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Elastic behavior of zeolite boggsite in silicon oil and aqueous medium:  
A case of high-pressure-induced over-hydration 
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Abstract

This paper reports the results of an in situ high-pressure synchrotron X-ray powder diffraction 
investigation on the natural zeolite boggsite [(K0.06Na0.36Sr0.01Ca7.00Mg1.20)(Al17.52Si78.62Fe0.05O192)·82.3 
H2O]. The study was performed using both a (16:3:1) methanol:ethanol:water mixture (m.e.w.) as a 
nominally “penetrating” hydrostatic P-transmitting medium and silicon oil (s.o.) as a “non-penetrating” 
medium. The studied pressure ranges are: Pamb–7.6 and Pamb–5.9 GPa in m.e.w and s.o., respectively. 
No complete X-ray amorphization is observed up to the highest investigated pressures, and the original 
unit-cell parameters are almost completely recovered upon decompression in both media. The reduc-
tions of a, b, c, and V, within the pressure-ranges investigated, are 5.3, 4.2, 4.0, and 13.0% in s.o. and 
4.1, 4.1, 3.8, and 11.5% in m.e.w. The Rietveld structural refinements of the powder patterns of the 
experiments in m.e.w. converged successfully up to 3.6 GPa and demonstrated the penetration of 13 
additional water molecules between 0.3 and 2.9 GPa. This over-hydration occurs without any unit-cell 
volume expansion and can be explained by the fact that no new extraframework sites arise during 
compression and that water penetration is the only factor to increase the occupancy of already existing 
sites. Boggsite compressibility is higher in s.o. than in m.e.w. In particular, compressibility in m.e.w. 
is lower below 3 GPa, whereas above this pressure, the P-V trend becomes similar in the two media. 
This can be ascribed to the fact that, during water molecule penetration (0.3 < P < 3 GPa), the effect of 
the P-transmitting medium is directed to compress the system as well as to penetrate the channels. 

Keywords: Zeolite, boggsite, high pressure, compressibility, over-hydration, crystal structure, 
synchrotron XRPD data

Introduction

Zeolites represent the fruitful symbiosis among mineralogists, 
crystal chemists, industrial scientists and engineers. Zeolites are 
used in absorption processes, ion-exchange, molecular sieving, 
and catalysis (Bish and Carey 2001; Corma 1997). The behavior 
of both natural and synthetic zeolite materials under high tem-
perature (HT) (Alberti and Martucci 2005; Bish and Carey 2001; 
Cruciani 2006) or high pressure (HP) has been extensively inves-
tigated, due to the impact of these thermodynamic parameters on 
their structure, stability and, consequently, applications. 

High-pressure studies on zeolites to date used either “pore 
penetrating” [usually aqueous-alcohol mixtures; see Ori et al. 
(2008) for a review] or “non-penetrating” P-transmitting media 
[usually silicon oil (see, i.e., Leardini et al. 2010) or glycerol 
(see, i.e., Gatta 2008)]. The former media are involved in the 
so-called pressure-induced hydration (PIH) phenomenon (Lee 
et al. 2004), which is characterized by the penetration of ad-
ditional water molecules into the zeolite channels. On the basis 
of these experiments, it was concluded that zeolites can experi-
ence different effects: (1) HP-induced structural modifications, 
without over-hydration; (2) PIH based on increasing occupancy 
of already existing water sites; and/or (3) PIH accompanied by 
the onset of new water sites (see Ori et al. 2008 for a review). 
Over-hydration and consequent structural modifications can, in 

principle, significantly modify zeolite properties, opening pos-
sible new scenarios for their industrial applications.

In parallel, a relevant number of HP studies have been per-
formed on zeolites with “non-penetrating” media, often based on 
a combined experimental-computational approach (see Fois et al. 
2008 for a review). From these investigations, the crucial role of 
the extraframework content on the zeolite response—in terms of 
deformation mechanisms and compressibility values—emerged 
clearly (Fois et al. 2004; Gatta 2008).

In this work we report the results of a HP study performed on 
boggsite [IZA code BOG, Baerlocher et al. (2001)], a rare natural 
zeolite with a fascinating topology. Boggsite was discovered in 
Eocene basalts near Goble (Columbia County, Oregon) and first 
described by Howard et al. (1990). A second occurrence of this 
mineral was described (Galli et al. 1995; Alberti et al. 2001) 
from the Jurassic Ferrar dolerites of Mt. Adamson (Northern 
Victoria Land, Antarctica).

The crystal structure of boggsite was solved by Pluth and 
Smith (1990) on a crystal from Goble. The framework (topology 
and space group Imma) has been described by the interconnection 
of polyhedral subunits 4254, 4264, 5462 (found also in terranovaite), 
5262 (present with 5462 in gottardiite), and 4262. A straight 12-
membered ring channel runs along [100], and a straight 10-
membered ring channel develops in the [010] direction (Figs. 
1a and 1b). These channels are connected by 10-membered ring 
windows. Boggsite is characterized by strong disorder in both * E-mail: rossella.arletti@unimore.it
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Table 1. Crystal-chemical data reported for boggsite specimens from different localities
Occurrence locality	 XRD method	 a (Å)	 b (Å)	 c (Å)	 V (Å3)	 Chemical composition 	 Total extraframework 
						       from EMPA	 electron number 
							       from refinement
Goble 	 powder	 20.21(2)	 23.77(2)	 12.80(1)	 6149.0	 [K0.16Na2.94Ca7.77Mg0.13] 	
(Howard et al. 1990)						      [Al18.29Si77.61 Fe0.10O192]·70 H2O	
						      Si/Al = 4.2	
						      Cations: 192 electrons	
						      Water molecules: 700 electrons	
Goble (Pluth and 	 single crystal	 20.236(2)	 23.798(1)	 12.798(1)	 6163.2	 Howard et al. (1990)	 1096
Smith 1990)
Mt. Adamson 	 Gandolfi camera	 20.25(2)	 23.82(1)	 12.78(1)	 6164.5	 [K1.05Na4.97Sr0.04Ca5.43Mg0.33Ba0.04]  	
(Galli et al.1995)						      [Al18.49Si77.62 Fe0.14O192]·70 H2O
						      Si/Al = 4.2	
						      Cations: 191 electrons	
						      Water molecules: 700 electrons	
Mt. Adamson 	 single crystal	 20.291(1)	 23.840(1)	 12.807(1)	 6195.2	 [K0.06Na0.36Sr0.01Ca7.00Mg1.20] 	 407
(Zanardi et al. 2004)						      [Al17.52Si78.62Fe0.05O192]·70 H2O
						      Si/Al = 4.5 	
						      Cations: 160 electrons 	
						      Water molecules: 700 electrons	
Mt. Adamson 	 powder	 20.3266(6)	 23.876(8)	 12.8252(5)	 6224.3	 [K0.06Na0.36Sr0.01Ca7.00Mg1.20] 	 955 
(this work)						      [Al17.52Si78.62Fe0.05O192]·82.3 H2O
						      Si/Al = 4.5	
						      Cations: 160 electrons	
						      Water molecules: 823 electrons	

cation and H2O molecule distribution, with many partially occu-
pied sites weakly interacting with the extraframework population 
(Pluth and Smith 1990; Zanardi et al. 2004).

