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1 | INTRODUCTION

Solid materials containing hydrated proton complexes
H,,.10,", including Zundel (n = 2) and Eigen (n = 4)
cations, are of practical importance as potential ion
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Abstract

Microporous materials containing hydrated silanol groups Si—-OH as well as
hydrated proton complexes, H,,, 10, ", including hydronium (n = 1), Zundel
(n = 2), and Eigen (n = 4) cations, are of practical importance as potential ion
exchangers and ion conductors. In this paper, we provide data on crystal-
chemical features, hydrogen bonding and Raman spectra of alkaline micropo-
rous titano-, niobo-, zircono-, and aluminosilicate minerals belonging to the
labuntsovite, lovozerite, eudialyte, and sodalite groups in which a part of
sodium was substituted by hydrated proton complexes under low-temperature
hydrothermal or supergene conditions. Most minerals studied in this work do
not have synthetic analogues and are considered as possible natural prototypes
of microporous materials with technologically important properties. The
obtained experimental data and their comparison with the results of ab initio
theoretical calculations published elsewhere show that Raman spectroscopy is
an effective tool for the precise identification of hydrated proton complexes
with extremely strong hydrogen bonds and estimation of corresponding O---O
distances in the range of 2.37-2.68 A. The presence of hydrated proton com-
plexes in microporous silicates is a clear and sensitive geological indicator
showing that a rock underwent the low-temperature alteration.

KEYWORDS

Eigen cation, eudialyte group, hydrated proton, hydronium, ion conductivity, labuntsovite
group, lovozerite group, microporous silicate minerals, O-H stretching modes, sodalite
group, Zundel cation

conductors.””” It was suggested that the molecular mech-
anism behind protonic mobility involves a periodic series
of isomerizations between HyO," and HsO,", the first
triggered by hydrogen-bond cleavage of a second-shell
water molecule and the second by the reverse,
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hydrogen-bond formation process.” In zeolites and
related microporous materials, hydronium cation is
formed at the Broensted acid sites.®’

Numerous synthetic selenates and sulfates with
the mineral-like structures including the compounds
[(H50,)(H30)(H,0)][(UO,)(Se0,).],""  K(H50,)[(UO,),
(Se04);(H,0)],"* and (HsO,)[AL(H,0)»(SO4),]** contain
Zundel cation. The structural and vibrational behavior of
the H3;O, anion has been studied in natrochalcite-type
compounds MCu,(H;0,)(ZO4), (M = Na, K; Z =S, Se)"*
as well as KM,(H;0,)(M00,), (M = Mn, Fe, Co)** and
NaFe,(H;0,)(M00,),."*

The possible presence of hydronium, H;O", Zundel
cation, HsO,", Eigen cation, HyO4 ", and larger hydrated
proton complexes with the general formula H,,,,0," in
natural minerals was supposed already in the sixties.'®'’
Thereafter, such cations (mainly, hydronium) were found
in crystal structures of numerous minerals."®*>* Most of
these minerals do not have synthetic analogues.

Hydronium cation stabilized in the interlayer space
by hydroxyl groups is a component of layered aluminosil-
icate clay minerals.'®***® Hydronium is also a significant
component of numerous zirconosilicate minerals belong-
ing to the eudialyte®®*® and lovozerite* groups and
titano- and niobosilicates of labuntsovite group.****
Admixed H;O" cation was found in cavansite Ca(VO)
(Si4010)-4H,0.** Hydronium cation is a common compo-
nent of the products of ion-exchange processes of natural
and synthetic zirconosilicates*> during which H;0" sub-
stitutes extra-framework alkaline and alkaline-earth cat-
ions in initial minerals, including calciohilairite
CaZr(Siz0,)-3H,0% and elpidite Na,Zr(SicO;s)-3H,0.*’
The understanding of the mechanisms of the formation
of hydrated proton complexes in mineral phases
(in particular, in microporous zirconium silicates and
titanosilicates) and the searching for the adequate tool
for the direct observation of such complexes is very
important for studying the processes of the emission of
hydrogen from igneous alkaline rocks of the Khibiny and
Lovozero massifs at Kola Peninsula.***’ In the course of
secondary processes of leaching of metal cations accom-
panied by hydrolysis under mild geological
conditions,*>>>>! these minerals could be a reservoir for
hydrogen and could take part in the global emission of
hydrogen.*

The occurrence of hydrated proton complexes
(mainly, HsO," and H,05;" as well as H;0") was men-
tioned for Europa's sulfurous material, where these spe-
cies are randomly distributed in the ice matrix.>*

Based on ab initio quantum-chemical calculations, it
was shown that hydrated proton complexes are charac-
terized by strong and very strong hydrogen bonds with
the O--O distances varying from 2.38 to 2.72 A and

vibration modes with the wavenumbers in the ranges of
1700-3000 and 1050-1140 cm ™', which are extremely
sensitive to the environmental effects.">*””* A review of
these works is given by us elsewhere.’® The O---O dis-
tances in undistorted Zundel- and Eigen-type configura-
tions are ~2.40 and ~2.55A, respectively, and the
O---H---O angle is close to 180°. These parameters corre-
sponding to extremely strong hydrogen bonds were con-
firmed by neutron powder diffraction data.””””’

In Raman spectra of hydrous microporous silicates of
alkali metals whose structures are based on mixed M,Si-
frameworks (M = Ti, Nb, Zr), the ranges below 400 cm
are related to mixed lattice modes involving vibrations of
extra-framework cations. The range of 400-800 cm ™" cor-
responds to mixed (M-O stretching, Si-O-Si and O-Si-O
bending) modes. In particular, typical wavenumbers of
Zr-O and (Ti,Nb)-O stretching vibrations are in the
ranges 400-600 and 550-700 cm ', respectively.
The ranges of 800-1200 and above 1200 cm ™ are related
to mixed Si-O stretching modes and vibrations involving
H atom, respectively. Wavenumbers of bands in the
range 1200-3800 cm ™' depend on the degree of contribu-
tion of covalent bonding and, consequently, are related to
0---O distances in hydrogen bonds.*® It is to be noted that
in the range of 1500-1700 cm ™}, bands of H-O-H bend-
ing vibrations can be observed, but usually, these bands
are weak in Raman spectra. Correlations between wave-
numbers of O-H stretching vibrations (v) and O---O dis-
tances in hydrogen bonds [d(O---O)] in solids based on
available data on their crystal structures, Infrared
(IR) and Raman spectra were published by McClellan
and Pimentel,”® Novak,” and Libowitzky.*® As one can
see from Figure S1, the correlations between v and d
(O---0O) drawn using data from different sources are close
to each other in the d(O---O) range from 2.50 to 2.72 A,
but there are significant discrepancies between the corre-
lations when applied to the longest and shortest O---O
distances. It is to be noted that the correlation by McClel-
lan and Pimentel’® gives unreal short O---O distances for
wavenumbers below 1800 cm ™!, whereas the correlation
by Libowitzky® is not applicable to wavenumbers above
3592 cm™ .

