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The novel aluminophosphate STA-15 (St Andrews microporous solid-15) is prepared by hydro-
thermal synthesis in the presence of tetrapropylammonium hydroxide (TPAOH), which acts as a
structure directing agent. The crystallization is accelerated by the addition of low concentrations of
tetraphenylphosphonium or other bulky organic cations, and the purity is improved by the addition
of'silica to the gel, but these additives are not included in the final crystalline product. The structure of
STA-15 was solved by a combination of synchrotron X-ray powder diffraction and modeling. The as-
prepared form of STA-15 (Iba2, a = 14.7953(1) A, b = 27.3634(3) A, ¢ = 8.34464(6) A at 100 K) has
unit cell composition Al3,P3,0,3(OH);. 8TPA1 s+ 3H>0. It has a system of one dimensional channels,
limited by strongly elliptical 12-membered rings (12 tetrahedral cations and 12 oxygen atoms, 8.7 x
57A ) in which the TPA™ cations reside. The charge- balancmg hydroxide ions are coordinated to
framework Al, as shown by >’Aland *'P MAS NMR. STA-15 is stable to removal of the organic and
hydroxyl species upon calcination in oxygen, leaving a microporous solid with a pore volume of

0.11 cm® g and showing uptakes of n-hexane and toluene (at 297 K, p/p, =

0.69 mmol g, respectively.

Introduction

Microporous inorganic solids with zeolitic properties
are of great importance as sorbents and catalysts and
have high potential in emerging technologies.' Among
these solids, aluminosilicates, silicas and aluminopho-
sphates with tetrahedrally-connected frameworks are of
most general interest, because of their high thermal
stability and properties as catalysts. For aluminopho-
sphate-based molecular sieves,”” the inclusion of Mg for
Al, or Si for P, introduces acidity for solid acid catalysts,
1589 and the inclusion of redox metals, such as Mn, Co, or
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Fe, for Al produces redox active solids suitable for selective
oxidation catalysis.""'*"'? Although the mechanism of the
crystallization of zeolites and aluminophosphates remains an
open question of current interest,'*'* the role of inorganic
and organic species as structure directing agents, or tem-
plates, is of fundamental importance. Indeed, for the alumi-
nophosphate solids, first discovered by Wilson, Lok, and
Flanigen et al.,> ® all of the most porous frameworks are
prepared in the presence of organic amines or alkylammo-
nium cations that are occluded in the solid after crystal-
lization, and must be removed by calcination in oxygen to
render the solids porous. As a result, there is particular
interest in those materials that can be prepared using readily
available organic species, and initial synthetic efforts con-
centrated on the use of tetraalkylammonium cations (NR, ",
where R = CHj;, C,Hs, C3H7, and C4Hyg). The tetrapropy-
lammonium cation (TPA™) has been reported to act as a
structure directing agents for the aluminophosphates AIPO4-5
and AIPO4-40 (the latter favored by the presence of low
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Table 1. Gel Compositions (Molar Ratios) and Resultant Products for Hydrothermal Syntheses of STA-15¢

Al(OH); H;PO, SiO, Co(Ac), TPA™ TPP* K222 H,O product (PXRD label, Figure 1)
1 1 0.64 70 STA-15 + AIPO,-5 (a)
0.9 1 0.64 70 STA-15 + impurity (b)
0.9 1 0.2 0.64 70 poorly crystalline STA-15 (¢)
0.9 1 0.2 0.64 0.108 0.008 70 STA-15 (d)
0.9 1 0.64 70 STA-15 + minor impurity (e)
0.9 1 0.2 0.64 0.108 70 STA-15 (f)
0.9 1 0.2 0.60 70 STA-15 (g)
0.9 1 0.64 36 AlIPOy-5 (h)
0.85 1 0 0.05 0.64 70 STA-15 + minor impurity®

“ All preparations based on 6.24 mmol H3;PO,. TPAOH added to give an initial pH of 6.5—7.0. This typically required TPA™/P molar ratio of
0.60—0.64. All syntheses in the table were performed at 190 °C for 168 h. a—d in new PTFE liners, others in used liners washed with hot dilute nitric acid.

b Preparation seeded with 0.04 mmol of as-prepared AIPO4—STA-15.

levels of added tetramethylammonium TMA ),>!'> and
the silicoaluminophosphates SAPO-5,'® SAPO-40,>%1¢
and SAPO-34,"7 where the product phase depends on the
reaction conditions and presence of additives that are
not included in the crystals. In addition, SAPO-37 is
templated by a mixture of TPA* and TMA™ cations,
where both are included in the final product.”'® The ability
of an organic molecule to be able to direct to more than one
structure is well known in zeolites and related materials, the
commercially available hexamethonium cation has recently
been shown to give the novel aluminophosphate-based
EMM-3"" and had previously been shown to template the
silicoaluminophosphate SAPO-17.%

In this paper, we report the synthesis of a novel large
pore aluminophosphate, STA-15 (St. Andrews micro-
porous material-15) using the tetrapropylammonium
cation (TPA™) as a structure directing agent. That a new
material was obtained using reactants and conditions that
had previously been investigated is remarkable, and
underlines the critical dependence of phase formation
on kinetic factors deriving from details of gel chemistry.
The new solid was prepared during an ongoing program
of research in which combinations of organic bases
are examined for their co-templating abilities:*' in the
synthesis of STA-15, the addition of low concentrations
of large charged molecules tetraphenylphosphonium
(TPP™) or the azaoxacryptand 4,7,13,16,21,24-hexaoxa-1,
10-diazabicyclo[8.8.8]hexacosane (K222) along with
TPA™ results in the acceleration of crystallization, without
their incorporation.

