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Copper cyclam (cyclam = 1,4,8,11-tetraazacyclotetradecane) and tetraethylammonium (TEA™) act as co-
templates for the hydrothermal crystallisation of the silicoaluminophosphate SAPO STA-7, as determined
by UV-visible, ESR and solid-state MAS NMR spectroscopies, powder and single crystal X-ray diffraction
and chemical analysis. Calcination of the as-prepared solid in flowing oxygen removes all organics to
leave Cu(II),H-SAPO STA-7 (hereafter Cu-SAPO STA-7) in which the presence of bridging hydroxyl groups
is confirmed by IR and the presence of multiple environments for Cu?* is shown by IR using NO as a probe
molecule. Rietveld analysis of synchrotron X-ray powder diffraction data collected over the temperature
range 293-673 K locates Cu?* cations distributed over four sites: above six membered rings (6MRs) and
in the three different 8MR windows of the STA-7 structure. Cu-SAPO STA-7 is a very good catalyst for the
selective catalytic reduction of NO with NH3, in the presence or absence of water vapour, so that this
approach represents an efficient and effective route to copper-containing SAPO catalysts that obviates
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the need for an aqueous Cu?* jon exchange step during preparation.

© 2011 Elsevier Inc. All rights reserved.

1. Introduction

The high temperature combustion of fossil fuels in stationary
and mobile power sources gives rise to nitrogen oxides, NO,, which
are serious atmospheric pollutants. For automobile internal com-
bustion engines working under stoichiometric fuel:air ratios, three
way catalysts permit removal of NO, from the exhaust stream via
reduction with unburnt hydrocarbons and carbon monoxide, but
for engines operating under lean burn conditions and also in sta-
tionary power sources there is an excess of oxygen over fuel in
the inlet mixture, so that selective catalytic reduction (SCR) of
NO, (over the reduction of oxygen) is required. One possible reduc-
tant that can be added to the exhaust or flue gas is ammonia (from
added urea, for example), and the use of NH5-SCR is already a well-
established approach to NO, removal in stationary power sources
[1]. Brandenberger et al. have quite recently comprehensively
reviewed the SCR of NO, by ammonia [2].

* Corresponding author. Tel.: +44 1334 463793; fax: +44 1334 463808.
E-mail address: paw2@st-andrews.ac.uk (P.A. Wright).
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Copper-exchanged ZSM-5 zeolite was reported by Iwamoto in
1986 to be a good catalyst for direct SCR of NO, with hydrocarbons
in vehicle emissions [3] and has since been studied extensively for
this reaction and also for SCR with NH3 [4-12]. The catalytic activ-
ity of the hydrogen forms of these zeolites prior to Cu?* exchange
has been shown to be much lower than that of copper-containing
materials, indicating the importance of the copper cations [2,12].
One mechanistic interpretation has the active site for this reaction
as Cu?*-Cu?* dimers arranged to be able to dissociatively chemi-
sorb NO prior to reaction [13-15]. Copper-exchanged zeolites with
the chabazite structure (CHA topology) have also been shown to be
active catalysts for NH3 SCR of NO, with higher activity than Cu
ZSM-5 at low temperatures, extended ranges of high NO conver-
sion and improved structural stability compared to Cu-ZSM-5
[16,17]. Structural studies of SSZ-13 (synthetic, high silica chabaz-
ite [18]) and the structurally-related zeolite Cu-SSZ-16 [19] - show
that in the activated forms of the zeolites the Cu?* cations occupy
three-coordinated sites within the plane of the six membered rings
(6MRs) of the double six membered ring building units (D6Rs) of
the chabazite structure [20]. Recently, Korhonen et al. have studied
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the structure of ion-exchanged Cu-SSZ-13 after dehydration and
have located Cu?* ions occupying the 3-fold coordinated sites next
to the 6MRs [21]. Furthermore, in situ UV-visible spectroscopy
indicates that during NH3 SCR of NO over this material the copper
remains in the form of isolated mononuclear Cu?* species. Addi-
tionally, copper-exchanged forms of the silicoaluminophosphate
(SAPO) analogue of chabazite (Cu-SAPO-34) have been shown to
be active for the SCR of NO with hydrocarbons such as propene
and with NHs [12,22,23]. Indeed, Cu-SAPO-34 has been observed
to show remarkable thermal stability under reaction conditions,
even in an atmosphere containing appreciable H,O. For these stud-
ies Cu-SAPO-34 was prepared by aqueous ion exchange of calcined
SAPO-34 with solutions containing Cu®*(aq), giving partially ion
exchanged Cu,H-SAPO-34 materials.

Here we report the synthesis and characterisation of copper-
containing SAPO STA-7, prepared using a copper-cyclam complex
(cyclam = 1,4,8,11-tetraazacyclotetradecane) as a structure direct-
ing agent (SDA), or ‘template’, in combination with tetraethylam-
monium (TEA*) hydroxide. The framework of SAPO STA-7
[24-29], like that of SAPO-34, is built entirely from double six-
membered ring (D6R) units, but with a different stacking arrange-
ment that leads to a structure that has two different kinds of cages,
with different sizes, small ‘A’ and large ‘B’ (Fig. 1a and b). The pore
space is three dimensionally connected, with windows with free
diameters (measured from the crystal structure) of: 3.2 A between
A cages, along [001]; 4.1 A between B cages, along [001]; and
3.6 x 3.9 A between A and B cages, along <1 0 0>. A ‘co-templating’
approach has previously been reported for the synthesis of SAPO
STA-7 [25,27-29], where cyclam and TEA* were found to direct
its crystallisation by templating the larger ‘B’ and smaller ‘A’ cages
present in its structure. Here we show that copper-cyclam and
TEA" cations can act as co-templates for the two different cage
types in the STA-7 structure, and establish the framework chemis-
try and the integrity of the complex.

The use of metal-amine complexes as SDAs for aluminophos-
phate zeotypes has been reported previously. Rajic et al. have syn-
thesised a variant of the aluminophosphate AIPO-34 (CHA) with
[Ni(en)3]2* (en = ethylenediamine) although the metal complex be-
comes covalently bonded to the framework [30]. Garcia et al. have
shown that [Ni(deta),]*" (deta = diethylenetriamine) can direct the
crystallisation of aluminophosphate AIPO(F)-34 and an orthorhom-
bic variant of AIPO-5 in the presence of fluoride and AIPO-5, MgA-
PO-34 and SAPO-34 in the absence of fluoride [31,32].

