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The a and c unit cell dimensions of melanophlogite (MEP) have been determined in the temperature range —50
to 700 °C, showing a different expansion behavior for the low temperature o-phase. The c-axis length, 2c,
which is smaller than a-axis length in the o.-phase, shows a steep rise reaching the value of a at the tetragonal
(a)-cubic (p) transition temperature at about 65 °C, and then remains nearly constant until about 500 °C, after
which contraction occurs. The crystal structures of a.-MEP (space group = P4,/nbc) and 3-MEP (space group =
Pm3n) were refined using a least-squares refinement of a harmonic structure factor expression, using single
crystal X-ray diffraction data measured at seven temperatures from —50 to 200 °C (four points for the a.-phase,
and three points for the B-phase). The average Si-O distance decreased from 1.593 A at =50 °C down to
1.573 A at 63 °C (the estimated transition point). It then remained nearly constant in the 3-phase. The Si-O
bond distance corrected using a simple rigid body motion model remained nearly constant at 1.611 A in the
temperature range —50 to 200 °C, indicating that the negative temperature dependence is due to strong distor-
tions of the probability density functions of the O atoms. The atomic mean-square displacement, <u*>, of the O
atoms increased steeply with increasing temperature up to the o.-f transition point. The low-high (a-f) trans-
formation in MEP is driven by a mechanism involving atom disorder beginning in the low-temperature phase.

Keywords: Melanophlogite, Atomic mean-square displacements, a-f transition, X-ray structural analysis,

Temperature dependence

INTRODUCTION

Materials containing large free spaces for guest molecules
have been the subject of a variety of studies, because of
their high possibilities in applications. So far, many types
of silica clathrates containing different types of polyhe-
dral voids have been reported, mainly in relation to their
synthesis with various guest molecules (Gies and Marler,
1992). The mineral melanophlogite (MEP) occurs among
these silica clathrates, and has the chemical formula
468i0,.2M'*6M", where M'? denotes pentagondodeca-
hedral voids and M'" denotes tetrakaidecahedral voids.
The M'? cage usually contains molecules such as CH, and
N,, and the M'* voids contain molecules such as CO,, and
N,. Since the first description of MEP as a new mineral
from Sicilian sulfur deposits, many structural studies have
been carried out using microscopic, spectroscopic, and X-
ray diffraction techniques (Skinner and Appleman, 1963;
Kamb, 1965; Zak, 1972; Gies, 1983; Kortus et al., 2000;
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Nakagawa et al., 2001; Nakagawa, 2002). However, some
important structural details of this mineral and corre-
sponding synthetic materials remain to be determined,
particularly the details of the temperature dependency of
the structure, the structural behavior of guest molecules,
and their effect on the stability of these low density (e.g.,
2.0 x 10’ kg/m?) frameworks.

Two phases are known to exist above room tempera-
ture for MEP. According to the literature, the 3-phase is
cubic with space group Pm3n (Gies, 1983), and the o~
phase, a (2 x 2 x 1) superstructure of the -form, is
tetragonal with space group P4,/nbc (Zak, 1972; Naka-
gawa et al. 2001). Samples from Mt. Hamilton (California,
USA) show a tetragonal -cubic phase transition at 65 °C
(Gies, 1983). The relationships between the atom sites for
both phases are summarized in Table 1. Twelve indepen-
dent O atoms, O, to Oy,, in the o.-phase become equiva-
lent in the 3-phase. These O atoms are denoted as Group
O,. Similarly, the six O;; to O3 atoms are denoted as
Group O,, the four O atoms from Oy to O,, are denoted
as Group Os;, and the final three O atoms from Oy to O,s
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Table 1. Equivalent atomic sites in o- and B-melanophlogites, 46Si0,-2M'>6M"* ™!

a-melanophlogite
P4y/nbc (No.133), Z=4

B-melanophlogite

a=1341049)Aat84°C, Z=1

a=26.818(2), c=13.365(1)

Aat25°C Pm3n (No. 223) P43n (No. 218)
(Nakagawa et al., 2001)
Atf)mlc NWS? At9m1c NWS? At9mlc NWS?
sites sites sites
Si;-Sig 16k1x6 Si; 24 km.. Si; 2411
. . . . . Siz] 8e 3.
Si7-Siyg 16k1x4 Si, 161.3. Sipy e
Si“,Silz 81.2.x2 . . -
. 6d 4.
Sips 87.2x1 Sis 6cdm.2 Si3
. (O 2411
0,-0, 16k1x12 0, 4811 On 24il
0,3-O5 16k1x6 0, 24 km.. 0O, 2411
Oy9, Op 8h.2. %2 . -
. (0) 12£2..
Oy, Ony 16k 1 x2 O, 12 £ mm?2 3
Oy I6k1x1
3 84 3.
Os. Oss 8§ .2x2 0, 8e .32 0, 43
MU 4d 4.x1 _
MYQ2)  4¢222x1 MY 6d4m2 M 6c 4.
M“3)  16k1x1 _
M 8h.2 x1 M2  2am3. M 2a23.

Note:Origin of a-melanophlogite on 222, at (M,M, 0) from 1.
M2 . pentagondodecahedral site, may contain CH, or N, M'™: tetrakaidecahedral site,

may contain CO, or N, etc.

2N, W and S: Number of equivalent positions, Wyckoff notation and site symmetry,

respectively.

are denoted as Group O,.

The characteristic features of the structural refine-
ment of the -phase of MEP show highly anisotropic and
large-magnitude mean-square displacements (MSDs),
particularly for the O atoms, with a short Si-O bond dis-
tance (1.576 A) and a large Si-O-Si bond angle (168.8°)
compared with the bond lengths and angles of common
silica polymorphs (Gies, 1983). According to this author,
the MSDs of the framework O atoms in this phase are the
result of a considerable contribution from static or
dynamic disorder.