As a rule, bands of O-H stretching vibrations in IR
spectra of hydrated proton complexes are weak. Unlike
IR spectra, Raman spectra are very sensitive to the pres-
ence of H,,.,0," complexes in solids. In particular,
based on single-crystal X-ray structural analysis and
Raman spectroscopy,”® it was shown that sodium-
deficient hydrated zirconosilicates belonging to the
eudialyte structure type contain different Zundel- and
Eigen-type complexes with extremely strong hydrogen
bonds. Bands of O-H stretching vibrations of these
complexes are strong, and O---O distances determined
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from their wavenumbers using available empirical cor-
relations are in excellent agreement with the
structural data.

Our subsequent investigations have shown that the
presence of hydrated proton complexes is typical for
hydrous silicates with microporous structures, and
Raman spectroscopy is a very efficient tool for the identi-
fication of these complexes and estimation of the
strengths of hydrogen bonds formed by hydrated proton.
In this paper, we provide comprehensive data on the
hydrogen bonding in microporous silicate minerals
belonging to the labuntsovite, lovozerite, eudialyte, and
sodalite groups and application of Raman spectroscopy
for the accurate identification of proton complexes.

2 | SAMPLES AND
EXPERIMENTAL METHODS

All samples of minerals belonging to the labuntsovite,
eudialyte, and lovozerite groups, studied in this work,
originate from highly alkaline (agpaitic) rocks of alkaline
intrusions located at Kola Peninsula (Russia). In particu-
lar, Samples 1-9 belong to the labuntsovite group (see a
short general structural characterization of this mineral
group below).

Sample 1 is labuntsovite-Mg, Na,;K,;Mg,Tig(SizO12)4
(0,0H)g-nH,0, from Zheleznyi (Iron) Mine, Kovdor
alkaline-ultrabasic complex, the type locality of
labuntsovite-Mg. The mineral forms orange prismatic
crystals up to 2 mm long in cavities of dolomite carbona-
tite, in close association with catapleiite, anatase, pyrite,
and calcite.*

Sample 2 is the holotype specimen of lemmleinite-Ba,
Na,K,Ba,Tig(Si,0:2)404(0H),-8H,0, from  Kiroiskii
Mine, Mt. Kukisvumchorr, Khibiny alkaline massif. The
mineral occurs as divergent prismatic orange crystals up
to 0.4 x 2 cm associated with raite, strontianite, and cal-
cite in cavity of a nepheline-aegirine-microcline pegma-
tite veinlet.®!

Sample 3 is lemmleinite-K, Na,K,K,(Ti,Nb),
(Si40412),(0,0H)4-4H,0. The sample originates from its
type locality, Mt. Koashva in Khibiny. It forms transpar-
ent colorless wedge-shaped crystals up to 1 mm inti-
mately associated with sitinakite in cavity of microcline-
aegirine zone of a large peralkaline pegmatite.*

Sample 4 is the holotype specimen of tsepinite-Na,
(Na,H;0,K,Sr,Ba),(Ti,Nb),[Si,01,](OH,0),-3H,0.5* 1t
originates from the hydrothermally altered zone of a
peralkaline pegmatite situated at Mt. Khibinpakhchorr,
Khibiny. The associated minerals are natrolite,
labuntsovite-Mn, catapleiite, fluorapophyllite-(K), anal-
cime, and fluorite.
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Sample 5 is the holotype specimen of tsepinite-Ca,
(Ca,K,H30,Na,[1),(Ti,Nb),(Si,0;,)(OH,0),-4H,0  from
Hackmann valley, Mt. Yukspor, Khibiny. It occurs as
white lath-shaped crystals up to 5 mm long in cavities
after dissolved rinkite in microcline zone of a hydrother-
mally altered peralkaline pegmatite. It is associated with

natrolite, kentbrooksite, kupletskite, fluorapatite,
ancylite-(Ce), and Vinogradovite.83
Sample 6 is tsepinite-K, (K,Na,Sr,Ba,H;0),(Ti,

Nb),[Si401,](OH,0),-nH,0, from the Leifitovoe pegma-
tite, Mt. Eveslogchorr, Khibiny. It forms white board-like
crystals up to 2 mm long in cavity of albite zone of a
hydrothermally altered peralkaline pegmatite and is asso-
ciated with natrolite, leifite, thorite, and takanelite.*?

Sample 7 is vuoriyarvite-K, (K,H;0,Na),,., Nbg
(Si4012)404-nH,0, also from the Leifitovoe pegmatite. It
composes white pseudomorph after lamellar crystal of
vuonnemite (1 cm across) associated with albite, micro-
cline, natrolite, and leifite.*?

Sample 8 is the holotype specimen of paratsepinite-
Ba, (Ba,Na,H30,K),4.(Ti,Nb);6[Si401,]3(OH,0),6-nH,0,
from Mt. Lepkhe-Nelm, Lovozero. It forms radiated
aggregates of prismatic crystals up to 5 mm long in asso-
ciation with microcline, vinogradovite, tundrite-(Ce),
fluorapatite, tsepinite-Na, kuzmenkoite-Zn, and
korobitsynite.**

Sample 9 is the cotype specimen of kuzmenkoite-Zn,
(K,Ba,Na,H;0),Zn,[(Ti,Nb)g(0,0H)g][Si40,,]5-nH,0, from
Mt. Kedykverpakhk, Lovozero. It forms fine-grained
aggregate in association with murmanite, kuzmenkoite-
Mn, manganbelyankinite, rhabdophane-(Ce), and
fluorapatite.®

Samples 10-15 belong to the lovozerite group (see a
short general structural characterization of this mineral
group below).

