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Abstract

Electron diffraction and lattice dynamical calculations are used to investigate the unit cells, space group symmetries and inherent

displacive flexibility of the room-temperature average structures of AlPO4-8, AlPO4-16 and AlPO4-tridymite. The zero-frequency

rigid unit modes (RUMs) of the idealized high-symmetry polymorphs thereof are also investigated along with their relationship to

the lower-temperature polymorphism of these zeotypic aluminophosphates. The clear presence of G� 1
2
c� satellite reflections in

addition to the Bragg reflections (G) of the underlying Cmc21 parent structure in the case of AlPO4-8 shows that the true unit cell of

the room-temperature polymorph has a doubled c-axis due to a condensed RUM mode. Structured diffuse scattering is also

observed which can be related to the thermal excitation of RUM modes. In the case of AlPO4-tridymite, a complex F1 triclinic

polymorph is observed and related to soft RUM modes while, in the case of AlPO4-16, a soft q ¼ 0 RUM mode is shown to be

responsible for an observed phase transition in the case of the all SiO2 analogue of AlPO4-16. A large number of additional zero-

frequency RUM modes also exist in the case of AlPO4-16.

r 2005 Elsevier Inc. All rights reserved.
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1. Introduction

The large family of zeotypic, tetrahedrally corner-
connected, aluminophosphate framework structures
have been intensively investigated ever since they were
first discovered [1] as a result of their potential for use in
catalysis, ion exchange and as molecular sieve materials
[2–5]. Despite the rigidity of their tetrahedral building
blocks as well as the fixed nature of their topological
connectedness, many such aluminophosphates retain
considerable inherent dynamic displacive flexibility [6,7].
This inherent flexibility arises from the often surpris-
ingly large number of ways in which it is possible to
change the relative orientation and positioning of
neighbouring tetrahedral units without distorting the
essentially rigid tetrahedral units themselves [8,9]. It
e front matter r 2005 Elsevier Inc. All rights reserved.
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manifests itself in sharp (in at least one local reciprocal
space direction), highly structured, continuous diffuse
intensity distributions which map out the ‘zero-fre-
quency’ rigid unit mode (RUM) modes [8–12] char-
acteristic of the particular framework structure.
Structured diffuse intensity distributions of this type
are most easily visible in electron diffraction patterns
(EDPs) and have recently been shown to be character-
istic of the room-temperature structures of both AlPO4-
5 [6] as well as AlPO4-11 [7].
Conventional average structure refinements of such

dynamically disordered framework structures almost
invariably lead to chemically unsound crystal structures
(with too short metal (T)–O distances within constituent
tetrahedra, chemically unreasonable linear T–O–T

angles along with large and/or strongly anisotropic
thermal parameters [6,7,13,14]) as a result of the fact
that the large amplitude excitation of RUM modes is
typically ignored in such refinements. When this is the
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case, it is reflected in calculated bond valence sums, or
apparent valences [15], which usually differ strongly
from expected ideal valences when the reported average
structure fractional co-ordinates are used [6,7]. Such a
situation, e.g., occurs in the case of the reported F23
average structure refinement of AlPO4-16 [16] where
chemically unsound linear Al–O–P angles exist as well as
metal–O distances within AlO4 and PO4 tetrahedra that
are far too short and lead to heavily over-bonded Al, P
and O ions (see Table 1). Clearly, this reported average
structure does not give a good idea of the instantaneous
local structure of AlPO4-16.
One way to avoid such crystal chemically unreason-

able resultant crystal structures is to undertake distance
least squares (DLS) refinements (see e.g. Ref. [17] where
a constrained DLS refinement of the structure of AlPO4-
8 has been reported) whereby the Al–O and P–O bond
lengths are constrained to be reasonable. For such a
refinement to reflect reality, however, it is essential that
the appropriate average structure unit cell and space
group symmetry is chosen. Otherwise, such a refinement
is tantamount to making the assumption that only a
very particular RUM mode of distortion (e.g., a q ¼ 0

RUM mode) has frozen in.
Such a situation may well have happened in the case

of AlPO4-8 where the DLS determined room-tempera-
ture structure of Dessau et al. [17], as well as the
subsequent refinement of Poojary and Clearfield [18],
used an average structure unit cell and space group
symmetry corresponding to the maximum topological
symmetry of the AlPO4-8 framework structure. A later
neutron powder diffraction study [19] reported the
existence of additional superlattice reflections not
consistent with this unit cell and space group symmetry
at room temperature and below which disappeared on
Table 1