The chemical formulae of boggsite from Goble and Mt. 
Adamson (Table 1) indicate a constant Si/Al ratio (ca. 4.3). This 
is a common value for the already known pentasil zeolites, but 
low when compared with that of the other pentasil zeolites from 
Mt. Adamson (Alberti et al. 2001). Calcium is always the most 
abundant extraframework cation, whereas Na is variable and can 
reach contents nearly equal to that of calcium. Minor quantities 
of K and Mg are present. 

The linear development and dimensions of boggsite chan-
nels make this topology potentially suitable for industrial and 
environmental applications. Whereas some patents report the use 
of synthetic boggsite as a catalyst, in which molecular dynam-
ics calculations were used to simulate anisotropic molecular 
diffusion phenomena in boggsite (Clark et al. 2000; Sanborn 
et al. 2001), a hydrothermal synthesis of boggsite was used by 

ChePa and Baharun (2005). 
Structural modifications under non-ambient conditions play 

an important role in assessing the suitability of a zeolite structure 
for technological applications. The applicative potentialities 
of boggsite suggested to investigate its behavior and stability 
under HT conditions, following the dehydration and rehydra-
tion processes (Zanardi et al. 2004). This work demonstrated 
that boggsite is characterized by an extremely rigid structure, 
with a cell-volume contraction of less than 1.4% (up to 500 
°C), one of the lowest found for natural zeolites. Moreover, the 
HT structure of boggsite is capable of holding Ca cations in 
fourfold coordination, a feature often considered as a potential 
for structure collapse. 

The HP behavior of this microporous material has not been 
investigated to date. The specific aims of this study are: (1) to 
investigate the elastic behavior and the HP-structural evolution 
of boggsite by means of in situ synchrotron X-ray powder dif-
fraction (XRPD), using both “penetrating” and “non-penetrating” 

Figure 1. The boggsite framework viewed down [100] (a) and [010] (b) directions, showing the 12- and 10-membered ring channels, 
respectively. 
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P-transmitting media; (2) to verify the capacity of boggsite to 
host additional water molecules among the numerous partially 
occupied extraframework sites present in its structure; (3) to 
single out the influence of different media on the compressibility 
and HP deformation mechanisms of boggsite; and (4) to compare 
the elastic and thermal behaviors of boggsite. 

Experimental methods and data analysis
Although only two occurrences have been reported in the literature, the unit-

cell parameters and the chemical compositions of different boggsite specimens 
(Howard et al. 1990; Pluth and Smith 1990; Galli et al. 1995; Zanardi et al. 2004) 
reveal considerable variability (Table 1). The sample used for this study was ob-
tained from the same specimen used by Zanardi et al. (2004) from Mt. Adamson, 
Northern Terra Victoria Land (Antarctica). Zanardi et al. (2004) did not measure 
the water content of Mt. Adamson boggsite. We determined the water content by 
thermogravimetric analysis on a 2 mg sample using a Seiko SSC/5200 instrument, 
operating at 20 °C/min from 25 to 900 °C in air. The determined weight loss is 
19.60%, corresponding to 82.3 water molecules (Table 1).

Synchrotron X-ray powder diffraction experiments and 
data analysis

The HP synchrotron XRPD experiments were performed at the SNBL1 
(BM01a) beamline at the European Synchrotron Radiation Facility (ESRF), using 
modified Merril-Bassett DACs (Miletich et al. 2000). To test the HP behavior of 
boggsite with both “penetrating” and “non-penetrating” media, two different experi-
ments were performed, using a (16:3:1) mixture of methanol:ethanol:water (m.e.w.) 
and silicon oil (s.o.), respectively. Moreover, since no XRPD structural refinements 
on boggsite at ambient conditions were available in the literature, we performed a 
data collection at room pressure, to obtain the unit-cell parameters and the starting 
structural model to be used in the analysis of the data collected under HP. 

Ambient-pressure experiment. The Pamb XRPD experiment was performed 
at the BM08 beamline at ESRF (Grenoble) in the Debye-Sherrer geometry. The 
sample was placed in a quartz capillary mounted on a goniometric spinning head 
and the diffraction pattern was collected with fixed wavelength of 0.7293 Å on 
an image plate placed at 288.47 mm from the sample. The Rietveld profile fitting 
was performed in the 2θ range 2.5–45.5° using the GSAS package (Larson and 
Von Dreele 1996), with the EXPGUI (Toby 2001) interface (Fig. 2a). The structure 
reported by Zanardi et al. (2004) was used as the starting model for the refinement. 
The background curve was fitted by a Chebyshew polynomial with an average of 
24 coefficients. The pseudo-Voigt profile function proposed by Thomson et al. 
(1987) and cut-off of the peak intensity were applied. The following refinement 
strategy was used for Pamb and HP structural refinements. (1) The scale factor, the 
zero-shift, and the unit-cell parameters were allowed to vary for all refinement 
cycles. (2) Following the initial refinement cycles, the refined structural parameters 
for each data histogram obtained include: fractional coordinates for all atoms 
{soft-restraints were applied to the T-O distances [Si-O = 1.60(2)–1.63(2)]}. The 
weight was gradually decreased after the initial stages of refinement, up to a final 
weight = 10; occupancy factors for extraframework sites and thermal isotropic 
displacement factors for all atoms (the isotropic displacement parameters were 
constrained by using the same value for all tetrahedral cations, a second value 
for all framework O atoms, and a third one for all the extraframework sites). (3) 
Occupancy factors and isotropic thermal displacement factors for extraframework 
sites were varied in alternate cycles. As a result of the Rietveld refinement, the 
same extraframework sites found by Zanardi et al. (2004) were located, even 
if with different occupancy factors. The total electron number obtained for the 
extraframework species was 955.

HP experiments. Table 2 reports the experimental parameters relative to the 
measurements performed as a function of pressure in s.o. and m.e.w. Pressure was 
calibrated using the ruby fluorescence method (Forman et al. 1972) on the non-
linear hydrostatic pressure scale (Mao et al. 1986). The estimated precision in the 
pressure values is 0.1 GPa. The sample was rocked by ±2° in ϕ to reduce texture in 
the diffraction images. The experiments in s.o. were performed from 0.1 to 9.3 GPa, 
whereas those in m.e.w. were performed from 0.3 to 7.6 GPa. Other patterns were 
collected upon decompression, from the highest pressure to Pamb. One-dimensional 
diffraction patterns were obtained by integrating the two dimensional images with 
the program FIT2D (Hammersley et al. 1996). Selected integrated patterns are 
reported in Figures 2b and 2c, for s.o. and m.e.w., respectively.

Rietveld profile fittings to obtain the unit-cell parameters were performed using 
the GSAS package (Larson and Von Dreele 1996) with the EXPGUI (Toby 2001) 
interface, up to 5.9 GPa in s.o. (the quality of the higher pressure patterns were too 
low for the refinement), and up to 7.6 GPa in m.e.w. The starting atomic coordinates 
were obtained from the structural model determined by the Pamb experiment. The 
background curves were fitted by a Chebyshev polynomial (Table 2). The pseudo-
Voigt profile function proposed by Thomson et al. (1987) and cut-off of the peak 
intensity were applied. The refined cell parameters as a function of pressure are 
reported in Table 3 and Figures 3a and 3b, for s.o. and m.e.w., respectively. 