Sample 10 is lovozerite, Na,CaZr[SizO;,(OH,0)s]-
H,0, from Apatite Cirque open pit, Rasvumchorr Mine,
Mt. Rasvumchorr, Khibiny. It forms beige-yellow replace-
ment rims up to 2 mm thick around eudialyte grains in a
peralkaline pegmatite mainly composed by aegirine,
microcline, nepheline, sodalite, and alkali amphibole.
This sample was used for the crystal structure refinement
of trigonal lovozerite.*®

Sample 11 originates from the hyperagpaitic pegma-
tite Palitra, Mt. Kedykverpakhk, Lovozero. It forms
mustard-yellow outer zone (up to 0.5 cm thick) of con-
centrically zoned complex grains of lovozerite-group min-
erals with kapustinite core (see below: Sample 14).
Associated minerals are ussingite, analcime, natrosilite,
villiaumite, lomonosovite, vuonnemite, and aegirine. The
mineral from this sample was reported as H-bearing
kazakovite®”; however, its further exposure to atmo-
spheric air caused the transformation of unstable under
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room conditions kazakovite to its hydrated Na-depleted
analogue tisinalite.

Sample 12 is the holotype specimen of litvinskite from
the Shkatulka hyperagpaitic pegmatite, Mt. Alluaiv,
Lovozero. It forms dark cherry-colored grains up to 2 cm
across embedded in a microcline-aegirine aggregate in
association with nepheline, eudialyte, sodalite, and
lomonosovite.*®

Sample 13 is tisinalite, Na,(Mn, Ca);_ (Ti,Zr,Nb,Fe*")
[SicOg(0,0H);0], from Umbozero Mine, Mt. Alluaiv,
Lovozero. Tisinalite occurs as yellow rhombohedral crys-
tals (pseudomorphs after kazakovite crystals) up to 3 mm
across in a peralkaline pegmatoid rock mainly consisting
of potassic feldspar, sodalite, and nepheline. This sample
was used for the first study of crystal structure of
tisinalite.®

Sample 14 is kapustinite, ideally NassMng,sZr-
Sig016(OH),, from the Palitra pegmatite in Lovozero. The
mineral forms dark cherry-colored core (1 cm across) of a
concentrically zoned complex grain consisting of
lovozerite-group minerals (see above: Sample 11). It is a
specimen analogous to the holotype kapustinite.”® How-
ever, like kazakovite, kapustinite is not too stable in
moist air and partially hydrated and transformed to a
litvinskite-type mineral during 10 years keeping under
atmospheric conditions.

Sample 15 is the holotype specimen of zolotarevite,
ideally NasZr[SisO;5(OH);]-3H,0, from Alluaiv Mt.,
Lovozero.”" It occurs as red anhedral grains (average
0.2 mm across) in association with lamprophyllite,
nordite-(Ce), umbozerite, lomonosovite, and nastrophite.

Samples 16 and 17 belong to the eudialyte group (see
a short general structural characterization of this mineral
group below).

Sample 16 is a hydrolyzed analogue of raslakite, ide-
ally (H50),,Nas(CasFe;)(Na,Zr)Zrs[1Si[Si540-0(0OH),]
(OH)CI'-H,O, from Mt. Alluaiv, Lovozero. It forms
brownish-yellow anhedral grains up to 1.5 mm across in
association with microcline, nepheline, lamprophyllite,
minerals of labuntsovite supergroup, thorite, natrolite,
and rhabdophane-(Ce). The empirical formula of Sample
16 calculated on 25.31 atoms per formula unit (apfu), in
accordance with the structural data (see below), is
Ha0.0sN2a6.47K0.44510.43 REE 19Ca3 30Fe1 30MNg.90Z13 45
Hif01(Si25.13Al0.18Tip 23Nbg 17)Cly 02(CO03)0.43(504)0.08075.67-

Sample 17 originates from Alluaiv Mt., Lovozero. It is
eudialyte with the empirical formula Na;sgK¢,Srg sREE 3
Cay sMn; gFe; 3713 4Tig 2Nbg 5Si55.3072(0,0H,H,0,F),Cl, ;.
It forms dark brownish-red coarse-grained aggregate
forming core of a peralkaline pegmatite. Associated min-
erals are ussingite, murmanite, sodalite, microcline,
nepheline, aegirine, arfvedsonite, ilmenite, and belovite-
(Ce).??

Samples 18 and 19 belong to the sodalite group.

Sample 18 is grayish coarse-grained Na-deficient
nosean with the empirical formula (H;0),Nas 7,Kg 64Cag 33
(Sig.43Al5 51F€0.06024)(SO04)1.21Clo.11F0.09(CO2)0.11-nHL0, a
rock-forming constituent of a nosean-sanidine rock from
Laach Lake (Laacher See) paleovolcano, Eifel region,
Germany.”

Sample 19 is blue sodalite that occurs, together with
microcline, nepheline, and biotite, in a miaskitic pegma-
tite from the Vishnevogorskiy syenite-miaskite complex,
Vishnevye Mts., South Urals, Russia.”

Raman spectra have been obtained for randomly ori-
ented grains using an EnSpectr R532 spectrometer based
on an OLYMPUS CX 41 microscope coupled with a diode
laser (A = 532 nm) at room temperature (Moscow State
University, Faculty of Geology, Dept. of Mineralogy).
Incident laser radiation was linearly polarized. The spec-
tra were recorded in a single window mode in the range
from 100 to 4000 cm ' with a diffraction grating
(1800 gr mm ') and spectral resolution about 4-6 cm !
(Raman Analyzer Specification). The Rayleigh line was
corrected with a cutting-edge low pass filter. Scattered
radiation was recorded with a Linear CCD Array detector
type, with a number of pixels 3648 and pixel size
8 pm x 200 pm (https://enspectr.com/products/raman_
spectrometer/r532/).

The output power of the laser beam was in the range
from 5 to 13 mW. The sizes of analyzed areas on the sur-
faces of the samples were 5-10 pm. The backscattered
Raman signal was collected with a 40x objective;
entrance aperture 20-pm-wide slit and numerical aper-
ture of 0.65. The signal acquisition time for a single scan
of the spectral range was 1 s, and the signal was accumu-
lated over 50 exposures. Crystalline silicon was used as a
standard.