Bond valence sums or apparent valences (AVs) calculated from the F23

average structure refinement of AlPO4-16 reported in Ref. [16]

Structure F23 [16] Ideal

Bond valence

parameter R

Al–O ¼ 1.651 Å Al–O ¼ 1.7574 Å

P–O ¼ 1.604 Å P–O ¼ 1.5214 Å

O–O ¼ 1.480 Å O–O ¼ 2.4844 or

2.8698 Å

At Al(1) 2.917 3.000

At Al(2) 3.342

At P(1) 6.461 5.000

At P(2) 6.738

At O(1) 2.270 2.000

At O(2) 2.543

At O(3) 2.544

(V ¼ exp ððR � dÞ=0:37 (A, calculated using the bond valence para-

meters listed in Ref. [15]). Sites where the calculated AV deviates

markedly from the expected ideal AV are highlighted in bold and

italicized.
heating to �200 1C. Neither a supercell nor a space
group symmetry for this room-temperature structure,
however, were given. These authors [19] also reported
the existence of a ‘ynon-crystalline (background)
componenty’ suggestive of the presence of a significant
diffuse intensity component co-existing with the strong
Bragg reflections of the underlying average structure [7].
Clearly, the room-temperature unit cell and space group
symmetry of AlPO4-8 need to be re-examined by a
technique more sensitive to weak features of reciprocal
space such as electron diffraction [6,7].
Given the existence of numerous potential RUM

modes at higher temperatures, it should not be surpris-
ing that, on lowering of temperature, many of these
dynamically disordered framework structures undergo
polymorphic phase transitions involving condensation
of one or more RUM modes of distortion. Polymorphic
phase transitions of this sort occur, e.g., in the case of
the tridymite forms of SiO2 (see e.g. Refs. [20,21]) and
AlPO4 [22–24] as well as in the all silicon analogue of
AlPO4-5, SSZ-24 [25], etc. Given the sensitivity of
electron diffraction to weak features of reciprocal space
difficult to pick up by means of powder diffraction
coupled with the absence of such a study in the case of
AlPO4-tridymite, it was decided to attempt to fill this
gap. The purpose of the current paper then is to present
the results of a combined room-temperature electron
diffraction and RUM study of the crystal chemistry of
the AlPO4 compounds, AlPO4-8, AlPO4-16 and AlPO4-
tridymite.
2. Experimental

2.1. Synthesis

2.1.1. Preparation of AlPO4-8, AlPO4-16 and AlPO4-

tridymite

The three aluminium phosphates (AlPO4-8, AlPO4-16
and AlPO4-tridymite) were synthesized using a three-
step reaction procedure. The first step involved the
formation of a gel, the second a hydrothermal treatment
of the gel and the third the recovery of the product.
AlPO4-8 powders were obtained from pre-synthesized

AlPO4-54, in turn prepared via the following hydro-
thermal reaction. A reaction mixture was obtained by
slowly dropping the appropriate amount of orthopho-
sphoric acid (H3PO4, 85wt%, Univar) into distilled
H2O. A stoichiometric amount of böhmite alumina
(HIQ-30, Alcoa, 75wt% Al2O3) was then added. This
resultant solution was then manually stirred until
homogeneous and aged for 2 h with periodic stirring at
20min intervals. A mixture of N-ethylbutylamine (used
as a template R: CH3(CH2)3NHC2H5, Aldrich) and
distilled H2O was then added into the aged solution and
vigorously stirred. The mixture was then allowed to age
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for a further 2 h to form a uniform gel. The nominal
composition of this gel in molar ratios was Al2O3:-
P2O5:R:40H2O and the total volume used in the
experiment about 50mL.
This gel was then put into a 220mL stainless steel

pressure vessel together with 100mL of H2O, sealed and
heated in an oven at 150 1C at autogenous pressure for
4 h followed by rapid quenching in water. The as-
quenched solid product was then recovered by filtration,
washed with distilled water and acetone, and dried in air
at 50 1C. The resultant product was a crystalline powder.
X-ray powder diffraction gave a hexagonal unit cell
(a ¼ 18:953ð4Þ (A and c ¼ 8:101ð2Þ (A) in excellent agree-
ment with literature lattice parameters for AlPO4-54
[26,27].
AlPO4-8 was obtained by heat treatment of this