Experimental Section

Synthesis. Hydrothermal syntheses were performed by com-
bining sources of potential framework species Al, P (and in some
cases Si) with distilled water and organic additives. All reagents
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were used as supplied (Al(OH);-0.2 H,O, Aldrich, 98%;
H;PO,, Analar, 85% aq.; fumed SiO,, Fluka, 97%; TPAOH,
Aldrich 1M (aq); TPPBr, Aldrich, 97%; K222, ABCR,
97%; Cobalt acetate, Co(Ac),-4H,O, Aldrich). Details
are given in Table 1. All gels were stirred at room tempera-
ture until homogeneous, then loaded in PTFE-lined stainless
steel autoclaves and heated at 190 °C for 72 or 168 h. The initial
experiments were performed in PTFE liners (23 mL capacity)
that had not previously been used in the synthesis of alumino-
phosphates: subsequent reactions were performed in liners that
were cleaned between syntheses by prolonged washing in hot
dilute nitric acid. In the syntheses, after removing autoclaves
from the oven and allowing them to cool, the reaction mixtures
were suspended in water, and if necessary, the suspensions were
sonicated to force separation of crystals from a suspension of
amorphous material, which was decanted. In the case of the
cobalt-containing preparation, larger crystals of an impurity
phase were removed by resonication and exclusion of the
coarsest fraction. The products were filtered, washed, and air
dried at 60 °C.

Characterization and Structure Determination. Laboratory
X-ray powder diffraction of the crystalline fraction of these
samples was performed on a Stoe STADI P diffractometer,
using monochromated Cu K; X-radiation, over a period of 1 h.
For structural studies, two pure samples of as-prepared STA-15,
prepared in different ways (samples d and f of Table 1), were
analyzed in Debye—Scherrer mode on beamline 111 at the
Diamond Light Source at 100 K.?? In addition, samples of the
same two STA-15 materials were calcined at 550 °C for 12 h in
flowing oxygen and then loaded into 0.5 mm quartz glass
capillaries attached to a vacuum line, where they were dehy-
drated at 200 °C for 3 h to remove water and sealed under
vacuum. One calcined and dehydrated sample (d) was analyzed
at 290 K in Debye—Scherrer mode on a Stoe STADI P diffract-
ometer, using monochromated Cu K,; X-radiation, over a
period of 16 h. The other (f) was analysed in Debye-Scherrer
mode at the Diamond Light Source at 100 K under the same
conditions as its corresponding as-prepared material. Rietveld
analysis of the data was performed using the GSAS suite of
programs.?

A single crystal of AIPO4 STA-15 (prepared after 3 days
heating of a gel of type d in Table 1 ) was analyzed on a Rigaku
diffractometer fitted with a rotating copper anode (Cu K,
A=1.54178 A) and a CCD detector (Supporting Information).
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The structure was solved and refined using the SHELXS
program and refined using the SHELXL-97 code.**

The morphology of the products was studied by SEM and
selected area inorganic chemical analysis was performed by
EDX on a JEOL JSM-5600 SEM with a tungsten filament
and an Oxford INCA Energy 200 analyser. Electron diffraction
was performed on a calcined sample of STA-15 using a JEOL
2010 electron microscope operating at an accelerating voltage of
200 kV. The sample was ground and deposited from a suspen-
sion in acetone onto a holey carbon grid. ED patterns were
taken directly onto film. Chemical analysis for carbon, hydro-
gen and nitrogen was performed on as-prepared samples using a
CE Instruments EA 1110 CHNS analyser.

Solid-state NMR experiments were performed on as-pre-
pared and dehydrated, calcined STA-15 samples using a Bruker
Avance 11 600 spectrometer, equipped with a widebore 14.1 T
magnet, yielding Larmor frequencies of 243.0 MHz for 3tp,
156.4 MHz for ’Al and 150.9 MHz for '*C. Samples were
packed in conventional 4 mm ZrO, rotors and rotated at a rate
of 10 kHz. For calcined samples, the open rotor was heated
overnight at 100 °C prior to collection of the spectra. Chemical
shifts are recorded in ppm relative to 85 % H3POy for *'P, 1 M
AI(NOs); (aq) for 2’Al and TMS for '*C. For '3C spectra were
acquired using cross-polarization, with a contact pulse (ramped
for 'H) of 1 ms and 'H decoupling (SPINAL32 with w,/27 =
100 kHz) applied throughout acquisition. Relative spectral
intensities were analysed using the DMFIT program.>

Density functional theory (DFT) calculations were carried
out on the AIPO, framework structure of STA-15 using the
experimentally measured structure of calcined STA-15 at 290 K
as a starting point. The structure was optimized and NMR
parameters were calculated for Al and *'P. The CASTEP?*?’
code was used, which employs the gauge including projector
augmented wave (GIPAW)?® algorithm, to reconstruct the all-
electron wave function in a magnetic field. The generalized
gradient approximation (GGA) PBE functional was used and
the core—valence interactions were described by ultrasoft pseu-
dopotentials. Integrals over the Brillouin zone were performed
using a Monkhorst—Pack grid with a k-point spacing of 0.04
A~! Wavefunctions were expanded in planewaves with a kinetic
energy smaller than the cut-off energy of 60 Ry. Calculations
were performed using the EaStCHEM Research Computing
Facility, which consists of 136 AMD Opteron processing cores
partly connected by Infinipath high speed interconnects. Typi-
cal NMR calculation times were 78 hours using 28 processors.
The isotropic chemical shift, diso, is given by —(0iso — Orer), Where
Oiso» 18 the isotropic shielding. Reference shieldings, 0y.p, of 553.2
ppm, and 280.4 ppm were used for >’Al and *'P, respectively,
obtained from previous work.?® The structure was geometry
optimized within the CASTEP program (with all atomic posi-
tions and the unit cell dimensions allowed to vary). No symme-
try restrictions were applied.

