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Gels prepared for the synthesis of SAPO-34, with morpholine as a structure-directing agent, have been
characterized by multinuclear (1H, 13C, 19F, 27Al, and 31P), high-resolution NMR at room temperature. Less
complex solutions are prepared and analyzed to aid in the peak assignment. Although some spectral features
remain unresolved, the overall analysis is qualitatively consistent with the expected complex chemistry taking
place in these solutions. Systems in the presence and absence of HF reveal significant spectral differences.
It has been shown that pH can be monitored by the proton and carbon chemical shift of morpholine. In
addition,1H and 13C NMR spectra suggest that the structure-directing agent is an inactive species at room
temperature independent of the presence or absence of HF. This is contrary to the27Al NMR, where it has
been concluded that morpholine has a significant influence on the aluminum coordination, giving tetrahedral
Al when HF is absent. The existence of octahedral aluminophosphate-fluoride complexes is evident in the
presence of HF, while several octahedral aluminophosphate complexes are formed in the absence of HF and
morpholine. No sign of interactions between aluminum and silicon, silicon and phosphates, silicon and
morpholine, phosphates and morpholine, or morpholine and fluoride has been observed within the concentration
range studied. Some time-resolved studies have revealed that the aging is shown to influence the type and the
amount of species present in the solutions.

Introduction

Microporous solids, such as AlPO4- and SAPO-type materials,
are usually obtained by hydrothermal crystallization using
various structure-directing agents (alkylammonium cations or
organic amines). These materials were first reported by the
workers at Union Carbide in the beginning of the 1980s.1,2

Understanding the chemistry occurring in the aluminophosphate/
silicoaluminophosphate solutions may contribute to the under-
standing of the processes involved in the nucleation and growth
of the crystalline products. To achieve this, an experimental in
situ technique is needed. NMR has shown promise for this
purpose,3 and this preliminary paper is devoted to the analysis
of room-temperature phenomena occurring before the hydro-
thermal treatment. In addition, in situ synchrotron XRD has been
shown fruitful for this purpose.4 Furthermore, the effect of
adding HF to the synthesis gel is one of the major subjects for
this study.

In this work, attention has been given to the formation of
SAPO-34. Several structure-directing agents are reported to be
useful, and these include tetraethylammonium hydoxide,2 mor-
pholine,5 piperidine,6,7 diethylamine,8 triethylamine,9 and di-
isopropylamine.2,10This small-pore, chabazite-structure material
has been shown to be an important methanol-to-olefin (MTO)
catalyst.11-13

The synthesis procedure was optimized, both in the presence
and absence of hydrofluoric acid. Consequently, under the same
conditions and with the same recipe, the same product was
obtained (after calcination), independent of the presence of HF.

Therefore, it might be possible to obtain information about the
role of the fluoride ions under the synthesis course, without
altering any parameters other than the fluoride concentration.

NMR studies presented in the literature to date have been
mainly restricted to simplified liquid solutions containing (1) a
limited number of reactants (two- or three-component systems),
(2) a pH range in which no solids or gels are formed, or (3)
solutions of low ionic strength. Some of these papers are listed
in Table 1. However, considering the synthesis conditions
normally found when preparing AlPO’s and SAPO’s, the above
outlined restrictions are normally not met. Of special importance,
these solutions contain more than three reactants. With this in
mind, the intention was to characterize, by multinuclear, high-
resolution NMR, real synthesis solutions with relatively high
ionic strengths and within pH ranges where both solids and gels
coexist. In particular, these solutions will contain all species
necessary to form the actual crystalline products.

It has been shown that the addition of polyphosphate ligands
to Al3+ follows an “additivity law”, with the27Al NMR chemical
shift being proportional to the number of polyphosphate ligands
bonded to the metal ion.28,29Principal changes in the31P NMR
chemical shift are shown to be due to the nature of the ligands
(H3PO4, H2PO4

-, HPO4
2-, etc.), rather than the number of

ligands in the complex.23,25 These nuclei therefore give com-
parative information.