AlPO4-54 powder. Fig. 1 shows the differential scanning
calorimetry (DSC) curve of AlPO4-54 using a heating
rate of 5 1C/min. As can be seen, a large exothermic
signal occurs at 155 1C. XRD showed a quite distinct
pattern consistent with the reported orthorhombic
Cmc21 structure of AlPO4-8 whenever AlPO4-54 was
heated at a temperature higher than 155 1C for 1–5 days
followed by quenching into water. AlPO4-54 specimens
heat-treated at 160, 200 and 600 1C all transformed into
AlPO4-8. No difference could be observed in their XRD
patterns, suggesting that the small signal seen in the
DSC curve at 348 1C is not related to a structural
change. It may be due to desorption of water. The lattice
parameters of the AlPO4-8 samples obtained from heat
treatment at 200 1C for 5 days were a ¼ 32:723ð12Þ (A,
b ¼ 15:600ð7Þ (A, and c ¼ 8:211ð3Þ (A.
AlPO4-16 was prepared using the same starting

materials as for AlPO4-54 except for the use of a
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Fig. 1. The differential scanning calorimetry (DSC) curve of AlPO4-54

at a heating rate of 5 1C/min. A large exothermic signal occurs at

155 1C corresponding to the transformation from AlPO4-54 to AlPO4-

8. AlPO4-54 specimens heat-treated at 160, 200 and 600 1C all

transformed into AlPO4-8. No difference could be observed in their

XRD patterns, suggesting that the small signal seen in the DSC curve

at 348 1C is not related to a structural change.
different template R. In this case, quinclidine (C7H13N,
97%, Aldrich, 1.1463 g) was used. The solution was
roughly stirred and hydrofluoric acid (HF) added. The
fluoride ions were used as a mineralizing agent for
symmetry control in conjunction with the template. The
nominal composition for the AlPO4-16 gel was
Al2O3:R:P2O5:60H2O:HF. The resultant solution was
manually stirred until it formed a uniform gel. This gel
was then sealed in a teflon-lined stainless steel pressure
vessel and heated in an oven at 150 1C at autogenous
pressure for 24 h. The vessel was then taken out from the
oven and quenched into water. The as-made solid
product was recovered by diluting and filtration, washed
with distilled water and acetone and then dried in air at
150 1C to remove the water. In this case, the resultant
powder (white) was found to be tetragonal with lattice
parameters, a ¼ 9:3590ð10Þ (A and c ¼ 13:4905ð18Þ (A,
in good agreement with Patarins’ result [28]. The
organic and fluoride species were removed by heating
the sample at 500 1C in air for 2 h. The resultant AlPO4-
16 powder had grey colour and a cubic unit cell
(a ¼ 13:479ð1Þ (A).
The synthesis of the AlPO4-tridymite was again

carried out using the same raw materials as above.
The chosen template (R) in this case was triethylamine
(TEA, (C2H5)3N, 99%, Aldrich). The nominal composi-
tion for the AlPO4-tridymite gel was 0.33Al2O3:-
P2O5:1.1R:47H2O. It is vital when synthesizing AlPO4-
tridymite, that the pH value of the solution does not
deviate from 5. After mixing the above starting
materials to obtain a uniform gel, the resultant pH
was found to be 3. Subsequently small amounts of 0.1N
NaOH(aq) were added to adjust the pH to 5 after which
the solution was stirred for 1 h. The subsequent
hydrothermal reaction was done at 170 1C for 6 h. The
as-made solid product was recovered by filtration,
washed with distilled water and acetone and dried in
air at 50 1C. The resultant power was determined by
XRPD to have a unit cell with lattice parameters of
a ¼ 37:401ð4Þ (A, b ¼ 4:988ð2Þ (A, c ¼ 26:026ð9Þ (A and
b ¼ 118:28ð3Þ.

2.2. X-ray powder diffraction

The average structure unit cell dimensions of the
samples investigated (given above) were determined
using a Guinier–Hägg camera. Silicon (a ¼ 5:431195 (A
at 22.5 1C [29]) was used as an internal standard and the
corrected diffraction lines were refined with a least
squares program [30].