The quality of the data collected in m.e.w. allowed for complete structural 
refinements up to 3.6 GPa. The refinement strategy used for the Pamb experiment 
was applied to the structural refinement of boggsite compressed in m.e.w. Table 4 
reports the details of the four selected structural refinements at Pamb, 2.5 GPa, 3.6 
GPa, and Pamb(rev) discussed below.

The isothermal bulk moduli of boggsite compressed in s.o. and m.e.w. were 
determined with the EOS-FIT program (Angel 2001), using a truncated second-
order Birch-Murnaghan equation of state (Birch 1974). 

Results and discussion

Inspection of Figure 2 indicates that, for both P-transmitting 
media, the peak intensities decrease and the peak profiles become 
broader with increasing pressure. These effects are particularly 
evident in the patterns collected in s.o. and can be due to several 
factors, such as an increase in the long-range structural disorder, 
and the presence of texture effects. However, both HP data sets 
demonstrate that boggsite does not undergo complete amorphiza-
tion up to the highest investigated pressure. 

Elastic behavior in silicon oil 
Although boggsite in s.o. was compressed to 9.3 GPa, the 

unit-cell parameters were successfully refined only to 5.9 GPa. 
In this P range, a unit-cell volume reduction of 13.0% was ob-
served. The unit-cell parameters undergo an isotropic decrease 
up to about 1 GPa followed by anisotropic behavior above this 
pressure. In the whole range Pamb–5.9 GPa, the unit-cell axes 
reductions are 5.3, 4.2, and 4.0% for a, b, and c, respectively 
(Table 3; Fig. 3a). 

The unit-cell parameters of the Pamb pattern are completely 
recovered upon decompression, but a hysteresis effect is observed 
at 4.2 GPa(rev). This effect completely disappears at Pamb(rev) 
(Fig. 3a; Table 3). On the other hand, the Pamb peak intensities are 
only partially recovered (Fig. 2b). The hysteresis effect could be 

Table 2. 	 Experimental and structural refinement parameters for the XRPD measurements in silicon oil (s.o.) and (16:3:1) methanol:ethanol:water 
(m.e.w.)

	 s.o.	 m.e.w.
λ	 0.7355	 0.70026
Detector	 MAR345 (pixel dimension = 150 µm)	 MAR345 (pixel dimension = 150 µm)
Sample-detector distance (mm)	 230	 221
Exposure time (s)	 600	 180
P-range (GPa)	 0.1–9.3	 0.3–7.6
∆P increment (GPa)	 0.3–0.7	 0.2–0.7
Sample equilibration time (min)	 30	 30
Integration 2θ range of the powder patterns (°)	 0–35.5	 0–37
No. of coefficients used in the Chebyshev polynomial	 22	 25
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Figure 2. (a) Boggsite XRPD pattern collected at Pamb conditions. 
(b and c) selected integrated powder patterns, collected in silicon oil 
and (16:3:1) methanol:ethanol:water, respectively, reported as a function 
of pressure. The patterns at the top of the figures (rev) were collected 
during decompression. 

a

b

c

Elastic behavior in (16:3:1) methanol:ethanol:water 
From Pamb to 7.6 GPa, a unit-cell volume reduction of about 

11.5% was observed for boggsite compressed in m.e.w, whereas 
the unit-cell axes undergo an almost isotropic reduction (∆a = ∆b 
= 4.1, ∆c = 3.8%). Contrary to observations in s.o., the structural 
deformations induced by HP recover without any hysteresis effect 
(Figs. 2c and 3b; Table 3).

A discontinuity between 2.5 and 2.9 GPa is evident in the 
P-cell parameters shown in Figure 3b. The elastic parameters 
calculated between 2.9 and 7.6 GPa using the data weighted by 
the uncertainties in P and V, are: V0 = 6405(17) Å3, K0 = 37(1) 
GPa. Elastic parameters were not calculated for the first P-range 
because in this pressure regime a variation in the extraframework 
composition of the system is observed, due to the penetration of 
additional water molecules (see below). As in s.o., compress-
ibility in m.e.w. is high when compared to other natural and 
synthetic zeolites studied with “penetrating” aqueous media 
(Ori et al. 2008).

due to the strong compression of the sample during the experi-
ment up to 9.3 GPa and short equilibration time.

The elastic parameters, obtained using the data weighted by 
the uncertainties in P and V, are V0 = 6240(6) Å3, K0 = 31.1(4) 
GPa. Since the bulk modulus values determined for zeolites 
with “non-penetrating” P-transmitting media range from 21 to 
72 GPa (Leardini et al. 2010), boggsite can be classified as one 
of the most compressible zeolites.
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HP-induced structural deformations of boggsite in (16:3:1) 
methanol:ethanol:water

Framework. The structural deformations induced by HP on 
boggsite were determined by means of 10 complete Rietveld 
structural refinements performed from Pamb to 3.6 GPa. The re-
sults of the refinements corresponding to four selected pressure 
values [Pamb, 2.5 GPa, 3.6 GPa, Pamb(rev)] are reported in Tables 
5–8 and shown in Figures 4–7. The structural variations induced 
on the framework up to 3.6 GPa are minimal, consistent with 
small variations of the unit-cell axes (about 2%) and volume 
(5%) in this P-range. The decrease of both b and c parameters 
are due to the flattening of the 4-membered rings surrounding 
the 12-membered ring channel (Fig. 4). Figure 5 suggests that 
the c axis contraction also depends on the deformation of the 
two 6-membered rings above and below the 10-membered ring 
channel. Considering the uncertainty on the bond distances 
determined by the structural refinements, neither significant 
variations in the T-O bond distances nor Si/Al ordering were 
observed with increasing P (Table 6).

The structural modifications on the channel apertures can be 
understood by examination of Table 7, which shows the dimen-
sions of the boggsite channels [assuming a spherical shape with 
radius of 1.35 Å (Shannon 1976) for the framework O atoms] 
and the Crystallographic Free Area (CFA, sensu Baerlocher et al. 
2001) of both channel apertures. According to Pluth and Smith 
(1990), the 12-membered ring dimensions can be defined by 
the O15-O15 and O1-O6 distances; the resulting aperture in the 
sample of this study at Pamb is 7.99 × 7.02 Å. The cross-section 
of the 10-membered ring channel can be defined using the O8-
O8 distance and the average of O9-O9 and O4-O4 distances; 
dimensions of 5.22 × 4.80 Å were obtained at Pamb. The apparent 
trends in Table 7 are not regular, however both channel apertures 
tend to become more circular from Pamb to 3.6 GPa. 

Extraframework sites. At Pamb, 13 extraframework sites 
were located, in agreement with the results of Zanardi et al. 
(2004) (Table 5). Most of these sites are far from the framework 
O atoms (Table 8). For reasons explained below, three of the sites 
(X1, X7, and X9 in Tables 5 and 8) were tentatively refined with 
the Ca scattering curve, whereas all the other sites were refined 
with the oxygen scattering curve. Table 8 shows that several 
X-X bond distances are too short. Some are acceptable on the 
basis of the sum (lower than 1) of the occupancy factors of the 
involved sites (using the scattering curve of oxygen) and are, 
hence, mutually exclusive. For others, the sum is greater than 
1, and hence, these sites are assumed to be occupied by both Ca 
and water molecules. The refinement allocated 955 electrons, 
compared to 983 electrons derived from the chemical composi-
tions of boggsite from Antarctica (Table 1). 