The baseline of the Raman spectra was corrected over
the entire range by fitting Lorentzian lines with a width
of 100 cm™'. Raman spectra were smoothed using the
OPUS software (https://softadvice.informer.com/Opus_
Software_Download_Bruker.html), to fit a polynomial to
a 5-point data segment in the wavenumber region below
1200 cm™ ! and a 9-point data segment in the higher
wavenumber region.

In this work, Raman spectra were obtained for the
Samples 1-19. Additionally, the chemical composition
and crystal structure of Sample 16 were determined.
Structural and chemical data for other samples were
taken from literature sources.

The chemical composition of the Sample 16 was ana-
lyzed with the Cameca MS-46 electron microprobe
(Cameca, Gennevilliers, France) operating in the WDS-
mode at 22 kV with a beam diameter of 10 pm, beam cur-
rent of 20-40 nA, and counting times of 10 s (for a peak)
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and 10 s (for background before and after the peak), with
5-10 counts for every element at each point. The follow-
ing standards were used: lorenzenite (Na, Ti), pyrope
(Al), wollastonite (Si, Ca), fluorapatite (P), F10S,; (Fe, S),
atacamite (Cl), wadeite (K), MnCO3; (Mn), hematite (Fe),
celestine (Sr), ZrSiO, (Zr), metallic Nb, barite (Ba),
LaCeS, (La, Ce), LiPr(WO,), (Pr), LiNd(MoO,), (Nd),
LiSm(MoQO,), (Sm), thorite (Th), and metallic Hf and
Ta. The analytical precision (reproducibility, 2 standard
deviations) of mineral analyses was 0.2-0.05 wt.% for the
major elements and approximately 0.01 wt.% for impuri-
ties. The systematic errors were within the random
erTors.

H,0 and CO, were analyzed by gas chromatography
of products of thermolysis of the minerals at 1200°C in
oxygen with a Vario Micro cubeanalyser (Elementar
GmBH, Germany).

The single-crystal X-ray diffraction data for the hydro-
lyzed analogue of raslakite (Sample 16) were collected at
room temperature by means of a Rigaku XtaLAB Synergy
diffractometer (HyPix detector, MoK, radiation,
A= 0.71073 A; o—0-scanning mode). Raw data were
integrated and then scaled, merged, and corrected for
Lorentz-polarization effects using the CrysAlis pro-
gram.”® The analysis of systematic absences of reflections
shows R-centering, common for eudialyte-group minerals
(EGMs). Space group R3 was chosen. The experimental
details of the data collection and refinement results are
listed in Table S1.

The structure determination and refinement were car-
ried out using the Jana 2006 program package.’® Illustra-
tions were produced with the JANA2006 program
package in combination with the DIAMOND program.”’
Atomic scattering factors for neutral atoms together with
anomalous dispersion corrections were taken from Inter-
national Tables for Crystallography.”® Because of the
complex chemical composition, the cation distribution
among the structural sites was proposed taking into
account site-scattering factors, interatomic distances, and
ionic radii of the cations: at the first step, the number of
electrons associated with the atoms at the site (ecac)’”
was determined, and at the second step, for each value of
e.ale» the most suitable ratio between the atoms with the
closest final refined amount of electrons (e.;) was
selected, and atom coordinates and atomic displacement
parameters were refined.

CCDC 2232314 contains the supplementary crystallo-
graphic data for this paper. These data can be obtained
free of charge via www.ccdc.cam.ac.uk/data_request/cif,
or by emailing data_request@ccdc.cam.ac.uk, or by con-
tacting The Cambridge Crystallographic Data Centre,
12, Union Road, Cambridge CB2 1EZ, UK; fax: +441 223
336 033.
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3 | RESULTS

3.1 | Labuntsovite group

The labuntsovite group of minerals***>'°*'%! includes

titano- and niobosilicates with the simplified general for-
mula A,B,C,DM,[Si401,],(0,0H),-4-7H,0 where SizO;,
are four-membered rings of SiO, tetrahedra connecting
chains of vertex-sharing chains of MOg octahedra
(M = Ti*", Nb") to form a heteropolyhedral framework.
The additional D cations (D = Fe*", Mn*", Mg*", Zn*",
Ca*", or Na") are additional links between neighboring
chains of MOg¢ octahedra, but in some labuntsovite-group
minerals (LGMs), the D site is vacant. A, B, and C are
extra-framework cations of alkaline and alkaline-earth
elements (Na™, K", Ca*", Sr**, Ba®") and may contain
H,0" and H,0.

Among LGMs, minerals with ordered and disordered
structures are distinguished. As a rule, ordered LGMs are
primary minerals that crystallized directly from hydro-
thermal solutions. In disordered LGMs, the A, B, and
C sites are split, partly vacant and may contain H,O mol-
ecules and/or H;O™" cations. These minerals are usually
products of natural processes of ion exchange of Na* for
H" accompanied by additional hydration.

Primary LGMs do not show Raman bands in the
range of 1700-3200 cm ™', which could correspond to
hydrated proton. In their Raman spectra, only weak
bands of H,O molecules and OH groups in the ranges of
1650-1670 and 3200-3500 cm ' are observed (Figure 1).

A very different situation takes place in the case of
disordered LGMs with partly leached Na (Figures 2-6).
Their Raman spectra contain a band in the range of
2400-2500 cm ™' corresponding to a strong hydrogen
bond with the O---O distance of ~2.5 A and in most cases
a series of bands in the range of 1100-3200 cm .

The presence of large amounts of H;O™ cations in the
holotype sample of tsepinite-Na was supposed based on
the crystal structure analysis.®> Raman spectrum (curve
a in Figure 2) confirms the presence of hydrated proton
in this sample. Local situations that may correspond to
H,,.10," complexes in tsepinite-Na are presented in
Figure 3. Corresponding O---O distances are in agreement
with positions of Raman bands in the range of 1500-
3600 cm ™! (Table 1).