2.3. Electron diffraction

Crushed specimens were deposited on holey-carbon
coated grids and examined in a Philips EM 430
transmission electron microscope operating at 300 kV.
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Given the sensitivity of the specimens to electron beam
irradiation, electron dose always needed to be mini-
mized as far as possible.
3. Results

3.1. Electron diffraction results

3.1.1. AlPO4-8

Fig. 2 shows (a) h11̄0i, (b) h35̄0i, (c) h13̄0i and (d) [010]
zone axis EDPs typical of the room-temperature form of
AlPO4-8 indexed with respect to the parent Cmc21,
a�32:72, b�15:60, c�8:21 (A unit cell. Note the clear
presence of G� 1

2
c� satellite reflections in addition to the

Bragg reflections (G) of the underlying Cmc21 parent
structure. The existence of these additional superlattice
reflections is in agreement with the neutron powder
diffraction study of Ref. [19] as discussed above, as is the
presence of co-existing structured diffuse scattering
apparent in more heavily exposed EDPs at some zone
axis orientations—see e.g. Fig. 3. The true room-
temperature unit cell of AlPO4-8 thus clearly has a
doubled c-axis and remains C-centred. This rules out
both the Pmn21, a�34, b�14:5, c�8:3 (A [31,32] as well
002

110

(a)

002

310

(c)

(b

(d

Fig. 2. (a) h11̄0i, (b) h35̄0i, (c) h13̄0i and (d) [010] zone axis EDPs typical of th

Cmc21, a�32.72, b�15.60, c�8.21 Å unit cell. Notice the clear presence of G
as the P21, a ¼ 14:63, b ¼ 18:1, c ¼ 8:36 (A [32] super-
structures predicted as possible room-temperature
structures of AlPO4-8 using lattice energy minimization
techniques [31,32]. It also invalidates the DLS refine-
ment of Ref. [17] as well as the refinement reported in
Ref. [18].
Group theoretical considerations [33] suggest that the

most likely resultant space group symmetry of the true
a�32:72, b�15:60, c�2
 8:21 (A unit cell (given parent
Cmc21 space group symmetry) is monoclinic Cm11 or
Cc11. In principle, these would be easy to distinguish if
only a [100] zone axis EDP could be obtained.
Unfortunately, the morphology of the crushed samples
in conjunction with the extreme beam sensitivity of
AlPO4-8 has made this a near impossible task. Crushed
crystalline fragments of the as-prepared AlPO4-8 speci-
mens invariably possess a very platey morphology with
the normal to the plate corresponding to the crystal-
lographic b-axis so that by far the most commonly
obtained major zone axis orientation observed was [010]
(see Fig. 2d). Unfortunately, AlPO4-8 was also found to
be rather beam sensitive so that only one or at most two
EDPs could be obtained before that particular grain
‘died’. This makes systematic tilting experiments nigh on
impossible.
002

530

002
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)

)

e room-temperature form of AlPO4-8 indexed with respect to the parent

� 1
2
c� satellite reflections.
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Fig. 3. (a) h1; 13; 0i and (b) h17̄0i zone axis EDPs of the room-

temperature form of AlPO4-8. Notice the presence of G� 1
2
c� satellite

reflections as well as structured diffuse scattering (presumably

corresponding to thermally excited RUM modes of distortion) in

both (a) and (b).
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Fig. 4. (a) /110S and (b) close to /110S zone axis EDPs typical of

the higher temperature, Cmc21 polymorphic form of AlPO4-8

(induced, we believe, via beam heating). Note that the G� 1
2c

� satellite

reflections have disappeared and the structured diffuse scattering in

Fig. 4b running along the /331S* and [001]* directions of reciprocal

space. This diffuse scattering is only apparent on tilting slightly away

from the exact h11̄0i zone axis orientation (see Fig. 4b) and disappears

at the exact zone axis orientation (cf. Fig. 4b with Fig. 4a).
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In a few grains, the G� 1
2
c� satellite reflections had

disappeared suggesting a beam-induced phase transition
to the higher temperature, Cmc21 polymorphic form (see
Fig. 4). Structured diffuse scattering running along the
/331S* and [001]* directions of reciprocal space were
then clearly apparent on tilting slightly away from the
exact h11̄0i zone axis orientation (see Fig. 4b) but
disappeared at the exact zone axis orientation (cf. Fig.
4b with Fig. 4a). This disappearance of structured
diffuse scattering at an exact zone axis orientation was
also characteristic of AlPO4-5 as well as AlPO4-11 [6,7].
Lattice dynamic calculations using the program
CRUSH (see below) confirm the existence of these
zero-frequency RUMmodes of distortion and show that
they are an intrinsic, predictable property of the
tetrahedral framework structure of AlPO4-8.
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Fig. 5. h1̄10ih (subscript h for ideal hexagonal tridymite parent structure)