(b)

Furthermore, Garcia et al. have also shown that the silicoalumino-
phosphate SAPO STA-6 [33] can be prepared using the nickel-
tetramethylcyclam complex as an SDA.

Direct syntheses using copper amines as complexes have also
been reported: the aluminophosphate-fluoride form of STA-6 has
been prepared with copper-cyclam as an SDA [34], and the alu-
minophosphate hydroxide AlPO4-21 has been prepared with the
[Cu(en),)*" complex as a charge balancing template [35], but this
is the first report of a SAPO templated by a copper-amine complex.
As is also the case for Ni%*, the location of Cu®* in tetrahedral
framework cation sites is not favoured in aluminophosphates and
the divalent Cu?" cation is strongly complexed by cyclam.

Calcination of the as-prepared solid liberates Cu?* from the
complex, resulting in microporous Cu,H-SAPO STA-7 (hereafter
Cu-SAPO STA-7), in which the negative framework charge is bal-
anced by Cu?* and H' cations. This preparation route has the
advantage of avoiding the additional aqueous Cu?" exchange and
drying steps previously used to give Cu-SAPO catalysts, and also re-
duces the negative effects of hydrolysis of the structure associated
with this process. The Cu-SAPO STA-7 is characterised by adsorp-
tion, X-ray diffraction and MAS NMR, IR, ESR and UV-visible spec-
troscopy, and the accessibility of the copper cations is probed by IR
in combination with the adsorption of CO and NO as probe mole-
cules. In addition, it has been shown to be active in the SCR of
NO in the presence of propene or ammonia, with particularly
promising results achieved for NH; SCR in the presence or absence
of H,O0.

2. Experimental
2.1. Synthesis and preparation

Samples of copper-containing SAPO STA-7 (designated Cu SAPO
STA-7) were prepared from silicoaluminophosphate gels by the
addition of two SDAs, the copper cyclam complex and tetraethy-
lammonium ions. Replacement of cyclam by Cu?*(cyclam) acetate
in the preparation that gives SAPO STA-7 [25,28] was found to give
a purple crystalline solid later identified as Cu SAPO STA-7. In a
typical preparation, fumed silica was added to an aluminophos-
phate gel prepared by mixing Al(OH); with H3PO,4 (85%) in water,
followed by addition of the copper cyclam complex, pre-prepared
by adding cyclam to an aqueous solution of copper acetate. Finally
a solution of tetraethylammonium hydroxide was added to give an

Fig. 1. Representations of the framework structure of STA-7, viewed: (a) down the c axis, labelling the smaller A and larger B cages and (b) along the b axis showing the A and
B cages connected, with the three different 8MR windows outlined (A-A, orange; A-B, green; and B-B, cyan). (For interpretation of the references to colour in this figure

legend, the reader is referred to the web version of this article.)
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initial pH of 7. The overall gel composition was Al(OH)s: 0.8 H3POy,:
0.2 SiO5: 40 H,0: 0.1 Cu(cyclam)(OAc),: 0.2 TEAOH. The gel was
stirred until homogeneous, loaded into a Teflon-lined stainless
steel autoclave and heated in the oven for 5 days at 463 K. The
resultant product was suspended in water and sonicated to force
separation of crystalline from amorphous solid, which was re-
moved by decanting. The final crystalline product was filtered
off, washed with distilled water and dried at 333 K. In order to pre-
pare Cu SAPO STA-7 with small particle size for catalytic testing,
the same preparation was repeated but with the addition of a small
amount of finely ground seed crystals of as-prepared Cu SAPO STA-
7. SAPO STA-7 without copper was prepared according to the pub-
lished method for the purpose of comparison. In each case phase
identification was achieved by laboratory powder XRD.

Thermogravimetric analysis of as-prepared solids was per-
formed under flowing air, using a heating rate of 5 K/min. On the
basis of the TGA results, conditions were chosen to remove all
organics from the solids prior to characterisation of the porous sol-
ids. Calcination was then performed in flowing O, at temperatures
between 673 and 823 K for 12 h, giving Cu-SAPO STA-7.

For comparison of catalytic performance, Cu-SAPO STA-7 was
also prepared by aqueous ion exchange. As-made SAPO STA-7 with
Si/(Si+Al+P)=0.12 was prepared following the procedure de-
scribed elsewhere [25,28] and calcined in air at 823 K for 10 h to
remove organic SDAs. Then, the calcined SAPO samples were ex-
changed with 0.01 M Cu?* acetate aqueous solution at room tem-
perature for 6 h. At the final stage of Cu?* ion exchange, several
drops of ammonia water (26%, DC) were added to adjust the pH
of the solution containing SAPO powder to 7.5. After Cu?" ion ex-
change, when necessary, the resulting solids were calcined in air
at 823 K for 4 h. In order to distinguish between the directly syn-
thesised and ion-exchanged Cu-loaded molecular sieves in the cat-
alytic tests, the suffix “DS” or “IE” is attached in parentheses to
their general names when discussing the catalytic results.

Finally, NH,*-ZSM-5 with Si/Al = 14 was obtained from Tosoh
and exchanged with Cu?" as described above to compare catalytic
performance.

2.2. Characterisation

Laboratory powder X-ray diffraction of as-prepared and cal-
cined samples of Cu SAPO STA-7 were performed in Debye-
Scherrer mode using 0.7 mm sealed quartz glass capillaries on a
STOE STADI/P diffractometer (Cu Ky, 1.54056A) to establish
crystallinity and purity.

Scanning electron microscopy of Cu SAPO STA-7 was performed
on a JEOL JSM-5600 SEM with an Oxford INCA Energy 200 EDX ana-
lyser to determine the Cu, Si, Al and P content: samples were
ground fine prior to analysis, to minimise the effects of zoning on
the measured compositions. Additional elemental analysis for Si,
Al, P, and Cu was carried out using a Jarrell-Ash Polyscan 61E
inductively coupled plasma spectrometer in combination with a
Perkin-Elmer 5000 atomic absorption spectrophotometer. Carbon,
hydrogen and nitrogen analysis was performed on as-prepared
samples using a CEA 1110 CHNS Analyser. X-ray photoelectron
spectra (XPS) were recorded on an ESCALAB 220-IX spectrometer
with a Mg K, X-ray source (1253.6 eV). Typically, five scans were
accumulated and all binding energies are referenced to the C(1s)
line at 284.6 eV from adventitious carbon. Surface Cu/Al or Cu/Si
ratios were calculated from the Cu(2ps,2) and Al(2p) or Si(2p) line
intensities using approximate sensitivity factors. In addition, the
concentration and location of copper in calcined Cu SAPO STA-
7(DS) and Cu exchanged Cu-SAPO STA-7(IE) were examined under
a JEOL JEM-2010 transmission electron microscope (TEM) operat-
ing with an acceleration voltage of 200 kV. Although this resulted

in the reduction of Cu?* to copper metal, it does reveal details of
the Cu?* distribution in the two solids.