In the structural refinement of some silica poly-
morphs, the Si-O bond distances calculated from the
atomic mean positions tend to decrease with increasing
temperature, being associated with increasing anisotropy
and the magnitude of the MSDs of the O atoms (Kihara,
1990; Kihara et al., 1986; Downs et al., 1990; Downs et
al., 1992). The increase in MSDs at high temperatures is
far above that expected from pure thermal vibrations (by
phonon modes) in some cases. Examples are seen in trid-
ymite (Kihara et al. 1986; Hirose et al., 2005), and cristo-
balite (Peacor, 1973; Wright and Leadbetter, 1975; Hatch
and Ghose, 1991). This study focused on the temperature

dependence of the unit-cell dimensions, atomic positional
parameters, and MSDs of the framework atoms in MEP.

EXPERIMENTAL

Transparent crystalline samples of natural MEP from Mt.
Hamilton were obtained from Rogers Minerals (Ontario,
Canada). Three fragments were used as samples in our X-
ray studies, denoted as Samples 1230-02, 1230-09, and
00-88, with sizes of 0.17 x 0.17 x 0.15, 0.1 x 0.1 x 0.07,
and 0.1 x 0.1 x 0.1 mm’, respectively. From X-ray photo-
graphic data obtained at room temperature, all the sam-
ples, except Sample 00-88, were confirmed to be single-
crystals exhibiting a tetragonal unit cell.

All the measurements above room temperature were
performed using a four-circle diffractometer (Rigaku
Model AFC7S, Japan) with an electric furnace, whose
temperature was controlled using a PID controller with
fluctuations < 1 °C up to a temperature of 200 °C, and + 4
°C up to a temperature of 700 °C. The temperature was
calibrated using the melting point of Sn (7, = 227.968 °C),
Pb (T, = 327.5 °C), Zn (T, = 419.58 °C), and Al (T}, =
660.37 °C). The measurements at —50 °C were performed
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Table 2. Unit-cell dimensions measured on specimens
#1230-02 and #00-88 250
Temp (°C) a(h) c(A) =
-50 26.786(2) 13.3351(4) g 200 o
25 26.811(2) 13.364(3) @ E’ 150
40 26.811(2) 13.377(4) g= S
50 26.808(2) 13.377(3) a E 100
55 26.815(2) 13.381(3) Q =
60 26.808(3) 13.394(4) = = 50
65 26.813(3) 13.410(4)
70 26.810(3) 13.409(3) 0 '
75 26.812(3) 13.410(4) 0 10 20 30 40 50 60 70 80
84 13.4104(9) o)
0 13.41009) Temperature (°C)
95 13.4110(11) Figure 2. Integrated intensities of superstructure-reflections, 1101
100 13.4111(9) (open circles), 383 (solid circles) and 5L22 (crosses), all mea-
13.410(1 )* sured on Samp]e 1230-02, and tl.le fit of their temperature depen-
dences using a Landau expression. Parameters 7, and 7, were
110 13.413909) determined in a range 65.1 to 65.2 °C, and gaps in 1 to 2% of
120 13.4163(9) corresponding intensities at room temperature were observed at
130 13.4169(10) T..
140 13.4165(9)
150 13.4200(9)
160 13.4207(10) ments used graphite-monochromatized Mo Ko radiation
170 13.4169(11) (A=0.71069 A).
200 13.430Q2) The unit-cell dimensions above room temperature
202 13.4249(12) were determined from least-squares fit of the 6 values of
300 13.427Q2) 20 reflections in the range 6 = 25 to 30°, whose peaks
400 13.439(4) were measured in both the positive and negative w, using
500 13-443(5): a four-circle diffractometer for Sample 1230-02 from 25
600 13.432(3) to 202 °C and Sample 00-88 from 100 to 700°C. The
700 13.4293) resulting data, including those obtained from the CCD

* Measured on specimen #00-88

using a CCD diffractometer (Rigaku, Japan) with a flow-
ing N2 gas cooling device, whose temperature was moni-
tored and controlled to within =+ 1 °C. All the measure-

diffractometer at =50 °C, are tabulated in Table 2.

Figure 1 shows the temperature dependence of the
cell dimensions: the c¢-axis dimension is doubled for com-
parison with the a-axis. The integrated intensities of the
three strong superstructure reflections 1101, 383, and
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5122 were also measured to monitor the effect of struc-
tural changes in the low temperature phase. Figure 2
shows the temperature evolution of the intensities of these
reflections, measured on Sample 1230-02, together with
the curves fitted to those data with a phenomenological
equation applicable to first-order transitions as

) z 172 _3(T—T0) 2
Q(T)—[J Q(T»{ln/l —4@_%)} ,

where Q is the order parameter of the transition, 7, the
temperature at which the .- and -phases have the same
free energy, and T, the temperature the free energy func-
tion is minimized at Q = 0 and +Q(T.). The best fitted
curves, shown in Figure 2, were obtained from the vari-
ables, T, = T, = 65.1 to 65.2 °C, and I(T,) in 1 to 2% of
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the corresponding intensities at room temperature.