zone axis EDPs of (a) room-temperature AlPO4-tridymite, (b) high-

temperature SiO2-tridymite and (c) an incommensurately modulated

room-temperature polymorph of SiO2-tridymite. For details see text.
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3.1.2. AlPO4-16

Unfortunately, the grain sizes of the as-prepared
AlPO4-16 phase were found to be far too small to give
anything other than polycrystalline ring patterns in
selected-area EDPs and hence were of little use in
looking for structured diffuse scattering and thereby
evidence for zero-frequency RUM modes.

3.1.3. AlPO4-tridymite

In the case of AlPO4-tridymite, a rather complex
tridymite superstructure phase was observed (see e.g.
Fig. 5a) which at first glance was thought to be closely
related to a known incommensurate polymorph (see Fig.
5c) of the analogous SiO2-tridymite compound [21,34].
This incommensurate SiO2-tridymite polymorph is
characterized by incommensurate satellite reflections at
G� mf1

2
½112̄0
�h þ 0:392c�hg (where m is an integer and G

represents a parent Bragg reflection of the underlying,
originally hexagonal, tridymite parent structure—see
e.g. Ref. [35]) whose intensity falls off systematically
with increasing harmonic order m (see Fig. 5c). The
strongest m ¼ 1 primary harmonics of this incommen-
surate SiO2-tridymite polymorph all fall onto a highly
structured diffuse intensity distribution characteristic
of the dynamically disordered high-temperature poly-
morphs of SiO2-tridymite—cf., e.g., Fig. 5b with
Fig. 5c; see also Refs. [34,35].
While such a hierarchical intensity distribution of the

satellite reflections does not occur in Fig. 5a, there is
evidence for such behaviour in the /110Sh (subscript h
for hexagonal tridymite parent structure) zone axis EDP
of this AlPO4-tridymite polymorph shown in Fig. 6a.
Note that the strongest satellite reflections (arrowed)
in Fig. 6a fall at the G� f1

2
½1̄100
�h þ

2
5
c�hg (� G�

f1
2
½110
�h þ

2
5
c�hg) positions of reciprocal space. It appears

that the initially incommensurate 0.392 ch* component
has locked in to the value 2

5
c�h exactly in the case of this

AlPO4-tridymite polymorph. This component of the
superstructure can thus be described as a locked-in
RUM mode of type II (see Ref. [35]). The overall
structure of this complex AlPO4-tridymite polymorph,
however, cannot be described as a simple locked-in
variant of the incommensurate SiO2-tridymite poly-
morph as there exist too many other additional satellite
reflections not explained by this hypothesis as is clear
from the other zone axis EDPs of this polymorph shown
in Fig. 6.
Careful consideration of these EDPs shows that the

observed polymorph in fact corresponds to the triclinic
F1 (a ¼ 2ðah þ 2bhÞ, b ¼ 2ð�ah þ 2bhÞ, c ¼ 10ch;
a� ¼ 1

4
½110
�h, b� ¼ 1

4
½1̄100
�h, c� ¼ 1

10
½0001
�h) polymorph

of AlPO4-tridymite whose complex crystal structure was
recently successfully refined from X-ray powder diffrac-
tion data by Graetsch [23]. Indexation without the
subscript h in Figs. 5a and 6 is with respect to this
supercell. The appearance of this triclinic F1 poly-
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Fig. 6. (a) [100], (b) /110S, (c) h31̄0i and (d) [001] zone axis EDPs of the triclinic F1 (a ¼ 2(ah+2bh), b ¼ 2(�ah+2bh), c ¼ 10ch; a
� ¼ 1

4
½1120
�h,

b� ¼ 1
4
½1̄100
�h, c

� ¼ 1
10
½0001
�h) polymorph of AlPO4-tridymite. Indexation is given both with respect to this supercell (without the subscript h) as well

as with respect to the underlying ideal hexagonal tridymite parent structure (with the subscript h in 4-index notation).