Solid-state NMR experiments were performed using a Bruker
Avance Il 600 spectrometer, equipped with a widebore 14.1 T
magnet, yielding Larmor frequencies of 243.0 MHz for 3'P,
119.2 MHz for 2°Si, 156.4 MHz for 2”Al and 150.9 MHz for '3C. Sam-
ples were packed in conventional 1.3 or 4 mm ZrO- rotors and ro-
tated at a rate of either 60 kHz (1.3 mm rotors) or 10 kHz (4 mm
rotors). Chemical shifts are recorded in ppm relative to 85%
H5PO, for 3'P, 1M AI(NOs); (aq) for 2’Al and TMS for 2°Si and
13C. All spectra were recorded with a Hahn-echo pulse sequence
and a repeat interval of either 20 ms (?°Si, '*C) or 500 ms (®'P,
27Al) and a 1 MHz spectral width. Signal averaging was carried
out over 64 transients (3'P), 24576 transients (?°Si), 128 transients
(?’Al) and 1048576 transients (13C).

The porosity of the calcined solids was established by the mea-
surement of adsorption isotherms for N, at 77 K measured gravi-
metrically on a Hiden IGA instrument or volumetrically using a
Micromeritics Tristar or a Mirae SI nanoPorosity-XG analyser.

IR spectroscopy was performed in transmission mode on cal-
cined samples of Cu SAPO STA-7 and SAPO STA-7. Spectra were
measured at room temperature on self-supporting wafers
(~30mg, 2 cm?) placed in a quartz cell with KBr window. They
were recorded at room temperature with a Nicolet Nexus spec-
trometer accumulating 128 scans at a spectral resolution of
4 cm~!. The infrared cell was connected to a vacuum line for evac-
uation and dehydration. Two types of probe molecule were used to
examine adsorption sites in the solids, NO and CO: initially FTIR of
CO was performed to identify the presence of any Cu* and subse-
quently NO was used as a probe molecule because of its strong
and characteristic interaction with Cu?* [36-40]. In each case sam-
ples were measured after dehydration by heating at 573 K under
vacuum and also, in most cases, after a subsequent thermal treat-
ment at 573 K for 4 h in 67 mbar of O, followed by cooling to 393 K
and then room temperature evacuation. Spectra of (i) the dehy-
drated and (ii) the dehydrated and O,-treated samples were used
as background and subtracted from the spectra measured in the
presence of adsorbed species.

UV-visible spectra of as-prepared and calcined Cu SAPO STA-7
were measured in diffuse reflectance mode on a Perkin Elmer
Lambda 35 UV-visible spectrometer, on samples exposed to the
atmosphere. Vividly coloured samples were mixed with BaSO,.
Samples were loaded in 2 mm pathlength quartz cuvettes. Data,
collected as percentage reflectance over the wavelength range
300-1000 nm, were handled on the accompanying Lambda UV-
Winlab software.

ESR spectra of as-prepared and calcined Cu SAPO STA-7 samples
were measured at 293 K using a Bruker EMX spectrometer operat-
ing at 9.52 GHz. Calcined samples were dehydrated at 573 K under
a vacuum of 10~4 mbar in 4 mm quartz glass tubes attached to a
glass vacuum line and sealed prior to measurement. In addition
to being dehydrated, samples were subsequently heated at 573 K
for 4 h in 100 mbar of O, and re-evacuated prior to the tubes being
sealed. In order to avoid saturation of the resonance line, low
microwave power was employed (typically between 0.4 and
4 mW). Hyperfine constants were measured using WinEPR soft-
ware and g values were calculated.

2.3. Crystallography

2.3.1. Single crystal diffraction

Single crystal diffractometry was performed using a Rigaku dif-
fractometer with a CCD detector using Mo K, X-radiation (from a
rotating anode) on large crystals of Cu SAPO STA-7 of 60 um
dimensions in the as-prepared state (purple), calcined at 673 K in
0, for 12 h (green) and calcined at 823 K in O, for 12 h (turquoise).
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Table 1
Single crystal diffraction details for Cu SAPO STA-7 in as-prepared and calcined forms.

As-prepared Cu SAPO  Cu-SAPO STA-7 (calc, 823 K)

STA-7
Unit cell Cuqo(cyclam)y(TEA®),  Cuya,Hs6Alx4SicP13096-XxH0
composition Aly4SigP18096-XH,0
(refined)
Unit cell weight 3666.6 3007.4
Calc. density/gcm™  1.861 1.565
Temperature/K 93(2) 93(2)
Space group P 4/n P 4/n
X-ray source Rotating anode Mo K,  Rotating anode Mo Ky,
Wavelength/A 0.71073 0.71073
Unit cell/A a=18.668(2) a=18.487(3)
¢=9.3863(17) c=9.336(3)
Volume/A3 3271.2(8) 3190.7(12)
Rr (all data) 0.0827 0.161
Re (I>201) 0.0780 0.147
Max and min -1.2,1.7 -0.5,1.9
residual e-

density/e A—3

In both calcined materials, analysis of the bulk sample showed that
no organic remained. In each case, the framework structure was
solved and refined using SHELXTL [41] in space group P4/n, as ob-
served previously for SAPO STA-7 [25], which allows for Al - (P,Si)
order in framework sites. Additional extra framework electron
density observed from Fourier mapping was refined as C, N (and
Cu) atoms of SDAs and the O of water molecules (in the as-
prepared solid) or as Cu?* cations and/or water O atoms (in the
calcined solids).

For the as-prepared solid, extra framework density in the smal-
ler cage of STA-7 was refined as N and C atoms of the TEA" cation,
disordered over two equivalent orientations, but with one cation
per cage. Within the large cage, the difference Fourier analysis
clearly revealed the location of the copper-cyclam complex,
although the cyclam ring showed disorder as a result of the 4-fold
symmetry of the site. The most reasonable combination of occu-
pancy and displacement parameter for the Cu?* was achieved with
0.6 Cu per large cage (1.2 Cu?" per unit cell). Although this was a
little lower than that calculated by EDX analysis of this material,
ground fine (1.8 Cu" per unit cell) it may be that these largest
crystals were not fully representative of the bulk. Finally, some ex-
tra framework scattering in the centre of 8MR windows between
the larger cages was attributed to water molecules. See Table 1
and Supplementary Data for crystallographic details.