Prasad et al. have in their examination of AlPO4 gels with
27Al and 31P NMR, proposed that framework units only are
formed in the gels after addition of the structure-directing
agent.30-32 This is contrary to the investigations performed by
He and Klinowski,33 who proposed generation of framework
Al before addition of the template. Furthermore, Marcuccilli-
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Hoffner has presented some multinuclear NMR investigation
of some AlPO4 gels, including gels with morpholine.34

In situ NMR studies of SAPO syntheses have not been
reported. However, recently, Haouas et al.3 reported multinuclear
NMR investigation of the hydrothermal synthesis of AlPO4-
JC2 at temperatures up to 150°C. In addition, Shi et al.35 have
performed in situ MAS NMR investigations on the crystalliza-
tion of zeolite A at temperatures up to about 75°C, giving
zeolitic products after temperature treatment.

The aim of the present work is to use multinuclear, high-
resolution NMR to obtain more insight into the complex
chemistry within the gel phase before crystallization is initial-
ized. Using the available NMR literature data, it was difficult
to perform a proper peak assignment of the spectra. To help
resolve these problems, NMR spectra of less complex solutions
composed of all possible combinations of reactants (HF, Al2O3,
SiO2, P2O5, and morpholine) were made. The results will be
discussed in the context of acidity (solutions pH), solution
composition, dynamic exchange processes, and component
solubility.

Experimental Section

Chemicals and Mixing Procedures.SAPO-34 was prepared
in the presence and absence of HF. The final gel composition
(mole ratio) used was 2.1 morpholine:1.0 SiO2:1.0 Al2O3:1.0
P2O5:60 H2O. Synthesis time and temperature were respectively
48 h and 200°C. For the system containing fluoride, one
equivalent HF was added resulting in faster nucleation and
crystal growth. This resulted in a reduction in the synthesis time,
which could be terminated after only 4-6 h.

The mixtures were prepared by first mixing one-fourth of
the deionized water and 85 wt % phosphoric acid (Merck)
together with the aluminum source (Catapal-B, Vista Chemi-
cals). The mixture was then stirred well before further addition
of one-fourth of deionized water. This mixture was labeled
solution A. Solution B was prepared by mixing Ludox LS-30
(Du Pont), morpholine (Jansen Chemica), and yet another fourth
of the water. This solution was then slowly added to solution
A during intense mixing, before the last fourth of the water
was added. Subsequently, 1 equiv of 40 wt % HF (Fluka) was
added at the end of the preparation (applies to mixture 1-16).
Since the reactant stoichiometry has been kept constant through-
out the work, increased concentrations are archived when some
or more of the reactants are omitted.

In addition to water, there are a maximum of five components
in the final gel, resulting in 32 combinatorial different mixtures,
as illustrated in Table 2. To keep track of the different mixtures
and to make it easy to refer to a mixture with a specified
composition, a letter code is introduced. This code is composed
of one letter for each ingredient (F for hydrofluoric acid, A for
pseudoboehmite (Al), S for Ludox (Si), P for phosphoric acid,
and M for morpholine). Water is omitted from the code because
all the mixtures are prepared in aqueous solutions.

The NMR analyses have been carried out at room temperature
within only 15-30 min after preparation of the samples. The
main reason for this short time delay between preparation of
the mixtures and data sampling is because aging is not
considered under ordinary synthesis conditions. It should be
emphasized that equilibrium may not have been reached in all
the mixtures, especially those containing aluminum. Earlier
studies on similar aluminum-containing systems have shown
that this may take years.

Characterization. Powder X-ray diffraction (XRD) patterns
were collected on a Siemens D5000 diffractometer. The
instrument was equipped with a Ge fully focusing primary
monochromator (CuKR1 radiation,λ ) 1.540560 Å) and a Brown
16° position-sensitive flat PSD detector. The step size used was
0.0154° (step time 1.0 s), and the scan range was 2-40° (2θ).

The pH measurements were performed with a Copenhagen
Radiometer PHM82 standard pH meter.

