite (Mur) and product of its reaction with AgNOj solution at 90°C (AgMur), lomonosovite (Lom)
and products of its reactions with AgNO3 (AgLom) and CuSO,4 (CuLom) solutions at 150°C.

AgMur Aglom CuLom
Reaction time Lom Mur 5 hours 3 days 5 hours 28 hours 7 days
wt. %
Na,O 26.50 11.40 1.40 - - 2.29 6.50 5.00 4.77 3.76 3.15
K,0 - 0.50 - - - - - - - - -
Ag,0 - — 34.40 32.40 58.77 53.18 - - - - -
CaO 2.70 4.20 2.50 2.00 0.44 1.00 2.11 1.97 2.29 2.15 222
CuO - — - - - - 12.15 14.53 14.62 14.80 13.42
MgO 0.57 0.40 0.60 - 0.44 0.59 0.48 0.50 0.49 0.52 0.70
FeO 2.44 2.00 1.10 0.60 1.30 1.16 224 2.67 2.76 241 2.62
MnO 1.94 2.40 2.00 1.00 0.73 0.86 1.79 1.66 1.78 1.49 1.79
AlLO; - — - - - - - 0.04 0.27 - -
Si0, 23.21 30.20 20.90 18.70 13.13 13.34 24.60 24.25 23.98 23.33 24.02
TiO, 22.87 27.30 21.00 22.10 11.71 13.18 24.92 23.52 22.96 23.27 22.29
Nb,Os 4.28 5.90 3.20 1.70 4.31 2.50 4.71 5.23 5.17 3.99 4.57
P,0s5 13.49 1.60 - - 7.52 7.82 14.02 14.33 14.38 13.61 13.65
Total 98.00 85.90 87.20 78.60 98.36 95.92 93.52 93.70 93.47 89.33 88.44
Atoms per formula unit (based on Si+Al = 4)
Na 8.86 2.90 0.52 - - 1.33 2.05 1.59 1.52 1.25 1.02
K - 0.10 - - - - - - - - -
Ag - - 3.42 3.59 9.28 8.27 - - - - -
Ca 0.50 0.60 0.52 0.47 0.15 0.32 0.37 0.35 0.40 0.39 0.40
Cu - - - - 1.49 1.81 1.82 1.92 1.69
Mg 0.14 0.10 0.17 - 0.20 0.26 0.12 0.12 0.12 0.13 0.17
Fe 0.35 0.20 0.18 0.11 0.33 0.29 0.31 0.37 0.38 0.35 0.37
Mn 0.28 0.30 0.33 0.17 0.19 0.22 0.25 0.23 0.25 0.22 0.25
Al - - - - - - - 0.01 0.05 - -
Si 4.00 4.00 4.00 4.00 4.00 4.00 4.00 3.99 3.95 4.00 4.00
Ti 2.97 2.70 3.03 3.55 2.68 2.97 3.05 291 2.84 3.00 2.79
Nb 0.33 0.40 0.28 0.17 0.59 0.34 0.35 0.39 0.39 0.31 0.34
P 1.97 0.20 - - 1.94 1.98 1.93 2.00 2.01 1.98 1.92

(Table 1). The replacement takes over 50-80 % of the
grains volume within several days (Fig. 1), and then the
exchange rate drops significantly.

The products, mechanism and kinetics of the ion-
exchange reactions of murmanite and lomonosovite with
Ag are discussed by Lykova et al. (2013b).

In the experiments with 1N aqueous CuSQO, solution, a
new phase with 1.5-1.9 apfu Cu develops within the first
hours along the cleavage fractures of initial lomonosovite
(Fig. 2a) and further spreads over the entire grains
(Fig. 2b). The P content in this Cu-exchanged form of
lomonosovite remains the same as in initial lomonosovite
(Table 1). Unfortunately, the acidic character of the
CuSOy solution causes partial dissolution of a thin periph-
eral zone of lomonosovite grains and damage (slight amor-
phization) of other products of the reaction. A rim of
another phase, with higher Ti/Si ratio, is formed around
lomonosovite grains (Fig. 2b).

Single-crystal X-ray diffraction

For single-crystal X-ray diffraction studies, products of the
reactions with AgNO; solution (during 3 days for lomono-
sovite and 5 hours for murmanite) and with CuSQO, solution

Fig. 1. Product of the reaction of lomonosovite with 1IN AgNO;
solution at 150°C during three days. Bright areas correspond to the
Ag-exchanged form of lomonosovite, dark areas are relics of the
initial mineral. Back-scattered electron (BSE) image.
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Fig. 2. Products of the reaction of lomonosovite with IN CuSOy solution at 150°C during 5 (a) and 28 (b) hours. Bright areas correspond to
the Cu-exchanged form of lomonosovite, dark areas (a) are relics of the initial mineral. SEM (BSE) images.

(during 28 hours for lomonosovite), i.e., phases with a
significant degree of exchange and minimum effects of
amorphization and hydrolysis were used.

The crystal structures were solved by direct methods and
refined by full-matrix least-squares techniques on F~ in the
space group P-1 using the SHELX-97 program package
(Sheldrick, 2008). The crystal data, the details of the X-ray
diffraction studies and the structure refinement parameters
are given in Table 2, atom coordinates, equivalent displa-
cement parameters, site occupancy factors or refined site-
scatterings, bond-valence sum values (Brese & O’Keeffe,
1991) and selected interatomic distances in Tables 3—12.

The crystal structures of the initial murmanite and lomo-
nosovite were refined to R = 0.0665 (1803 independent
reflections with I > 2o(/)) and to R = 0.0251 (2346
independent reflections with I > 2c(/)) (Table 2). The
Ag-exchanged form of murmanite was refined on the
basis of 1907 independent reflections with 7 > 26(J) to R
= 0.0658. The data sets for the exchanged samples of
lomonosovite are of lower quality due to uneven Ag and
Cu distribution. Slight hydration during the experiments
could also contribute to the diffracted intensities. The final
R values are 12.28 % for Ag-exchanged lomonosovite and
12.58 % for Cu-exchanged lomonosovite, respectively.

Table 2. Crystal data, data collection information and structure refinement details for murmanite (Mur), its Ag-exchanged form (AgMur),
lomonosovite (Lom) and its Ag- and Cu-exchanged forms (Aglom and CuLom respectively).

Sample Mur AgMur Lom Agl.om CuLom
Spaoce group, Z P-1,1 P-1,1 P-1,1 P-1,1 P-1,1
a, A 5.3741(6) 5.4043(3) 5.41160(10) 5.4071(5) 5.2653(19)
b, A 7.0750(9) 7.1687(4) 7.1227(2) 14.2614(12) 7.153(3)
c, A 12.1947(15) 12.2593(8) 14.4871(4) 14.6246(14) 13.969(5)
o 92.996(7) 92.723(4) 99.7395(16) 99.477(3) 100.050(9)
B 107.758(8) 107.881(4) 96.5470(16) 96.169(3) 96.829(9)
Yo 90.100(8) 90.398(4) 90.2800(17) 90.355(3) 91.905(10)
Vv, A® 440.89(9) 451.38(5) 546.60(2) 1105.58(17) 513.6(3)
L (MoKo) (A), T (K) 0.71073,293(2)
Diffractometer Kappa APEXII  Kappa APEX DUO Kappa APEXII Kappa APEX DUO Kappa APEX DUO
CCD CCD CCD CCD CCD
Reflections collected 3871 11157 5266 14940 7773
Unique reflections, Rjpy 2151, 0.0350 2236, 0.0578 2702, 0.0220 5429, 0.0295 2083, 0.0564
Reflections with I > 26(l) 1803 1907 2346 4071 1727
Refinement on F
No. of refined parameters 158 159 216 391 206
R1 0.0665 0.0658 0.0251 0.1228 0.1258
WR21(F?) 0.1747 0.1615 0.0606 0.2703 0.2992
GoF . 1.0768 1.154 1.050 1.103 1.156
APomax /APmin (e/A%) 1.572/-0.916 2.383/-1.417 0.381/-0.554 3.282/-4.447 3.208/-1.672
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Table 3. Atom coordinates (x, y, z), equivalent thermal displacement parameters (U, A2), site occupancy factors (s.o0.f.) and bond-valence
sums (BVS) in the structure of murmanite.

