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Pressure-induced over-hydration of thomsonite: A synchrotron powder diffraction study
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ABSTRACT

The structural behavior of thomsonite compressed in aqueous medium up to 3 GPa was studied by
means of in situ synchrotron powder diffraction with a diamond anvil cell. In the range between 0.0001
and 2 GPa, the compressibility of thomsonite is markedly lower than that reported previously, where
a non-penetrating medium (with only 6% H,0O) was used. This indicates a pressure-induced hydration
(PIH), which results in the transition to an over-hydrated phase observed at 2 GPa. The structure of
over-hydrated thomsonite contains one additional, half-occupied H,O position, coordinated by the
calcium at the Ca2 site, with a scolecite-like coordination [CaO,(H,0);]. The appearance of new H,O
position causes a 4.5% volume expansion through the cooperative rotation of [T,0s]~ chains, leading
to the enlargement of the cross-section of the main channels parallel to ¢ axis. The observed deforma-
tion mechanism is similar to that found in high-hydrated and super-hydrated natrolite, although only
a half of the channels are affected by PIH. The present data indicate that the over-hydration effect in
fibrous zeolites strongly depends on the partial water pressure in compressing medium.
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INTRODUCTION

Recent structural studies of fibrous zeolite natrolite
Na,Al1,S1;0,0:2H,0 and its related analogues compressed in aque-
ous medium (Lee et al. 2002, 2005, 2006; Colligan et al. 2005;
Seryotkin et al. 2005) have created great interest in the over-hy-
dration phenomenon, which is characterized by expansion of the
framework due to a pressure-induced penetration of additional
water molecules into the channels. This gives rise to a pressure-
induced hydration (PIH) state of zeolite (Lee et al. 2004). Such
an “anomalous” expansion is possible due to a high flexibility
of'the framework of fibrous zeolites provided by mutual rotation
of the chains [(ALSi);0,0]~ (Baur et al. 1990). The over-hydra-
tion and associated expansion of the channels may dramatically
alter the ion-exchange and other sorption properties of zeolites,
offering an enormous potential for their various industrial ap-
plications. Although this unique phenomenon has been known
for a relatively long time (Kholdeev et al. 1987; Belitsky et al.
1992; Moroz et al. 2001), only recently has a detailed structural
study of PIH in natrolite been reported (Lee et al. 2002, 2005;
Colligan et al. 2005; Seryotkin et al. 2005). The transformation
to high-hydrated phase at 1 GPa is related to the appearance of
new water positions in the framework channels of natrolite.

Thomsonite, NaCa,AlsSisO,,-6H,0, is a widespread fibrous
zeolite with the framework built up by [(Al,Si);0,¢]"-chains,
similar to those in natrolite but having a different connectivity
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(Smith 1983; Armbruster and Gunter 2001). In thomsonite, Ca,
Na and H,O reside in the major 8-ring channels that run along
[001]. Two channel types with different cation arrangement can
be distinguished. In the first channel type, there is a fully occu-
pied Ca/Nal site with either Na or Ca in equal amounts. In the
center of the second channel, Ca occupies a split Ca2 position
about 0.5 A apart, which can only be 50% occupied. Of the four
H,O sites, two are located in the first channel, and the other two
are close to the second channel edge (Alberti et al. 1981; Stahl
et al. 1990). Since thomsonite is closely related to natrolite, its
structural response under compression in aqueous medium would
provide a deeper understanding of PIH in this class of zeolites.
The powder diffraction study of thomsonite compressed in
“nominally penetrating medium” with about 6% of H,O (16:3:1
by volume of methanol:ethanol:water) did not show any apparent
pressure-induced over-hydration effect or phase transitions up
to 6 GPa (Lee et al. 2004). In other words, the mix methanol:
ethanol:water = 16:3:1 behaves as a non-penetrating medium
for thomsonite. However, our preliminary study of thomsonite
compressed in water-rich medium shows a distinct deviation
from the compression curve reported by Lee et al. (2004), and
the transition to an expanded phase is observed at about 2 GPa
(Likhacheva et al. 2006). Such a different behavior of thomsonite
is apparently related to PIH induced by a high concentration of
water in the pressure medium. This observation emphasizes the
crucial importance of the H,O concentration that is needed for
the PIH onset.