The integrated intensities of two samples were mea-
sured for the structural refinements: Sample 1230-09 for
the measurements at —50 °C using the CCD diffractome-
ter, and Sample 1230-02 at 25, 40, 60, 84, 100 and 200
°C on the four-circle diffractometer. The details of the
experimental conditions of the intensity measurements are
summarized in Table 3, together with some statistics of
the refinements. The intensity data measured using the
CCD (diffractometer and the four-circle diffractometer
were processed with the TEXSAN™ (1989) and the
AFCT7S software packages, respectively, to determine the
structure factor amplitudes and their standard deviation.
The space group of the o.-phase was uniquely determined
to be P4,/nbc, as indicated by Nakagawa et al (2001),
whereas the diffraction data allowed two possible space

Table 3. Data about intensity measurements and refinements

Radiation Mo Ka

p(cm™) 7.09

(1) Measurement conditions on specimen #1230-09

Temperature -50°C

Diffractometer MercuryCCD (Rigaku)

Ranges of h=-24t024, k=-34t034,L{=-16t0 16

measurements

No. of reflections 33490

measured

No. of observed 4363

reflections”! 0.039

Parameters 3347

R™ R, 0.052, 0.085

(2) Measurement conditions on specimen #1230-02

Temperatures (°C) 25 40 60 84 100 200

Diffractometer 4-circle diffractometer AFC7s (Rigaku)

Parameters 3387 335" 37(1+1+9+26]™ (55[1+1+16+37)"

Ranges of 5<20<70°

measurements

Reflection sphere 1/16 1/16
measured

No. of measured 10211 10675 10794 2973 1805 2176
reflections

No. of observed 3672 3818 3100 607 655 601
reflections ' - - - 0.028 0.026 0.021

R? 0.060 0.056 0.071 0.040 0.037”° 0.045 0.039

R, 0.066 0.060 0.075 0.047 0.042" 0.054 0.045

! Number of symmetry independent reflections satisfying F, = 30(F,), associated by R;, = S(F| = |F . )/ZIF,.l, if those are

averaged over equivalent reflections.
*2 Measured region in fraction to the reflection sphere.
BR=3IF, - IFAIZF, ™ R, = {Z[W(Fo —IF)’VZwF,"}"*

> Number of parameters including 1 scale factor (abbreviated as sf), 104 positional parameters (pp) and 229 anisotropic tem-

perature factors (atf).

S Number of parameters including 1 sf, 1 isotropic extinction factor (ief), 3 atom multiplicities (am) for M'2, M"(1), M*(3) and

M'(4), 104 pps and 229 atfs.

7 Number of parameters including 1 sf, 1 ief, 104 pps and 229 atfs. Ams for the M sites were fixed on those for 25 °C.

“8 Number of parameters including 1 sf, 1 ief, 9 pps and 26 atfs.

* For space group P43n. Parameters include 1 sf, 1 ief, 16 pps and 37 atfs.
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groups, Pm3n and P43n, for the f-phase, i.e., the Laue
symmetry of the p-phase was confirmed to be m3m in
the measured intensity distribution, but the systematic
absences observed for the hhf and 00£ reflections for
odd £ allow for two space groups. The standard deviation
of each observed structure amplitude, F,, was estimated
from the counting statistics. When measured, the symme-
try-equivalent reflections (see Table 3) were summed to
give an averaged F,, and their standard deviation was esti-
mated from their own dispersion for use in the least-
squares refinements. All reflections satisfying the condi-
tion, F, = 30(F,), were assumed to be observed.

LEAST-SQUARES REFINEMENT

According to Gies (1983), molecular methane, carbon
dioxide, and nitrogen guest molecules can be accommo-
dated in the M'> and M" sites in a crystal from Mt.
Hamilton. Gies (1983) estimated from the experimental
data (mass spectroscopy and X-ray least-squares refine-
ments) that the M'? and M'* sites contain 9 and 12 elec-
trons per cage, respectively. Our preliminary molecular
dynamics simulation shows that those guest molecules
move around inside the cages in a random manner. In the
present study, the least-squares refinement was attempted
using spherical form factors for substitute atoms in the
M'"? and M" sites, expecting a population density of 100%
to correspond to scattering for each site. F and Mg were
used as the substitute atoms, by taking into account the
number of their electrons. Neutral atomic scattering fac-
tors and the anomalous dispersions of Cromer and Waber
(1974) were used for these substitute and the framework
atoms, respectively. The quantity Sw(F, — klF.l)* was min-
imized with w = 1/06*(F,), where k is a scale factor and ¢
is the estimated standard deviation of F..

The tetragonal unit cell of a-MEP contains 584
atoms (or sites), which are divided into 42 symmetry-
independent groups. By including a scale factor, an iso-
tropic extinction factor (Becker and Coppens, 1974), and
four site occupancy factors for the M'* and M'? sites, we
have 339 variables for refinement with anisotropic tem-
perature factors. The least-squares calculations initiated
using the room temperature atomic parameters of Naka-
gawa et al. (2001) converged to R-factors in the range R
= 0.05-0.07 at four different temperatures. The popula-
tion densities for M'*(1), M'%(2), M'(3), and M" in the
room temperature refinement were 0.85(14), 1.04(12),
0.92(4), and 0.73(4), respectively, which correspond to
population densities of 0.93 for M'* and 0.73 for M"* in
the B-phase (full occupation = 1). These results suggest
that the number of electrons in, at least, the three symmet-
rically independent cage sites M'*(1), M'#(3), and M'? are

less than expected from the results of Gies (1983).

The cubic unit cell of §-MEP contains 146 atoms (or
sites), which are divided into nine symmetry-independent
groups in the case of space group Pm3n. In total, 39 vari-
ables (a scale factor, an isotropic extinction factor, and the
37 atomic parameters including anisotropic temperature
factor coefficients and the multiplicities of the M'* and
M sites) were fitted using least squares calculations initi-
ated with the parameters of Gies (1983). The refinement
of the site occupancy factors of the M'> and M' sites
resulted in population densities of 0.77(5) and 0.98(7),
respectively. The values of the refined population densi-
ties for 25 and 84 °C agree within one estimated standard
deviation (esd) suggesting that the guest molecules remain
in their cages at these temperatures. In this work, data
obtained with the multiplicities fixed on these values is
presented. The refinements resulted in a smooth conver-
gence, R-factors = 0.04-0.05, of the variable parameters
into near constant values, giving rise to interpretable
atomic distances at these three temperatures. The differ-
ence Fourier syntheses show negative values at all the O
atom sites surrounded by positive contours, suggesting
that the O atoms undergo highly anharmonic thermal
vibrations or that atom disordering occurs at the O atom
sites. The fractional coordinates and equivalent isotropic
temperature factors are tabulated in Table 4 for selected
cases: =50 and 60 °C for the a.-phase, and 84 °C for the -
phase. As usual, the present coordinates and temperature
factors may represent unbiased estimates of the mean and
dispersion of the general probability density functions
(PDFs) of the atoms (Mair and Wilkins, 1981). The Si-O
bond lengths and Si-O-Si angles calculated using the
present coordinates and unit-cell dimensions are shown
in Tables 5. The projections of the structures on the (001)
plane, drawn using the final parameters, are shown in
Figure 3. More detailed structural data is available on
request from the authors.