Upon compression, the occupancy factor increased signifi-
cantly in extraframework sites X3, X4, X5, X11, and X12. The 

Table 3. 	 Unit-cell  parameters of boggsite at the investi-
gated pressures, using silicon oil (s.o.) and (16:3:1) 
methanol:ethanol:water (m.e.w.) 

P (GPa)	 a (Å)	 b (Å)	 c (Å)	 V (Å3)
s.o.

Pamb	 20.3266(6)	 23.8760(8)	 12.8252(5)	 6224.3(4)
0.1	 20.305(1)	 23.837(1)	 12.819(1)	 6205(1)
0.4	 20.253(1)	 23.775(2)	 12.788(1)	 6158(1)
0.7	 20.220(2)	 23.737(2)	 12.768(2)	 6128(1)
1.1	 20.119(2)	 23.681(3)	 12.709(3)	 6055(2)
1.4	 20.019(3)	 23.635(4)	 12.660(2)	 5990(2)
1.9	 19.899(3)	 23.513(5)	 12.599(3)	 5895(2)
2.5	 19.799(4)	 23.391(6)	 12.546(4)	 5810(3)
3.0	 19.722(5)	 23.326(7)	 12.513(5)	 5756(4)
3.6	 19.629(6)	 23.211(8)	 12.467(6)	 5680(4)
4.3	 19.511(7)	 23.100(9)	 12.412(7)	 5594(5)
5.3	 19.308(9)	 22.96(1)	 12.331(9)	 5467(6)
5.9	 19.24(1)	 22.87(1)	 12.31(1)	 5415(7)
4.2(rev)	 19.11(1)	 22.86(2)	 12.28(1)	 5365(10)
Pamb(rev)	 20.303(2)	 23.833(2)	 12.827(2)	 6207(1)
 
	  	 m.e.w.	  	  
Pamb	 20.3266(6)	 23.8760(8)	 12.8252(5)	 6224.3(4)
0.3	 20.299(1)	 23.854(1)	 12.8164(9)	 6205.9(9)
0.5	 20.284(1)	 23.837(1)	 12.809(1)	 6193(9)
0.7	 20.259(1)	 23.822(1)	 12.804(1)	 6179(1)
1.3	 20.183(1)	 23.755(1)	 12.778(1)	 6127(1)
1.7	 20.141(1)	 23.704(1)	 12.754(1)	 6088.4(8)
2.5	 20.082(1)	 23.613(1)	 12.709(1)	 6026(1)
2.9	 20.038(1)	 23.553(1)	 12.674(1)	 5981.8(9)
3.6	 19.949(1)	 23.445(2)	 12.607(1)	 5901(1)
4.1	 19.883(1)	 23.359(2)	 12.572(1)	 5839(1)
4.5	 19.828(1)	 23.29(2)	 12.533(1)	 5788(1)
5.4	 19.736(1)	 23.181(1)	 12.480(1)	 5710(1)
6.1	 19.631(1)	 23.063(2)	 12.422(2)	 5624.6(8)
6.6	 19.577(2)	 22.995(3)	 12.392(2)	 5579(1)
7.6	 19.495(2)	 22.903(3)	 12.342(2)	 5511(2)
5.6(rev)	 19.719(2)	 23.152(3)	 12.473(2)	 5694(1)
3.8(rev)	 19.967(2)	 23.45(3)	 12.615(2)	 5907(1)
2.4(rev)	 20.081(2)	 23.621(2)	 12.702(1)	 6025(1)
Pamb(rev)	 20.326(3)	 23.883(2)	 12.836(1)	 6231(1)

Figure 3. Variation of boggsite lattice parameters as a function of 
pressure. (a) Data collected in silicon oil (s.o.); (b) data collected in 
(16:3:1) methanol:ethanol:water (m.e.w). The errors associated with the 
cell parameters are smaller than the symbol size. 
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Table 4. 	 Details of the structural refinements of boggsite in m.e.w. 
at selected pressures

	 Pamb	 2.5 GPa	 3.6 GPa	 Pamb(rev)
Rp	 5.2	 3.3	 2.6	 2.6
Rwp	 6.8	 2.6	 2.1	 2.2
RF**2	 9.4	 8.7	 8.2	 8.8
No. of variables	 141	 141	 141	 141
No. of observations	 2185	 1175	 1154	 1202
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Table 5. Refined atomic positions and displacement parameters (Å2) of boggsite in (16:3:1) methanol:ethanol:water at selected pressures
	 x/a	 y/b	 z/c	 Occ.	 Uiso	 	 x/a	 y/b	 z/c	 Occ.	 Uiso