For the calcined crystals, no special measures were taken to pre-
vent the adsorption of water, so that it was not possible to distin-
guish between Cu?* cations and O atoms of water molecules. No
significant differences in the position of extra-framework scatter-
ing were observed between the refined structures of samples cal-
cined at 673 and 823K, so that only the second structure is
reported here. The data is of significantly lower quality than that
obtained for the as-prepared material, leading to higher residuals,
presumably due to lack of crystal quality during calcination. Nev-
ertheless, extra framework scattering attributed to hydrated Cu?*
cations 3.0-3.5 A from framework O atoms was located nearby
6MRs and in 8MRs between large cages and also in 8MRs between
large and small cages. See Table 1 and Supplementary Data for
crystallographic details.

2.3.2. Powder diffraction

Synchrotron X-ray powder diffraction was performed on a sam-
ple of Cu-SAPO STA-7 that had been calcined at 823 K, loaded into a
0.5 mm quartz glass capillary, dehydrated, pre-treated in O, at
573 K and finally evacuated at 393 K at 10~* mbar before being

sealed. The sample was examined in Debye-Scherrer geometry at
station I-11 of the Diamond Light Source Synchrotron [42], using
X-rays of wavelength 0.825028 A. To minimise the effects of beam
damage, eight data sets were collected for three minutes each over
the range 1-140° 26, with a fresh portion of the sample exposed to
the beam by translating the capillary between collections. The
eight data sets were summed and binned on a 0.002° step size.
Data at 20 angles greater than 50° were discarded, as the intensity
of the peaks strongly decreased. Finally, the data were re-binned to
a step size of 0.003°. Diffraction patterns were collected at temper-
atures between 293 and 673 K, controlled by a hot air blower.

Rietveld refinement of the instrumental parameters and the Cu
SAPO STA-7 structure against the diffraction profiles was per-
formed using the GSAS suite of programs [43], using the single
crystal structure of calcined SAPO STA-7 as a starting model for
the calcined material, with 25% occupancy of the three P sites by
Si. The profile was modelled using a pseudo-voigtian function
and the background was modelled using a 36 term cosine function.
The framework Al-0 and (P,Si)-O distances were constrained dur-
ing refinement to 1.73(2) and 1.52(2) A, respectively, and 0-O dis-
tances were constrained to 2.82(5)A (for AlO, tetrahedra) and
2.49(5) A for (P,Si)0, tetrahedra. Difference Fourier analysis and
iterative refinement of positions and occupancies were used to lo-
cate extra framework Cu?* cations at four partially-occupied sites.
In the final refinement cycle only the fractional occupancies of
these four sites (as well as the framework atomic coordinates)
were refined.

For Cu-SAPO STA-7 at 293 K, the Rietveld fit is given in Fig. 2,
and the crystallographic parameters are given in Table 2 and in
the Supplementary Information. Similarly good fits to the data
were achieved using the same refinement procedure for the sam-
ples examined at 473, 573 and 673 K, and crystallographic details
are given in Table 2.

2.4. NO SCR

All the catalytic experiments were conducted at atmospheric
pressure in a conventional continuous-flow microreactor. Around
1 g of the catalyst was sieved to a mesh size of 20/30 to minimise
the mass transfer limitations. Before the evaluation of activity, the
catalyst was pre-treated in situ with a total flow of 3300 cm?® min~!
containing 79% N, and 21% O, (for Cu SAPO STA-7(DS)) or 100% N,
at 773 K for 2 h (for ion-exchanged Cu-ZSM-5(IE) or Cu-SAPO STA-
7(IE)) and then cooled to room temperature. A model reaction gas
mixture consisting of 500 ppm NO, 500 ppm NHs or 2000 ppm
C3Hg, and 5% O, with or without 10% H,0 in N, balance was fed
into the reactor system. A total flow rate of 3300 cm®min!
(100,000 h~! GHSV) was used for the catalyst activity testing. The
inlet and outlet gas compositions were monitored by a Nicolet
6700 FT-IR spectrometer equipped with a gas cell.

3. Results and discussion
3.1. Synthesis and structure of as-prepared Cu SAPO STA-7

Addition of the copper-cyclam complex and tetraethylammoni-
um hydroxide to the SAPO gel, followed by hydrothermal treat-
ment at 463 K for 5days gives the SAPO STA-7 structure, as
shown by laboratory X-ray powder diffraction (Supplementary
Data). The pattern was successfully indexed using Visser’s algo-
rithm on a tetragonal cell, P 4/n, a = 18.732(3) A, c = 9.401(2) A, fig-
ure of merit 38, similar to that reported previously for SAPO STA-7.
SEM indicates that the average crystal sizes are in the range 20-
60 pum, according to the batch (Fig. 3). Many show a complex
morphology in which the individual STA-7 crystals appear to
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Fig. 2. Rietveld profile fit to synchrotron X-ray powder diffraction data collected at
293 K on Cu-SAPO STA-7 prepared by calcination of as-prepared Cu SAPO STA-7 at
823K in oxygen. (/=0.825028 A, P 4/n, a=18.65727(13)A, c=9.41009(9)A,
Rup =0.071, R, = 0.055).

include intergrown crystallites related by a 90° rotation of the
tetragonal (c-) axis. This type of intergrowth is not observed for
SAPO STA-7 prepared without the inclusion of copper in the cy-
clam, in which case the crystals exhibit simple tetragonal prismatic
shape, and is likely to arise from the effect of the copper cyclam
complex in cont rolling the stacking of layers of D6Rs [27].

The copper cyclam complex retained its bright purple colour in
the gel and in the resultant product SAPO, indicating that the com-
plex is both stable under hydrothermal conditions and incorpo-
rated into the product phase. The UV-visible reflectance
spectrum of the as-prepared material (Supplementary Data) shows
a broad maximum at around 500 nm, characteristic of this complex
(Amax = 508 nm) [44]. The ESR spectrum of the as-prepared mate-
rial is shown in Fig. 4. Due to overlap of the parallel and perpendic-
ular regions, the spectrum only shows two absorptions in the
parallel region and a characteristic ‘overshoot’ peak in the perpen-
dicular region. Nevertheless, it is possible to measure Aj and to cal-
culate g as 206 G and 2.18, respectively, values that very similar to
those (A;, 206 G; g, 2.19) of the similar square planar Cu(Il)-
cyclam(H,0), [45] and are typical of axially symmetric Cu(Il) com-
plexes with the unpaired electron in the dy..y» orbital. These data
confirm the inclusion of copper complexed by cyclam within SAPO
STA-7.