In this paper, we present the results of the powder diffraction
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studies of thomsonite compressed in water-rich medium up to
3 GPa. We characterize the evolution of lattice parameters of
thomsonite and describe the refined crystal structure of over-
hydrated thomsonite at P>2 GPa. On this basis, we compare the
over-hydration mechanisms in thomsonite and natrolite in terms
of framework deformation and P-induced structural evolution.

EXPERIMENTAL METHODS

A sample of thomsonite used in this study is from Berufjord (Iceland), with
the chemical formula Nay 0,Ca;7,S1)32[ Aljo84S120.05050]:25.69H,0. Quantitative
chemical analysis was performed using a CAMEBAX electron microprobe, with
an accelerating voltage of 20 kV and 30 nA beam current with a counting time
of 10 s. The standards employed were albite (Al, Si, Na) and anorthite (Ca). The
H,O content was determined by thermogravimetric analysis. The cell parameters
at ambient conditions determined by Rietveld refinement are a = 13.1026(7), b =
13.0764(6), ¢ = 13.2311(5) A, V' =2266.95(17) A, space group Pncn. The pow-
dered sample was placed into a 400 x 100 um gasket hole of a diamond anvil cell
(DAC) and compressed up to 3 GPa. The DAC is based on a modified Mao-Bell
design (Fursenko et al. 1984) and employs two diamonds with 1 mm diameter
culets. To ensure the formation of over-hydrated thomsonite, we used water-rich
mixtures of ethanol and water (3:1 to 1:3) as a pressure-transmitting medium. The
pressure values were measured before and after the diffraction experiment from
the R1 ruby fluorescence line (Mao et al. 1986) excited by a 514 nm line of an Ar
laser. The powder diffraction experiments were performed at the fourth beamline
of the VEPP-3 storage ring of Synchrotron centre SSRC of the Institute of nuclear
physics, Novosibirsk (Ancharov et al. 2001), at a constant wavelength of 0.3675 A.
AnMAR345 imaging plate detector (pixel dimension 100 um) was used. Exposure
times were 1-3 h, the sample to detector distance was 368 mm, and the focused
X-ray beam was 100 x 100 um? in size. The program FIT2D (Hammersley et al.
1996) was used for integrating the two-dimensional images up to 20,,,, = 25°.
The lattice parameters of thomsonite at different pressures were refined by whole
pattern fitting using the Rietveld method, with the GSAS package (Larson and Von
Dreele 2000). The diffraction patterns for the low-pressure (LP), high-pressure (HP)
phase and their mixture at the transition point (at 2 GPa) are shown in Figure 1.
The diffraction profiles collected at ambient pressure (hereafter 0.0001 GPa) and
2.1 GPa (Fig. 2) were used for the structure refinements.