			   Pamb	 					     2.5 GPa
Si1	 0.1889(8)	 0.1870(5)	 0.670(1)	 1	 0.0163(9)		  0.1907(9)	 0.1862(8)	 0.6680(1)	 1	 0.015(2)
Si2	 0.1873(7)	 0.0257(5)	 0.329(1)	 1	 0.0163(9)		  0.1855(9)	 0.0256(8)	 0.322(1)	 1	 0.015(2)
Si3	 0.0751(7)	 0.1839(5)	 0.833(1)	 1	 0.0163(9)		  0.0781(8)	 0.1860(8)	 0.833(1)	 1	 0.015(2)
Si4	 0.0772(7)	 0.0175(6)	 0.165(1)	 1	 0.0163(9)		  0.078(1)	 0.0198(9)	 0.164(1)	 1	 0.015(2)
Si5	 0.2226(6)	 0.0819(6)	 0.541(1)	 1	 0.0163(9)		  0.2217(9)	 0.0784(8)	 0.543(2)	 1	 0.015(2)
Si6	 0.1231(6)	 0.0848(6)	 0.967(1)	 1	 0.0163(9)		  0.1259(8)	 0.0843(9)	 0.963(1)	 1	 0.015(2)
O1	 0.195(2)	 0.25	 0.614(2)	 1	 0.023(2)		  0.180(3)	 0.25	 0.614(3)	 1	 0.027(3)
O2	 0.120(1)	 0.173(1)	 0.733(1)	 1	 0.023(2)		  0.123(2)	 0.168(1)	 0.729(2)	 1	 0.027(3)
O3	 0.199(1)	 0.146(9)	 0.566(1)	 1	 0.023(2)		  0.201(2)	 0.144(1)	 0.569(2)	 1	 0.027(3)
O4	 0.183(1)	 0.072(1)	 0.423(2)	 1	 0.023(2)		  0.201(2)	 0.068(1)	 0.418(2)	 1	 0.027(3)
O5	 0.115(1)	 0.035(1)	 0.274(2)	 1	 0.023(2)		  0.110(1)	 0.037(1)	 0.274(2)	 1	 0.027(3)
O6	 0.092(2)	 0.25	 0.872(3)	 1	 0.023(2)		  0.100(1)	 0.25	 0.857(4)	 1	 0.027(3)
O7	 0.00	 0.175(2)	 0.794(2)	 1	 0.023(2)		  0.00	 0.173(2)	 0.833(4)	 1	 0.027(3)
O8	 0.00	 0.027(2)	 0.196(3)	 1	 0.023(2)		  0.00	 0.029(2)	 0.197(4)	 1	 0.027(3)
O9	 0.186(1)	 0.0391(9)	 0.619(2)	 1	 0.023(2)		  0.187(2)	 0.032(1)	 0.614(2)	 1	 0.027(3)
O10	 0.106(1)	 0.1515(9)	 0.942(1)	 1	 0.023(2)		  0.093(2)	 0.146(3)	 0.936(2)	 1	 0.027(3)
O11	 0.086(1)	 0.074(1)	 0.085(2)	 1	 0.023(2)		  0.080(1)	 0.065(1)	 0.063(2)	 1	 0.027(3)
O12	 0.199(1)	 0.0732(9)	 0.967(1)	 1	 0.023(2)		  0.203(1)	 0.085(1)	 0.976(2)	 1	 0.027(3)
O13	 0.099(1)	 0.037(1)	 0.881(2)	 1	 0.023(2)		  0.103(2)	 0.044(1)	 0.866(3)	 1	 0.027(3)
O14	 0.25	 0.173(2)	 0.75	 1	 0.023(2)		  0.25	 0.183(3)	 0.75	 1	 0.027(3)
O15	 0.25	  –0.027(2)	 0.75	 1	 0.023(2)		  0.25	  –0.023(3)	 0.75	 1	 0.027(3)
X1	 0.00	 0.178(1)	 0.132(2)	 0.48(1)	 0.154(6)		  0.00	 0.186(2)	 0.172(5)	 0.51(2)	 0.164(7)
X2	 0.181(1)	 0.1653(7)	 0.235(1)	 1.29(2)	 0.154(6)		  0.164(2)	 0.157(1)	 0.206(3)	 1.30(2)	 0.164(7)
X3	 0.204(4)	 0.25	 0.090(5)	 0.56(3)	 0.154(6)		  0.229(4)	 0.25	 0.058(7)	 0.87(4)	 0.164(7)
X4	 0.099(2)	 0.183(1)	 0.463(3)	 0.65(2)	 0.154(6)		  0.092(5)	 0.136(3)	 0.421(9)	 0.70(5)	 0.164(7)
X5	 0.00	 0.25	 0.555(4)	 0.81(4)	 0.154(6)		  0.00	 0.25	 0.577(4) 	 1.65(6)	 0.164(7)
X6	 0.00	  –0.043(1)	 0.417(2)	 1.11(3)	 0.154(6)		  0.00	  –0.040(2)	 0.449(5)	 1.19(5)	 0.164(7)
X7	 0.063(1)	 0.153(1)	 0.376(2)	 0.40(9)	 0.154(6)		  0.089(4)	 0.171(2)	 0.417(6)	 0.40(2)	 0.164(7)
X8	 0.035(1)	 0.135(1)	 0.585(2)	 0.72(2)	 0.154(6)		  0.044(2)	 0.110(2)	 0.621(4)	 0.77(3)	 0.164(7)
X9	 0.062(2)	 0.25	 0.286(2)	 0.46(1)	 0.154(6)		  0.046(4)	 0.25	 0.291(4)	 0.42(2)	 0.164(7)
X10	 0.125(2)	 0.25	 0.070(3)	 1.07(3)	 0.154(6)		  0.117(4)	 0.25	 0.061(6)	 0.99(4)	 0.164(7)
X11	 0.202(3)	 0.25	 0.369(4)	 0.73(3)	 0.154(6)		  0.193(5)	 0.25	 0.340(7)	 0.97(4)	 0.164(7)
X12	 0.219(5)	 0.25	 0.243(9)	 0.45(3)	 0.154(6)		  0.190(6)	 0.25	 0.213(7)	 0.81(5)	 0.164(7)
X13	 0.00	 0.060(1)	 0.408(3)	 0.98(3)	 0.154(6)		  0.00	 0.088(3)	 0.352(5)	 0.91(4)	 0.164(7)
 
			   3.6 GPa						      Pamb(rev)
Si1	 0.1891(8)	 0.1880(7)	 0.679(1)	 1	 0.015(2)		  0.1889(8)	 0.1853(6)	 0.669(1)	 1	 0.015(1)
Si2	 0.1883(9)	 0.0230(7)	 0.318(1)	 1	 0.015(2)		  0.1852(8)	 0.0209(8)	 0.324(1)	 1	 0.015(1)
Si3	 0.0788(8)	 0.1821(6)	 0.838(2)	 1	 0.015(2)		  0.0774(8)	 0.1854(7)	 0.834(1)	 1	 0.015(1)
Si4	 0.0802(6)	 0.0183(8)	 0.165(2)	 1	 0.015(2)		  0.0780(8)	 0.0236(9)	 0.167(1)	 1	 0.015(1)
Si5	 0.2179(8)	 0.0783(8)	 0.542(1)	 1	 0.015(2)		  0.2237(8)	 0.0796(7)	 0.532(2)	 1	 0.015(1)
Si6	 0.1260(8)	 0.0818(9)	 0.965(1)	 1	 0.015(2)		  0.1211(8)	 0.0826(8)	 0.960(1)	 1	 0.015(1)
O1	 0.187(3)	 0.25	 0.613(3)	 1	 0.051(3)		  0.185(3)	 0.25	 0.628(3)	 1	 0.012(3)
O2	 0.118(3)	 0.173(1)	 0.726(2)	 1	 0.051(3)		  0.117(2)	 0.173(1)	 0.727(2)	 1	 0.012(3)
O3	 0.209(2)	 0.145(1)	 0.573(2)	 1	 0.051(3)		  0.202(2)	 0.141(1)	 0.576(2)	 1	 0.012(3)
O4	 0.204(2)	 0.067(1)	 0.417(2)	 1	 0.051(3)		  0.189(2)	 0.071(1)	 0.415(2)	 1	 0.012(3)
O5	 0.112(1)	 0.040(1)	 0.277(2)	 1	 0.051(3)		  0.114(1)	 0.044(1)	 0.275(2)	 1	 0.012(3)
O6	 0.092(2)	 0.25	 0.858(4)	 1	 0.051(3)		  0.084(2)	 0.25	 0.867(3)	 1	 0.012(3)
O7	 0	 0.172(2)	 0.812(4)	 1	 0.051(3)		  0.00	 0.173(2)	 0.801(3)	 1	 0.012(3)
O8	 0	 0.027(2)	 0.172(4)	 1	 0.051(3)		  0.00	 0.028(2)	 0.196(3)	 1	 0.012(3)
O9	 0.175(1)	 0.037(9)	 0.617(2)	 1	 0.051(3)		  0.191(2)	 0.0404(9)	 0.618(2)	 1	 0.012(3)
O10	 0.093(2)	 0.142(1)	 0.942(2)	 1	 0.051(3)		  0.098(1)	 0.1450(11)	 0.931(2)	 1	 0.012(3)
O11	 0.088(2)	 0.071(1)	 0.078(2)	 1	 0.051(3)		  0.092(2)	 0.0678(11)	 0.074(2)	 1	 0.012(3)
O12	 0.204(8)	 0.073(1)	 0.974(2)	 1	 0.051(3)		  0.1988(9)	 0.0812(11)	 0.968(2)	 1	 0.012(3)
O13	 0.106(1)	 0.046(9)	 0.863(2)	 1	 0.051(3)		  0.103(1)	 0.0375(11)	 0.874(2)	 1	 0.012(3)
O14	 0.25	 0.1927(23)	 0.75	 1	 0.051(3)		  0.25	 0.185(2)	 0.75	 1	 0.012(3)
O15	 0.25	  –0.0462(19)	 0.75	 1	 0.051(3)		  0.25	  –0.0266(19)	 0.75	 1	 0.012(3)
X1	 0	 0.198(2)	 0.119(4)	 0.51(1)	 0.165(7)		  0.00	 0.180(2)	 0.144(4)	 0.53(1)	 0.174(8)
X2	 0.173(2)	 0.157(1)	 0.195(3)	 1.16(2)	 0.165(7)		  0.186(2)	 0.164(1)	 0.221(2)	 1.15(2)	 0.174(8)
X3	 0.306(5)	 0.25	 0.115(4)	 0.88(4)	 0.165(7)		  0.198(7)	 0.25	 0.077(7)	 0.59(4)	 0.174(8)
X4	 0.098(2)	 0.155(3)	 0.315(4)	 0.77(3)	 0.165(7)		  0.130(3)	 0.177(3)	 0.495(7)	 0.53(2)	 0.174(8)
X5	 0	 0.25	 0.559(4)	 1.61(6)	 0.165(7)		  0.00	 0.25	 0.520(7) 	 0.96(4)	 0.174(8)
X6	 0	  –0.042(2)	 0.441(5)	 1.19(5)	 0.165(7)		  0.00	  –0.044(2)	 0.409(3)	 1.11(3)	 0.174(8)
X7	 0.079(2)	 0.163(2)	 0.443(3)	 0.37(1)	 0.165(7)		  0.079(1)	 0.142(1)	 0.379(3)	 0.44(1)	 0.174(8)
X8	 0.0504(18)	 0.111(1)	 0.605(3)	 0.85(3)	 0.165(7)		  0.050(2)	 0.141(2)	 0.577(3)	 0.71(2)	 0.174(8)
X9	 0.012(5)	 0.25	 0.319(4)	 0.45(1)	 0.165(7)		  0.064(3)	 0.25	 0.294(4)	 0.41(1)	 0.174(8)
X10	 0.175(2)	 0.25	 0.006(3)	 1.19(4)	 0.165(7)		  0.107(4)	 0.25	 0.075(5)	 0.91(3)	 0.174(8)
X11	 0.123(4)	 0.25	 0.232(6)	 1.01(5)	 0.165(7)		  0.179(4)	 0.25	 0.351(5)	 0.96(3)	 0.174(8)
X12	 0.222(4)	 0.25	 0.157(5)	 0.86(5)	 0.165(7)		  0.218(9)	 0.25	 0.157(11)	 0.44(5)	 0.174(8)
X13	 0	 0.057(3)	 0.359(5)	 0.90(4)	 0.165(7)		  0.00	  0.079(4)	 0.407(5)	 0.90(3)	 0.174(8)
Note: Ca scattering curve was chosen for X1, X7, and X9 sites; all the other sites were refined as O atoms.
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increase has been reasonably ascribed to the penetration of extra 
water molecules in these positions. This over-hydration phenom-
enon can be seen in Figure 6, which shows an increase in the 
total electron number of extraframework sites as a function of 
pressure. One can argue that water penetration starts at 0.3 GPa 
and ceases around 3 GPa. Calculations (total electron number 
derived by the refinements minus the electrons corresponding to 
the cation content in the chemical analysis) reveal that 13 extra 