Atom X y z Ueq s.of! BVS?
Si(1) 0.9228(3) 0.0515(2) 0.26037(15) 0.0236(4) 1 4.02
Si(2) 0.9481(3) 0.6241(2) 0.27720(15) 0.0251(4) 1 4.22
Ti(1) 0.41430(18) 0.32665(14) 0.23755(10) 0.0271(4) [24.0] Tip.goNbg. 11 4.28
Ti(2) 0.2765(2) 0.88533(14) 0.50506(9) 0.0268(4) [23.5] Tip.67Mng 30Nbg 02 3.64
Na(l) 0.7332(7) 0.6090(5) 0.4895(3) 0.0413(14) [9.2]1 0.835(15) 0.91
Na(2) 0.3842(5) 0.8295(4) 0.2002(2) 0.0349(9) [11.5] Nag 50Cag 30 1.02
o(1) 0.5337(8) 0.2982(6) 0.3943(4) 0.0304(10) 1 2.01
0O(2) = (O,0H) 0.5025(8) 0.8963(6) 0.4128(4) 0.0271(9) 1 1.71
0Q3) 0.9015(11) 0.8250(6) 0.2178(4) 0.0405(12) 1 2.13
O(4) 0.0015(8) 0.9336(6) 0.5985(4) 0.0248(9) 1 1.86
O(5) 0.0606(9) 0.6675(6) 0.4161(4) 0.0326(10) 1 2.02
O(6) 0.1384(10) 0.1382(9) 0.2110(5) 0.0462(14) 1 1.94
Oo(7) 0.6372(10) 0.1336(8) 0.2021(5) 0.0463(14) 1 1.92
O(8) 0.1635(10) 0.5207(8) 0.2316(5) 0.0471(14) 1 1.99
0(9) 0.6703(11) 0.5219(9) 0.2416(5) 0.0493(15) 1 1.95
0O(10) = H,O 0.2837(12) 0.3450(8) 0.0462(5) 0.0485(13) 1 0.33
O(11) =H,O 0.2509(12) 0.7276(10) 0.0060(6) 0.0603(17) 1 0.23

! Basing on the e, values (given in square brackets) and electron microprobe data we consider these occupancies of the sites, taking into
account coordination polyhedra character and interatomic distances.
2 BVS have been formally calculated taking into account s.0.f.

Table 4. Selected interatomic distances (A) for murmanite.

Ti(1) - octahedron

Ti(2) - octahedron

Ti(1) -O(1) 1.844(5) Ti(2) -0(2) 1.895(4)
-0O(8) 1.914(5) -O(1) 1.908(5)
-0(6) 1.933(5) -0(2) 1.977(4)
-0(7) 1.936(5) -0(5) 1.987(5)
-009) 1.936(5) -04) 2.120(4)
-0(10) 2.233(6) -04) 2.142(4)
<Ti(1)-O0> 1.966 <Ti(2)-O0> 2.005
Si(1) - tetrahedron Si(2) - tetrahedron
Si(1) -0(6) 1.595(5) Si(2) -009) 1.584(5)
-O(7) 1.606(5) -0(8) 1.593(5)
-04) 1.640(5) -0(3) 1.614(5)
-0(3) 1.651(5) -0(5) 1.628(5)
<Si(1)-0> 1.623 <Si(2)-0> 1.605
Na(l) - octahedron Na(2) - polyhedron
Na(1) -0(5) 2.250(6) Na(2) -0(11) 2.329(7)
-0(1) 2.375(5) -0(2) 2.493(5)
-0(5) 2.417(6) -0(7) 2.538(7)
-0(2) 2.459(5) -0(6) 2.573(7)
-0O(1) 2.510(6) -0(8) 2.585(7)
-04) 2.761(6) -009) 2.647(7)
<Na(1)-0> 2.462 -0(3) 2.668(6)
-0(3) 2.722(6)
<Na(2)-0> 2.569

However, in spite of relatively high R, reasonable intera-
tomic distances (Tables 10 and 12), atom displacement
parameters and bond valence sums (Tables 9 and 11)
show that the obtained structure models are correct.
Unfortunately all tested crystals of Cu-exchanged mur-
manite demonstrated a low quality that prevented the col-
lection of data suitable for structure refinement.

Results and discussion

The main structural and topological features of lomonoso-
vite and murmanite were discussed in the summarizing
paper by Ferraris & Gula (2005). We focus on the struc-
tural comparison of initial lomonosovite and murmanite
with their cation-exchanged forms.

Initial murmanite

There are two distorted octahedra centred by Ti(2) and
Na(1l) in a 1:1 ratio in the octahedral O sheet of the HOH
block in the structure of initial murmanite (Fig. 3a). The
Ti(2) site is Ti-dominant with 0.30 Mn and 0.02 Nb. The
Na(1) site is occupied solely by Na with 84 % occupancy
and a <Na(1) — O> distance of 2.46 A (Tables 3—4). The
composition of the heteropolyhedral H sheet corresponds
to the simplified formula [NaTiSi,O,] . It consists of the
tetrahedral disilicate groups Si,O; alternating with Ti(1)-
centred octahedra and Na(2)-centred eight-fold polyhedra.
“Pendent’’ vertices of Ti(1)- and Na(2)-centred polyhedra
[O(10) and O(11) respectively] are occupied by H,O mole-
cules. The Ti(1) site is occupied predominantly by Ti with
admixture of heavy Nb (11 % of site occupancy). The
Ti(1)-centred octahedron is distorted: five short intera-
tomic Ti(1)-O distances vary from 1.844(5) to 1.936(5)
A whereas the sixth Ti(1)-O(10) bond is 2.233(6) A long.
The Na(2) site is occupied by 0.50 Na + 0.30 Ca + 0.20 ]
with a refined number of electrons (eqs) of 11.5 and an
average <Na(2)-O> distance of 2.57 A (Table 4). Thus
both large cation sites in the initial murmanite contain
vacancies. The most probable mechanism of charge com-
pensation is partial protonation of the bridging oxygen in
Ti(2)-O(2)-Ti(2). It is confirmed by bond-valence calcu-
lation for O(2) = 1.71 vu (valence units; Table 3) and the



6 L. S. Lykova et al.

Table 5. Atom coordinates (x, y, z), equivalent thermal displacement parameters (U,

sums (BVS) in the structure of Ag-exchanged form of murmanite.
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@ Az), site occupancy factors (s.0.f.) and bond-valence