Rietveld refinement of the crystal structure was performed using data in the
20 range 3-25°. Because of inevitable crystallization of ice VII in a water-rich
compressing medium above 2 GPa, the most intense peaks of ice VII at 20 = 9°,
12.5° and 15.3° were excluded from the refined pattern. Note that we were able to
reproduce the formation of HP phase only in the presence of ice, i.e., in the pres-
ence of excess water. Moreover, only heating at 100 °C for 1-2 h led to a complete
disappearance of the LP phase peaks. The analysis of the HP-pattern indicates that
the structure of the over-hydrated phase can be described in space group Pncn, as
for the original thomsonite; however, the unit-cell volume is larger for the HP phase.
The instrumental background was approximated by a Chebyshev polynomial with
15 coefficients. The Bragg peak profiles were refined by a pseudo-Voight function
corrected for asymmetry. The scattering factors for calcium and sodium atoms were
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used to model the extra-framework species Ca?*and Na*, respectively. To model
the H,0 molecules we used the scattering factor for the fluorine atom, providing a
better approximation to the scattering capability of water molecule in comparison
with oxygen atom, as it was shown earlier (Seryotkin et al. 2003). The Si-O and
Al-O distances were restrained to 1.62(2) and 1.74(2) A; the refined mean values were
1.628 and 1.746 A for the LP phase and 1.620, 1.738 A for the HP phase, respectively.
The complexity of the refined structures and a relatively narrow 26 range used did
not allow us to avoid the framework restraints, although the restraining factor was
set to a minimal value of 0.5. For the same reason, the displacement parameters
for all atoms were fixed to an isotropic value of 0.025 and not refined. The crystal
structure of natural thomsonite (Alberti et al. 1981) was used as a starting model
for the refinement of the LP structure at 0.0001 GPa. For the HP structure model,
we used the refined LP structure with an additional H,O position localized from a
difference Fourier synthesis in the second channel. At the first stages of the refine-
ment, the H,0-H,0 and H,0-Og,,, distances in the second channel were restrained. In
subsequent refinements, all the H,O-H,O and H,0-Oy,, restraints were removed. The
final refined structure parameters were the atomic coordinates (for all the atoms) and
the occupancy factor for all the H,O sites. On the basis of the chemical composition,
the occupancies of cation positions Ca/Nal and Ca2 were set as Ca(50%)Na(50%)
and Ca(46%)Sr(4%), respectively, and were not refined.

Refinement details for the LP and HP structure of thomsonite are reported in
Table 1. The refined atomic parameters for thomsonite at 0.0001 and 2 GPa are
given in Tables 2, 3, and 4. The lattice parameters refined at different pressures
are reported in Table 5.

RESULTS AND DISCUSSION

Variation of the unit-cell parameters at high pressure

The lattice parameters of thomsonite refined at 0.0001 GPa
(Table 5) are in good agreement with the literature data (Alberti et
al. 1981; Stahl et al. 1990). The evolution of the lattice parameters
of thomsonite with pressure compared to the data of Lee et al.
(2004) for the non-penetrating medium is shown in Figure 3. In
the pressure range between 0.0001-2 GPa, the compressibility
of thomsonite in water-rich medium is markedly lower as com-
pared to that of the previous data. Such a low compressibility
may be regarded as indirect evidence for a pressure-enhanced
hydration of the framework channels. The over-hydration effect
has little influence on overall structure because of the reduction
of lattice parameters anisotropic (the directions a and b are more
compressible than ¢, Fig. 3b), and this is similar for all fibrous
natrolite-like zeolites compressed in non-penetrating medium
(Gatta 2005).

As shown in Figure 3, the broken line marks the point of
transition at 2 GPa, where both LP and HP phases coexist. This

T T T T T T T T T T FIGURE 1. Powder diffraction patterns of thomsonite
compressed with different mixtures of ethanol and water.
3000 ] Arrows mark the peaks of HP phase, which appears at the
2.1 GPa compression in excess water. After the heating at 100 °C
] 1 ethanol:3 water (3 | GPa), only the HP phase is present in the sample. The
HP phase l after 1hat 100 'C (iffraction patterns are limited to 26,,,, = 9° and enlarged
3 l l to give a detailed picture of the changes associated with
< 2000 + the transition to the HP phase
2> 2.0 GPa ’
g 1 ethanol: 3 water
E §
2.0 GPa
1000 4 3 ethanol: 1 water
1 0 GPa
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FIGURE 2. Results of Rietveld refinements at 0.0001 GPa (a) and 2.1
GPa (b). The observed and calculated profiles are indicated by (+) and
by a continuous line, respectively. The tick marks indicate the positions
of allowed Bragg peaks in the respective symmetry. A difference curve
is plotted at the bottom. The part of the diffraction profile in the region
of 20 = 3-9°, shown in the figure, seems to be most “representative”
because it contains all the intense reflections of thomsonite and is free
from the peaks of ice VIL.