Table 6. 	 T-O framework distances (Å) for boggsite in (16:3:1) 
methanol:ethanol:water at selected pressures

 	  Pamb	 2.5 GPa	 3.6 GPa 	 Pamb(rev)
Si1-O1	 1.67(1)	 1.67(2)	 1.618(9)	 1.64(2)
    -O2	 1.65(2)	 1.62(2)	 1.627(9)	 1.63(2)
    -O3	 1.67(2)	 1.62(2)	 1.641(9)	 1.62(1)
    -O14	 1.64(1)	 1.58(1)	 1.584(8)	 1.62(1)
mean	 1.66	 1.62	 1.618	 1.63
Si2-O4	 1.63(2)	 1.65(2)	 1.655(9)	 1.67(2)
    -O5	 1.64(2)	 1.65(2)	 1.647(9)	 1.67(2)
    -O9	 1.68(2)	 1.59(2)	 1.642(9)	 1.65(2)
    -O15	 1.63(1)	 1.59(1)	 1.597(9)	 1.63(1)
mean	 1.65	 1.60	 1.635	 1.66
Si3-O2	 1.59(2)	 1.65(2)	 1.633(9)	 1.63(2)
    -O6	 1.69(2)	 1.61(2)	 1.634(9)	 1.61(1)
    -O7	 1.62(1)	 1.60(1)	 1.625(9)	 1.65(1)
    -O10	 1.71(2)	 1.65(2)	 1.630(9)	 1.63(2)
mean	 1.65	 1.63	 1.630	 1.63
Si4-O5	 1.65(2)	 1.60(2)	 1.626(9)	 1.64(2)
    -O8	 1.63(1)	 1.65(2)	 1.614(9)	 1.63(1)
    -O11	 1.70(2)	 1.66(2)	 1.659(9)	 1.62(2)
    -O13	 1.51(2)	 1.62(2)	 1.627(9)	 1.63(1)
mean	 1.62	 1.63	 1.632	 1.63
Si5-O3	 1.63(2)	 1.63(2)	 1.612(9)	 1.64(2)
    -O4	 1.74(2)	 1.62(2)	 1.632(9)	 1.67(2)
    -O9	 1.61(2)	 1.57(2)	 1.605(9)	 1.59(2)
    -O12	 1.62(2)	 1.54(2)	 1.574(9)	 1.57(1)
mean	 1.65	 1.59	 1.606	 1.62
Si6-O10	 1.66(2)	 1.63(2)	 1.592(9)	 1.61(2)
    -O11	 1.71(2)	 1.63(2)	 1.631(9)	 1.62(2)
    -O12	 1.56(2)	 1.55(2)	 1.578(9)	 1.58(1)
    -O13	 1.65(2)	 1.63(2)	 1.600(9)	 1.58(2)
mean	 1.65	 1.61	 1.600	 1.60

Table 7. 	 Selected distances (Å) and areas (Å2) across 12- and 
10-membered ring channels of boggsite in (16:3:1) 
methanol:ethanol:water at different pressures

P (GPa)	 12 MR*	 C.F.A.‡	 O15-O15	 O1-O6	 O4-O11	 O3-O10
Pamb	 7.99 × 7.02	 40.89	 7.99	 7.02	 6.99	 6.86
0.3	 7.64 × 7.05	 40.91	 7.64	 7.05	 7.00	 7.18
0.5	 7.87 × 7.23	 42.37	 7.87	 7.23	 7.30	 7.35
0.7	 8.03 × 7.20	 42.60	 8.03	 7.20	 7.12	 7.11
1.3	 8.09 × 7.29	 43.10	 8.09	 7.29	 7.15	 7.10
1.7	 7.54 × 7.33	 41.60	 7.54	 7.33	 7.22	 7.02
2.5	 7.79 × 7.07	 41.97	 7.79	 7.07	 7.40	 6.98
2.9	 7.51 × 7.09	 40.43	 7.51	 7.09	 7.11	 6.99
3.6	 6.76 × 7.11	 39.01	 6.76	 7.11	 7.23	 7.09
Pamb(rev)	 7.97 × 7.28	 43.19	 7.97	 7.28	 7.16	 7.26