Atom X y z Ueq s.o.f.! BVS?
Si(1) 0.9240(5) 0.0500(3) 0.2583(2) 0.0146(6) 1 3.94
Si(2) 0.9552(5) 0.6253(3) 0.2742(2) 0.0168(6) 1 4.02
Ti(1) 0.4210(3) 0.3270(2) 0.23604(15) 0.0177(5) [24.4] Tig.gsNbg. 12 4.54
Ti(2) 0.2745(3) 0.8906(2) 0.50519(14) 0.0175(6) [24.6] Tiy s7Mng 35Nbg g 4.04
Ag(l) 0.72810(16) 0.60669(11) 0.49285(9) 0.0297(3) [45.6] Agp.osNag os 0.91
Ag(2) 0.3925(2) 0.83057(17) 0.19761(12) 0.0299(4) [32.9] Agp.69Cag25Nag o6 1.09
o(1) 0.5437(13) 0.2942(10) 0.3905(6) 0.0234(15) 1 2.17
0(2) 0.4997(12) 0.8992(9) 0.4123(6) 0.0182(14) 1 1.92
0@3) 0.9044(14) 0.8287(9) 0.2135(6) 0.0253(16) 1 2.06
04) 0.0062(11) 0.9398(9) 0.6010(6) 0.0164(13) 1 1.96
0(5) 0.0611(13) 0.6725(10) 0.4133(6) 0.0225(15) 1 2.02
0(6) 0.1387(15) 0.1457(11) 0.2108(7) 0.0291(17) 1 1.94
o) 0.6389(14) 0.1309(11) 0.1995(7) 0.0279(17) 1 1.95
0O(8) 0.1804(14) 0.5272(11) 0.2336(7) 0.0300(18) 1 1.99
09) 0.6846(14) 0.5120(12) 0.2360(7) 0.0319(19) 1 1.95
0(10) = H,O 0.2807(17) 0.3413(12) 0.0443(8) 0.037(2) 1 0.35
O(11) = H,O 0.247(2) 0.7176(19) —0.0009(11) 0.069(4) 1 0.22

! Basing on the e,.; values (given in square brackets) and electron microprobe data we consider these occupancies of the sites, taking into
account coordination polyhedra character and interatomic distances.
2 BVS have been formally calculated taking into account s.0.f.

Table 6. Selected interatomic distances (A) for the Ag-exchanged

form of murmanite.

Ti(1) - octahedron

Ti(2) - octahedron

Ti(1) -0(1) 1.831(8) Ti(2) -0(2) 1.907(7)
-0(6) 1.938(7) -0(1) 1.940(7)
-0(8) 1.939(7) -0(2) 1.963(7)
-0(9) 1.939(7) -0(5) 2.013(7)
-0(7) 1.962(7) -04) 2.107(7)
-0(10) 2.245(9) -04) 2.149(6)

<Ti(1)-0> 1.976 <Ti(2)-0> 2.013

Si(1) - tetrahedron Si(2) - tetrahedron

Si(1) -0(7) 1.612(7) Si(2) -0(9) 1.596(7)
-0(6) 1.612(7) -0(8) 1.604(7)
-04) 1.646(7) -0(5) 1.641(8)
-0(3) 1.646(7) -0(3) 1.655(8)

<Si(1)-0> 1.629 <Si(2)-0> 1.624

Ag(1) - octahedron Ag(2) - polyhedron

Ag(1) -0(5) 2.350(7) Ag(2) -O(11) 2.414(14)
-0(1) 2.432(7) -0(7) 2.519(8)
-0(5) 2.464(7) -0(2) 2.538(7)
-0(2) 2.525(7) -0(8) 2.570(8)
-0(1) 2.553(7) -0(6) 2.675(8)
-04) 2.854(6) -0(3) 2.703(7)

<Ag(1)-0> 2.530 -0(3) 2.713(7)

-0(9) 2.762(9)
<Ag(2)-0> 2.61
presence of a weak shoulder at 3530 cm™' in the IR

spectrum of initial murmanite, corresponding to O-H
stretching vibrations of basic OH groups (Fig. 4).

The formula of murmanite obtained from the structural
refinement is {Na; 3(Ti; 36Mng.6oNbg.04) } {Na; 00Cao.60
(Tilv78Nb022)[Si207]2}Oz(O,OH)z(H20)4 in which the
contents of the O and H sheets are shown in braces.

Ag-exchanged murmanite

The crystal structure of the Ag-exchanged form of murma-
nite is characterized by slightly increased unit-cell para-
meters (Table 2) compared to the initial form, whereas the
topology of the main structural HOH block remains
unchanged. The Ag cations occupy two crystallographi-
cally non-equivalent positions Ag(1) and Ag(2): one in the
O and another in the H sheet, corresponding to the posi-
tions of Na(1) and Na(2), respectively, in the initial mur-
manite (Fig. 3b). There are no Ag sites in the interlayer
space. The Ag(1) site is Ag-dominant with a small admix-
ture of Na (4 % of site occupancy). The Ag(2) site is
occupied by 0.69 Ag + 0.25 Ca + 0.06 Na (e, = 32.9,
Table 5). The exchange of Na for Ag results in an increase
in size of both polyhedra: average distances in them are
<Ag(1)-O> = 253 A and <Ag(2)-O> = 2.61 A
(Table 6). Unlike the initial murmanite, both large-cation
sites in its Ag-exchanged form are fully occupied. The Ag™
ion actively replaces Na™ and occupies also vacancies,
whereas bivalent Ca is rigidly fixed in its site and remains
inert during the reaction.

Thus, besides the ‘‘classic’’ exchange scheme Na® —
Ag?, the two following ones can be hypothesized: [] +
OH — Ag" +0” and/or []+H,0 — Ag" + OH ™ This
is confirmed by the IR spectroscopy data and bond-valence
calculations (Table 5). In the IR spectrum of the
Ag-exchanged form of murmanite (Fig. 4) the shoulder at
3530 cm™ ' corresponding to O-H stretching vibrations of
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Table 7. Atom coordinates (x, y, z), equivalent thermal displacement parameters (Ueg, A?), site occupancy factors (s.0.f.) and bond-valence

sums (BVS) in the structure of lomonosovite.

Atom X y z Ueq s.o.f.! BVS?
Si(1) 0.64867(11) 0.63898(8) 0.19827(4) 0.00775(13) 1 4.12
Si(2) 0.66524(11) 0.20257(8) 0.17705(4) 0.00806(13) 1 3.91
Ti(1) 0.16434(6) 0.92582(5) 0.21680(2) 0.00713(12) [23.3] Tip.93Nbg o7 4.35
Ti(2) 0.23049(7) 0.61282(5) 0.00733(2) 0.01129(12) [24.3] Tig.67Mng »5Nbg g 3.75
P 0.17793(10) 0.22359(7) 0.43296(4) 0.01005(13) 1 4.74
Na(1) 0.75680(17) 0.88214(13) —0.00408(7) 0.0242(2) 1 1.08
Na(2) 0.17170(18) 0.41494(13) 0.23406(6) 0.0192(2) 1 1.11
Na(3) 0.68054(15) -0.02649(10) 0.35917(5) 0.0155(3) [12.7] Nag 79Cag.»5 1.23
Na(4) 0.6760(2) 0.46015(14) 0.39794(7) 0.0231(2) 1 1.04
Na(5) 0.7634(2) 0.26184(13) 0.58609(7) 0.0236(2) 1 1.03
o(1) 0.1282(3) 0.8352(2) 0.09213(11) 0.0154(3) 1 2.16
02) 0.0892(3) 0.4227(2) 0.07048(10) 0.0134(3) 1 1.92
03) 0.6718(3) 0.4273(2) 0.23035(10) 0.0134(3) 1 2.21
04) 0.4051(3) 0.3919(2) -0.08356(10) 0.0136(3) 1 1.93
0(5) 0.3600(3) 0.8051(2) -0.06517(10) 0.0131(3) 1 2.08
0(6) 0.4157(3) 0.7336(2) 0.24935(10) 0.0119(3) 1 2.03
o(7) —-0.0950(3) 0.7506(2) 0.24569(11) 0.0139(3) 1 1.89
0®) 0.4347(3) 0.1026(2) 0.21052(12) 0.0203(4) 1 2.02
09) -0.0750(3) 0.1199(2) 0.21500(12) 0.0189(4) 1 2.17
0(10) 0.2342(3) 0.0337(2) 0.36764(11) 0.0152(3) 1 1.94
O(11) 0.3263(3) 0.2287(2) 0.53020(11) 0.0209(4) 1 1.93
0(12) 0.2518(3) 0.3981(2) 0.39171(11) 0.0186(4) 1 1.90
0O(13) -0.1006(3) 0.2248(2) 0.44241(12) 0.0187(4) 1 2.18