TABLE 1. Basic crystallographic and experimental data for thom-
sonite at high pressures

Pressure (GPa) 0 2.1

a(h) 13.1026(7) 13.3291(9)

b(A) 13.0764(6) 13.2541(10)

c(A) 13.2311(5) 13.0662(7)

Vv (R3) 2266.95(17) 2308.34(26)

Space group Pncn Pncn

Radiation L=03675A

20 range (°) 3-25 3-25

Number of observations 2445 2445

Number of variables 84 88

Number of reflections 1798 1760*

R, 0.009 0.005

Rup 0.012 0.006

Re2 0.12 0.15

12 0.37 0.28

* The number of reflections is reduced as compared to that at 0.0001 GPa
because several regions are excluded from the refinement due to the presence
of ice VII.

transition is accompanied by a volume expansion of 4.5% as a
result of the increase of @ and b by 2.9% and 2.5%, respectively,
and a compression of 0.08% along the ¢ axis. Such a deformation
is analogous to that observed with the formation of high-hydrated
natrolite at 1.0 GPa with a 6.9% volume expansion (Lee et al.
2005; Colligan et al. 2005; Seryotkin et al. 2005), where a and
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FIGURE 3. Pressure dependence of the lattice parameters (a) and
normalized parameters (for LP phase) and volume (b) of thomsonite
compressed in water-rich medium (ethanol:water = 1:3, solid symbols,
the data for LP phase are fitted by polynom) and in non-penetrating
medium (data of Lee et al. 2004, empty symbols connected by dashed
lines). Semi-filled symbols in a correspond to the lattice parameters of
LP phase preserved at 2.3 GPa, when ethanol-rich medium (ethanol:
water = 3:1) was used.

b parameters increase by 3.3% and 3.6%, respectively. This
analogy implies a similarity in structural mechanisms of the
observed transitions, which, in the case of natrolite, are related
to the penetration of additional H,O molecules and simultaneous
enlargement of the cross-section of the main channels parallel
to ¢. The deformation due to PIH in thomsonite is less dramatic
with respect to that of natrolite.

It is important to note a large hysteresis and the slow kinet-
ics of the transition observed in thomsonite, as compared to the
other zeolites of the natrolite group. A mixture of the LP and
HP phases occur for at least several days even at 2.4 GPa. As
mentioned above, we could obtain a pure HP phase only after
heating the DAC at 100 °C (2-2.4 GPa) for 1-2 h. Interestingly,
we did not observe the transition to HP phase at 2-2.5 GPa when
we used a mixture with the H,O content less than 50%, e.g., 3
ethanol:1 water. In this case, the diffraction pattern contains only
the peaks of the LP phase with the lattice parameters close to the
values at the transition point (Figs. 1 and 3a). All these features
demonstrate the difficult nature of the response of thomsonite
structure to PIH. This may be explained by a more close-packed
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TABLE 2. Positional parameters for thomsonite at 0.0001 and 2.1 GPa
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TABLE3. Bond distances (&) and angles (°) for the framework tetra-