R.L. Withers, Y. Liu / Journal of Solid State Chemistry 178 (2005) 2647–2657 2653
morphic form instead of the monoclinic Pc form
suggested by XRD is attributed to the effects of grinding
of the initial specimen carried out to obtain samples
suitable for electron microscopy (see Ref. [23]).
In some other grains, heavy diffuse streaking along

the tridymite c* reciprocal lattice direction occurs (see
e.g. the h1̄10ih zone axis EDP of Fig. 7). The shape (cf.
Fig. 7 with Fig. 5b) and sharpness of this diffuse
distribution, as well as the fact that it runs through
the 0 0 0 reflection, strongly suggests that it does not
arise from thermally excited RUM modes but rather
arises as a result of either inherent, or grinding induced,
stacking fault-type disorder on the tridymite (001)
planes arising from cristobalite-type intergrowths (see
e.g. Ref. [36]).
4. RUMs of the ideal AlPO4-8, AlPO4-16 and AlPO4-

tridymite structure types

The energies associated with deformation of the
constituent AlO4 and PO4 tetrahedral units in the ideal
parent structures of AlPO4-8, AlPO4-16 and AlPO4-
tridymite (see Fig. 8) are typically much larger than the
energies associated with changes in their relative
orientations [5–12]. Thus only RUM modes, entailing
zero or minimal deformations of the essentially rigid
tetrahedral units, are substantially thermally excited at
elevated temperatures and thus capable of condensing
out in response to lowering of temperature. The lattice
dynamics program CRUSH [37] (which gives the lattice
dynamical solutions to the equations of motion for a set
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1120h

0002h

-

Fig. 7. Shows a h1̄10ih zone axis EDP of a heavily stacking faulted

AlPO4-tridymite grain.

Fig. 8. Idealized Cmcm parent structure of AlPO4-8 (see Table 2) in

projection down [001] in (a) and [010] in (b). In Cmcm the AlO4 and

PO4 tetrahedra are not distinguished and hence they are shown as light

blue. (c) Refined F23 structure of AlPO4-16 in projection down /110S
while (d) shows the ideal highest hexagonal polymorph of AlPO4-

tridymite in projection down /110S. The AlO4 tetrahedra are dark

blue in (c) and (d) while the PO4 tetrahedra are shown in green.
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of linked rigid tetrahedra) has thus been used to
investigate the RUM spectra of the ideal Cmc21,
AlPO4-8 structure type as well as that of the ideal F23,
AlPO4-16 structure type. In the case of AlPO4-tridymite,
the RUM spectrum of the essentially isomorphous SiO2-
tridymite is well known (see e.g. Ref. [9]) and thus does
not need to be re-calculated.

4.1. AlPO4-8

Given the electron diffraction results reported above
and the fact that both reported structures [17,18] are
already considerably distorted, the DLS constrained
Cmc21 refined structures for AlPO4-8 reported in Refs.
[17,18] would clearly be inappropriate starting points for
the purposes of the CRUSH calculation. One would like
an idealized Cmc21, AlPO4-8 type parent structure such
that the constituent AlO4 and PO4 tetrahedra are each
regular and of the correct size [8–12,37]. Given the
relatively low average structure space group symmetry,
the average structure unit cell dimensions and the
complexity of the tetrahedral connectivity (see Fig. 8a
and b), this is a distinctly non-trivial task. Instead, a
somewhat idealized version of the average Cmcm

structure of AlPO4-8 refined by Richardson and Vogt
[19] was deemed to be the most appropriate starting
point (see Table 2 and Fig. 8a and b). Note that average
Cmcm symmetry means that this structure does not
distinguish between AlO4 and PO4 tetrahedra. For the
purposes of the CRUSH calculation, however, this
makes very little difference.
With this idealized parent structure, six zero-fre-

quency RUM modes of distortion were thereby pre-
dicted to exist for a general modulation wave-vector of
the form q ¼ gc� with this number rising to (6+2) ¼ 8
RUM modes of distortion for the wave-vector magni-
tude g ¼ 1

2
. Experimentally, little evidence for diffuse

streaking along c* could be found in the doubled c-axis,
room-temperature polymorphic form (see e.g. Fig. 3).
On the other hand, considerable diffuse streaking along
c* is apparent in the higher-temperature Cmc21 poly-
morphic form (see Fig. 4b). This strongly suggests that
the q ¼ 1