In the crystal structure of the holotype sample of
tsepinite-Ca (Figure 4), all extra-framework sites have
mixed occupancy and contain both metal cations and
O-bearing species, H,O and/or H;0".** Raman bands of
tsepinite-Ca corresponding to strong hydrogen bonds are
rather weak. However, their wavenumbers are in a good
agreement with distances between extra-framework sites
provided that these distances partly correspond to the
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. FIGURE 1 Raman spectra of primary
N ordered labuntsovite-group minerals (LGMs),
(A) labuntsovite-Mg (Sample 1),
(B) lemmleinite-Ba (Sample 2), and
_..;‘ (C) lemmleinite-K (Sample 3).
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FIGURE 2 Raman spectra of disordered
labuntsovite-group minerals (LGMs) belonging
to the tsepinite subgtoup: (A) tsepinite-Na
(Sample 4), (B) tsepinite-Ca (Sample 5), and
_-;‘ (C) tsepinite-K (Sample 6).
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H,0---H30 complexes (Table 1). A good agreement
between short O---O distances determined from the
Raman spectrum and structure data takes place also for
vuoriyarvite-K'%* (Table 2).

3.2 | Lovozerite group

The general formula of lovozerite-group minerals* is
A3B3C'2MSi601206_x(OH)x-nHZO (O <x=0-6, n= 0—1)

where A and B are Na, Ca, or vacancy ([J); C = Ca,
Mn*", Na, or [J; M = Zr, Ti, Fe’", or Ca. The heteropoly-
hedral framework of lovozerite-type structures consists of
six-membered rings of Si-centered tetrahedra and M- and
C-centered octahedra. In each Si tetrahedron, three anion
vertices are framework-forming (two Si-O-Si bridges and
one bridge Si-O-M bridge), and the fourth vertex does
not form bonds with framework cations and can be occu-
pied by O or OH. Isolated M octahedra are face-
connected with larger C octahedra. The A and B sites
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Local situations involving extra-framework sites in the structure of tsepinite-Na.

FIGURE 4 Local situations involving extra-framework sites in the structure of tsepinite-Ca.

FIGURE 5 Raman spectra of Raman
spectra of disordered labuntsovite-group
minerals (LGMs), (A) vuoriyarvite-K (Sample 7),
(B) paratsepinite-Ba (Sample 8), and
(C) kuzmenkoite-Zn (Sample 9). -
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having 8-fold coordination contain extra-framework cat-
ions (typically, Na and/or Ca) and can be partly vacant or
contain H,0 molecules or H;O" cations as a result of
natural alteration of primary lovozerite-group minerals
(ion exchange and hydration). Raman spectra of such
altered samples contain numerous bands in the range of

T T T T T T
1000 1500 2000 2500 3000 3500

Wavenumber/cm™1

1300-3200 cm ' corresponding to strong hydrogen bonds
(Figures 7 and 8).

For most samples of hydrolyzed lovozerite-group
minerals, the strongest Raman band in this region has a
maximum in the range of 2410-2460 cm ™}, which corre-
sponds to the O---O distances between 2.49 and 2.53 A.
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TABLE 1

Local situations around extra-framework sites in the structure of vuoriyarvite-K.'*>

The shortest O---O distances for hydrogen bonds in tsepinite-Na and tsepinite-Ca (Figures 2-4) estimated from the Raman

spectra using v/do...o correlations [do...o(calc)] and determined as a result of the crystal structure refinement [do...o(ref)].

Tsepinite-Na

Tsepinite-Ca

v(cm ) do...o(calc)®® do..o(cale)”®  do.o(ref)** v(em™)  do.o(cale)®*® do..o(cale)® do..o(ref)®
3550w, 3414w 2.92,2.83 2.77, 2.74 2.83 3520, 2.94, 2.82 2.78, 2.74 2.88, 2.87
3413w
3127, 2570sh, 2.68, 2.58, 2.56 2.68, 2.57, 2.54 2.60 3285w, 2.73,2.63 2.72,2.63 2.64
2456s 2915
2053, 1908w, 2.52, 2.51, 2.51, 2.46, 2.41, 2.40, 2.50, 2.48 2442, 2255 2.56, 2.54 2.54, 2.50 2.51
1830w, 1772, 250, 2.50, 240,2.37, 1620 549 536 244,238,
1628, 1511 2.48 2.34 236

Abbreviations: s, strong band; sh, shoulder; w, weak band.

TABLE 2

The shortest O---O distances for hydrogen bonds in vuoriyarvite-K (Figures 5 and 6) estimated from the Raman spectrum

using v/do...o correlations [do...o(calc)] and determined as a result of the crystal structure refinement [do...o(ref)].

Wavenumber, v (cm ™) do...o(calc)®

3518w 2.90
3085w 2.67
2479, 2272 2.57,2.54
2055 2.52

1632w, 1544w, 1455w, 1286w, 1090

These values are in agreement with structural data
(Figures 9 and 10; Table 3). In particular, the A-O5 dis-
tance in litvinskite is equal to 2.495 A.*” However, there
are significant discrepancies between O---O distances for
hydrogen bonds in lovozerite estimated from the Raman
spectrum and determined as a result of the crystal struc-
ture refinement (Table 3). In particular, two Raman
bands correspond to different O---O distances involving
A site in the range of 2.54-2.68 A, whereas only one

do...o(calc)™ do..o(ref)'*?

2.75 2.84,2.79, 2.76
2.68 2.69
2.55,2.50 2.53
2.46 2.46

2.50, 2.49, 2.48, 2.47, 2.46 =

distance of 2.63 A was found in the crystal structure.®
This discrepancy can be hypothetically explained by
additional hydration of the sample used for the struc-
tural investigation as a result of the interaction with
air, 2Na*(solid) + COx(air) + 4H,0(air) — 2H;0"(solid)
+ Na,CO5-H,O(solid). This process is very typical for
lovozerite-group minerals.*’ The occurrence of large
amounts of H;O™ cations, along with H,O molecules, at
the A site could result in a splitting of this site into two
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FIGURE 7 Raman spectra of (A) lovozerite g
(Sample 10), (B) H-bearing kazakovite (Sample
11), (C) litvinskite (Sample 12), and (D) tisinalite
(Sample 13).
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FIGURE 8 Raman spectra of (A) holotype
sample of zolotarevite (Sample 15) and 3
(B) kapustinite (Sample 14).
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subsites and appearance of two Raman bands in the range
of 2400-3200 cm .

A much better agreement between O---O distances for
hydrogen bonds estimated from the Raman spectrum
and from structural data takes place for zolotarevite.
Compared with the other members of the lovozerite
group, zolotarevite has a unique combination of struc-
tural sites”’ (see Figure 9). This results in a system of
hydrogen bonds significantly different from those in
other members of the lovozerite group (Figure 9,
Table 3).