For space group P43n, the atoms in the f-phase can
be grouped into eleven independent sets with 57 variable
parameters (a scale, an isotropic extinction factor, and 55
atomic parameters including anisotropic temperature fac-
tor coefficients). The least-squares refinements were
attempted at three temperatures, and all resulted to R-fac-
tors lower than those for the Pm3n space group (Table 3),
but with position parameters that gave rise to larger dis-
persions of the Si-O bond distances, which was not con-
sistent throughout the three temperatures. As discussed
later, the present study strongly suggests that the o.-phase
is increasingly subjected to framework atom disorder over
the multiple potential energy minima with increasing tem-
perature, and this disorder finally leads to the a-f struc-
tural transition. According to Nakagawa and Kihara
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Table 4. Fractional coordinates and equivalent temperature factors at —50, 60 and 84 °C

- 50 °C 60 °C

atom X y z B (AY x y z B (AY)
Si, 0.19249(4)  0.01001(4)  0.30891(8) 1.12(2)  0.1918(3)  0.0066(2) 0.3088(6) 1.77(9)
Si, 0.30704(4)  0.00665(4)  0.31037(8) 1.07(2)  0.3062(2)  0.0043(1) 0.3108(5) 1.02(7)
Sis 0.09522(4)  0.05767(4) - 0.00284(8) 1.15(3)  0.0947(3)  0.0565(3) - 0.0024(3) 2.40(14)
Siy 0.40603(4)  0.05733(4) - 0.00582(8) 1.17(2)  0.4052(2)  0.0576(2) - 0.0046(2) 0.84(9)
Sis 0.25381(4)  0.16044(4)  0.09601(8) 0.97(2)  0.2494(2)  0.1580(1) 0.1052(2) 1.45(6)
Sig 0.24685(4)  0.15255(4)  0.86840(8) 1.04(2) 0.2452(2)  0.1529(1) 0.8772(2) 1.05(5)
Si, 0.16063(4)  0.09860(4)  0.17043(8) 1.07(2)  0.1600(2)  0.0949(2) 0.1744(4) 1.59(9)
Sig 0.15664(4)  0.08573(4)  0.80730(8) 1.04(3)  0.1570(2)  0.0872(2) 0.8103(4) 1.49(8)
Siy 0.34185(4)  0.09519(4) 0.17376(8) 1.002) 0.3417(2)  0.0940(2) 0.1776(4) 1.26(8)
Siyo 0.34083(4)  0.08800(4) 0.81013(8) 1.01(2)  0.3405(2)  0.0898(2) 0.8132(4) 1.34(8)
Siy 0.12431(6) 0 12 0.88(3) 0.1234(5) 0 12 1.07(15)
Si, 0.37491(6) 0 12 1.043) 0.3735(5) 0 12 1.05(14)
Sij 0.25235(4) 12 -x 1/4 0.80(3) 0.2509(1) =122-x 1/4 1.16(8)
0, 0.0360(2)  0.1788(2)  0.2610(4) 3.19(9)  0.0403(6)  0.1835(6) 0.2590(12) 3.7(3)
0, 0.0611(2)  0.1844(2)  0.7492(3) 2.73(8)  0.0544(6)  0.1856(6) 0.7448(11) 4.2(3)
0, 0.0717(2)  0.11492)  0.3878(3) 2.80(9)  0.0690(6)  0.1172(4) 0.3895(8) 3.0(3)
0, 0.06792)  0.1376(2)  0.5786(3) 2.33(7) 0.0667(6)  0.1316(5) 0.5887(11) 4.7(4)
Os 0.1155(2)  0.20052)  0.3615(3) 2.87(8) 0.1161(4)  0.2041(5) 0.3632(10) 3.1(3)
Os 0.13512)  0.2032(2)  0.6307(3) 2.738) 0.1254(6)  0.2075(5) 0.6365(11) 4.5(3)
0, 0.31652)  0.0507(2)  0.2328(3) 3.64(10) 0.3202(6)  0.0503(6) 0.2383(13) 4.6(4)
Og 0.3196(2)  0.0456(2)  0.7390(4) 3.41(10) 0.3211(6) 0.0484(6) 0.7394(11) 3.8(3)
0, 0.3831(2)  0.0736(2)  0.10003) 2.78(8)  0.3764(5)  0.0725(6) 0.0909(10) 4.6(4)
Oy 0.3655(2)  0.06312)  0.9071(3) 2.50(8)  0.3659(4)  0.0645(5) 0.9064(10) 3.1(3)
Oy 0.30012)  0.12342)  0.1103(3) 2.26(7) 0.3025(5)  0.1280(5) 0.1231(10) 3.3(3)
O, 0.2969(2)  0.1242(2)  0.8436(3) 3.87(11) 0.3011(6)  0.1267(6) 0.8540(12) 4.8(4)
On 0.1584(2)  0.0116(2)  0.4051(3) 2.92(9) 0.1561(5)  0.0074(5) 0.4025(10) 4.0(3)
Ou 0.3406(2)  0.0157(2)  0.4068(3) 2.42(8)  0.3382(5)  0.0113(5) 0.4090(10) 3.2(3)
Oys 0.0468(2)  0.0897(2)  0.0235(3) 2.30(8)  0.0495(5)  0.0915(6) 0.0141(10) 4.1(3)
Oy 0.45392)  0.0907(2) - 0.0313(3) 1.96(7) 0.4560(5)  0.0897(6) - 0.0211(9) 3.5(3)
Oy 0.2632(1)  0.2103(1)  0.1595(3) 1.64(6) 0.2578(6)  0.2072(3) 0.1694(6) 3.6(3)
Oys 0.2396(2)  0.1968(1)  0.7892(3) 2.05(7)  0.2452(8)  0.1986(3) 0.8049(6) 4.8(3)
Oy 0.08022) 0 0 2.03(11) 0.0774(6) 0 0 1.4(3)
Oy 0.4226(2) 0 0 1.66(10) 0.4202(11) 0 0 4.0(5)
0, 0.25002)  0.1750(1) - 0.0199(2) 1.496) 0.2533(8)  0.1721(3) - 0.0101(5) 2.0(2)
Oy, -0.00692)  0.2496(2)  0.1573(3) 2.03(7) -0.0049(3) 0.2532(7) 0.1574(4) 2.3(2)
On 0.11792)  0.1316(2)  0.2205(3) 2.69(8) 0.1186(5)  0.1267(6) 0.2340(9) 4.1(3)
Oy 0.3667(2) - 12 - x 1/4 3.16(9)  0.3686(5) =12-x 1/4 4.1(3)
Oys 0.1176(2) - 172 - x 1/4 3.58(10) 0.1248(7) =122-x 1/4 6.1(4)
M'(1) 0 0 1/4 67(4) 0 0 1/4 37(1)
M"2) 0 12 1/4 26(2) 0 12 1/4 37(4)
M'(3) 0.2454(9)  0.1228(6)  0.5107(13) 26(1) 0251(7)  0.1229(9) 0.510(3)  33(2)
M" 0.2504(5) 0 0 6.8(4) 0245(5) 0 0 11(1)