2
c� mode responsible for the phase transition

from the high-temperature to room-temperature poly-
morphic forms corresponds to a condensed q ¼ 1

2
c�

RUM mode. The freezing out of this particular RUM
mode appears to lead to the disappearance of the other
q ¼ gc� RUM modes (cf. Fig. 4b with Fig. 3).
Unfortunately, the CRUSH-derived RUM eigenvectors
associated with the g ¼ 1

2
point are extremely complex

and were not able to be simply interpreted.
With the above idealized parent structure, some

18 RUM modes of distortion were also predicted
to exist for any q ¼ ½hk0
� modulation wave-vector.
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Table 2

Idealized fractional coordinates of AlPO4-8 (space group symmetry Cmc21) used for the purposes of the CRUSH calculation (T: Al or P) along with

those reported in Ref. [19]

Atom Ideal (a ¼ 33.2900 Å, b ¼ 14.7036 Å, c ¼ 8.3863 Å) Richardson and Vogt [19] (a ¼ 33.2900 Å, b ¼ 14.7040 Å, c ¼ 8.3860 Å)

x y z x y z

T 1 0.1862 0.3999 0.0647 0.1904 0.4160 0.0660

T 2 0.0000 0.0958 0.9356 0.0000 0.1320 0.9720

T 3 0.0819 0.1030 0.0637 0.0878 0.0940 0.0550

T 4 0.2723 0.4016 0.9351 0.2740 0.4040 0.9390

T 5 0.1564 0.2201 0.9352 0.1573 0.2260 0.9290

O 1 0.1725 0.5000 0.0000 0.1767 0.5000 0.0000

O 2 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000

O 3 0.1862 0.3999 0.2500 0.1772 0.4020 0.2500

O 4 0.0000 0.0958 0.7500 0.0000 0.1270 0.7500

O 5 0.0404 0.1437 0.0000 0.0456 0.1330 0.0180

O 6 0.2297 0.3771 0.0000 0.2317 0.3940 0.0200

O 7 0.1563 0.3227 0.0000 0.1580 0.3240 0.0310

O 8 0.1954 0.1722 0.0000 0.1993 0.1750 0.0170

O 9 0.0876 0.0000 0.0000 0.0906 0.0000 0.0000

O 10 0.0819 0.1030 0.2500 0.0847 0.0960 0.2500

O 11 0.2732 0.4016 0.7500 0.2590 0.3780 0.7500

O 12 0.1564 0.2201 0.7500 0.1444 0.2320 0.7500

O 13 0.1176 0.1653 0.0000 0.1154 0.1740 0.0020

O 14 0.2852 0.5000 0.0000 0.2865 0.5000 0.0000
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Experimentally, [hk0]* diffuse streaking is not particu-
larly apparent although remnants thereof are apparent
in Figs. 3 and 4b in addition to a more curved
(hyperbolic) type of diffuse distribution. Note that this
more general (hyperbolic) type of diffuse distribution is
quite close to running along the /331S* directions of
reciprocal space in the close to /110S zone axis EDP of
Fig. 4b. To confirm that this type of diffuse streaking
arises from thermally excited RUM modes, the zero-
frequency RUMmodes of distortion in the {hhl}* planes
of reciprocal space have also been calculated (see Fig. 9).
Such calculations indeed show the existence of zero-
frequency RUM modes of distortion running along the
/331S* directions of reciprocal space. Note that the
curves shown in Fig. 9 must repeat with the reciprocal
space periodicity of the parent reciprocal lattice. Only
some of these symmetry-related curves have been shown
in Fig. 9 to facilitate easier comparison with the
experimental EDP shown in Fig. 4b. Thus RUMs do
indeed appear to exist for each point on the experimen-
tally observed diffuse distribution.
Further progress requires a total scattering investiga-

tion [12,38,39] of AlPO4-8 including both Bragg
scattering as well as the structured diffuse scattering
characteristic of this framework topology.