Solid-state MAS NMR of as-prepared Cu SAPO STA-7 gives good
quality 3'P, 2°Si, 27Al [46] and reasonably well defined 'C spectra
(Fig. 5a-d), indicating that the Cu?* complex, whilst paramagnetic,
does not strongly broaden all the resonances. The 2°Si MAS NMR
spectrum has a single broad peak at —91.9 ppm, corresponding
to Si(OAl)4, which indicates that the Si substitutes into the lattice
mainly by the Si < P mechanism and that the different crystallo-

Table 2

Rietveld refinement details for variable temperature synchrotron X-ray powder
diffraction studies of Cu-SAPO STA-7 calcined at 823 K (I11, Diamond Light Source,
/.=0.825028 A, space group P 4/n).

Temperature/K 293 473 573 673

20 range 2-50 2-50 2-50 2-50

Rwp: Rp 0.071, 0.055 0.065, 0.054 0.067, 0.054 0.067, 0.054

Ls shift/esd. (max, 0.04, 0.01 0.02, 0.01 0.03, 0.01 0.03, 0.01
min)

Max. and min. 0.55, —0.7 1.0, -1.1 1.0, -0.9 04, -0.3
residual

e-density/e A—3
Cell parameters/A a=18.65727(13) 18.64178(15) 18.63380(17) 18.62143(14)
€=9.41009(9) 9.39621(10) 9.38838(11) 9.37824(10)

Unit cell 3275.59(7) 326533(8) 3259.82(8) 3251.97(7)
volume/A3

Cul(obs)/unit  0.54(2) 0.59(2) 0.68(2) 0.82(2)
cell™!

Cu2(obs)junit  0.37(2) 0.38(2) 0.34(2) 032(2)
cell™!

Cu3(obs)/unit  0.37(2) 0.43(2) 0.34(2) 0.43(2)
cell™!

Cud(obs)funit  0.18(2) 0.29(2) 0.23(2) 0.16(2)
cell™!

SCu(obs)junit  1.46 1.69 159 1.73
cell™!

graphic sites of the STA-7 structure are not resolved by this tech-
nique. The 27Al MAS spectrum shows two peaks, a major one at
38.7 ppm and a minor one at 9.3 ppm. The peak at approximately
38.7 ppm is characteristic of tetrahedral Al in AIPOs, whereas the
peak at 9.3 ppm is due to 5-fold Al in which an extra-framework
species such as OH, or H,O increases the coordination. The 31p
MAS NMR of the as-synthesised material shows a single peak at
—29.1 ppm, characteristic of tetrahedral P(OAl)4. The '3C spectrum
of the as-synthesised material shows a relatively sharp peak at
9.2 ppm, attributed to the methyl carbon of TEA* and a broader
peak at approximately 55 ppm assigned to the methylene carbon
of TEA* [47]. The broad feature between 15 and 40 ppm is assigned
to the Cu-cyclam complex, broadened by the presence of com-
plexed Cu®*. This '>*C MAS NMR, combined with UV-visible and
ESR spectroscopy indicates that both Cu-cyclam and TEA" are pres-
ent as co-templates in the as-prepared material, as is the case for
cyclam and TEA" in SAPO STA-7.

TGA analysis shows a weight loss up to 573 K attributed to
water: for the as-prepared Cu SAPO STA-7 studied by MAS NMR,
this weight loss was around 5% (Fig. 6). The major weight loss, of
ca. 17.5%, occurred between 573 and 873 K, with a maximum rate
of mass loss at around 773 K. This corresponds to complete re-
moval of organics from the solid, leaving a turquoise solid. Com-
bining elemental, EDX, TGA, and MAS NMR analyses, and charge
balancing, gives an elemental composition of (CuL);g (NCgHyp)>
A124 Si5'5 P]8'4 096 ]1H20 (L=Cyclam); Calc. C 10.6%, H 2.7%, N
3.4%; Exp. C 10.4%, H 2.49%, N 3.30%.

Single crystal diffraction studies of as-prepared Cu SAPO STA-7
show that the copper cyclam complex is located in the larger cages
and the tetraethylammonium ion is found to occupy the smaller
cages, where it adopts the tg.tg configuration (Fig. 7). The location
of the cyclam complex is consistent with what was previously ob-
served for the nickel tetramethylcyclam complex in Ni CoAPO STA-
7 [33] and the configuration of the TEA" is as previously observed
for SAPO STA-7 [25]. The copper cyclam complex and TEA* there-
fore act as co-templates for SAPO STA-7 synthesis. Together, the
charge on these co-templates matches the negative framework
charge on the SAPO STA-7 that arises from the substitution of Si
on P sites in the framework that is shown by MAS NMR.

For catalytic testing, smaller crystallite size was required. Seed-
ing preparations gave small cuboidal crystals with a particle size of
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Fig. 3. SEM of (above left) as-prepared Cu SAPO STA-7 (via use of copper cyclam co-template), large crystals; (above right) Cu SAPO STA-7, small crystals prepared with
cyclam complex by seeding; (below left) SAPO STA-7, small crystals; (below right) Cu-SAPO STA-7 prepared by aqueous ion exchange of calcined small crystals of SAPO STA-7.
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Fig. 4. ESR spectrum of as-prepared Cu-cyclam containing SAPO STA-7.

around 3 pm. PXRD indicated the crystalline product was phase-
pure Cu SAPO STA-7, but SEM indicated that minor amounts of
amorphous material were also present. Selected area EDX analysis
indicated that the inorganic (Cu, Si, Al, P) content of these small
crystals was similar to that observed for the larger crystals charac-
terised in more detail and described above.