Wavenumber/cm-1

3.3 | Eudialyte group

The general formula of EGMs is NI13N2;N33N4;N5;
MI1gM?25_¢M3MA4Z5(Si300),(Sig057)D4-¢X> Where SizOq
and SigO,; are three- and nine-membered rings of SiO,
tetrahedra sharing common vertices and linked via iso-
lated ZO¢ octahedra (Z = Zr, Ti, and/or Nb); M1 = Ca,
Mn**, Fe**, Na, Ln, Y, and/or Sr are cations constituting
six-membered rings of edge-sharing M10¢ octahedra;
M2 = Fe*", Fe’", Mn**, Mn*", Mg, Zr, Ta, and/or Na
are cations having four- to sevenfold coordination and
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linking the six-membered rings via common edges; M3
and M4 are "VSi, V'Nb, V'Ti, and/or V'W occurring at the
centers of nine-membered rings (coordination numbers
are denoted by Roman numerals).**'**"'% These compo-
nents constitute the “rigid” part of the structures of

FIGURE 9
framework sites in the structure of
zolotarevite®™.

Local situations around extra-

FIGURE 10 Hydrogen bonds in the
structure of lovozerite®® (Sample 10).

EGMs, a heteropolyhedral 3D quasi-framework.>*'%°

Extra-framework cations (Na®, K*, Ca*", Mn?*", Sr*",
Ba®*", Pb*", Y*', Ln*", and H;0™) and (in some samples)
water molecules occupy five sites, N1-N5, which are typi-
cally split and can be partly vacant. Additional N6 and
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The shortest O---O distances for hydrogen bonds in zolotarevite and lovozerite (Figures 7-10) estimated from the Raman

spectrum using v/do...o correlations [do...o(calc)] and determined as a result of the crystal structure refinement [do...o(ref)].

Zolotarevite Lovozerite

v(cm ) do..o(cale)®®  do..o(cale)”®  do..o(ref)™ v (cm ) do...o(calc)® do...o(calc)™ do..o(ref)%®
3417 2.77 2.72 2.73 3548, 3500 2.94, 2.90 2.77, 2.76 2.89, 2.64, 2.83
3020, 2895 2.66, 2.62 2.66, 2.62 2.62, 2.64 3168, 2457 2.68, 2.57 2.68, 2.54 2.63

2724, 1882 2.51, 2.55 2.42,2.53 2.52 2034, 1894, 1765 2.52,2.51, 2.50 2.44,2.42,2.40 2.39, 2.34
1447, 2.48, 2.32, — 2.31% 1510, 1375 2.49,2.48 2.34, —

1300 2.48

The short distance of 2.31 A corresponds to the prevailing local situation Na---OH. For the admixed local situation H;O---OH, an enhanced O---O distance

should be expected.

N7 sites occupied by H,0 and/or H;O" may occur at the
vertices of the M2-centered octahedron in local situations
when the M2 site is vacant. The @ anions (@ = O, OH)
coordinate the M2, M3, and M4 sites. Additional anions
(ClI", F, OH ", §*7, SO, and CO;>") and water mole-
cules occur at the X1 and X2 sites located on the
threefold axis.

Hydrolytic alteration of primary EGMs under mild
conditions during long geological times can result in the
substitution of a major part of Na with H" and H,0 and
formation of various hydrated proton complexes with
extremely strong hydrogen bonds.*>'®” This process
could not be reproduced in short-time experiments. Gen-
eral crystal-chemical features, including hydrogen bond-
ing of hydrolyzed EGMs, were discussed by us earlier.*
In this paper, we provide Raman spectra and structural
data of a hydrolyzed analogue of raslakite (Sample 16).

Sample 16 is isostructural with other 12-layer mem-
bers of the eudyalite group with the space group R3
(Figure S2). Based on the refined site-scattering factors,
the crystal chemical formula of can be written as follows
(Z=73): {Nl[Naz.s(H3O)o.7o] Nz[Na1'33(H3O)1.19KO.49]
N3[(H30)2.785r0.22] N4[(H30)2.79SI’0‘21] NS[(H30)0‘75H>¢]}
{Z(Zf2.94Hfo.06) Ml(l)(Fel.30Mn0.93Nao.43C30.34) M
(2)(Caz.81REE0.19) Mz[Naz.54zro.46] M3[(Si,Al)O_77Ti0_23
(OH)1 2] M4[SiO.54Nb0.18(OH)1.08] [Siz00];  [SigOo7]
[Sig026.16(0H)osal  *'[Clos(H20)o5]  **[Cly5(CO3)o.s]
where braces and brackets enclose contents of the key
sites. This formula is in a good agreement with the
empirical formula.

The cation ordering within the six-membered ring of
octahedra resulting in a lowering of symmetry from R3m
(typical for the most of EGMs) to R3 is a specific feature
of Sample 16. This kind of cation ordering is usual for
Ca-poor EGMs.*’ The six-membered ring is formed by
symmetrically non-equivalent triples of alternating edge-
shared M1(1)O4 and M1(2)Og-octahedra characterized
by different occupancies. The M1(1)Og4-octahedron, with
a mean bond length <M1(1)-O>=2.288A and

octahedral distortion'® AM®M — 18238, has a complex

composition with the predominance of iron (1.302 atoms
per formula unit, apfu) with subordinate manganese
(0.93 apfu) and admixed sodium (0.43 apfu) and calcium
(0.34 apfu). The MI1(2)O¢-octahedron [<M1(2)-
O> = 2.291 A] has a more regular coordination environ-
ment [AM® =13.268] and is predominantly occupied
by calcium (2.811 apfu) with an impurity of rare-earth
elements (0.189 apfu).

In the crystal structure of Sample 16, the M2 site
between the M1(1)O¢ and M1(2)O6 octahedra of adjacent
six-membered rings is split into two subsites, M2a located
in the center of M2a0, flat square and occupied by zirco-
nium (0.459 apfu) (which is typical for zirconium-rich
EGMs'?), whereas the M2b site is occupied by sodium
(2.541 apfu) and is located in a large M2b@4-octahedron
(@ =0%*,0H).