! Basing on the e,.r values (given in square brackets) and electron microprobe data we consider these occupancies of the sites, taking into

account coordination polyhedra character and interatomic distances.

2 BVS have been formally calculated taking into account s.o.f.

basic OH groups is stronger than that in the IR-spectrum of
initial murmanite, whereas the bands in the range
3200-3400 cm ™! corresponding to more acidic OH groups
and H,O molecules became weaker after exchange with
Ag. The bond-valence sum of the Ti(2)-O-Ti(2) bridge
oxygen O(2) in the Ag-exchanged form of murmanite is
higher (1.92 vu) than in the initial murmanite (1.71 vu),
which indicates possible deprotonation of the OH™ groups.

The formula of the Ag-exchanged form of murmanite
obtained from the  structural refinement is
{Ag1.02Nag 08(Ti1.14Mng.70Nbo.16) } { Ag138Ca0.50Nag. 12
(Ti1476Nb0_24)[Si207]2}O4(H20,OH)4, in which the
contents of the O and H sheets are shown in braces.
It corresponds to the empirical formula calculated on
the basis of electron-microprobe data (Table 1).

Initial lomonosovite

In the initial lomonosovite the HOH block is the same as in
murmanite (Fig. 5). The Ti(1) site in the H sheet is occupied
by 0.93 Ti + 0.07 Nb, and the Ti(2) site in the O sheet
contains 0.67 Ti + 0.25 Mn + 0.08 Nb (e = 24.3;
Table 7). The large cation sites Na(l) (average distance
<Na(1)-O> 2.47 A) and Na(2) (<Na(2)-O> 2.57 A;
Table 8) are fully occupied by Na. There are three large
cation sites in the interlayer space with different coordina-
tion numbers: six-fold Na(3)-centred polyhedron
(<Na(3)-0> 2.45 A) four-fold Na(4)-centred polyhedron

(<Na(4)-0> 2.30 A) and Na(5)-centred five-fold polyhe-
dron (<Na(5)-0> 2.41 A) The Na(4) and Na(5) sites are
occupied solely by Na whereas Na(3) is Na-dominant with
admixture of Ca (25 % of the site occupancy). One P site in
the interlayer space is fully occupied; the average <P-O>
distance in the PO, tetrahedron is 1.54 A. There are 13 anion
sites O(1-13), occupied by O atoms which have bond-
valence sums of 1.89-2.21 vu (Table 7).

The lomonosovite formula obtained from the structural
refinement is {Naz 40Cag 50} {NaZ.OO(Til.34Mn0.50Nb0.16)1 }
{Naz‘oo(Til .86Nb0. ]4) [Si207]2}(PO4)204, in which the con-
tents of the interlayer space, O and H sheets are corre-
spondingly given in braces.

Ag-exchanged lomonosovite

The Ag-exchanged form of lomonosovite is characterized
by an increased ¢ parameter and a doubled b parameter of
the unit-cell as compared to the initial lomonosovite
(Table 2). Yet the topology of the HOH block remains
unchanged (Fig. 6a).

The crucial distinction from the initial lomonosovite is
observed in the arrangement of PO, tetrahedra. The P(1)-
centred tetrahedron is regular with an average <P-O>
distance of 1.54 A, whereas another P site is split along a
into the two sub-sites P(2) and P(2’). The occupancies have

TP o o L . 3
This site can also contain minor admixture of Fe**.
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Table 8. Selected interatomic distances (1&) for lomonosovite.

Ti(1) - octahedron

Ti(2) - octahedron

Ti(1) -0(1) 1.8001(15)  Ti(2) -0(2) 1.9447(16)
-0(9) 1.9003(16) -0(2) 1.9556(15)
-0(8) 1.9458(16) -O(1) 1.9568(16)
-0O(7) 1.9990(16) -0(5) 2.0287(16)
-0(6) 2.0093(15) -0(4) 2.1511(16)
-0(10) 2.1794(15) -0(4) 2.1677(15)
<Ti(1)-0> 1.972 <Ti(2)-0> 2.034
Si(1) - tetrahedron Si(2) - tetrahedron
Si(1) -0O(7) 1.6172(16)  Si(2) -0O(8) 1.5951(17)
-0(6) 1.6258(15) -0(9) 1.6022(16)
-0(4) 1.6310(16) -0(5) 1.6025(15)
-0(3) 1.6525(15) -0(3) 1.6536(15)
<Si(1)-0> 1.632 <Si(2)-0> 1.614
P - tetrahedron Na(1) - octahedron
P -0(13) 1.5287(17)  Na(l) -0(5) 2.2542(18)
-O(11) 1.5347(17) -O(1) 2.3706(19)
-0(12) 1.5371(16) -0(5) 2.4023(17)
-O(10) 1.5665(15) -0(2) 2.4143(17)
<P-O0> 1.542 -O(1) 2.6659(19)
-0(4) 2.6955(19)
<Na(1)-0> 2.467
Na(2) - polyhedron Na(3) - polyhedron
Na(2) -O(12) 2.2991(19) Na(3) -O(13)  2.2325(18)
-0(2) 2.3710(17) -O(11)  2.3324(19)
-0(9) 2.4425(19) -0(6) 2.4579(16)
-0(6) 2.5844(18) -O(10)  2.4683(18)
-0(8) 2.6413(19) -O(7) 2.5079(17)
-0(3) 2.7015(18) -0O(8) 2.6983(19)
-0(3) 2.7146(18)  <Na(3)-O> 2.450
-0O(7) 2.7895(18)
<Na(2)-0> 2.568
Na(4) - polyhedron Na(5) - polyhedron
Na(4) -0O(13) 22123(19) Na(5) -O(13) 2.2605(19)
-O(11) 2.2841(18) -O(10)  2.3146(18)
-0(12) 2.324(2) -O(12)  2.3920(18)
-0(3) 2.3969(18) -O(11)  2.408(2)
<Na(4)-0> 2.304 -0(6) 2.6694(18)
<Na(5)-0> 2.409

been refined to 47 % and 42 %, respectively, for P(2) and
P(2’) (Table 9). This leads to the doubling of the b para-
meter (Fig. 6b).