P (GPa)	 10 MR†	 C.F.A.‡	 O9-O9	 O4-O4	 O5-O5	 O8-O8
Pamb	 5.22 × 4.80	 19.12	 4.84	 4.75	 4.93	 5.22
0.3	 5.26 × 4.95	 19.90	 5.01	 4.89	 4.98	 5.26
0.5	 5.27 × 4.89	 19.23	 4.96	 4.81	 4.76	 5.27
0.7	 5.10 × 5.11	 20.26	 5.24	 4.97	 5.01	 5.10
1.3	 5.57 × 5.08	 20.76	 4.65	 5.50	 4.85	 5.57
1.7	 4.99 × 5.02	 19.66	 4.96	 5.08	 4.99	 4.99
2.5	 5.15 × 5.25	 20.50	 4.81	 5.68	 4.80	 5.15
2.9	 5.13 × 4.63	 19.76	 4.36	 4.90	 5.68	 5.13
3.6	 5.03 × 4.87	 19.06	 4.43	 5.30	 4.95	 5.03
Pamb(rev)	 5.21 × 5.04	 20.20	 5.08	 5.00	 5.00	 5.21
* O15-O15 × O1-O6.
† O8-O8 × average of O9-O9 and O4-O4.
‡ Crystallographic Free Area of the channel apertures (sensu Baerlocher et al. 
2001) calculated using, for the diameter of the ring, the average of the O-O 
distances reported in the table. 
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Figure 4. Projection of the boggsite structure along [100] at (a) 
Pamb, (b) 2.5 GPa, (c) 3.6 GPa, and (d) Pamb(rev). Small black circles: X1, 
X7, X9; large gray circles: X3, X4, X5, X11 X12; large white circles: 
X2, X6, X8, X10, X13.
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Figure 5. Projection of the boggsite structure along [010] at (a) 
Pamb, (b) 2.5 GPa, (c) 3.6 GPa, and (d) Pamb(rev). Small black circles: X1, 
X7, X9; large gray circles: X3, X4, X5, X11 X12; large white circles: 
X2, X6, X8, X10, X13.
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water molecules penetrate boggsite structure in this P range. 
This corresponds to an increase of about 14% of the total water 
content of the zeolite. 

Most extraframework sites are statistically occupied by both 
Ca and water molecules. Three of the sites (X1, X7, and X9 in 
Tables 5 and 8) were tentatively refined with the Ca scattering 
curve based on a combination of the following assumptions: (1) 
occupancy in these sites does not increase significantly upon 
compression, suggesting that no extra water molecules enter into 
these positions, and (2) the X-X bond distances in the sites are 
reasonable following the first assumption. However, these three 
sites likely also host some water molecules because, otherwise, 

the number of electrons in these crystallographic positions would 
be greater than that obtained for the cations from the chemical 
analysis (Table 1).

Reversibility. Figure 3 and Table 3 illustrate the revers-
ibility of the HP-induced unit-cell parameters in boggiste when 
compressed in m.e.w. Furthermore, the original water content 
is restored upon pressure release. However, the framework 
structural deformations are not completely reversible (Table 7). 
Upon decompression, the 12-membered ring channel becomes 
much larger and more circular than that at ambient conditions 
and its CFA is similar to that observed at 1.3 GPa, and the larger 
CFA of the 10-membered ring channel does not completely 

Table 8. 	 Interatomic distances (<3.20 Å) of the extraframework 
population for selected refinements of boggsite in (16:3:1) 
methanol:ethanol:water 

	 Pamb	 2.5 GPa	 3.6 GPa	 Pamb(rev)	
X1-O11	 3.10(2) ×2
    -X1		  3.03(11)	 2.45(8)	
    -X9	 2.90(4) ×2	 2.33(6) ×2	 2.82(6) ×2	 2.86(6) ×2
    -X10	 3.17(3) ×2	 3.14(7) ×2		  2.87(6) ×2
    -X11		  3.09(7) ×2	 3.14(3)
X2-O5			   3.16(4)	
    -O11			   2.98(3)	
    -O15			   3.17(3)	
    -X2	 2.83(5)			   2.70(9)
    -X3	 2.79(5)	 3.17(7)		  2.77(7)
    -X7	 3.01(3)	 3.09(8)		  3.02(5)
    -X10	 3.14(3)	 3.02(6)		
    -X11	 2.68(4)	 2.84(6)	 2.42(5)	 2.64(5)
    -X12	 2.17(4)	 2.26(4)	 2.44(4)	 2.30(8)
    -X12	 2.88(7)		
    -X4		  3.13(11)	 2.13(4)	
X3-O1		  2.86(9)	 2.90(5)	
    -X2	 2.79(5) ×2	 3.17(7) ×2		  2.77(7) ×2
    -X7			   3.15(7) ×2	
    -X10	 1.63(9)	 2.24(10)	 2.95(9)	 1.86(16)
    -X11	 1.97(10)	 2.03(10)	 2.39(8)	 2.67(17)
    -X12	 1.99(11)	 2.12(10)	 1.76(9)	 1.11(17)
    -X12	 2.65(13)		  2.93(7)	
X4-O1	 3.18(4)			   2.70(7)
    -O2				    2.95(9)
    -O3	 2.59(4)	 2.89(11)		  2.04(7)
    -O4	 3.20(3)	 2.86(9)		  3.00(7)
    -O5		  3.01(9)	 2.75(6)	
    -X2			   2.13(4)	
    -X4	 3.19(7)	 3.13(11)		
    -X5	 2.83(5)			 
    -X7	 1.51(4)	 0.82(10)	 1.67(7)	 2.00(8)
    -X8	 2.33(5)	 2.79(10)		  2.12(8)
    -X9	 2.87(4)		  2.82(8)	
    -X11	 2.90(6)		  2.51(6)	 2.72(10)
    -X13		  2.35(12)	 3.05(7)	
X5-X4	 2.83(5) ×4			   3.18(6) ×4
    -X8	 2.85(3) ×4			   2.90(4) ×4
    -X7			   2.96(5) ×4		
    -X9			   3.04(6) ×2	 3.18(8) ×2
X6-O8				    3.11(5)
    -X6	 2.95(6)	 2.30(8)	 2.47(8)	 3.13(8)
    -X8	 2.33(4) ×2	 2.08(5) ×2	 1.99(4) ×2	 2.54(6) ×2
    -X13	 2.45(4)	 2.77(8)	 2.56(9)	 2.93(7)
    -X13	 2.28(4)		  2.55(6)	 2.50(7)
X7-O3		  3.03(8)	 3.00(4)	
    -O4	 3.17(2)			   2.84(3)
    -O5				    2.86(4)
    -X2	 3.01(3)	 3.09(8)		  3.02(5)
    -X3			   3.15(7)	
    -X4	 1.51(4)	 0.82(10)	 1.67(7)	 2.00(8)
    -X5			   2.96(5)
    -X7	 2.57(4)		  3.15(8)
    -X8	 2.77(4)	 3.10(8)	 2.45(4)	  2.61(5)