Atom P (GPa) X y z Occupancy hedra at 0.0001 and 2.1 GPa
Ca/Nal 0 0.0595(6) 0.5020(26)  0.3613(4) Ca0.5Na0.5 Distance/angle 0.0001 GPa 2.1 GPa 0.0001 GPa 2.1 GPa
2.1 0.0540(8) 0.5178(12) 0.3624(5) Ca0.5Na0.5 Si1-01x2 1.626(7)  1.620(7)  Al1-02 x2 1.745(7)  1.738(7)
Ca2 0 0.4922(25)  0.4782(9) 0.499(4) Ca0.465r0.04 Si1-03 x2 1.623(7) 1.622(7) Al1-04x2 1.742(7) 1.742(7)
2.1 0.5064(26)  0.4466(8) 0.4903(22)  Ca0.465r0.04 Average 1.625 1.621 Average 1.743 1.740
Si1 0 0.25 0.25 0.6899(5) 1.0
2.1 0.25 0.25 0.6917(5) 1.0 Si2-02 1.640(8) 1.619(9)  Al2-O1 1.756(8) 1.734(8)
Al 0 0.25 0.75 0.6914(5) 1.0 Si2-05 1.629(8) 1.617(8)  Al2-O5 1.749(8)  1.733(8)
2.1 0.25 0.75 0.6904(5) 1.0 Si2-06 1.628(9) 1.619(9) Al2-07 1.743(9)  1.739(9)
Si2 0 0.1136(5) 0.6944(4) 0.5002(4) 1.0 Si2-08 1.625(8)  1.620(8)  Al2-09 1.741(8) 1.741(8)
2.1 0.1165(5) 0.6918(5) 0.5003(4) 1.0 Average 1.630 1.619 Average 1.748 1.737
Al2 0 0.1199(5) 0.3051(4) 0.4959(4) 1.0
2.1 0.1221(5) 0.3106(5) 0.5005(4) 1.0 Si3-04 1.641(7) 1.624(7)  AI3-03 1.759(7)  1.740(8)
Si3 0 0.3097(4) 0.3843(4) 0.3816(4) 1.0 Si3-07 1.621(8) 1.614(9) AI3-06 1.741(8)  1.731(9)
2.1 0.3037(5) 0.3848(4) 0.3822(4) 1.0 Si3-09 1.635(9) 1.622(9) AI3-08 1.754(9) 1.743(9)
Al3 0 0.3121(5) 0.6225(4) 0.3830(4) 1.0 Si3-010 1.623(8) 1.622(8) AI3-010 1.740(8) 1.737(8)
2.1 0.3062(5) 0.6196(4) 0.3837(4) 1.0 Average 1.629 1.620 Average 1.748 1.738
01 0 0.1677(5) 0.3102(7) 0.6197(4) 1.0
2.1 0.1731(5) 0.3155(5) 0.6225(4) 1.0 01-5i1-01 1104(6) 112.1(6)  02-Al1-02 110.0(6) 111.0(6)
02 0 0.1588(5) 0.6900(7) 0.6157(4) 1.0 01-5i1-03 x2 109.2(4)  108.1(4)  02-Al1-04x2 108.9(4) 107.6(4)
2.1 0.1622(4) 0.6877(6) 0.6151(4) 1.0 01-Si1-03 x2 107.6(4) 108.8(4) 02-Al1-04x2 108.4(4) 110.2(4)
03 0 0.3124(7) 0.3323(6) 0.7578(4) 1.0 03-5i1-03 112.8(6) 110.9(6) 04-Al1-04 112.3(6) 110.2(6)
2.1 0.3141(6) 0.3275(5) 0.7621(4) 1.0
04 0 0.3112(7) 0.6580(5) 0.7648(4) 1.0 02-5i2-05 106.7(12) 110.8(8) O1-Al2-05  107.6(11) 110.9(7)
2.1 0.3090(6) 0.6600(4) 0.7666(4) 1.0 02-5i2-06 109.4(5) 109.4(5) O1-Al2-07 108.7(5)  109.1(5)
05 0 0.0017(4) 0.6400(7) 0.5031(25) 1.0 02-5i2-08 111.4(6)  107.1(6) O1-Al2-09  108.1(5) 107.7(5)
2.1 0.0022(4) 0.6510(7) 0.4986(15) 1.0 05-Si2-06 107.9(9) 108.3(7)  05-Al2-07 104.4(8) 108.2(6)
06 0 0.1865(5) 0.6274(8) 0.4258(7) 1.0 05-Si2-08 109.6(7)  109.1(6)  05-Al2-09 111.3(6) 110.1(6)
2.1 0.1830(5) 0.6206(7) 0.4258(6) 1.0 06-5i2-08 111.6(6) 112.1(6) 07-Al2-09  116.4(5) 110.9(5)
07 0 0.1922(5) 0.3865(7) 0.4199(7) 1.0
2.1 0.1888(5) 0.3915(6) 0.4207(6) 1.0 04-5i3-07 108.2(6) 110.6(6) 03-Al3-06  107.2(5) 110.1(5)
08 0 0.1020(8) 0.8116(5) 0.4610(7) 1.0 04-5i3-09 114.6(5) 109.2(5) 03-AI3-08  112.8(5) 107.4(5)
2.1 0.1181(7) 0.8088(5) 0.4646(6) 1.0 04-Si3-010 108.3(6) 108.5(6) 03-Al3-0O10  108.2(5) 110.2(5)
09 0 0.1151(8) 0.1774(5) 0.4590(6) 1.0 07-5i3-09 112.6(6) 110.7(6) O06-AlI3-08  113.4(5) 110.6(5)
2.1 0.1309(8) 0.1865(4) 0.4577(6) 1.0 07-5i3-010 111.1(6)  109.2(6)  06-AI3-010  111.7(5) 110.2(5)
010 0 0.3592(7) 0.4981(4) 0.3828(9) 1.0 09-5i3-010 101.8(5) 108.6(6) 08-AI3-010 103.5(5) 108.1(5)
2.1 0.3523(7) 0.4970(4) 0.3822(8) 1.0
ow1 0 0.1295(8) 0.4939(28)  0.1864(8) 1.0 Si1-01-Al2 138.7(6)  137.9(5) Si2-06-AlI3  140.5(6) 135.6(6)
2.1 0.1181(10)  0.4891(25) 0.1948(9) 1.0 Al1-02-5i2 140.0(6) 143.4(7)  AI2-07-Si3 133.3(6) 129.6(6)
ow2 0 0.3905(9) 0.500(4) 0.6508(8) 1.0 Si1-03-Al3 138.0(6) 137.8(5)  Si2-08-Al3 126.3(6) 134.7(6)
2.1 0.4166(12)  0.4622(13)  0.6515(11) 0.90(1) Al1-04-Si3 138.8(6) 139.7(6) AI2-09-Si3  128.9(6) 141.4(7)
Oow3 0 0.0 0.6472(16)  0.75 1.0 Si2-05-Al2 129.9(6) 143.4(7) Si3-O10-Al3  135.7(7) 135.7(7)
2.1 0.0 0.6621(20)  0.75 1.0
ow4 0 0.0 03210200 075 0.81(2)
2.1 0.0 0.3471(17) 075 1.0 mean distance of 2.60 A. The main difference with respect to
ow5s 21 -0.0333(27) 0.1565(24)  0.3435(19) 0.51(2)