There are ten large-cation sites occupied by Ag and Na
statistically replacing each other, corresponding to the Na
sites in the initial lomonosovite: two in the O sheet [A(1a)
and A(1b)], two in the H sheet [A(2a) and A(2b)] and six in
the interlayer space [A(3a-5b)]. The e, values found for
these sites are: A(la) - 29.1, A(1b) - 27.3, A(2a) - 14.4,
A(2b)-14.1,A(3a)- 14.9,A(3b) - 15.1,A(4a) - 36.1, A(4b) -
37.2, A(5a) - 29.0 and A(5b) - 30.1. The collected single-
crystal X-ray diffraction data are an average between the
initial lomonosovite and its Ag-exchanged form. Thus, the
assignment of the multiple large-cation sites is clearly

PrePub Article

ambiguous. The obtained model of the crystal structure
(a) confirms that Ag replaces Na and (b) shows preferable
sites for Ag cations. Thus, sites A(4a) (average distance
<A(42)-0> 2.35 A) and A(4b) (<A(4b)-O>2.52/2.51 A
[calculated for polyhedra with bonds A(4b) —-O(26)/
A(4b)-0O(26), respectively]) are Ag-dominant, A(la)
(<A(1a)-0> 2.51 A), A(1b) (<A(1b)-O> 2.50 A),
A(S5a) (<A(52)-0> 2.44 A) and A(5b) (<A(5b)-0> 2.48
A; Table 10) are half-occupied by Ag, whereas positions in
the H sheet A(2a) and A(2b) as well as the last two sites in
the interlayer space, A(3a) and A(3b) are Na-dominant.
Bond lengths <A—O> for the A sites, containing signifi-
cant amount of Ag, are elongated as compared with the
same sites in the initial lomonosovite. According to elec-
tron-microprobe data, sodium in the Ag-exchanged form
of lomonosovite can be fully replaced by silver (Table 1),
so it seems plausible that after the completion of the reac-
tion Ag occupies all ten large cation sites, either solely or
with a small admixture of Ca.

The P sites are partially vacant and we believe that ion
exchange is accompanied by slight hydratlon w1th the
replacement of the contact ion pairs (Na™ + PO,*") in
the mterlayer space by H,0O molecules according to the
scheme: 3Na" + PO,°~ — xH,O + .

Bond-valence sums for fully occupied anion sites
coordinating P(1), P(2) and P(2’), namely O(14),
0(18), 0(20), O(21), 0O(22), O(25), O(26) and O(26’)
are 1.84, 1.70, 1.73, 1,75, 1.85, 1.58 and 1.52 vu,
respectively (Table 9). This indicates possible admixture
of H,O or OH™ which could occupy these sites when P
sites are vacant. It can also be confirmed by the pre-
sence in the IR spectrum of the Ag-exchanged form of
lomonosovite of weak absorptlon bands of O-H stretch-
ing vibrations (3443 cm™ Y and H-O-H bendlng vibra-
tions: 1680 (shoulder), 1647 and 1544 cm™ (Flg 7).
The presence of three non-degenerate bands of H-O-H
bending vibrations in the IR spectrum indicates the pre-
sence of three locally nonequivalent H,O molecules.
There is no evidence of the presence of the PO;OH
groups in the IR spectrum (i.e. there are no absorptlon
bands in the range from 1700 to 3000 cm™ ', Fig. 7),
which excludes possible admixture of P-OH bonds

It was initially supposed that the presence of bands
corresponding to O-H stretching and H-O-H bending
vibrations in the IR spectrum could be caused by admixture
of murmanite formed after lomonosovite during the
experiment. However, there are no reflections that could
be assigned to murmanite in the X-ray powder-diffraction
pattern of the Ag-exchanged form of lomonosovite, neither
do reciprocal-space images reveal any contribution from a
phase with the ¢ unit-cell parameter close to that of mur-
manite, i.e. with ¢ &~ 12.2 A. Both patterns also show that
no other layered titanosilicate with the ¢ parameter dis-
tinctly different from one of a lomonosovite-like phase, i.e.
with ¢ = 14.4-14.5 A, is present in the studied sample.

The other 18 anion sites, O(1-13, 15-17, 19, 24) are
occupied solely by o*.

The formula of the Ag-exchanged form of lomonosovite
obtained from the structural refinement is { Ag, g3Na; ,5Cag 0}
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Table 9. Atom coordinates (x, y, z), equivalent thermal displacement parameters (Ueg, A2), site occupancy factors (s.o.f.) and bond-valence
sums (BVS) in the structure of the Ag-exchanged form of lomonosovite.

Atom X y z Ueq s.o.f.! BVS®
Si(la) 0.1663(8) 0.0995(3) 0.1774(3) 0.0038(8)* 1 4.06
Si(1b) 0.1515(8) 0.3174(3) 0.1963(3) 0.0051(9)* 1 4.01
Si(2a) 0.8550(8) 0.1824(3) 0.8037(3) 0.0050(9)* 1 4.01
Si(2b) 0.8428(8) 0.4004(3) 0.8228(3) 0.0049(9) 1 4.06
P(1) 0.3261(8) 0.8926(3) 0.5710(3) 0.0076(16) [13.2] 0.88(3) 4.20
P(2) 0.327(2) 0.3911(6) 0.5695(6) 0.008(3)> [7.110.47(3) 2.10
P(2%) 0.217(3) 0.3944(7) 0.5738(7) 0.010(4)> [6.31 0.42(3) 1.90
Ti(la) 0.3358(5) 0.03869(18) 0.78490(18) 0.0051(9)* [23.6] Tip.01Nbg 09 436
Ti(1b) 0.6645(5) 0.46118(18) 0.21474(18) 0.0053(9)* [23.6] Tip.01Nbg g9 4.36
Ti(2a) 0.2725(5) 0.1941(2) 0.99354(19) 0.0102(9) [24.1] Tip72Mng 20Nbg g 3.87
Ti(2b) 0.7336(5) 0.3058(2) 0.00605(19) 0.0102(9) [23.9] Tip.73Mng 20Nbg o7 3.85
A(la) 0.7335(5) 0.05483(17) 0.0070(2) 0.0250(9) [29.1] Agp.s0Nag so 1.06
A(1b) 0.2694(5) 0.44504(18) 0.9959(2) 0.0260(10) [27.4] Nag 55Ag0.45 0.98
A(2a) 0.6756(9) 0.2102(3) 0.2342(3) 0.0090(16)* [14.4] Nag 90Ago.10 1.10
A(2b) 0.3319(9) 0.2911(4) 0.7663(4) 0.0099(17) [14.1] Nag 91Ago.00 1.08
A(3a) 0.8218(11) 0.0169(4) 0.6418(4) 0.0168(19) [14.9] Nag 66Ag0.12Cao.10 1.13
A(3b) 0.2021(13) 0.4825(4) 0.3583(4) 0.027(2) [15.1] Nag 67A80.12Cag 10 1.22
A(4a) 0.1869(4) 0.23930(16) 0.39991(15) 0.0279(7) [36.1] Agp73Nag 15 0.94
A(4b) 0.7657(6) 0.26026(17) 0.60037(17) 0.0422(10) [37.2] Ago76Nag 13 0.96
A(5a) 0.2567(6) 0.1394(2) 0.5805(2) 0.0332(10) [29.0] Agps4Nag 34 0.96
A(5b) 0.7130(6) 0.3611(2) 0.4198(2) 0.0332(10) [30.17 Agos6Nag 33 0.85
O(1) -0.075(2) 0.3693(8) 0.2468(9) 0.012(2) 1 1.94
0(2) 0.589(2) 0.2130(9) 0.0707(8) 0.012(2) 1 1.91
0(@3) 0.081(3) 0.4456(10) 0.7912(10) 0.023(3) 1 2.03
o) 0.368(2) 0.0857(9) 0.9082(9) 0.015(3) 1 2.23
Oo(5) 0.636(2) 0.4145(10) 0.0915(9) 0.016(3) 1 2.17
O(6) —0.056(2) 0.0456(9) 0.2098(9) 0.016(3) 1 2.06
O(7) 0.160(3) 0.2131(9) 0.2275(9) 0.016(3) 1 2.20
0O(®) 0.820(2) 0.2865(9) 0.7726(9) 0.014(3) 1 2.20
0(9) 0.419(2) 0.2870(8) 0.9294(9) 0.012(2) 1 1.92
0O(10) 0.863(2) 0.4013(9) 0.9342(9) 0.014(2) 1 2.08
O(11) 0.096(2) 0.3011(9) 0.0828(8) 0.012(2) 1 1.92
0O(12) —0.088(2) 0.1992(9) 0.9173(8) 0.012(2) 1 1.95
0O(13) 0.089(2) 0.1373(8) 0.7522(8) 0.009(2) 1 1.98
O(14) 0.711(3) 0.5107(9) 0.3668(9) 0.019(3) 1 1.84
O(15) 0.143(2) 0.0983(9) 0.0660(9) 0.014(2) 1 2.13
O(16) 0.409(3) 0.5516(10) 0.2134(10) 0.021(3) 1 2.08
O(17) 0.607(2) 0.1233(8) 0.7578(8) 0.011(2) 1 1.93
0O(18) 0.270(2) -0.0110(9) 0.6337(9) 0.014(2) 1 1.70
0O(19) 0.568(2) -0.0606(9) 0.7862(9) 0.014(2) 1 2.07
0(20) 0.755(3) 0.1934(9) 0.3875(10) 0.019(3) 1 1.73
0(21) 0.817(3) 0.3054(8) 0.5273(11) 0.028(3) 1 1.75
0(22) 0.283(4) 0.3052(9) 0.6126(10) 0.037(5) 1 1.85
0(23) 0.399(3) 0.1099(10) 0.4368(11) 0.024(3) 1 2.01
0(24) 0.410(2) 0.3695(9) 0.2425(9) 0.017(3) 1 1.91
0(25) 0.227(5) 0.3913(14) 0.4704(8) 0.076(9) 1 1.92
0(26) 0.606(3) 0.3900(18) 0.5598(19) 0.020(4) [4.0] 0.50(3) 1.58*
0(26%) —0.067(4) 0.3903(18) 0.567(2) 0.020(4) [4.0] 0.50(3) 1.52¢