*! Upper and lower lines for refinements based on Pm3n and P43n, respectively.
"2 Refinements with Pm3n.
3 Refinements with P43n.
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Table 4. (Continued.)

84°C
atom x y z B.(AY
gi 0 0.31008(7)  0.11414(7) 1.71(2)
! -0.0001(4)  0.31013(7) 0.11418(7) 1.73(5)
Si,™ 0.18257(5) =x =x 1.73(1)
Siy™  0.18333) =x =x 1.71(6)
Si,? -0.18173) =x =x 1.65(6)
Si# 1/4 0 12 1.23(3)
; 1/4 0 112 1.25(4)
0, 0.0964(2)  0.2466(2)  0.1348(2) 5.02(8)
05 0.09748)  0.2512(8)  0.1364(9) 5.2(3)
O~ - 0.0954(8) - 0.2419(7) - 0.1344(8) 4.7(3)
o 0 0.4063(3)  0.1812(3) 5.5(2)
2 -0.0150(9)  0.4057(3)  0.1820(3) 4.5(2)
o 0.34353) 0 0 2.7(1)
} 0.34323) 0 0 2.7Q2)
o/ 1/4 1/4 1/4 5.47(9)
! 0.2522(10) =x =x 5.58(10)
a0 0 0 15.4(3)
0 0 0 15.4(4)
Mt 1A 12 0 37.2(11)
1/4 12 0 37.2(10)

(2006), the highest symmetry, space group Pm3n, is ideal
symmetry, if the atoms occupy all the minima equally. As
already noted, the refinements on space group Pm3n were
successful at all three temperatures resulting in Si-O bond
distances, which were corrected to reasonable values tak-
ing highly anisotropic and large MSDs of O atoms into
consideration, as shown later. It is reasonable to conclude
that the 3-phase nearly attains the ideal state. The R-val-
ues (see Table 3) and the results of the refinements (Tables
4 and 5) using space group P43n are also given for a ref-
erence in the case of 7= 84 °C.

RESULTS AND DISCUSSION
Temperature dependence of the unit cell dimensions

The unit cell dimension, a, appears to increase gradually
with increasing temperature, including a weak bend at the
o~ transition point, up to a temperature of 500 °C (Fig.
1). On the other hand, the value of 2¢, which is smaller
than a in the a-phase, rises steeply up to the value of a at
the transition point. The temperature dependence of the c-
axis dimension in a.-MEP bears a striking resemblance to
that observed for quartz. In both structures, the rate of
increase in the cell dimensions is smaller at lower temper-
atures, but increases as the temperature approaches the
transition point. In the 3-phase, the cubic unit cell dimen-
sion weakly increases up to its maximum at about 500 °C,

and then begins to contract with increasing temperature.
However, this contraction does not mean that the guest
molecules are liberated at this temperature. Nakagawa’s
measurements on a guest-free single-crystal, show that
the liberation of guest molecules leads to an expansion of
the cell. Nakagawa (2002) showed that guest-free MEP
prepared by heating a sample from Mt. Hamilton at 1000
°C exhibits a Pm3n space group at room temperature (dif-
ferent from the orthorhombic Pmmm space group sug-
gested by Liu et al. (1997) in an NMR study), and the cell
constant is about 0.02 A larger than that of guest-bearing
MEP at temperatures between 50 and 200 °C. Our prelim-
inary molecular dynamics simulations are in good agree-
ment with Nakagawa’s measurements, indicating that
guest-free MEP has a larger cubic unit cell than guest-
bearing MEP. (Nakagawa’s data is reasonably interpreted
as being due to van der Waals interactions between guest
molecules and the framework atoms reducing the voids to
stabilize the framework.) The decrease in cell dimensions
commencing at 7 = 500 °C may be ascribed to increasing
thermal vibrational amplitudes with increasing tempera-
ture, and is similar to the contraction observed in 3-quartz
(Kihara, 2001a, 2001b).