Both M3 and M4 microregions located at the centers
of nine-membered SigO,; rings are predominantly occu-
pied by silicon. In the M3 microregion, there are two par-
tially occupied M3a and M3b sites (with the M3a-M3b
distance of 1.787 A) in octahedral and tetrahedral coordi-
nation environment, respectively. The tetrahedral M3a
site with the mean <M3a-@> distance of 1.685 A is occu-
pied by silicon (0.77 apfu), whereas the octahedral M3b
site is occupied by titanium (0.23 apfu) with the mean
<M3a-@> distance of 1.968 A. The M4 site is also split
into two sites characterized by the tetrahedral and octa-
hedral coordination environments (with the M4b-M4c
distance of 0.737 A). The tetrahedral M4c site with the
mean <M4c-¢> distance of 1.652 A is occupied by sili-
con (0.54 apfu), whereas the octahedral M4b site with the
mean <M4b-¢> distance of 2.088 A is occupied by nio-
bium (0.18 apfu). The M3@s and M4, octahedra link to
the M2gs octahedron via the common OH*" and OHM*"
vertices.

The eudialyte-type heteropolyhedral zeolite-like
framework has five large cavities, which are occupied by
extra-framework cations, water molecules, and additional
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anions and anionic groups. The distribution of large cat-
ions over the N1-5 sites in the crystal structure of Sample
16 is characterized by the presence of hydronium at all
the N1-5 sites (Figure S2). The N1 site is predominantly
occupied by sodium (2.3 apfu) with admixture of hydro-
nium (0.7 apfu), whereas the N2 site has a more complex
composition and is also predominantly occupied by
sodium (1.33 apfu) with admixtures of hydronium (1.19
apfu) and potassium (0.49 apfir). Both the N3 and N4 sites
are occupied by hydronium (2.8 apfu) with an admixture
of strontium (0.2 apfu). The N5 site is predominantly
vacant and is partially occupied by hydronium (0.75
apfu). The anionic X1 and X2 sites are occupied by chlo-
rine with the admixture of water molecules and carbon-
ate groups.

Despite the impossibility of the direct localization of
hydrogen atoms (because of the partial occupancies of
hydronium cations as well as their positional disorder),
the refinement of the crystal structure of Sample
16 makes it possible to determine short dg..o distances
corresponding to strong hydrogen bonds and compare
them with dg...o values estimated from the Raman spec-
troscopy data (Figure 11, Table 4).

3.4 | Sodalite group

The bands at 2141, 2428, and 2752 cm™! in the Raman
spectrum of Na-deficient nosean (Figure 12) correspond
to the O---O distances of ~2.5, 2.56, 2.60, and 2.67 A,
which are typical for Zundel cation, HsO,". In this refer-
ence, it should be noted that in the nosean structure,

Raman Intensity

3170

there is a cluster Na,-H,O with the Na---O distance of
2.6 A.''° Thus, the substitution of one Na™ cation for
H;0" should result in the formation of Zundel cation.
The bands at 1273 + 1376 and 3437 cm™ ' may indicate
partial dissociation of the latter into H" cation forming
only ionic bonds®* and H,0O molecules, respectively.

4 | DISCUSSION

The aim of this article was not only to show that Raman
spectroscopy can be useful to record the hydrogen bonds
in these specific minerals but also (and much more
important) to demonstrate the agreement between struc-
tural and Raman data, both showing the existence of
extremely strong hydrogen bonds. Despite experimental
data obtained in our work are in agreement with the
results of ab initio theoretical calculations published else-
where, our conclusions would be insufficiently grounded
without direct comparison with structural data.

Extremely strong hydrogen bonds are a specific fea-
ture of hydrolyzed sodium silicates with microporous
structures. Hydrolytic alteration of microporous alkaline
Ti-, Nb-, and Zr-silicates with heteropolyhedral frame-
works results in partial substitution of alkali and alkaline
earth extra-framework cations with H,O and H;0%,
which can be accompanied by protonation of the SiO,
tetrahedra to form silanol groups, Si-OH.

In LGMs, SiO, tetrahedra share common vertices
with each other and with TiOgs and NbOg octahedra.
Thus, these O atoms cannot be protonated. Hydrolysis of
these minerals proceeds by the mechanism of

(B)
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' FIGURE 11
(A) hydrolyzed analogue of raslakite (Sample
16) and (B) eudialyte (Sample 17).

Raman spectra of
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The shortest O---O distances for hydrogen bonds in Sample 16 estimated from the Raman spectrum (Figure 11) using v/do...0

correlations [do...o(calc)] and determined as a result of the crystal structure refinement [do...o(ref)].

Wavenumber, v (cm ™) do...o(calc)®®

542

616

do...o(calc)”™® do..o(ref) (this work)

- 2.39, 2.44,2.45,2.47, 2.49, 2.54, 2.55
2.33
2.39
242
2.46
2.50
2.50
2.64 2.59, 2.54, 2.65, 2.55, 2.67, 2.68
2.66

2.77 2.71, 2.72, 2.73, 2.76

980

1078
1134
1273
1376
2141
2428
2752
3126
3437

(A)

3130

(B)

1318 2.48
1472 2.49
1745 2.50
1874 2.51
2050 2.52
2416 2.54
2547 2.54
2815 2.63
3035 2.65
3556 -
FIGURE 12 Raman spectra of (A) Na-
deficient nosean (Sample 18) and (B) sodalite
(Sample 19).
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substitution of Na* (and to a less extent other alkali and
alkaline earth cations) with H,0O and H;O™". In primary
LGMs, typicaldistances between extra-framework cations
and coordinating O atoms vary from 2.3 to 2.6 A. Substi-
tution of extra-framework cations with H;O" results in
the formation of very strong hydrogen bonds with similar
0O---O distances. In these processes, energy loss due to
straining is compensated by the energy of extremely
strong hydrogen bonds.

Hydrolytical alteration of lovozerite-related minerals
can proceed by both mechanisms, that is, substitution of
Na® with H,0 or H;0" and protonation of free vertices
of the SiO, tetrahedra. In labuntsovite-related structures,
the following additional mechanism of hydrolytical

T
500

| T | T | |
1000 1500 2000 2500 3000 3500

Wavenumber/cm-1

(H30uia + (NaNsonia —
[H,O + Na* + HO-Tilsonia

alteration is  possible:
(Naguia + (H30 solia;
— [H30" + H,0-H--Tilsolia-

Formation of silanol groups, Si-OH, as a result of
hydrolytic alteration of EGMs is possible only when M3
and/or M4 sites are partly or completely vacant, as it
takes place in some representatives of this group.
Only in this case, some SiO, tetrahedra belonging to the
Sig0,; ring have free vertices. However, in most
“hydroeudialytes,” hydrohen occurs mainly as a part of
extra-framework H,0 and H;O™" species or as a H" cat-
ion that does not form covalent bond with oxygen.