! Basing on the e,.; values (given in square brackets) and electron microprobe data we consider these occupancies of the sites, taking into

account coordination polyhedra character and interatomic distances.

2
Uiso-

3 BVS have been formally calculated taking into account s.0.f.

*BVS to O(26) and O(26’) are given as for full-occupied sites.

{Na 0sAg005(Ti; 4sMno20Nbg 15} {Nay g1Ago 10(Ti1 82Nbg 1)
[Si,07],}0,(PO,), 77(H,0),, in which the contents of the inter-

layer space, O and H sheets are correspondingly given in
braces.

2 L . 3
This site can also contain minor admixture of Fe**.

Cu-exchanged lomonosovite

The Cu-exchanged form of lomonosovite is character-
ized by significantly decreased unit-cell parameter ¢ =
13.969(5) A as compared to the initial lomonosovite:
14.4871(4) A (Table 2). The topology of the HOH
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Table 10. Selected interatomic distances (A) for the Ag-exchanged form of lomonosovite.

Ti(la)-octahedron

Ti(1b)-octahedron

Ti(2a)-octahedron

Ti(2b)-octahedron

Ti(la) -O4) 1.806(14)  Ti(lb)  -O(5) 1.806(14) Ti(2a) -O4) 1.931(14)  Ti(2b)  -O(9) 1.926(13)
-0(19)  1.898(13) -O(16) 1.895(15) -0(2) 1.936(13) -0(5) 1.937(14)
-0(6) 1.944(13) -0(3) 1.927(14) -0(9) 1.953(12) -0(2) 1.954(12)
-0(17)  2.005(13) -0(1) 2.002(12) -0(15) 2.026(13) -0(10) 2.017(13)
-O(13)  2.023(12) -0(24) 2.010(13) -O(11) 2.137(13) -0(12) 2.138(13)
-0(18)  2.197(13) -0(14) 2.207(14) -0(12) 2.145(12) -0(11) 2.160(12)
<Ti(la)-O> 1.98 <Ti(1b)-0> 1.98 <Ti(2a)-0> 2.02 <Ti(2b)-0> 2.03
Si(1a)-tetrahedron Si(1b)-tetrahedron Si(2a)-tetrahedron Si(2b)-tetrahedron
Si(la)  -O(6) 1.576(13)  Si(1b)  -0O(24) 1.606(13) Si(2a)  -0O(17) 1.603(12)  Si(2b)  -O(3) 1.581(14)
-0(19)  1.614(13) -0(1) 1.617(13) -0(13) 1.625(12) -0(16) 1.608(15)
-0(15)  1.617(13) -O(7) 1.627(13) -0(8) 1.630(12) -0(10) 1.619(13)
-0(7) 1.667(13) -0(11) 1.631(13) -0(12) 1.634(13) -0(8) 1.666(13)
<Si(la)-O0> 1.62 <Si(1b)-0> 1.62 <Si(2A)-0> 1.62 <Si(2b)-0> 1.62
P(1)-tetrahedron P(2)-tetrahedron P(2’)-tetrahedron
P(1) -0(23) 1.504(16) P(2) -0(25) 1.491(09) P(2) -0(22) 1.504(12)
-0(20)  1.537(13) -0(22) 1.493(9) -0(14) 1.507(16)
-0(21)  1.553(16) -0(14) 1.532(17) -0(25) 1.512(14)
-O(18)  1.573(13) -0(26) 1.575(16) -0(26’)  1.530(17)
<P(1)-O0> 1.54 <P(2)-O0> 1.52 <P(2")-O0> 1.51
A(la)-octahedron A(1b)-octahedron A(2a)-polyhedron A(2b)-polyhedron
A(la) -O(15)  2.330(13)  A(lb) -0(10) 2.320(13)  A(2a) -0(20) 2.290(15)  A(2b) -0(22) 2.279(15)
-O(15)  2.400(13) -0(5) 2.389(13) -0(2) 2.393(13) -0(9) 2.391(14)
-04) 2.409(13) -0(10) 2.412(14) -0(19) 2.458(14) -0(13) 2.515(13)
-0(2) 2.460(13) -09) 2.481(12) -0(1) 2.602(13) -0(3) 2.591(16)
-04) 2.609(13) -0(5) 2.621(13) -0(7) 2.633(15) -0(16) 2.595(15)
-0(12)  2.837(12) -O(11) 2.796(12) -0(24) 2.688(14) -0(8) 2.635(14)
<A(la)-O0> 2.51 <A(1b)-O> 2.50 -0(6) 2.762(14) -0(8) 2.778(14)
-0(7) 2.778(15) -0(17) 2.816(13)
<A(2a)-0> 2.58 <A(2b)-O> 2.57
A(3a)-polyhedron A(3b)-polyhedron A(4a)-polyhedron A(4b)-polyhedron
A(3a) -0(23)  2.238(15)  A(3b) -0(26) 2.13(3) A(4a) -0(25) 2241(19)  A(4b) -0(26) 2.192)
-0(21)  2.301(16) -026°)  2.193) -0(23) 2.287(14) -026°) 2.21(2)
-0(18)  2.471(14) -0(25) 2.249(16) -0(20) 2.399(14) -0(21) 2.263(15)
-0(17)  2.477(13) -0(1) 2.467(13) -0(7) 2.476(13) -0(8) 2.470(13)
-O(13)  2.490(13) -0(24) 2.502(15) <A(42)-0> 2.35 -0(22) 2.71(2)
-0(6) 2.677(15) -0(14) 2.704(16) -0(22) 2.85(2)
<A(32)-0> 2.44 -0(14) 2.762(16) <A(4b)-O0> 2.52/2.51"
-O(16) 2.811(16)
<A(3b)-0> 2.52/2.53'
A(5a)-polyhedron A(5b)-polyhedron
A(5a) -0(23)  2.290(16)  A(Sb) -0(26) 2.16(3)
-0(22)  2.337(12) -0(260°)  2.32(3)
-0(18)  2.397(13) -0(20) 2.377(13)
-0(21)  2.432(17) -0(14) 2.386(14)
-O(13)  2.763(12) -0(25) 2.81(3)
<A(52)-0> 2.44 -0(25) 2.82(3)
<A(5b)-0> 2.48