4.2. AlPO4-16

Given the poor crystal chemistry of the reported F23
average structure of AlPO4-16 [16] (see Table 1), it
would clearly be an inappropriate starting point for the
purposes of the CRUSH calculation. Instead, an
idealized Fm3m, SiO2 (or high-temperature octadeca-
sil—see Ref. [40]) type parent structure has been derived
(see Table 3) such that the constituent (Al,P)O4

tetrahedra are each identical and of the correct (SiO4)
tetrahedral size [8–12,37]. Note that average F23 space
group symmetry goes to average Fm3m symmetry when
the distinction between AlO4 and PO4 tetrahedra is
removed. The idealized structure of Table 3 does not
distinguish between AlO4 and PO4 tetrahedra. For the
purposes of the CRUSH calculation, however, this
makes very little difference.
Without the guidance of experimental EDPs, it is

difficult to know along which direction/s of reciprocal
space to look for RUM modes. We have therefore only
investigated the /001S* and /hk0S* directions of
reciprocal space. Fourteen zero-frequency RUM modes
were predicted to exist for a general q ¼ gh001i�

modulation wave-vector with this number rising to 22,
made up of 19 RUM modes plus 3 acoustic modes, for
the special zone centre wave-vector magnitude g ¼ 0:12
zero-frequency RUM modes were predicted to exist for
a general q ¼ g/hk0S* modulation wave-vector.
Clearly, in the case of AlPO4-16, there is plenty of
scope for dynamically excited RUM modes.
It is of interest to note that a condensed q ¼ 0 RUM

mode is clearly responsible for the Fm3m (ap, bp, cp) to
I4=mða ¼ 1

2
ðap � bpÞ; b ¼ 1

2
ðap þ bpÞ; c ¼ cpÞ phase tran-

sition recently observed to occur in dehydrated SiO2

octadecasil (i.e. the all SiO2 analogue of AlPO4-16) at
�500 1C [40] (see Fig. 10). Fig. 10a shows the rotations
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Fig. 9. Calculated RUM modes of distortion of the idealized Cmcm

parent structure of AlPO4-8 (see Table 2) in a /hhlS* section of

reciprocal space for comparison with Fig. 4b. Individual RUM mode

wave-vectors are shown with large dots while the grey lines represent

‘soft’ directions of reciprocal space. Note that the curves shown must

repeat with the reciprocal space periodicity of the parent reciprocal

lattice. Only some of these symmetry-related curves have been shown

in Fig. 9 to facilitate easier comparison with Fig. 4b.

Table 3

Idealized fractional coordinates of SiO2 (of AlPO4-16 structure type)

used for the purposes of the CRUSH calculation (T: Al or P)

Atom Ideal (Fm3̄m, a ¼ 13:7517 (A)

x y z

T 1 0.1136 0.1136 0.1136

T 2 0.7500 0.2500 0.2500

O 1 0.0000 0.1364 0.1364

O 2 0.1818 0.1818 0.1818

Fig. 10. (a) RUM rotations around [001] that are needed to transform

the high-temperature Fm3̄m (ap, bp, cp) cubic form of dehydrated SiO2

octadecasil (the all SiO2 analogue of AlPO4-16) into the lower-

temperature I4/m ða ¼ 1
2
ðap � bpÞ; b ¼ 1

2
ðap þ bpÞ; c ¼ cpÞ tetragonal

shown in (b).
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around [001] that are needed to transform the high-
temperature cubic form into the lower-temperature tetra-
gonal form shown in Fig. 10b. Note that such a RUM
mode could, in principle, equally well occur around any
one of the three originally equivalent /001S directions (or
any combination thereof) and hence this particular ‘soft’
RUM mode is triply degenerate in the ‘disordered’ high-
temperature form. The authors of Ref. [40] suggest that
cubic symmetry in both SiO2 octadecasil and AlPO4-16
arises only from ‘ythe presence of structural defects (and)
is likely responsible for the symmetry change y’. We
believe, however, that cubic symmetry does not arise from
structural defects but rather from the simultaneous
dynamic excitation of RUM modes.
5. Conclusions

Clearly, all three AlPO4 compounds investigated
show direct evidence for thermally excited RUM modes
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of distortion at high temperature, any one of which (or
any combination of which) could potentially condense
out at lower temperature/s giving rise to extremely
complex lower-temperature polymorphism, as e.g., in
the case of AlPO4-tridymite. In the case of AlPO4-8, one
such condensed q ¼ 1

2
c� RUM mode has clearly con-

densed out at room temperature. Only total scattering
studies including both Bragg reflections as well as the
underlying diffuse scattering can hope to unravel the
structural complexities of these fascinating zeotypic
microporous aluminophosphate phases.
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