TGA was performed at 10 °C min~' in air using a TA
Instruments SDT 2960 thermogravimetric analyser. The N,
adsorption isotherm at 77 K was measured for STA-15
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Figure 1. Powder X-ray diffraction patterns of the products of reactions
a—h of Table 1. Samples d, f and g are pure STA-15.

previously calcined in O, at 550 °C for 12 h, using a fully
automated Hiden IGA gravimetric apparatus. STA-15 was
dehydrated at temperatures of 150 °C or 200 °C under vacuum
(10 Torr) in the IGA instrument prior to adsorption, but this
did not affect the uptake. The adsorption isotherms of toluene
and n-hexane were measured by following pressure changes on a
glass vacuum line of calibrated volumes fitted with PTFE taps.
The solvents were dried over molecular sieves and adsorbed
gases removed by freeze-thaw cycles and evacuation. The cal-
cined STA-15 was dehydrated under a vacuum of 10 Torr and
200 °C for 3 hours prior to measuring the isotherms.

Results and Discussion

Synthesis and Characterization of As-Prepared STA-15.
Details of some of the hydrothermal syntheses (190 °C
for 168 h) are given in Table 1, and powder diffraction
patterns are shown in Figure 1. Using only TPAOH
as a potential structure directing agent and with a gel
composition AI(OH);3-0.2 H,O/H;PO,4/TPAOH/H,O =
1:1:0.64:70 gave a mixture of the known phase AIPO4-5
and a second phase, subsequently identified as a novel
large pore solid and named STA-15. Reducing the Al/P
ratio to 0.9 gave STA-15 with a small amount of an
unidentified impurity and adding fumed silica to the
reactant mixture gave STA-15 of low crystallinity. The
addition of small amounts of TPP* (molar ratio TPP" /P =
0.108:1) or K222 (K222/P = 0.008:1) gave highly crystalline
STA-15 from silica-containing gels (yields of 40—
50 % on P). (Adding K222 at higher concentrations resulted
in the crystallization of AIPO4-42, for which it is a known
structure directing agent.”*>%) Subsequent reactions (e, f, g)
in PTFE liners previously used in the above STA-15
syntheses and subsequently washed in hot dilute nitric acid

(29) Schreyeck, L.; D’Agosto, F.; Stumbe, J.; Caullet, P.; Mougenel,
J. C. Chem. Commun. 1997, 1241.
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Figure 2. Representative scanning electron micrographs of STA-15 pre-
pared in the presence of the additive TPP' after (below) 3 days and
(above) 7 days at 190 °C.

gave pure or nearly pure STA-15 in the presence or absence
of silica or organic additives, probably as a result of seeding
effects because of residual STA-15 left after washing. When
preparation b, with Al/P = 0.9 and H,O/P = 70, was
repeated with half the original water content, AIPO4-5
crystallized instead.

After 72 h of heating the corresponding gels without
organic additives, preparations b, ¢, and g of Table 1 gave
very low yields of STA-15 (yield <5% on P), but the
addition of small amounts of the bulky organic species
K222 and TPP" (e.g. preparation d) were found to
accelerate its crystallization, giving higher yields of crys-
talline STA-15 (yield 30 % on P).

STA-15 crystallizes as overgrown or sheaf-like bundles
of long plates after 7 days, with or without species other
than the Al and P sources and TPAOH (Figure 2). The
most crystalline materials were prepared in the presence
of silica and TPP or K222, in which preparations elon-
gated rods showing overgrowth structure are already
present after 3 days of heating, and were analyzed by
single crystal diffraction. EDX analysis indicated Al/P
ratios of 1:1 in the STA-15 products from a to g with very
low silicon contents even for those samples prepared in
the presence of silica in the gel.

2’A1 MAS NMR of the as-prepared aluminophosphate
solids (Figure 3, lower spectrum) indicates that most of
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Figure 3. Solid-state 27Al MAS NMR of (below) as-prepared and
(above) calcined STA-15.
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Figure 4. Solid-state *'P MAS NMR of (below) as-prepared and (above)
calcined STA-15.