3.2. Structure of calcined Cu-SAPO STA-7

On the basis of the TGA results, as-prepared samples of Cu SAPO
STA-7 were calcined for 12 h in flowing O, at 673 and 823 K. This
removes all organic material from the pores, as confirmed by ele-
mental analysis: after heating at 673 K the sample is green,
whereas after heating at 823 K it is light blue or turquoise. Crystal-
linity is retained (Supplementary Data). Diffuse reflectance
UV-visible spectroscopy of Cu SAPO STA-7 calcined at 823 K (Sup-
plementary Data) gives a broad absorption centred at 800 nm,
characteristic of Cu?" coordinated by oxygen (cf. Cu®**(aq),
Jmax = 780 nm) [48]. As stated earlier (and described in the

Supplementary Data), single crystal diffraction studies of samples
calcined at 673 and 823 K and exposed to moisture were able to lo-
cate extra framework scattering density in three sites, each around
3 A from framework O atoms and attributed to hydrated Cu®*
cations.

The calcined Cu-SAPO STA-7 was subsequently dehydrated un-
der vacuum and examined by infrared spectroscopy to investigate
the nature of the copper species prepared in this way. Two molec-
ular adsorbates were used as IR probes, CO and NO. Whereas CO
only chemisorbs strongly on Cu® at room temperatures, NO ad-
sorbs on both Cu" and Cu?" (more strongly on the divalent ion)
with the IR frequency of the adsorbed species strongly dependent
on the cationic charge [36]. Dosing CO at low partial pressure on
calcined Cu-SAPO STA-7 heated in vacuum at 573 K for 3 h and
subsequently cooled to room temperature initially showed an
absorption at 2156 cm™!, attributed to Cu*-CO. With increased
loading of CO two new bands were observed at 2176 and
2147 cm™!, attributed to Cu*(CO), (Supplementary Data). Whereas
these two bands disappeared upon subsequent evacuation at room
temperature, the former band, corresponding to CO bound to Cu*
was only removed by evacuation above 423 K. IR spectroscopy
was also performed on a sample of Cu SAPO STA-7 treated in a sim-
ilar way to that described above, but using NO rather than CO as
the probe molecule. In this case, two absorption bands were ob-
served from the first doses: a broader, complex band from 1960
to 1840cm !, attributed to Cu?*-NO species and a second,
narrower resonance at around 1805 cm™!, attributed to Cu*-NO
(Supplementary Data).

Taken together, these data indicate the presence of an apprecia-
ble concentration of Cu*. To determine whether this results from
the evacuation, a sample was treated in O, at 573 K and cooled un-
der O, prior to evacuation. Subsequent dosing of NO using the
same conditions as before again gave a complex band at
1960-1840 cm ™!, but very weak absorbance at the wavenumber,
1805 cm™!, typical of Cu*-NO. Furthermore, dosing of CO on a sam-
ple of Cu-SAPO STA-7 prepared by heating in O, prior to evacuation
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Fig. 6. TGA of as-prepared Cu SAPO STA-7 (30 um particle size), heated at 5 K/min
in flowing air.

at 393 K gave only very weak absorbance due to Cu*-CO. It was
therefore concluded that upon calcination of Cu SAPO STA-7 in
0, the copper is mainly present as Cu?*, but that upon subsequent
dehydration under vacuum to remove physisorbed water a small
but significant fraction of this Cu** became Cu*. To avoid this,
and therefore to enable analysis of calcined, dehydrated samples
by XRD, IR and ESR, the protocol of heating at 573 K in O, followed
by room temperature evacuation of the oxygen was adopted prior
to these analyses.

Calcined Cu SAPO STA-7 treated as described above was inves-
tigated by FTIR spectroscopy. Small doses of NO (up to 50 doses per
sample, each of around 0.086 pmol) were admitted sequentially
onto self-supporting wafers of calcined Cu SAPO STA-7 ca. 30 mg
in mass (containing ca. 15 pmol Cu?") and the IR spectra measured
at room temperature. Subsequently, spectra were taken at equilib-
rium pressures of NO of 1.33, 2.67, 4, 5.33 and 6.67 mbar (Fig. 8).
The procedure was repeated for different batches of Cu SAPO
STA-7. The spectra show the development of a strong and complex
absorption band from 1840 to 1960 cm™! characteristic of Cu?* cat-
ions in extra framework positions in SAPOs (Fig. 9), the shape of

which changes with increasing addition of NO. This band can be
deconvoluted into at least four absorptions, as shown in Fig. 9, cor-
responding to NO adsorbed onto Cu?* cations in at least four differ-
ent cation sites initially, and possibly five at higher loadings. Small
variations in the relative intensities of these bands were observed
for different Cu-SAPO STA-7 samples, but the positions of the
bands were in each case similar. At the higher equilibrium pres-
sures of NO the intensity of the Cu?>*-NO band continues to increase
and an additional strong band develops at 2130 cm™!. The assign-
ment of this band has proved controversial, and it has been as-
cribed variously to NO, (chemisorbed), NO* and N,O [49,50]. In
our opinion, the assignment to NO* species [49] is the most likely,
taking into account the parallel formation of water species and ni-
trates (bands near 1609 and 1550 cm™!, respectively). Additional
bands were observed at 2866, 2441 and 1609 cm™!, which were
due to the presence of H-bonded water.

The OH stretching region of the dehydrated solid showed two
bands due to Brgnsted acid bridging hydroxyl groups, at 3604
and 3625 cm™! (Fig. 10). These arise because the negative charge
on the framework cannot be fully balanced by Cu?* cations liber-
ated from the cyclam complex, so that protons remain after
decomposition of the organic SDAs.

ESR spectroscopy of calcined Cu SAPO STA-7, pre-treated in O,
and dehydrated, gives the spectrum shown in Fig. 11. Four strong
signals are observed in the parallel region, with A; 151 G and g
2.32, values that are very similar to values reported for other dehy-
drated Cu-containing phases (Cu-erionite, A, 156 G, g 2.33; Cu-
mordenite, A; 154 and 161G and g 2.33; Cu-ZSM-5, A 145G
and g, 2.33) [51,52]. Closer inspection reveals a second group of
signals displaced to lower Gauss, estimated A 135G and g 2.38,
of much lower intensity, which could be due to incompletely dehy-
drated Cu®" cations.