Atomic mean-square displacements

At all the temperatures examined, the magnitude of the
MSDs of Si was much smaller than that of the O atoms,
and no anisotropy was observed. The magnitude was
about the same as that in the direction of Axis-3 of the
thermal ellipsoids of the O atoms. (The principal axes of
thermal ellipsoid are represented using Axis-I for the
largest MSD, Axis-2 for the second largest MSD, and
Axis-3 for the smallest MSD.) In contrast, the thermal
ellipsoids of the O atoms are highly anisotropic, particu-
larly for Groups O, (O,-0y,), O, (013-O43), and O, (O3~
O,5). The anisotropic MSDs of the O atoms (Fig. 3)
appear to share characteristic features with other silicas,
especially in the orientation relationship between the prin-
cipal axes and the Si-O-Si bonding planes. In quartz for
example, low frequency rigid librational motion of the Si-
O-Si bonds around the Si-Si axes contribute strongly to
the MSDs of the O atoms in Axes-1 of thermal ellipsoids,
which are orientated nearly perpendicular to the corre-
sponding Si-O-Si planes (Young, 1962). However, in a
molecular dynamics simulation of quartz (Kihara, 2001a),
another type of thermal disturbance related to atom disor-
der over Dauphiné twin related positions (separated about
0.8 A at the O atom-site) is observed at each O-atom site.
This type of motion is in the same symmetry (irreducible
representation) as the librational motion in a phonon
mode (known as the soft mode of the transition), and does
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Table 5. Si-O distances and Si-O-Si angles
(a) Si-O distances (A). Estimated standard deviations are shown in parentheses.

a-melanophlogite

S-melanophlogite

Sio, -50(°C) 25(°C) 40(°C)  60(°C)  Si0, 84 (°C) 100 (°C) 200 (°C)
Si, 1.590(2)  1.590(4)  1.580(4)  1.600(4)
Si, 1.589(2)  1.588(4)  1.595(4)  1.574(4)
Si; 1.5952)  1.5833)  1.5954)  1.583(3)  Si, 1.5783)  1.580(3)  1.580(2)
Sy 1.5992)  1.604(3)  1.591(3)  1.593(3)  Si," 1.577(4)  1.588 1.585
Sis 1.596(2)  1.595(3)  1.592(3)  1.580(3)
S 1.5942)  1.585(3)  1.588(3)  1.587(3)
Mean  1.594(2) 1.5912)  1.590(2)  1.586(2)
Si 1.592(2)  1.579(4)  1.586(4)  1.593(4)
Sig 1.591(2)  1.593(4)  1.588(4)  1.594(4)  Si, 1.5733)  1.5703)  1.570(3)
Sio 1.588(2)  1.5783)  1.581(3)  1.568(3) Si,~  1.597(6)  1.586 1.599
Siy 1.5892)  1.578(4)  1.578(4)  1.567(4)  Siy’  1.543(6)  1.554 1.546
Mean  1.590(2) 1.582(2) 1.5832)  1.580(2)
Siy; 1.5992)  1.571(4)  1.582(4)  1.588(4)
Siy, 1.6012)  1.606(3) 1.593(3)  1.568(3)  Sis 1.560(4)  1.561(4)  1.570(4)
Siys 1.5932)  1.585(3)  1.584(3) 1.578(3)  Sis’ 1.573(5)  1.585 1.576
Mean  1.594(2) 1.587(2) 1.587(2) 1.578(2)

Entries for Si; to Si; are averages over corresponding SiO, tetrahedra.
Si atoms in o.-melanophlogite are divided into three or four groups for Pm3n or P43n, respectively, in f-melano-
phlogite, each becomes Si,, Si, and Si; or Siy, Si,;, Siy, and Sis.

* P43n cases, shown only for 84 °C.

(b) Si-O-Si angles (°).

a-melanophlogite™

B-melanophlogite™

0,-05,  169(7) 161(5)  162(6)  163(6)

O13-Oi5  156(6) 160(6)  161(6)  165(4)
Ow-0y, 148(3) 1483)  147(3)  148(1)
On-0,  161(4) 166(5)  167(7)  171(8)

Mean 157 159 160 162

0, 165.9(2) 165.92)  166.1(3)
0,3 165.9(8)

0, 165.8(8)

0, 178.6(3) 178.6(3)  178.7(3)
0,3 165.5(3)

0, 147.4(4) 147.5(3)  147.6(1)
0573 147.6(4)

O, 180 180 180
0,3 180.0(9)

Mean ™ 168 168 169

*! Each entry for o.-melanophlogite is an unbiased estimate of average, Si-O-Si, over angles for O atoms
indicated, which become O, to O, in B-melanophlogite, and 6(Si-O-Si), estimate of the standard deviation

of Si-O-Si, in parentheses.

*2 Values in parentheses are estimated standard deviations in the refinements.

*3 PA3n cases, shown only for 84 °C.
"4 Mean for the case of Pm3n.

not cause any notable distortion of the Si-O-Si bond. In
other words, the librational motion can trigger or boost
the transfer motion through the possible coupling between
them.