* U, for all the atoms was set to 0.025 and not refined.

extra-framework species providing less free space for additional
H,O molecules, as compared to more open structures of the other
zeolites of the natrolite group.

After the transition at 2 GPa the compressibility parameters
(a/ay, b/by, c/c,) become closer to that found by Lee et al. (2004)
(Fig. 3a), i.e., the compressibility of the over-hydrated thomsonite
slightly increases. A similar increase in compressibility was observed
for natrolite at the transition to a super-hydrated phase at 1.5 GPa
(Lee et al. 2002).

Crystal structure of over-hydrated thomsonite at 2.1 GPa

In the structure of thomsonite at 0.0001 GPa, refined in this
study (Fig. 4a, Tables 2—4), all the framework (Si,Al)-O distances
and angles, as well as the distances in the cation polyhedra are
in reasonable agreement with the literature data obtained from
a single-crystal structure analysis (Alberti et al. 1981; Stahl et
al. 1990). The individual atomic positions determined in this
refinement differ on the average by 0.006 A from those found by
Alberti et al. (1981) and Stahl et al. (1990). The eightfold coor-
dination of cation site Ca/Nal includes four framework O atoms
(Ofam) and four H,O molecules (Ow), with the Ca-(Oy;,,OW)

the previous data are a relatively large Ca/Nal-Ow4 distance of
2.85 A (instead 0f 2.58 A) and the Ow4 occupancy factor slightly
lower than 1. The discrepancy with respect to the thermogravi-
metric analysis, which indicates full occupancy for all the H,O
sites, may be explained by the different humidity conditions
during the thermogravimetric and the diffraction measurements.
The cation site Ca2 in the second channel is coordinated by
four framework O atoms and two H,O molecules, with a Ca-
(Opam,OW) mean distance of 2.50 A (Fig. 5a). There is one short
Ow1-Ow3 distance less than 3 A.