the Al is in tetrahedral coordination (Al(OP),) (6 38.4
ppm) with small amounts (6.7 % of the total >’ Al) of five-
fold coordinated species (6 9.7 ppm) and no evidence of
Al(OP);3(OSi) environments, which would be observed as
a shoulder on the AI(OP), resonance. No >’Si resonance
was observed in the samples prepared in the presence of
silicon, confirming that Si is not taken up into framework
cation positions. >'P MAS NMR (Figure 4) gives a sharp
peak because of tetrahedral P(OAl)4 at —31.1 ppm,
together with a broad shoulder downfield, which makes
up ~20% of the total >'P signal. Similar downfield shifts
of signals in the *'P NMR spectra of AIPOs have pre-
viously been attributed to P atoms linked tetrahedrally
(through O atoms) to Al atoms, one or more of which are
five-fold coordinated.?’ The *C MAS NMR spectrum
(060.4,16.5,13.2 ppm, Supporting Information Figure S1)
is consistent with TPA™ cations being the only included
organic species, even in those syntheses where other co-
bases were added, and elemental analysis supports this,
with an observed average C/N ratio of 11.9 (compared to
12 for TPA™). TGA (10 °C min™', air) showed 1.4 wt %
loss below 200 °C, attributed to water loss, followed by a
gradual weight loss of 8.2% to 800 °C, attributed to

(31) Tuel, A.; Lorentz, C.; Gramlich, V.; Baerlocher, C. C. R. Chim.
2005, 8, 531.
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Figure 5. Left, schematic representation of the “crankshaft” alumino-
phosphate chain, with characteristic 8.35 A repeat, frequently observed in
aluminophosphate zeotype materials. O atoms are omitted for clarity, and
closed and open circles represent Al and P atoms at the centre of
tetrahedra. The connectivity between tetrahedra is indicated by solid
links. Centre and right are representations of the narsarsukite chain (two
linked crankshaft chains) and the double narsarsukite chain (three linked
crankshaft chains) observed in aluminophosphate structures.

317
H3H

removal of the TPA cation. A combination of NMR data,
elemental analysis and TGA was used to determine the
empirical charge balanced formula of as-prepared STA-
15 to be A1P04'(OH)0‘06'TPA0.06'0.10H20 (theoretical
composition, wt %, C = 6.3, N = 0.6; measured, C =
6.0, N = 0.6). On the basis of this composition, the *’Al
MAS NMR, in which 6.7% of the signal is from five-fold
aluminium, supports a model where the hydroxyl group is
terminal (where 6% of the Al would be 5-fold coordinate)
rather than bridging (where 12% of the Al would be
5-fold coordinate).

Preliminary work has shown that it is possible to
prepare CoAIPO STA-15 by the addition of small
quantities of cobalt acetate into the reaction gel
(Co/(Co + Al) = 0.06), if the preparation is seeded with
a small amount of as-prepared aluminophosphate STA-
15 (Table 1). The crystallization of the cobalt-bearing
STA-15 phase is confirmed by (i) PXRD (with some
impurity present, Supporting Information), (ii) the blue
color of the STA-15 crystals, which suggest Co(Il) in
tetrahedral framework sites, and most importantly, (iii)
selected areca EDX analysis of the needle like STA-15
crystals (which have a similar morphology to the Al-
PO4,—STA-15 crystals), which indicates a framework
composition of approximately Cog gsAlg94PO4. All sub-
sequent characterization refers to the pure aluminophos-
phate version of STA-15, however.

Structure Solution of STA-15. The synchrotron X-ray
powder diffraction pattern of an as-prepared sample of
STA-15 (preparation d of Table 1) collected at 100 K was
indexed on a body-centred orthorhombic unit cell (@ =
14.799 A, b = 27.369 A, ¢ = 8.347 A). The reflection
conditions ((hk0), h + k = 2n; (0kl), k,l = 2n; (hOl), h,l =
2n) indicated the space group to be Iba2 or Ibam. The
structure solution of STA-15 was achieved by combining
X-ray powder diffraction and structure modeling. Initi-
ally, comparison of the unit cell dimensions determined
from the powder data with those of known AIPO,
structures indicated that the ¢ axis (8.35 A) is typical of
AIPQy structures built from a structural unit described as
the crankshaft chain, with a repeat unit of two AlO4 and
two PO, tetrahedra (Figure 5). For a fully ordered
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Figure 6. Schematic views of the tetrahedral connectivity in (left) AIPO4-8
and (right) STA-15, in each case projected parallel to the axis of the
crankshaft chains in the two structures. Al and P atoms are represented by
closed and open circles and O atoms are omitted for clarity. The unit cell is
outlined in each case and the double narsarsukite chains of AIPOy4-8 that
are replaced by narsarsukite chains in STA-15 are outlined by circles.

aluminophosphate framework, there can be no mirror
plane perpendicular to a crankshaft chain so the space
group must be /ba2. Furthermore, two of the unit
cell dimensions were very close to those of the known
AIPO4-8°*% with the third shorter by a distance (~6 A)
typical of two Al—P distances. It was therefore possible to
construct a structural model for STA-15 with the correct
space group symmetry starting from the AIPOy4-8 struc-
ture, which is represented in projection along the chain
axis by the connection of its tetrahedral cations (T-sites)
in Figure 6. Linking the structural layers present in the
AIPO4-8 structure by single narsarsukite chains
(Figure 5), which are made up of two crankshaft chains
related by a centre of symmetry, and not by the double
narsarsukite chains (Figure 5) present in AIPO4-8 gives a
starting structure for STA-15 consistent with the symme-
try (Figure 6). Previously, the topology of this model was
proposed as a theoretical structure for AIPOys during the
“enumeration of four-connected three dimensional nets
produced by the conversion of all edges of simple 2D nets
into crankshaft chains” by Han and Smith.** The frame-
work topology was produced by conversion of a 2D net
with the circuit symbol (as named by Wells, appendix of
paper of Smith*®) (46%),(4.6.12),(4.6.12),(6°12); to a 3D
net of circuit symbol (46°), (46°), (46°), (6°) and was
predicted to have unit cell parameters 15 x 28 x 8.5 A,
close to those observed here. Notably, the regular alter-
nation of up and down linkages of T-sites requires that
only one 3D net can be produced from each 2D net, so
that no other structures based on crankshaft chains with
similar projections down the 8.5 A axis (that might give
similar diffraction patterns) are possible.