Rietveld analysis and difference Fourier analysis of Cu-SAPO
STA-7, calcined at 823 K and measured at temperatures from 293
to 673 K, identifies four sites for Cu?* cations, with total occupancy
estimated at 1.4-1.7 Cu®* cations per unit cell, in reasonable agree-
ment with the chemical composition estimated from EDX. This
finding is also in general agreement with the observation of at least
four bands in the IR experiments performed with NO as a probe -
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Fig. 7. As-prepared Cu SAPO STA-7, as determined from single crystal analysis, viewed: (a) down the c axis, and (b) along the b axis. One possible orientation of two is in each
case shown for the copper cyclam complex and the tetraethylammonium ion. (Al atoms, grey; P atoms, pink; O atoms, red; N atoms, small dark blue; C atoms, small black;
Cu(Il) cations, large light blue). In (b) the 8MRs connecting small and large cages are outlined in green. (For interpretation of the references to colour in this figure legend, the

reader is referred to the web version of this article.)
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Fig. 8. FTIR spectra of NO adsorbed on activated Cu-SAPO STA-7 (573 K in O,).
Successive adsorption of equilibrium pressures: 1.33 mbar (lower), 4 mbar (middle)
and 6.67 mbar (upper). The inset shows the magnification for the Cu*-NO region for
the 1.33 mbar equilibrium pressure.

no fifth site for Cu* could be located. Fig. 12 shows the distribution
and Fig. 13 the local environments of these sites, Cul to Cu4, in
agreement with the multiple adsorption sites observed upon NO
introduction (v(NO) bands of Cu?*~NO complexes between 1960
and 1840 cm™1).

For Cu-SAPO STA-7 at 293 K, Cul is located within the larger
cage, close to the 6MRs that face into the cage but slightly proud
of the plane of these rings, with Cu-O distances of 2.13(4),
2.42(4) and 2.48(5) A. All other Cu sites are located in 8MR sites be-
tween cages: Cu2 is located in the 8MR window between smaller
cages, disordered over four equivalent sites, where it achieves
coordination with three framework O atoms (2.07(4), 2.05(4),
2.73(7) A); Cu3 is located in the 8MR window sites between larger
cages (Cu-0: 2.02(5), 2.24(4) A); Cu4 is located in the 8MR window
sites between smaller and larger cages (Cu-O: 2.07(5), 2.23(5),
2.30(5) A). It is apparent that upon calcination at high temperature,
liberation from the cyclam enables Cu?" cations to migrate
throughout the unit cell.

Site Cul is at each temperature the most populated of the sites,
and there is a slight increase of the fractional occupancy of this site
corresponding to an increase from 0.54 to 0.82 Cu?* cations per
unit cell as the temperature is increased. At higher temperatures

than 293 K, the distances between Cu3 and one framework O be-
comes lower than physically reasonable (1.7 A). This has been ob-
served previously for refinements of Cu-ZSM-5 [53]. Rather than
constraining the distance, we suggest that this may be explained
in terms of changes in the framework in the presence of the cation
that are not observed due to its low fractional occupancy (ca. 0.05).

Nitrogen adsorption measurement at 77 K on calcined samples
of Cu SAPO STA-7 with both small and large particle sizes gives
type | isotherms (Supplementary Data) with uptakes (at p/
Do=0.2) of 18.2-21.6 wt.%, indicating internal pore volumes in
the range 0.22-0.27 cm?® g~!, which are comparable with that re-
ported for SAPO STA-7 prepared without copper complexes
(030cm3g ™).

3.3. Catalytic characterisation and performance in the selective
catalytic reduction of NO

The chemical composition, particle sizes and morphology, and
pore volumes of all catalyst samples tested are given in Table 3.
The catalytic conversions of NO with NH3 as a function of reaction
temperature, with and without added water, are shown in Fig. 14,
along with the results of SCR with propene. No N,O was detected
during the catalytic tests and the catalysts remain crystalline after
them (see Supplementary Data for PXRD of Cu-SAPO STA-7(DS)
after calcination and after use in catalysis).

SCR of NO with NH5 without H,0 shows activity at low temper-
atures over Cu-SAPO STA-7(DS), with conversion exceeding 80% by
473 K and 95% by 523 K, decreasing gradually with an increase in
reaction temperature to 70% at 773 K. Although this conversion
is slightly lower than that observed over Cu-ZSM-5(IE) at 473-
543 K (which achieves 100% at 543 K) the latter catalyst loses
activity more rapidly at elevated temperatures. Compared to both
of these catalysts, Cu-SAPO STA-7(IE) shows a lower conversion
over the complete temperature range. In the presence of H,0, the
NO SCR performance of Cu-SAPO STA-7(DS) is very similar to
that of Cu-ZSM-5(IE), with slightly higher conversions below
543-613 K (when conversion over both catalysts is ca. 100%) and
slightly lower conversion at higher temperatures (above 613 K).
Again, the Cu-SAPO STA-7(IE) shows activity for the SCR of NO,
but is less active than the other two catalysts.

The performance of the catalysts in the SCR of NO in the pres-
ence of propene was also measured. For this reaction the Cu
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Fig. 9. FTIR spectra of NO adsorbed at room temperature on activated Cu-SAPO STA-7 (treated 573 K in O,). (a) Spectra from successive adsorptions of: 1 (a), 5 (b), 20 (c), 50
(d) small doses of 0.086 pmol of NO and under NO equilibrium pressures of 1.33 mbar (e), 2.67 mbar (f), 4 mbar (g), 5.33 mbar (h) and 6.67 mbar NO (i). (b) Deconvolution of
the spectrum (c) - with addition of 1.7 pmol NO. (c) Deconvolution of spectrum (i), under an equilibrium pressure of NO of 6.67 mbar. Second derivative spectra are inset for

the last two.
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Fig. 10. FTIR spectrum in the OH stretching region after activation of Cu-SAPO STA-
7 at 573K in O,.

ZSM-5(IE) shows high conversion (approaching 80%) at 643-723 K,
Cu-SAPO STA-7(DS) shows low activity (<20% conversion) and Cu-
SAPO STA-7(IE) shows no activity. This difference is likely to arise
from the difference in pore size between the ZSM-5 structure (5-
5.5 A) and the small pore STA-7 structure (4 A) which hinders ac-
cess of propene to active sites. The difference in performance be-
tween the Cu-SAPO STA-7 samples prepared by direct synthesis
and aqueous ion exchange, both of which are crystalline to powder
X-ray diffraction, is likely to arise from the differences in the distri-
butions of Cu?* (Table 3). Although bulk copper content, as deter-
mined by elemental analysis, is similar, XPS reveals that there is

T T T )
2500 3000 3500 4000
B, Gauss

Fig. 11. ESR spectrum of Cu SAPO STA-7 calcined, dehydrated, activated in O, at
573 K and evacuated.

considerable surface copper enrichment in the ion exchanged
SAPO (an effect not seen for the zeolite). This is confirmed by elec-
tron microscopic studies (Supplementary Data). The SAPO STA-7
framework is not stable enough to resist the strong incident beam
(200 kV), so no lattice fringes are observable. The TEM images of
calcined Cu SAPO STA-7(DS) and Cu-SAPO STA-7(IE) materials, in
which the average Cu particle size is larger than 50 A, do not indi-
cate the state of Cu prior to contact with the electron beam. How-
ever, these data clearly show that the particles are well-dispersed
over the Cu-SAPO STA-7(DS) crystals, but those in Cu-SAPO STA-
7(IE) are mainly located on its outer surface. The exchange of
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Fig. 12. Structure of calcined Cu SAPO STA-7, viewed down the c axis and showing
all symmetry related positions of Cu?* cations (blue spheres). Examples of the four
different sites located are labelled (Cul as 1, Cu2 as 2, Cu3 as 3 and Cu4 as 4). Note
that only a small fraction of these sites is occupied.