! Calculated for polyhedra with bonds M- O(26)/M - O(26’)

initial lomonosovite and Na(i) in the interlayer space as
a superposition of the vacant Na(2) site in the H sheet
and Na(4) and Na(5) sites in the interlayer space of the

block remains unchanged. There are two Na-dominant
sites in the Cu-exchanged form of lomonosovite: Na(o)
in the O-sheet corresponding to the Na(l) site in the
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Table 11. Atom coordinates (x, y, z), equivalent thermal displacement parameters (Ueg, 1&2), site occupancy factors (s.0.f.) and bond-valence
sums (BVS) in the structure of the Cu-exchanged form of lomonosovite.

Atom X y b4 Ueq s.o.f.! BVS®
Si(1) 0.6541(9) 0.6326(7) 0.2069(3) 0.0192(11) 1 4.08
Si(2) 0.7016(10) 0.2115(7) 0.1941(3) 0.0232(12) 1 4.09
Ti(1) 0.1822(5) 0.9272(4) 0.2217(2) 0.0152(8) 1 423
Ti(2) 0.2486(5) 0.6230(4) 0.00468(19) 0.0199(11) [24.4] Tig.6:Mng 30Nbg og 4.03
P 0.1751(17) 0.1905(10) 0.4453(5) 0.029(3) [10.2] 0.68(3) 3.308
P’ 0.3265° 0.1936° 0.447° 0.009(7)* [3.210.21(3) 1.08%
Cu(1) 0.6809(6) 0.9642(4) 0.3584(2) 0.0263(11) [22.9] 0.785(13) 1.37
Cu(2)* 0.5 1 0 0.022(6)° [4.4]0.10° 0.14
Na(0) 0.803(2) 0.889(2) -0.0117(12) 0.056(7) [6.5] 0.59(4) 0.52
Na(i) 0.789(2) 0.3233(11) 0.6011(6) 0.044(3) [11.2] Nag 65Cao 20 1.05
o(1) 0.167(2) 0.8353(18) 0.0906(6) 0.025(3) 1 2.17
0(2) = (0,0H) 0.087(2) 0.4256(18) 0.0695(9) 0.025(3) 1 1.56
0(3) 0.704(3) 0.4362(19) 0.2437(9) 0.029(3) 1 217
04) 0.409(2) 0.4042(17) ~0.0869(8) 0.021(3) 1 2.06
0(5) 0.367(3) 0.7896(15) -0.0800(9) 0.036(3) 1 1.97
0(6) 0.425(3) 0.731(2) 0.2598(10) 0.037(4) 1 1.90
o(7) ~0.093(3) 0.7717(19) 0.2476(9) 0.030(3) 1 2.03
0(8) 0.519(3) 0.083(2) 0.242(1) 0.036(3) 1 1.75
0(9) -0.002(3) 0.1499(19) 0.2178(11) 0.037(3) 1 1.92
0(10) 0.228(3) 0.0098(18) 0.3811(9) 0.034(3) 1 1.83
o(11) 0.274(3) 0.217(2) 0.5518(9) 0.044(4) 1 1.70
0(12) 0.241(3) 0.364(2) 0.4036(12) 0.052(4) 1 1.43
0(13) —0.119(5) 0.180(4) 0.4407(18) 0.049(6) [5.6] 0.69° 1.367
0(13’) 0.616(4) 0.182(6) 0.450(3) 0.035(16)> [2.6] 0.32(5) 1.507

! Basing on the e,.; values (given in square brackets) and electron microprobe data we consider these occupancies of the sites, taking into

account coordination polyhedra character and interatomic distances.
2
3 Uisw

Atom coordinates of the P’ site are fixed

4 Multiplicities of the Cu(2) is 1, multiplicities of all other sites are 2.

> Values were fixed on the last stages of the refinement.

S BVS have been formally calculated taking into account s.o.f.
"BVS to O(13) and O(13”) are given as for full-occupied sites
8 See the text

initial lomonosovite (Fig. 5b). The Na(i) site contains
Na, Ca and vacancies (e, = 11.2) whereas Na(o) hosts
Na and vacancies (e = 6.5, Table 11). The Cu**
cations occupy two crystallographically independent
positions. The Cu(l) site, corresponding to the Na(3)
site in the initial lomonosovite, is located in a cavity
in the interlayer space under the square window in the H
sheet. It is occupied solely by Cu®" (79 % of site
occupancy) with the average <Cu(1)-O> distance of
2.18/2.17 A [calculated for polyhedra with the bonds
Cu(1)-O(13)/Cu(1)-0O(13’), respectively]. The low-occu-
pancy Cu(2) site is located in the inversion centre in the
O sheet; this site is vacant in the initial lomonosovite.
The Cu(2) cation is surrounded by six O atoms forming
an octahedron distorted due to the Jahn-Teller effect. It
has four short Cu-O distances [two of 1.778(9) and two
of 1.816(9) A] and two elongated Cu-O(1) bonds of
2.640(12) A (Table 12). Sodium in the Na(o) position
has to be partially substituted for O which is a ligand to
a Cu(2) site (Fig. 8) and the Cu(2) site hosts Cu only
when the Na(1) site is occupied by O.

The Cu-exchanged form of lomonosovite demonstrates
a splitting of the P site along a into the two subsites P and

P’. The occupancies have been refined to 68 % (P) and 21
% (P’), respectively. Thus PO, tetrahedra have two possi-
ble orientations, with splitting of one apical site into two
subsites: O(13) and O(13”) with the occupancies 69 and 32
% for PO,4- and P’Oy4-tetrahedra, respectively.