Approximate fractional atomic coordinates were de-
termined for this model and used as a starting point for
Rietveld profile analysis of the as-prepared solid. The
geometries of the AlO4 and PO, tetrahedra were re-
strained by restraining Al—0O, P—0O, O—0(AlO4) and
O—0(PO,) distances to be close to 1.71 A, 1.51 A, 2.80 A

(32) Dessau, R. M.; Schlenker, J. L.; Higgins, J. B. Zeolites 1990, 10,
522.

(33) Richardson, J. W.; Vogt, E. T. C. Zeolites 1992, 12, 13.

(34) Han, S.; Smith, J. V. Acta Crystallogr 1999, A55, 332.

(35) Smith, J. V. Am. Mineral. 1978, 63, 960.
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and 2.47 A, respectively. Refinement proceeded smoothly
for the framework positions and some possible positions
of template atoms were included from difference Fourier
maps and refined successfully, although complete TPA™
cations were not located. The extraframework scattering
was refined as C atoms at full occupancy, as part of the
TPA™ cations, although it was not possible to distinguish
between C and N atoms. C—C distances were constrained
to 1.50(1) A. The best fit to the data was achieved by using
the profile function of Stephens et al. for anisotropically
broadened reflections.’® Hydroxyl species coordinated
to the Al cations were not located and could be dis-
ordered over many sites. The final fit to the data is shown
in Figure 7, and crystallographic details of the refinement
are given in Table 2. The final unit cell composition of the
as-prepared material is Al3;;P3,0123(OH); 3(TPA); g+
3H,0, where the charge balancing hydroxyl groups are
coordinated to framework Al cations and there is nearly
one (0.9) TPA ™ cation per channel site. The final structure
of as-prepared STA-15 determined from powder data is
shown in Figure 8, and the atomic coordinates are given
in Table 3. Rietveld refinement of powder data at 100 K of
a STA-15 sample prepared in the presence of TPP™ was
also performed, in the same way, and the details are given
in Table 2 and in the Supporting Information. In this case,
peak profile function 2 in GSAS was used.?” The refine-
ment gave a similar Ry, for the fit and similar structure
parameters, with a slightly higher R,,,. The mean values
and spreads of final AI—O and P—O lengths and the
ranges of O—Al—0O and O—P—O0 angles were similar for
the two samples, Table 4, and within a reasonable range
for AIPOy4 structures. Additional data is given in the
Supporting Information and cif files.

There are four crystallographically distinct Al sites and
four distinct P sites in the STA-15 structure. Like many
aluminophosphates, STA-15 is built entirely of crank-
shaft chains and possesses the same layered building unit
as AIPO4-8, although in STA-15 these are linked via
narsarsukite rather than double narsarsukite chains.
Channels running parallel to the ¢ axis are limited by
12-membered rings (12 tetrahedral cations and 12 O
atoms — 12MRs). The channels are lined exclusively by
6MRs and so are not connected. Notably the AlI-O—P
angles linking tetrahedra along ¢ show larger values
(159—175°) than those in the plane of the layers
(137—165°) (as determined from the X-ray powder dif-
fraction data).

In parallel with these powder diffraction studies, it was
possible to perform single crystal diffraction on small
crystals of as-prepared STA-15 prepared after 72 h crys-
tallization time. Although the data was not of very high
quality, due to the small size and the stacked overgrowth
nature of the crystals, they confirm the unit cell, space
group and structural model obtained from powder dif-
fraction.

(36) Stephens, P. W. J. Appl. Crystallogr. 1999, 32, 281.
(37) (a) Howard, C.J. J. Appl. Crystallogr. 1982, 15, 615. (b) Thompson,
P;; Cox, D. E.; Hastings, J. B. J. Appl. Crystallogr. 1987, 20,79.
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Figure 7. Rietveld refinement plot of as-prepared AIPO, STA-15, sample
d, measured at 100 K, showing measured data (red), fitted data (green),
and the difference plot (purple).

STA-15 is, to our knowledge, the fourth alumino-
phosphate discovered with a 1D 12MR channel net-
work in which the channels are not connected,
the others being AIPO4-5,*® AIPO-31,*" and AIPO,-
36.4%4! The structure of STA-15 is compared with that
of the well known AIPO4-5 in Figure 9. Both are made
up only of crankshaft chains and contain one dimen-
sional I2MR pore systems. In AIPO4-5, the structure is
made up only of narsarsukite chains, whereas in STA-
15, there are also single crankshaft chains. The chan-
nels of both are lined only with 6MRs, and the main
difference in the channel geometry between the two
structures is that the channels in AIPO4-5 are circular
in cross section (7.3 x 7.3 A), whereas those in STA-15
are strongly elliptical (8.7 x 5.7 A ). The channels of
AIPO4-36 (which does not contain crankshaft chains)
show intermediate cross-sectional ellipticity (7.5 x 6.5 A)
and the channels of AIPO,4-31, which are bounded by non-
planar 12MRs, are circular and much smaller in cross-
section (5.4 x 5.4 A).