Figure 4 shows the temperature dependence of the
MSDs of Axes-1, -2, and -3 of the thermal ellipsoids for
each of the four groups of O atoms in MEP. The averages
were taken over O,-O,, for Group O,, O,3-O,3 for Group
0,, 019-0,, for Group Os, and Oy;-0Oys for Group O,. It is
noted that the MSDs for the O atoms in Axes-1 and -2

increase with increasing temperature up to the transition
point, after which, they remain constant or show a ten-
dency to decrease. The increase in Axis-1 of O, is espe-
cially notable. It begins at a temperature of about 15 °C
below the transition temperature. On the other hand, the
MSD curves of Axis-3 for all the groups of O atoms in
MEP remain low, nearly equal to 0.02 A?, at temperatures
below 200 °C. The temperature dependence of the MSDs
along the three axes again bear striking resemblances to
those observed in quartz, except for the steep increase in
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MSDs along Axis-1 of the O, group of atoms up to 0.13
A* at T = 84 °C, which is much larger than those in -
quartz at 7 = 575 °C (Kihara, 1990).

Figure 3. Projections of the melanophlogite structure
on the (001) plane for: (a) the a.-phase, and (b) the
B-phase. All the atoms are indicated for a 50%
probability thermal vibration ellipsoid. Atoms rep-
resenting symmetrically equivalent groups, which
appear in Table 4, are identified, except for Si
atoms in the o-phase in 3(a).

Structural changes in melanophlogite

The librational motion of the Si-O-Si bonding plane, as
considered by Young (1962) for quartz, in which the
atoms move in one of the energy minima, may be inade-
quate to cause such large magnitude MSDs in MEP at
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temperatures as low as 84 °C. According to Nakagawa
and Kihara (2006), the framework atoms in 3-MEP are
possibly disordered over twelve potential energy minima
per atom site. A type of motions similar to the transfer
motions, observed in the molecular dynamics simulation
of quartz, may also occur over some of those 12 energy
minima at each atom site in o.-MEP. With increasing tem-
peratures, the transfer becomes more frequent, and
involves more energy minima at each site. Finally the
structure attains the higher symmetry, in which the trans-
fer motions occur so frequently throughout the entire
crystal that all the potential energy minima are equally
occupied by atoms in a statistical sense. The MSDs
mostly remain unchanged above the transition point, be-
cause the structure attains a state in which all the avail-
able minima are equally occupied.

The characteristic temperature dependences of the
MSDs and unit-cell dimensions strongly suggests that the
o~ transition in MEP advances via a mechanism similar
to that in quartz. However, the simple coupling mecha-
nism between librations (of a phonon mode) and transfer
motions, assumed for quartz, cannot be directly applied to
MEP, because the structure is more complicated with four
different types of O site (each O site has a unique PDF).
Then, we only consider here that 12 minima are available
at each atom site in MEP, and those are dynamically occu-

O, group (O; to Oy). b: the O,
group (Oy3 to Oyg). c: the O; group
(Oy9 to Oy,). d: the O, group (O,; to
Oys).

pied: averaged occupancy over crystal and time is 1/12
for each minimum in -MEP to achieve the highest sym-
metry Pm3n, and not so in o-MEP, in which occupancy
at each minimum changes toward 1/12 with increasing
temperature. More details about the o-f transition mech-
anism are given in Nakagawa and Kihara (2006).

As already indicated, the temperature evolutions of
the intensities of the superstructure-reflections are suc-
cessfully fitted with an equation for first-order phase tran-
sitions. However, the results, i.e., 7. ~ T, and small jumps
at 7, may suggest rather a tricritical nature. These o3
transition mechanism in quartz and MEP are apparently
different from those observed between the tetragonal and
cubic phases in cristobalite (Peacor, 1973; Schmahl et al.,
1992) or between monoclinic (MC) and orthorhombic
(OP) tridymite (Hirose et al., 2005), in which the unit-cell
dimensions and atom MSDs show a small, linear temper-
ature dependences up to the transition point. According to
Hirose et al. (2005), no effects due to of disorder were
observed in the MC phase of tridymite, even at tempera-
tures just below the transition point.

Temperature dependence of the Si-O bond distance
and Si-O-Si bond angle

The positional parameters of the atoms in o.-MEP change
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Table 6. Ag; o criteria used in a rigid body motion analysis of o~
and -melanophlogite

Asio’
a-phase 25 °C 40 °C 60 °C
Si; 0.00056 - 0.00045 0.00121
Si, - 0.00062 - 0.00041 - 0.00129
Sis 0.00009 - 0.00086 - 0.00857
Siy 0.00159 0.00055 0.00644
Sis 0.00138 -0.00142 - 0.00278
Sig 0.00374 0.00134 -0.00123
Si4 0.0016 - 0.00257 - 0.00314
Sig - 0.00074 - 0.00064 - 0.00939
Siy 0.00143 0.00226 0.0023
Sij 0.00338 0.00368 0.00903
Siyy - 0.00032 0 0.00399
Si, 0.00177 - 0.00143 - 0.00935
Si3 0.00126 - 0.00253 - 0.00183
Mean 0.00107 - 0.00033 - 0.00095
B-phase 84 °C 100 °C 200 °C
Siy - 0.00022 - 0.00069 0.00003
Si, - 0.00042 - 0.00067 0
Sis - 0.00285 -0.00327 -0.00132
Mean - 0.00063 - 0.00102 - 0.00016

" Agio = <ub>o — <u>>g;, where <u?> is atomic mean-square
displacements along Si-O bonding directions.

gradually compared to those in 3-MEP (see Table 4),
which remain nearly constant up to a temperature of 200
°C. Figure 5 shows the temperature dependence of both
the Si-O bond length and the Si-O-Si bond angle, aver-
aged over all pairs and triplets. The Si-O bond lengths
and Si-O-Si bond angles either increase or decrease with
increasing temperature up to the transition point, after
which, both the quantities show only a weak temperature
dependency. The negative temperature dependence of the
Si-O bond length in a.-MEP is noticeable. The Si-O-Si
bonding planes in MEP must undergo librational motions

approximate o-f transition point. The lines
are provided for visual guidance only.