Let us describe now the HP thomsonite structure refined at
2.1 GPa (Fig. 4b, Tables 2-4). As compared to the LP phase,
the unit-cell volume increases by 4.5% due to the rotation of
[T,0;s]” chains leading to the increase of the y angle (Baur et al.
1990) from 20.3° to 22.2° (Fig. 4). There is a difference between
natrolite and thomsonite in the representation of the overall
chain rotation angle, y (Baur et al. 1990) (Fig. 4a). As a result,
the expansion of the natrolite structure due to the PIH effect is
characterized by a decrease of y (Lee et al. 2002, 2005; Colligan
et al. 2005; Seryotkin et al. 2005), whereas the expansion of the
thomsonite structure observed in this study is characterized by an
increase of . In addition, the contraction of thomsonite structure
in non-penetrating medium to 2.1 GPa gives rise to a decrease
of the y value from 20.03° to 18.5° (Lee et al. 2004). The mean
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TABLE4. Bonddistances (A) around the cations and water molecules
at 0.0001 and 2.1 GPa

Distance 0.0001 GPa 2.1 GPa 0.0001 GPa 2.1 GPa

Ca/Na1-05 2.711(33) 2.600(19) Ca2-Ca2 0.607(29) 1.449(25)

Ca/Na1-05 2.704(33) 2.978(19) Ca2-08 2.664(24) 2.429(26)

Ca/Na1-06  2.487(24) 2.345(15) Ca2-09 2.529(24) 2.576(29)

Ca/Na1-07 2431(23) 2.571(15) Ca2-010 2.34(4) 2.580(35)

Ca/Na1-Ow1 2.491(12) 2.381(16) Ca2-010 2.52(4) 2.624(33)

Ca/Nal-Ow1l 2.558(13) 2.443(18) Ca2-Ow2 2.43(5) 2.433(34)

Ca/Na1-Ow3 2.566(30) 2.893(28) Ca2-Ow2 2.53(5) 2.437(31)

Ca/Na1-Ow4 2.85(4) 2426(27) Ca2-Ow5 2.38(4)

Average 2.583 2.624 Average Ca-O 2513 2.552

Ca/Na-O

Average 2616 2.536 Average Ca-Ow 2.48 242

Ca/Na-Ow

Ow1-01 2.760(25) 2.85(4) Ow2-03 2.802(35) 2.674(32)

Ow1-02 2.603(27) 2.63(4) Ow2-04 2.760(33) 3.34(3)

Ow1-Ow3 2.644(30) 2.65(4) Ow2-09 >33 3.27(4)

Ow1-Ow4 3.076(24) 2.78(4) Ow2-010 3.10(4) 3.16(3)

Ow1-Ca/Nal 2.491(12) 2.381(16) Ow2-Ca2 2.43(5) 2.433(34)

Ow1-Ca/Nal 2.558(13) 2.443(18) Ow2-Ca2 2.53(5) 2.437(31)
Ow2-Ow5 2.66(4)

Ow3-02x2  2.79(3) 2.81(4) Ow4-01 x2 2.80(4) 2.88(4)

Ow3-Ow1x2 2.644(35) 2.65(4) Ow4-Ow1 x2 3.08(3) 2.78(4)

Ow3-0Ow5 x2 2.73(4) Ow4-Ca/Nal x2 2.85(4) 2.426(27)

Ow3-Ca/Na1l 2.566(30) 2.893(28)

Ow5-02 2.74(3)

Ow5-04 2.55(4)

Ow5-08 2.79(3)

Ow5-09 2.68(3)

Ow5-Ow2 2.66(4)

Ow5-0Ow3 2.73(4)

Ow5-0w5 2.60(5)

Ow5-Ca2 2.38(4)

TABLE 5.  Unit-cell parameters of thomsonite (space group Pncn) in

aqueous medium up to 3 GPa

P (GPa) a(h) b(A) c(A) Vv (A3)

LP phase

0 13.1026(7) 13.0764(6) 13.2311(5) 2266.95(17)

0.14 13.094(2) 13.0665(15) 13.2323(15) 2263.9(4)

0.6 13.052(2) 13.027(2) 13.2157(15) 2247.0(4)