(38) Bennett, J.M.; Cohen, J.P.; Flanigen, E.M.; Pluth, J.J.; Smith, J.V
ACS Symp. Ser. 1983, 218, 109.

(39) Bennett, J. M.; Kirchner, R. M. Zeolites 1992, 12, 338.

(40) Smith, J.V_; Pluth, J.J.; Andries, K.J. Zeolites 1993, 13, 166-169.

(41) Wright, P. A.; Natarajan, S.; Thomas, J. M.; Bell, R. G.;
Gai-Boyes, P. L.; Jones, R. H.; Chen, J. Angew. Chem., Int. Ed.
Engl. 1992, 31, 1472.
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Table 2. Crystallographic Details of Structure Refinements of As-Prepared and Calcined STA-15 (Preparations d and f, Table 1) against Powder X-ray
Diffraction Data

sample d, as-prepared

sample d, calcined

sample f, as-prepared sample f, calcined

experimental unit cell Composition A132P320|28(OH)].8 TPA]lg . 3H20 Al}zP}zO]zg

Al3yP3,0125(0H), sTPA, 5-3H,0 Al3P3:0)05

diffractometer Synchrotron, 111, DLS Stoe STAD i/p Synchrotron, 111, DLS Synchrotron, I11, DLS
wavelength 0.826019 1.54056 0.827267 0.827267
temperature (K) 100(2) 290(2) 100(2) 100(2)

crystal system orthorhombic orthorhombic orthorhombic orthorhombic
space group Iha2 (No. 45) Iha2 (No. 45) Iha2 (No. 45) Iha2 (No. 45)
a(A) 14.7953(1) 14.7696(6) 14.8022(1) 14.7967(1)
b(A) 27.3634(3) 27.6373(11) 27.3306(2) 27.5248(3)
c(A) 8.34464(6) 8.3580(2) 8.34870(4) 8.32555(4)
V(A3 3378.31(7) 3411.6(3) 3377.47(5) 3390.79(6)

26 range of refinement (deg) 2—40 5—80 2—40 2—-35

Ryp, R, . Ry (%) 6.8,5.2,89 9.2,6.6,7.2 10.1, 6.4, 8.2 9.9,7.5,8.6
7 4 2.9 1.6 1.6

Figure 8. Structure of as-prepared AIPO4-5 STA-15, viewed down z and
with the unit cell outlined. (Al atoms in green, P atoms in purple, O atoms
in red. Extra framework scattering (C, N) atoms depicted in gray.).

Given the large synthetic effort made in the synthesis of
AlPOy4-based materials, particularly using commercially
available templates, it was surprising to us that a novel
solid had been prepared using TPA™ asan SDA. For pure
aluminophosphate gel preparations, our results indicate
that at 190 °C, both AIPOy4-5 and STA-15 can crystallize,
with the crystallization of STA-15 favored by higher
water content (H,O/P = 70) and an Al/P ratio less than
1 (0.9). Previous reported aluminophosphate prepara-
tions had used 150 °C as a crystallization temperature
and lower water contents (H,O/P = 20—50) and had
given AIPO,-5% and AIPO4-5/AIPO,-40 mixtures. '’

The effect of the addition of silica in our preparations is
to reduce the nucleation rate of the (S)APO-5 relative to
that of STA-15, rather than becoming incorporated in the
STA-15 structure. A similar effect was observed in the co-
crystallization of SAPO-40 and SAPO-5 by Dumont
et al.,'® where higher silica contents in the gel favored
SAPO-40 over SAPO-5. Using similar crystallization
temperatures but a lower H,O/P ratio (35) than in our
work, Si/(Si + Al + P) ratios above 0.1 gave SAPO-40.
Interestingly, over a narrow range of added SiO, (Si/(Si +
Al+P)~0.09), acomplex mixture of SAPO-5, SAPO-40,
and a third, unidentified phase was reported. The authors
were unable to obtain this material in pure form, but,
on the basis of some of the reflections attributed to this
phase, it seems likely that this impurity could have
been the material we report as STA-15 here, and that

Table 3. Fractional Atomic Coordinates and Displacement Parameters for
As-Prepared AIPO4 STA-15 (Sample d) at 100 K