Table 7. Corrected Si-O bond lengths

Temperature (°C) Corrected (A)  Uncorrected (A)
- 50 1.611 1.592
25 1.610 1.588
40 1.610 1.587
60 1.611 1.583
84 1.610 1.571
100 1.613 1.574
200 1.613 1.575

Note: Downs et al. (1990)’s simple rigid bond analysis was applied
to Si-O distances calculated for atomic mean positions.

around the Si-Si axes, and, in addition, the disorder
increases with increasing temperature, involving more
energy minima at every atom site.

In our harmonic refinement, the real PDFs for the O
atoms involving all such effects were constrained to be
anisotropic. The inter-mean distance (the distance bet-
ween the mean of the PDFs) became shorter than the real
bond length with increased amplitude of libration (Willis
and Pryor, 1975), or increased anisotropic MSDs due to
the disorder. A quantity was calculated as follows

2 2
Asi-0 = <Uy>o — <Uy>s;,

Where <u3> denotes the magnitude of <u*> in the
Si-O bond direction. These are listed in Table 6, and
ensure that the Si-O bond in MEP was kept rigid during
any thermal disturbance.

We attempted to carry out a bond distance correction
using Downs et al.’s (1990) simple rigid bond analysis,
which employs a model of rigidly coordinated polyhedra
with the central cations undergoing only translational
motion, and the corrected Si-O bond distances are shown
in Table 7. The corrected values show no significant tem-
perature dependence at a bond distance of about 1.611 A,
which is in excellent agreement with other common silica
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Figure 6. Difference Fourier maps, pobs — Peatc si0)- The (a/2 x b/2)
sections, including M'(1), M'4(2), M'*(3), and M"?, at 25 °C for
a-melanophlogite are shown: (a) x and y = —0.25 to 0.25 for z =
0.25, (b) x=0.25t0 0.75 and y = —0.25 to 0.25 for z = 0.25, and (c)
xand y =0to 0.5 for z=0.5. An (a x b) section passing through
M'? and M" at 84 °C for -melanophlogite is shown in (d) for x
and y = -0.2 to 0.8 for z = 0. Contour scale = x 10 e/A°. In (a), (b),
and (c), solid lines are used to join some of the framework Si
positions (solid circles), surrounding the void spaces.

structures.
Temperature factors of the M'?> and M" sites

The temperature factors of the substitute atoms for the cage
sites were quite large (B.,~ 15 and 37 A® for M'> and M",
respectively, at 84 °C), and were far above a reasonable
level for atoms in common solids. This partly arises from
our calculations using single scatterers for CH,, N,, and
CO, molecules, but some significant part must arise from
real effects, such as Van der Waals interactions between
those molecules and the framework atoms. The electrons
of the linear molecules, CO, or N,, have much larger dis-
tributions than the spherical Mg atom used for the M"
site in our refinements. For example, dc.o = 1.163 A and
dyn = 1.10 A (Wells, 1975). The use of spherical form
factors may cause an increase in the vibrational parame-
ters, particularly for the M' sites. The temperature factors
obtained for the M"? sites may be less affected using the
form factors of a neutral F atom, because the size of CH,
(dey~1.1A) and F (rg < 1.2 A) are not so different from
each other, as for the case of Mg and the linear molecules.
The increased temperature factor of the M' site may

come from real thermal disturbances. The increased space
(dy-0,~ 3.99 A and dy2.o, ~ 4.60 A) and weak interac-
tions between the molecules and the framework atoms
may allow for larger thermal vibrations.

The voids of the M' sites are oblate spheroidal in
shape, with axes perpendicular to the hexagonal rings,
through which the cages are linked each other to form
pipes of cages aligned parallel with the crystallographic
axes (Nakagawa et al. 2001). Figure 6(a, b) shows the
electron density of the M'* sites obtained from the differ-
ence of Fourier synthesis using F, — Fsio). These all
show a single peak around their centers, but exhibit angu-
lar distributions, particularly in the section perpendicular
to the spheroidal axes. The electron density distribution
dominates in the plane perpendicular to the spheroidal
axes, where the largest space is available. The largest
value of dyp o is about 5.1 A for the O atoms in these
planes, compared to the smallest value of 3.95 A for the
hexagonal interfaces. This electron density distribution is
consistent with the results obtained from our preliminary
molecular dynamics study. The motion of the linear mole-
cules (e.g., CO,) is dominated by motions with their axes
in the plane with the largest space. The electron density of
the M'? site also exhibits a single peak, and the contour
lines are also angular (and rather square-like) (Fig. 6d).
Probably the rigid guest molecules move to conform to
some definite orientation of the potential energy minima,
which results in such angular electron density distribu-
tions within the constraint of the site symmetry in the
pentagondodecahedral or tetrakaidecahedral void. A
detailed analysis of the disorder of the guest molecules
and their interactions with the SiO, framework remain the
subject of a future study.

CONCLUDING REMARKS

The a-f transformation in MEP takes places at about 65
°C. The structural changes of the o~ to -f transition in
MEP are driven by increasing atom disordering over mul-
tiple potential energy minima with increasing tempera-
ture. The mechanism is comparable to that for quartz, but
differs from that for the obvious first-order phase transi-
tion between the low temperature phases of tridymite, or
between the o~ and 3-phases of cristobalite. The Si-O
bonds are nearly rigid from the viewpoint of related atom
MSDs. The large MSDs of the framework O atoms and
their temperature dependence are ascribed to the disorder
(dynamical or static), which becomes significant at higher
temperatures. The Si-O bond distances calculated for
related coordinates in our least-squares refinements, and
the cell dimensions, show a negative temperature depen-
dence, but this may be due to a strong distortion of the
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probability density functions of the O atoms. The Si-O
bond distances assuming a rigid body motion are less
temperature-dependent, and are about 1.611 A.
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