1.03 13.017(3) 12.995(2) 13.205(2) 2233.6(6)

1.45 12.994(2) 12.965(2) 13.197(2) 2223.3(5)

2.0 12.957(4) 12.9324(35) 13.177(4) 2208.0(8)

HP phase

20 13.329 (4) 13.252(4) 13.067(3) 2308.1(10)

2.1 13.3291(9) 13.2541(10) 13.0662(7) 2308.34(26)

3.0 13.263(2) 13.221(2) 13.0257(15) 2284.1(5)

LP phase, compressed in alcohol-rich medium

23 12.9427(9) 12.9101(8) 13.1457(6) 2196.53(22)

T-O-T angle between the chains in thomsonite increases from
133° to 140° at the transition to the HP phase. The rotation of
the [T,Os]~ chains results in an expansion of the channels in the
a-b plane and a compensating decrease in the ¢ parameter by
0.8%. The observed expansion is caused by the appearance of
an additional H,O position Ow5 (Fig. 4b).

This new H,O position is situated in the second channel,
which is similar to that observed in the structure of scolecite
(Ow7 position) (Joswig et al. 1984), and in high-hydrated natro-
lite at 1 GPa and super-hydrated natrolite at 1.5 GPa (A position)
(Lee etal. 2002, 2005; Colligan et al. 2005; Seryotkin et al. 2005).
A slight shift of OwS5 from the main axis of elliptical cavity is
most probably related to the short distance between Ow5 and
the water position Ow3 in the neighboring channel (Fig. 5b),
which creates a repulsive interaction between the O-H bonds
of these two H,O molecules. The positions Ow5 and Ow2 lie at
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a

FIGURE 4. Crystal structure of thomsonite at 0.0001 GPa (a) and
2.1 GPa (HP phase) (b). The y angle of the chain rotation is shown to
the right.

almost the same height along [001], which explains the shift of
Ow2 away from the center of 8-membered ring (Figs. 4 and 5).
Based on a half-occupied cation position Ca2, the occupancy of
new position OwS5 was first set to 0.5, which was confirmed in
further structure refinements. A half occupancy of Ow5 agrees
with a short Ow5-OwS5 distance (Table 4), as well as with the
cation-water arrangement in the second channel, where the Ca2
site is coordinated by only one OwS5 (Fig. 5b, Table 4).

Due to the appearance of new water position OwS5, the cal-
cium coordination in the second channel changes from O,(H,0),
to O4(H,0); (Table 4, Fig. 5). The shift of the position Ca2 out
of the channel center apparently provides similar Ca-(Oj,,,,OW)
distances in the new coordination polyhedron. The new calcium
coordination may be regarded as a “scolecite-like” arrangement
of the cation-water ensemble with the H,O triads displaced
around the central axis of elliptical channel. As compared to
the LP structure, the Ca-Oy,,, distances increase and the Ca-Ow
distances decrease, whereas the mean Ca-(Og,,,OW) distance
in both channels remains the same despite the enlargement of
the overall structure.



LIKHACHEVA ET AL.: PRESSURE-INDUCED OVER-HYDRATION IN THOMSONITE

FIGURE 5. Local coordination environment of Ca2 in thomsonite
(solid lines) at 0.0001 GPa (a) and 2.1 GPa (b). Dashed lines mark the
short distances Ow-Oy,n.

The implantation of new water position OwS into the second
channel produces a short Ow5-Ow?2 distance of 2.66 A (Table
4, Fig. 5b). However, the direction of the vector Ow5-Ow?2, if
compared to those of the vectors Ca2-Ow2 and Ca2-OwS5, is not
favorably oriented to form hydrogen bonds between these two
H,O molecules. The angles O4-Ow5-O8 = 100° and O9-Ow2-
010 =101° are the most appropriate with respect to the orienta-
tion of O-H vectors (Fig. 5b). Therefore, both H,O molecules
are most likely linked to the framework O atoms via hydrogen
bonding. The overall arrangement of the cation-water ensemble
in the first channel does not change significantly with respect to
the LP phase (Table 4).
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