atom X b z frac Uiso (Az)
P1 0.9024(5) 0.7831(2) 0.1671(8) 1 0.037(1)
P2 0.9062(5) 0.6702(2) 0.6624(8) 1 0.037(1)
P3 0.7203(4) 0.6388(2) 0.1570(7) 1 0.037(1)
P4 0.3978(4) 0.5526(2) 0.1563(9) 1 0.037(1)
All 0.9068(5) 0.7796(2) 0.7882(7) 1 0.037(1)
Al2 0.8999(5) 0.6739(2) 0.2838(7) 1 0.037(1)
Al3 0.5930(5) 0.5547(24)  0.2780(8) 1 0.037(1)
Al4 0.2714(6) 0.6338(2) 0.2834(7) 1 0.037(1)
(@] 0.8848(8) 0.7339(2) 0.2405(11) 1 0.037(1)
02 0.9906(6) 0.8026(3) 0.2295(13) 1 0.037(1)
03 0.8253(7) 0.8156(3) 0.2152(13) 1 0.037(1)
04 0.9008(6) 0.7799(4) 0.9902(7) 1 0.037(1)
05 0.8928(8) 0.7214(2) 0.7196(11) 1 0.037(1)
06 0.8403(5) 0.6354(3) 0.7408(11) 1 0.037(1)
o7 0.8980(6) 0.6670(3) 0.4854(7) 1 0.037(1)
o8 1.0000(5) 0.6528(3) 0.2074(13) 1 0.037(1)
09 0.8179(5) 0.6375(3) 0.2039(11) 1 0.037(1)
010 0.6770(7) 0.6861(3) 0.2034(12) 1 0.037(1)
Ol11 0.7135(6) 0.6297(4) 0.9830(6) 1 0.037(1)
012 0.6737(7) 0.5965(3) 0.2349(11) 1 0.037(1)
013 0.4856(5) 0.5715(3) 0.2227(13) 1 0.037(1)
014 0.3798(6) 0.5014(2) 0.2079(12) 1 0.037(1)
015 0.3175(6) 0.5834(3) 0.1960(12) 1 0.037(1)
016 0.4077(6) 0.5495(3) 0.9807(8) 1 0.037(1)
Cl 0.0188(9) 0.5258(3) 0.7911(22) 1 0.037(1)
C2 0.1120(10)  0.5238(9) 0.8662(24) 1 0.037(1)
C3 0.1538(12)  0.4766(10)  0.8188(28) 1 0.037(1)

we have achieved its synthesis as a pure phase by increas-
ing the water content, reducing the Al/P ratio, and the
addition of organic additives such as K222 and TPP". We
speculate that the effect of these organic additives is to
preorganize species in the aluminophosphate gel and to
favor the nucleation of STA-15 rather than AIPOy-5.
They are too large to become incorporated in either of
the co-crystallizing zeotypes.

Structure and Properties of Calcined STA-15. Calcina-
tion of as-prepared STA-15 in flowing oxygen (550 °C, 12
h) gave a white crystalline solid without loss of crystal-
linity, as shown from the PXRD (Figure 10).>’Al and *'P
MAS NMR spectra of the calcined material (Figures 3
and 4) give single resonances indicative of tetrahedral
environments, Al(OP); (6 37.5 ppm) and P(OAl)4 (6
—32.0 ppm). This indicates that hydroxyl species coordi-
nated to the framework aluminium were removed in this
process, leaving a fully tetrahedrally-connected AIPOy4
framework without organic species in the pores, but
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Table 4. Bond Lengths and Angles from Refined Structures of STA-5 in As-Prepared and Calcined Forms

STA-15 sample d

STA-15 sample

STA-15 sample d STA-15 sample f

preparation as-prepared as-prepared calcined calcined
X-rays Synchrotron Synchrotron Lab Synchrotron
temperature/K 100 100 290 100
mean Al—O (esd)/A 1.700(10) 1.698(16) 1.703(9) 1.702(11)
range AlI-O/A 1.684—1.717 1.677—1.729 1.690—1.721 1.683—1.717
mean P—O/A 1.495(12) 1.495(17) 1.501(10) 1.499(13)
range P—O/A 1.476—1.514 1.473—1.516 1.488—1.521 1.480—1.518
mean O—Al—-0O (deg) 109(3) 109(2) 109(2) 109(3)
range O—Al—0O (deg) 105.7—114.5 106.9—112.6 106.6—112.5 104.0—114.0
mean O—P—0 (deg) 109(3) 109(2) 109(2) 109(2)
range O—P—O (deg) 104.5—114.3 107.0—112.9 106.9—113.3 105.7—-113.3
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Figure 9. Comparison of the cross sections of the channels in AIPO4-5
and STA-15, viewed down the channel axis along the crankshaft chains in 1
each case. (Color scheme as in Figure 8.).
crystallographically distinct framework Al or P sites were 0 —— T T T 1

not resolved in the NMR spectra. Electron diffraction
studies of calcined STA-15 (Electron diffraction reflec-
tion conditions [100] k,/ = 2n; [010] i,/ = 2n ) confirmed
the space group to be Iba2 (Supporting Information
Figure S5) and did not show the type of superstructure
reflections along ¢* corresponding to a doubling of the ¢
axis that have been observed in template-free AIPO4-8.4
No electron diffraction patterns were observed down the
[001] axis of STA-15, because the c-axis runs along the
long axis of the long thin crystals. The sample is beam
sensitive and no high resolution TEM images were re-
corded.

The structure of calcined samples d and f of STA-15
were therefore refined against laboratory (290 K) and
synchrotron (100 K) X-ray powder diffraction data using
the same structural model, and restraining framework
atom—atom distances as in the refinement of the as-
prepared material. Profile 2 of GSAS was used in the
Rietveld fit. (Table 2 and Supporting Information). The
fit to the laboratory x-ray data of calcined STA-15
(sample d) is shown in figure 11. The framework structure
of calcined STA-15 is similar to that of the as-prepared
solid. The free pore sizes of the calcined solids are
measured as 5.9 x 8.8 A at 100 K and 6.0 x 8.6 A at
290 K. Direct comparison of AIPO4 STA-15 in the as-
prepared and calcined states at 100 K (Table 2) shows that
upon calcination the volume increases by 0.4%, because

(42) Withers, R. L.; Liu, Y. J. Solid-State Chem. 2005, 178, 2647.

26 (degrees)

Figure 10. Laboratory X-ray diffraction profile (1 = 1.54056 A) of
calcined STA-15 (above) compared with that of the as-prepared solid
(below).

of an expansion along » (0.71%), while a and ¢ decrease
(by 0.04% and 0.28%, respectively).