The total site occupancy factor for P sites shows that ion
exchange is accompanied by a slight hydration according
to the scheme 3Na™ + PO,>~ — xH,O + [, the same as in
the case of the Ag-exchanged form of lomonosovite. The
bond-valence sums for anion sites coordinating the P and
P’, namely O(10), O(11), O(12), O(13) and O(13’) are
1.83, 1.70, 143, 1.36 and 1.50 wvu, respectively
(Table 11). This indicates the admixture of H,O or OH™
which could occupy these sites when P and P’ sites are
vacant, as in the Ag-exchanged form of lomonosovite. It is
confirmed by the appearance of absorption bands of O-H
stretching vibrations (at 3220 and 3440 cm ") and H-O-H
bending vibrations (at 1650 cm™'; Fig. 7) in the IR spec-
trum of the Cu-exchanged form of lomonosovite. Like the
previous case, there is no evidence of the presence of
POs;OH groups.

Some positive charge deficiency in the HOH block
caused by leaching of Na from both O and H sheets is
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Table 12. Selected interatomic distances (A) for Cu-exchanged form of lomonosovite.
Ti(1) - octahedron Ti(2) - octahedron
Ti(1) -O(1) 1.827(8) Ti(2) -O(1) 1.860(11)
-0(9) 1.898(14) -0(2) 1.926(12)
-0(7) 1.903(13) -0(5) 1.957(14)
-0(6) 2.025(13) -0(2) 2.022(13)
-0(8) 2.028(16) -0(4) 2.054(12)
-0(10) 2.184(13) -0(4) 2.108(12)
<Ti(1)-O0> 1.98 <Ti(2)-O0> 1.99
Si(1) - tetrahedron Si(2) - tetrahedron
Si(1) -0(3) 1.598(15) Si(2) -O(8) 1.587(16)
-0(7) 1.608(14) -0(3) 1.590(13)
-0(6) 1.620(13) -0(9) 1.635(13)
-0(4) 1.641(12) -0(5) 1.647(15)
<Si(1)-0> 1.62 <Si(1)-0> 1.62
P - tetrahedron P’ - tetrahedron
P -0(10) 1.493(14) P -O(11) 1.504(12)
-O(11) 1.493(14) -0(10) 1.505(12)
-0(12) 1.507(17) -0(12) 1.512(13)
-0(13) 1.54(3) -0(13%) 1.527(19)
<P-O> 1.51 <P’-0> 1.51
Na(o) - octahedron Na(i) - polyhedron
Na(o) -0(1) 2.337(17) Na(i) -0(13) 2.24(4)
-0(2) 2.369(19) -0(12) 2.259(16)
-0(5) 2.409(19) -O(13) 2.41(2)
-0(1) 2.43(2) -0(10) 2.439(16)
-0(5) 2.667(18) -0(6) 2.439(17)
-04) 2.96(2) -0O(7) 2.695(16)
<Na(0)-O0> 2.53 -O(11) 2.76(2)
-O(11) 2.816(19)
<Na(i)-0> 2.55/2.52!
Cu(1) - octahedron Cu(2) - octahedron
Cu(l) -0(13%) 1.91(4) Cu(2) -0(5) 1.778(9) x 2
-0(13) 1.95(3) -Na(o) 1.816(9) x 2
-O(11) 1.959(15) -0(1) 2.640(12) x 2
-0(8) 2.072(14) <Cu(1)-0> 2.08
-0(6) 2.260(16)
-0O(7) 2.348(14)
-O(10) 2.470(15)
<Cu(1)-0> 2.18/2.17"

! Calculated for polyhedra with bonds M- O(13)/M - O(13”)

compensated by partial protonation of the Ti(2)-O-
Ti(2) bridge oxygen O(2). The bond-valence sum for
O(2) is 1.56 vu. It is confirmed by the appearance of
absorption bands at 3491 and 3575 cm  in the IR
spectrum of the Cu-exchanged form of lomonosovite,
corresponding to O-H stretching vibrations of basic OH
groups (Fig. 7).

The formula of the Cu-exchanged form of
lomonosovite obtained from the structural refinement is

{Cu, sgNa; 30Cag 40} {Na; 04Cuq 1(Ti; 24Mng 6oNbg 16) }{ Tiz 00
[Si,07],}0,(0,0H),(POy); 75(H,0),, in which the contents of

the interlayer space, O and H sheets are correspondingly given
in braces. It is in agreement with the electron microprobe data
(Table 1).

Conclusions

Murmanite and lomonosovite show strong ion-exchange
capacity for chalcophile elements, Ag and Cu. These
cations can occupy the positions in the interlayer space,
O and H sheets whereas the general topology of the main
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Fig. 3. The crystal structure of murmanite (a) and its Ag-exchanged form (b) projected along a. The unit cells are outlined.

T Y T T
2000 2500 3000

wavenumber

1 I I
500 1000 1500
Fig. 4. IR spectra of murmanite (1) and the product of its ion
exchange with 1N AgNOj solution at 90°C during 5 hours (2).

T T
3500 cm”’

heteropolyhedral HOH block remains unchanged in all
cases. This allows us to consider the heterophyllosilicates
murmanite and lomonosovite as natural microporous mate-
rials that are cation exchangers with mobile Na cations in
both the interlayer space (a 2D system of channels) and the
HOH block. As their combination, a 3D system of channels
appears.

In both compounds Ag™ replaces Na™ or fills vacancies
at all large cation sites. The Cu”" cations in the Cu-
exchanged form of lomonosovite occupy one site in the
interlayer space, corresponding to one of the three Na sites
in the initial lomonosovite, and one low-occupancy site in
the O sheet (on the inversion centre). The latter site centers
an octahedron with Jahn-Teller elongation, as for many
other Cu>™ compounds. The exchange of Na™ for Cu*" is
accompanied by leaching of Na from the two other sites in
the interlayer space of lomonosovite to form a cation-
deficient phase with vacancies in all large-cation sites.
The Ca®" ion, partially substituting Na™ in the initial
murmanite and lomonosovite, is rigidly fixed in their struc-
tures and is almost inert during the exchange.

Fig. 5. The crystal structure of lomonosovite (a) and its Cu-exchanged form (b) projected along a. Large-cation sites are shown as circles. The

unit cells are outlined
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Fig. 6. The crystal structure of the Ag-exchanged form of lomonosovite projected along a (a) and ¢ (b). Large-cation sites are shown as circles.

The unit cell is outlined.

T T T T T T T

T T T T
2000 2500 3000 3500

T
1500
wavenumber

T T
500 1000 cm-?
Fig. 7. IR spectra of lomonosovite (1), the product of its ion exchange
with 1IN AgNO; solution during 72 hours (2) and with IN CuSO,4

solution during 28 hours (3) at 150°C.

Fig. 8. The O sheet in the crystal structure of the Cu-exchanged form
of lomonosovite.

Charge deficiency of cation-exchanged phases (caused
by filling vacancies by Ag™ or, in case of the reaction with
Cu’", leaching of Na™) is compensated by protonation/
deprotonation of the bridging O atom in Ti-O-Ti.

Ion-exchange in the POy4-bearing heterophyllosilicate
lomonosovite is accompanied by its slight hydration
according to the scheme 3Na™ + PO~ — xH,0 + .

Ton exchange in lomonosovite results in the splitting of
the P site in the interlayer space to form two P sites,
statistically occupying two tetrahedra with 50 % occu-
pancy. There are two crystallographically nonequivalent
P positions in the Ag-exchanged form of lomonosovite
instead of one site in the initial lomonosovite.
Additionally, one of these sites is split that causes doubling
of the b parameter and, consequently, the unit-cell volume.
Splitting of both or only of the P sites in the interlayer
space is clearly dependent on the type of exchangable
cation, but the cause of it is still the subject of further
examination.
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