Table 8.—Continued

	 Pamb	 2.5 GPa	 3.6 GPa	 Pamb(rev)
    -X9	 2.58(3)	 2.62(7)	 2.90(7)	 2.82(4)
    -X11		  2.97(9)
    -X13	 2.61(4)	 2.79(8)	 3.12(8)	 2.23(6)
X8-O2	 2.72(3)	 2.50(5)	 2.49(4)	 2.45(5)
    -O3			   3.18(4)	 3.15(4)
    -O7	 2.93(2)		
    -X4	 2.33(5)	 2.79(10)		  2.12(8)
    -X5	 2.85(3)			   2.90(4)
    -X6	 2.33(4)	 2.08(5)	 1.99(4)	 2.54(6)
    -X7	 2.77(4)	 3.10(8)	 2.45(4)	 2.61(5)
    -X8	 1.43(6)	 1.78(9)	 2.01(7)	 2.06(8)
    -X13	 2.99(4)			   2.83(8)
X9-X1	 2.90(4) ×2	 2.33(6) ×2	 2.82(6) ×2	 2.86(6) ×2
    -X4	 2.87(4) ×2		  2.82(8) ×2
    -X5			   3.04(6)	
    -X7	 2.58(3) ×2	 2.62(7) ×2	 2.90(7) ×2	 2.82(4) ×2
    -X7			   3.14(7) ×2	
    -X9	 2.52(7)	 1.84(14)	 0.47(2)	 2.62(11)
    -X10	 3.05(5)			   2.93(8)
    -X11	 3.05(7)	 3.03(11)	 2.47(11)	 2.44(8)
    -X11			   2.90(11)	
    -X12		  3.06(16)	
X10-O6	 2.63(3)	 2.62(8)	 2.51(5)	 2.73(6)
    -O10	 2.90(2) ×2	 2.97(4) ×2	 3.11(3)	 3.07(4) ×2
    -X1	 3.17(3) ×2	 3.14(7) ×2		  2.87(6)
    -X2	 3.14(3) ×2	 3.02(6) ×2	
    -X3	 1.63(9)	 2.24(10)	 2.95(9)	 1.86(16)
    -X9	 3.05(5)			   2.93(8)
    -X12	 2.93(11)	 2.43(10)	 2.12(6)	 2.50(16)
X11-O1	 3.16(5)		
    -X1			   3.09(7) ×2	
    -X2	 2.68(4) ×2	 2.84(6) ×2	 2.45(5)	 2.64(5) ×2
    -X3	 1.97(10)	 2.03(10)	 2.39(8)	 2.67(17)
    -X4	 2.90(6) ×2		  2.51(6) ×2	 2.72(10) ×2
    -X7		  2.97(9) ×2		
    -X9	 3.05(7)	 3.03(11)	 2.47(11)	 2.44(8)
    -X9			   2.90(12)	
    -X12	 1.65(11)	 1.61(7)	 2.19(9)	 2.61(14)
    -X12	 2.14(12)	 2.43(12)		  2.09(17)
X12-X2	 2.17(4) ×2	 2.26(4) ×2	 2.44(4) ×2	 2.30(8) ×2
    -X2	 2.88(7) ×2		  2.96(7)	
    -X3	 1.99(11)	 2.12(10)	 1.76(9)	 1.11(17)
    -X3	 2.65(13)		
    -X9		  3.06(16)	
    -X10	 2.93(11)	 2.43(10)	 2.12(6)	 2.50(16)
    -X11	 1.65(11)	 1.61(7)	 2.19(9)	 2.61(14)
    -X11	 2.14(12)	 2.43(12)		  2.09(17)
    -X12	 1.26(20)	 2.57(23)	 2.60(1)	 2.71(27)
X13-O5	 2.96(3) ×2	 2.70(4) ×2	 2.49(3) ×2	 3.03(5) ×2
    -O8	 2.83(4)	 2.40(7)	 2.46(6)	 2.99(8)
    -X4		  2.35(12) ×2	 3.05(7) ×2	
    -X6	 2.45(4)	 2.77(8)	 2.56(9)	 2.93(7)
    -X6	 2.28(4)	 2.79(8) ×2	 2.55(6)	 2.50(7)
    -X7	 2.61(4) ×2		  3.12(8) ×2	 2.23(6) ×2
    -X8	 2.99(4) ×2			   2.83(8) ×2
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Figure 6. Total number of electrons in the extraframework 
sites as a function of pressure for boggsite compressed in (16:3:1) 
methanol:ethanol:water; black square represents the total extra 
framework electrons at Pamb after decompression.
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Figure 7. Evolution of the 10- and 12-membered rings normalized 
to CFA as a function of pressure.

Figure 8. Comparison of the unit-cell volume as a function of 
pressure for boggsite compressed in silicon oil (circles) and (16:3:1) 
methanol:ethanol:water (triangles). The lines represent the fits obtained 
using second-order Birch-Murnaghan equations of state.

regain the original value. These data suggest that the water 
loss accompanying pressure release requires pore openings as 
suggested by zeolite dehydration studies, which indicate that 
water molecules migrate out of the cavities (see, i.e., Cruciani 
and Gualtieri 1999).

During compression, all extraframework sites undergo a 
significant re-organization (Figs. 4 and 5). However, the new 
site distribution is not completely reversible (positions of the 
extraframework sites present in boggsite at Pamb are not quite 
regained). This is particularly evident in the projection along 
[010] (Fig. 5). 

Concluding remarks

It is worth noting that over-hydration of boggsite occurs 
without any cell-volume expansion, similarly to that found for 
over-hydrated gismondine (Ori et al. 2008). In both phases, no 
new extraframework sites arise during the over-hydration process 
and water penetration only effects an increase in the occupancy 
factor of already existing sites. An interesting difference between 
boggsite and in gismondine over-hydration is the reversibility 
of the process; in gismondine, the penetrated water molecules 
remain in the pores (Ori et al. 2008), whereas boggsite releases 
the extra water molecules upon decompression.

Figure 7 illustrates the normalized CFA as a function of 
pressure for both channels. The trends are similar, with some 
irregularities, and show an increase in channel aperture area dur-
ing water penetration. As expected, above 2.5 GPa, subsequent 
to stabilization of water content (Fig. 6), a compression of the 
pores is observed.

It is interesting to compare the elastic behavior of boggsite 
compressed in m.e.w. and in s.o. In both cases, no complete amor-
phization is observed (Figs. 2b–2c) and the unit-cell parameters 
of Pamb are recovered upon decompression (Fig. 3), even though 
a large hysteresis effect is observed in s.o. Figure 8 shows that 
boggsite compressibility is higher in s.o. than in m.e.w. More-
over, compressibility in m.e.w. is lower below 3 GPa, whereas 
above this pressure, the P-V trend becomes similar in the two 
media. This is due to the fact that during the water molecule 
penetration (0.3 < P < 3 GPa) the effect of the P-transmitting 
medium is not only directed to compress the structure, but also 
to penetrate the channels. Subsequent to over-hydration phe-
nomenon (around 3 GPa), boggsite compressibility in m.e.w. 
increases and becomes similar to that observed in s.o. 

Boggsite is highly compressible (K0 = 31 and 37 GPa in 
s.o. and m.e.w., respectively), when compared to other zeolites 
studied under HP conditions. On the contrary, boggsite structure 
is extremely rigid during dehydration, accompanied by volume 
contraction less than 1.4% (up to 500 °C) (Zanardi et al. 2004). 
This behavior has also been observed for zeolite A (Pluth and 
Smith 1980; Arletti et al. 2003) and bikitaite (Ferro et al. 2002) 
and is the reverse of that observed in gismondine (Vezzalini et 
al. 1993; Ori et al. 2008).
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