The complexity of the unit cell (4 independent Al sites, 4
P sites and 16 O sites, none on special positions, giving 72
variable fractional atomic coordinates) requires the re-
finements of STA-15 to be restrained. To support the
symmetry assignment and to help understand the unre-
solved ?’Al and *'P MAS NMR spectra given the pre-
sence of 4 different Al and P sites, the AIPO, framework
model was optimized without symmetry constraints by
DFT methods, and the *'P and *’Al NMR parameters
were calculated from the optimized structure, as de-
scribed in the Experimental Section. The final optimized
structure retained orthorhombic /ba2 symmetry, sup-
porting the structure refinement, with «, b, and c¢ lattice
parameters around 2% larger than experimental, as
commonly seen in DFT simulations. Upon optimization
of the structure the T—O bond distances and O—T—0
bond angles become more similar both within TOy tetra-
hedra and between the different tetrahedra. 2’ Al isotropic
chemical shifts of the 4 sites were calculated in a narrow 4
ppm range (between 33.4 and 37.2 ppm) and with similar
Cq values (between 2.5 and 3.6 MHz). These appear
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Figure 11. Rietveld refinement plot of calcined AIPO4 STA-15, sample d,
measured at 290 K, showing measured data (red), fitted data (green), and
the difference plot (purple).

unresolved in the spectrum, although the relatively nar-
row line (given Al is quadrupolar) is in agreement with
small quadrupolar couplings. Similarly, the spread in *'P
isotropic chemical shifts calculated from the minimized
structure (—34.7 to —38.7 ppm) is within the 5 ppm
halfwidth of the relatively broad single resonance ob-
served experimentally. Details are given in the Supporting
Information.

Once calcined, STA-15 is porous, and gives a type 1
adsorption isotherm with N, at 77 K, showing an uptake
of 9 wt % at p/p, = 0.15, corresponding to a pore
volume of around 0.11 cm® g~'. This is lower than the
corresponding pore volume reported for AIPO4-5 (0.18
ecm® g1, but this is in part because of the lower frame-
work density and more circular channel cross section of
AIPO4-5. The crystallographic structure indicates that
calcined STA-15 should be able to adsorb n-alkanes
and monoaromatic hydrocarbons. To prove that the
channels in the structure are accessible to larger mole-
cules, and not blocked by structural faulting or residual
carbonaceous species, the adsorption of n-hexane and
toluene was measured at 297 K and found to achieve 0.48
and 0.69 mmol g~ ', respectively, in each case measured at
p/po of 0.10. Adsorption isotherms are given in the
Supporting Information.

Han et al.

Conclusions

The novel large pore aluminophosphate STA-15 crystal-
lizes using the TPA™ cation as a structure directing agent. The
SDA is included within the channels and the charge balan-
cing hydroxyl groups coordinate to framework Al to increase
its coordination to 5-fold. STA-15is the fourth AIPO, known
with a one dimensional channel system bounded by 12MRs
and with unconnected channels, the others being AIPOy4-5,
AIPO,-31, and AIPO,4-36. The cross-sectional dimensions in
STA-15 are the most strongly elliptical of the structure types.
The framework, which is built up entirely of crankshaft and
narsarsukite chains, is closely related to that of AIPO4-8
because it possesses the same type of complex layers parallel
to these chains (along ¢), but these are linked via narsarsukite
rather than double narsarsukite chains.

The synthesis of the large pore molecular sieve STA-15
using the tetrapropylammonium cation as a structure direct-
ing agent emphasizes the complexity of the crystallization
process for aluminophosphates, where small changes in
reactant ratios determine which phase crystallizes. In parti-
cular, it is remarkable that the STA-15 material had not
previously been reported, given the ready availability of the
template and considerable synthetic efforts in the AIPO4 and
SAPO systems, although it may have been observed pre-
viously as a minor impurity in the attempted synthesis of
SAPO-40. Higher water contents and an Al/P ratio of 0.9:1
in the gel favor the crystallization of STA-15 over AIPO4-5
and are thought to be the important factors in the crystal-
lization of this phase. Furthermore, the addition of silica and
bulky organic cations to the gel have the effects of increasing
the purity of the product phase and accelerating the synth-
esis, respectively, but they are not included in the framework
or in the channels, respectively.

The stability and resultant microporosity of STA-15 sug-
gest that, once prepared with divalent metals doped into the
aluminium sites, it could be an attractive catalytic material in
acid and selective oxidation catalysis, given the strong per-
formance in these reactions of AIPO4-5 doped with metal
cations. The markedly elliptical pore geometry of STA-15
could offer alternative shape selectivities from exhibited by
AlPOy4-5-based catalysts. Initial results indicate that Co(II)
can be incorporated into the framework and current efforts
are ongoing to measure the catalytic properties of this
material and also to find conditions under which the STA-
15 structure is able to undergo framework substitution with
other metals, such as magnesium, manganese, and iron, and
measure the catalytic properties of all these solids.

Supporting Information Available: Supporting information
includes '*C MAS NMR spectrum, CIF files, and structural
data for PXRD and SXRD data, additional Rietveld plots,
TGA, electron diffraction patterns, details of CASTEP refine-
ment and adsorption isotherms. This material is available free of
charge via the Internet at http://pubs.acs.org.
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