Table 3
Properties of copper-containing catalysts investigated for NO SCR.

Fig. 13. Plots showing the local environments of sites (above left) Cul, (above right)
Cu2, (below left) Cu3 and (below right) Cu4.

Catalyst Si/(Si + Al + P) ratio® Cu content?, wt.% Cu/MP Crystal shape and size?, um BET®*m?g!
Bulk? Surface®

Cu-ZSM-5(IE) 14f 2.9 0.49 0.23 (0.36) Rods, 0.5 x 2 400

Cu-SAPO STA-7(IE) 0.135 33 0.25 1.98 (0.70) Tetragonal prisms, 2-3 350

Cu-SAPO STA-7(DS) 0.125 4.2 0.33 0.12 (0.11) Cuboids, 1-2 550

¢ Determined by elemental analysis.

> M is Si and Al when SAPO materials and zeolites, respectively.
c

4 Determined by SEM.

¢ Calculated from N, adsorption data.

f Si/Al ratio.

Determined by XPS. The values given in parentheses are the Cu/M ratios of the corresponding samples after calcination in air at 823 K for 4 h.
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Fig. 14. Catalytic conversions of NO as a function of temperature over Cu-ZSM-5(IE) (M), Cu-SAPO STA-7(DS) prepared by direct synthesis and calcination (@) and Cu-SAPO
STA-7(IE) prepared by ion exchange of calcined SAPO STA-7 (a). The reaction composition was 500 ppm NO, 500 ppm NH3 or 2000 ppm C3Hg, and 5% O, with or without 10%

H,0 in N, and with a total flow rate of 3300 cm® min—' (100,000 h—' GHSV).

Cu?* cations to SAPO STA-7 may be limited to regions close to the
surface, because the diameter (6.0 A) of their hydrated form [54] is
rather large to diffuse through the different types of 8-ring win-
dows (3.8 x 3.8 and 3.9 x 3.9 A) in SAV-type materials without loss

of water ligands. Given the role of copper-cyclam complex as an
SDA in Cu SAPO STA-7, by contrast, the Cu species in its calcined
form could be dispersed in a highly homogeneous manner
throughout the crystals.
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4. Conclusions

A new preparative route to a copper-containing SAPO (with the
SAV topology) has been established that involves the use of copper
cyclam as a structure directing agent. Upon calcination in flowing
oxygen, microporous Cu,H-SAPO STA-7 (also written Cu-SAPO STA-
7) is produced, which is a highly active catalyst for the selective
catalytic reduction of NO with NHs.

The hydrothermal synthetic route uses copper cyclam complex,
together with tetraethylammonium ions as co-templates for crys-
tallisation of SAPO STA-7. A combination of UV-visible and ESR
spectroscopies and chemical analyses indicate that the complex
is retained intact within the structure. Despite the presence of
paramagnetic Cu?*, MAS NMR spectra of the as-prepared solid
are readily obtained, and indicate that all Si is present substituting
in P positions in the framework. Single crystal diffraction from
crystals 60 pum in all dimensions confirms the location of the com-
plex and the TEA" cations as co-SDAs within the larger and smaller
cages of STA-7, respectively. Combining all analytical data gives an
idealised charge balanced unit cell composition [Cu(cyclam)],
[TEA],Al,4SigP13096-11H,0 where each large cavity is occupied by
a copper cyclam complex and each smaller cage by a TEA" cation.
Analysis suggests that the actual copper content is typically a little
lower, e.g. [Cu(cyclam)]; | TEA]2Al54Sis 6P15.4096-11H50. It is also
possible to prepare Cu SAPO STA-7 with small particle size, suitable
for catalysis, by seeding the same preparation.

Calcination of the as-prepared solid in oxygen removes the or-
ganic molecules included during synthesis, leaving extra frame-
work Cu?* cations distributed evenly throughout the pore space.
IR spectroscopy indicates the presence of bridging hydroxyl
groups: Cu; gHyAlL4Si5 6P154096 and, via the use of NO as a probe
molecule, suggests the presence of at least four different environ-
ments for the Cu?* cations. Rietveld analysis of synchrotron X-ray
powder diffraction data of the calcined material locates four posi-
tions for the Cu?" cations. The most occupied site is within a 6MR
that opens into the larger cage of STA-7, but there are also sites
where the Cu?" cation is within the 8MR windows that separate
large cages (Cu2), small cages (Cu3) and large and small cages
(Cu4). Cul, the most highly occupied site, is similar to the only site
determined for Cu?* in the structurally-related Cu-chabazite zeo-
lite Cu SSZ-13 (which is known to be active in the SCR of NO with
NHs). Variable temperature diffraction suggests there is an in-
crease in the occupancy of the Cul site as the temperature is raised
from 293 to 673 K.

Cu-SAPO STA-7 with particle size 2 pm (prepared by calcining
directly synthesised copper-containing material) is a very good
catalyst for the SCR of NO with NHjs, in the absence or presence
of water vapour. Its performance is comparable with that of Cu-
ZSM-5 prepared by ion exchange and exceeds that of a sample of
Cu-SAPO STA-7 of similar copper content prepared by aqueous
ion exchange of calcined SAPO STA-7. XPS and TEM analyses indi-
cate that a more homogeneous distribution of Cu is achieved via di-
rect synthesis.

We are currently extending the method of direct synthesis of
Cu?*-containing SAPOs to materials of different framework topolo-
gies, with the aim of developing a general route to catalysts with
homogeneous metal cation distributions, the preparation of which
does not require an aqueous ion exchange step that can result in
hydrolytic damage of the aluminophosphate-based framework.
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