In H,O-bearing sodalite-group minerals, including
nosean, water molecules are a part of the Nay-H,O cluster
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with the Na--O distance of 2.6 A. Substitution of Na™*
with H;0™" in these minerals results in the formation of
Zundel cation.

As noted above, the correlation of McClellan and
Pimentel”® gives unreal short O---O distances for wave-
numbers below 1800 cm ™!, whereas the correlation of
Libowitzky® is not applicable to large wavenumbers. The
comparison of O---O distances d(O---O) (A) determined
from Raman spectra and from crystal structures shows
that in the range of 1200-1800 cm ™', a good agreement
between these data can be achieved when an arithmetic
mean between the correlation by McClellan and
Pimentel’® and Libowitzky® is used:

v(em™') =152-10"- exp[—d(O---0)/0.1321]
+2315d(0---0) - 2859.

For the wavenumbers above 3400 cm ™, the correla-
tion v = 4630d(0---0) - 9310 determined using data from
McClellan and Pimentel”® gives the best correspondence
between the v and d(O---O) values.

The acid groups (H;0" and Si-OH) with relatively
weak covalent O-H bonds form strong hydrogen bonds
with coordinating O atoms. As a result, proton transfer
from such complexes can proceed with relatively low
activation energies, which is an important precondition
for ionic conductivity.

Extinction coefficients of IR bands are proportional to
the square of the first directional (along on the corre-
sponding normal coordinate) derivative of dipole
moment. As noted above, bands of O-H stretching vibra-
tions in IR spectra of hydrated proton complexes are usu-
ally weak, which is due to small amplitudes of dipole
moment during normal vibrations. Afwillite, ideally
[Ca1,(H,0)5][Si04]4[SiO,(0OH),]4, is among several excep-
tions of this rule (see Figure S3). In this mineral, partial
dissociation of the SiO,(OH),>~ anion into SiO;(OH)*~
and H' results in the formation of Zundel-type hydrated
proton complexes.'"!

Experimental data obtained in this work and their
comparison with the results of ab initio theoretical cal-
culations published elsewhere confirm that Raman
spectroscopy is an effective tool for the identification of
proton complexes with extremely strong hydrogen
bonds and estimation of corresponding O---O distances.
In particular, Raman spectroscopy can be used in
the search of materials that are potential proton
conductors.

In some cases, application of Raman spectroscopy can
be complicated by luminescence effects. Unlike most
eudialyte-, labuntsovite-, and lovozerite-group minerals,
terskite, ideally Na,Zr[SigO,,(OH)s], shows strong

luminescence under UV radiation. In the Raman spec-
trum of partially hydrolyzed terskite, (Na,H;0),Zr
[Sig0,,(OH)s] (Figure S4), relative narrow bands of
strong hydrogen bonds (in the range of 1700-2700 cm ™)
are observed on the background of a very strong and
broad luminescence peak.

All the studied minerals are formed in alkaline rocks.
Some of them are geologically and geochemically signifi-
cant: sodalite- and eudialyte-group members are rock-
forming constituents of many igneous and metasomatic
rocks in large alkaline effusive and, especially, intrusive
complexes and very important concentrators of Cl, S, Zr,
Hf, Nb, REE, Sr, and Mn in this geological formation.
Lovozerite-group mineral and LGMs play accessory role
in some agpaitic rocks. All such microporous zircono-,
titano-, and niobosilicate minerals, when crystallized
under relatively high-temperature conditions (>250-
300°C), give the forms with full or almost full occupancy
of large-cation sites in zeolitic cages and channels. This
feature is especially important for Na*, which can be lea-
ched much easier than K or alkaline-earth cations from
such silicates.''* No reliable case of the entering of hydro-
nium or another hydrated proton complex during the
crystallization of such mineral under high-temperature
conditions (i.e., at magmatic or early-pegmatitic stage) in
nature was reported. The H,,,,0," groups appear there
as a result of natural ion exchange in aqueous media.'"?
These H-bearing groups appear in microporous silicates
at low-temperature hydrothermal (70-200°C) or super-
gene (<50-70°C) stages of evolution of such mineral-
forming systems. A strong decrease of alkalinity at the
low-temperature stages even in peralkaline, hyperagpai-
tic natural systems''* provokes sodium leaching from the
Na-saturated minerals with zeolite-like, microporous
structures. In these minerals, Na cations are weakly
bound in wide channels and the exchange of Na™ for
other metal cations (K*, Ca®*, Sr**, Ba®") or H-bearing
extra-framework components (H,O and hydrated proton
complexes) can take place under mild conditions. In the
processes of sodium leaching, charge compensation can
be realized in accordance with different mechanisms,
including protonation of some O atoms of the framework
(H,0° + OH™ — Na' + 0*") or direct exchange of Na™
for H,,,,0," if a zeolitic channel or cage is sufficiently
voluminous. The presence of hydrated proton complexes
in microporous, zeolite-like silicates is a clear and sensi-
tive geological indicator showing that a rock underwent
low-temperature alteration. For the correct interpretation
of geochemical data and, especially, for any conclusion
based on the result of studies involving oxygen isotopy, it
is important to understand whether a rock was undergo-
ing a low-temperature alteration.
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Data on Raman spectra of natural hydrolyzed micropo-
rous silicates of alkali elements obtained in this work
demonstrate that these minerals are characterized by
extremely strong hydrogen bonds. The observed Raman
shifts are in agreement with O---O distances in hydrogen
bonds determined based on single-crystal structure analy-
sis. Geometric characteristics of the hydrogen bonds are
similar to those in Zundel- and Eigen-type configurations
in which proton does not form strong covalent bonds
with oxygen. Thus, Raman spectroscopy is an effective
tool for the detection of weakly bonded H" cations whose
occurrence in a microporous material in one of the pre-
conditions for its proton conductivity.
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