The NMR measurements were performed at room temperature
(25 °C) using a Varian VXR spectrometer operating at 7.05 T.
The solution was confined in a 5 mmo.d. tube that was inserted
into a 10 mm o.d. tube. The resulting free space between the
two tubes was filled with D2O, which was used as a lock solvent.
To acquire quantitative NMR signal intensities, the repetition
time was chosen to be about 5 times the longest spin-lattice
relaxation time (T1) for each of the nuclei investigated (1H,
13C,19F, 27Al, 31P). Regarding the27Al NMR experiments, a
shortest possible pulse angle (corresponding to a rf pulse of
0.5µs) was used in order to minimize the effect of signal decay
during the pulse. This precaution was found necessary due to
the short relaxation time of the quadrupolar nucleus. Signal
intensity (area) was determined by numerical integration of the
resonance peak or by curve fitting when severe overlap of peaks
was observed. Of particular importance, both19F and27Al NMR
revealed broad background signals originating from the probe
design. To avoid interference from this unwanted signal in the
quantitative analysis, the first few points in the NMR free

TABLE 1: Overview of Previous Published NMR Data on Two- and/or Three-Component Systems

system nucleus ref

aluminosilicates prepared from SiO2-Al-wire/HCl-KOH 27Al, 29Si 14
aluminosilicate species prepared from SiO2-Al(s)-NaOH 27Al, 29Si 15
influence of silicate ratio and alkali metal cation size on aluminosilicate

formation (SiO2,(sol)-Al(NO3)3-NaOH)

27Al, 29Si 16

Al(NO3)3-HF 19F and27Al 17
AlCl3‚6H2O-KF 19F and27Al 18
Al(NO3)3-NaF Vs pH 19F and27Al 19
AlCl3/Al(NO3)3-HF/NH4F and Si(OH)4-HF 19F, 27Al, and29Si 20
HF-H2O-P2O5

19F and31P 21
Al(NO3)3-H3PO4

27Al 22
AlCl3-H3PO4 and AlCl3-H3PO4-NH4F 19F, 27Al, and31P 23
AlCl3/Al(NO3)3-Na3PO4-HCl/HNO3

31P and27Al 24
AlCl3-H3-xNaxPO4

31P and27Al 25
AlCl3/Al(NO3)3-H3PO4-TMA a 31P and27Al 26
AlCl3/Al(NO3)3-H3PO4-TMA a vs pH 31P and27Al 27
Al(NO3)3-polyphosphates (this gave multivalent Al with cyclic phosphate, cPn,

(PnO3n
n-, n ) 3, 4, 6, and 8) and long-chain polyphosphate anions

27Al 28, 29

a Tetramethylammonium (TMA) hydroxide.
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induction decay(FID) were deleted, and a linear (back)
prediction algorithm was applied.36 This approach was possible
since all resonance peaks revealed Lorenzian line shape
profiles.37 All chemical shift measurements have been referenced
to external liquid solutions containing TMS (1H and13C), Al-
(NO3)3 (27Al), CFCl3 (19F), and 85 wt % H3PO4 (31P). These
solutions are also applied to calculate the expected signal
intensities (Iexpected) and determine the amount of observed signal
intensity (Iobserved). Since the main intention of this work is to
establish an in situ technique to follow the nucleation and
crystallization,29Si NMR has not been applied. This is due the
short synthesis time and the low sensitivity combined with long
acquisition time for this nucleus.

Results and Discussion

The receipt for synthesis of SAPO-34 was optimized with
morpholine as a structure-directing agent. Without HF in the
gel, a pure trigonal SAPO-34 was obtained while a mixture of
triclinic and trigonal SAPO-34 was obtained with HF. After
calcination of the latter mixture at 580°C in air, pure trigonal
SAPO-34 was obtained. Typical X-ray patterns of the synthe-
sized and calcined samples are given in Figure 1.

Morpholine Interactions Observed by 1H and 13C NMR.
The main detectable signal in the1H NMR spectrum is the
intense peak from bulk water in exchange with proton-containing
acids (HF, H3-xPO4

-x), proton-containing complexes ([Al-
(H2O)6-xFx]+3-x, [Al(H 3-xPO4)n]+3-nx, etc.), and morpholine.
Any intermediate exchange rate, on the NMR time scale,
between these proton-containing species and bulk water will
result in line broadening and chemical shift variation, as
discussed in previous studies.38 Due to these dynamic exchange

processes, it may be difficult, if not impossible, to obtain reliable
and quantitative information regarding the water-metal ion
complexes from1H NMR alone. However, the well-resolved
peaks originating from morpholine (3.80 and 3.15 ppm) enables
this species to be followed quantitatively and in situ during the
synthesis reaction.

Recent room-temperature NMR studies38 have suggested
morpholine to be an inert species at least in the less complex
mixtures. This is rather fortunate, because it enables the pH of
the gel solution to be estimated from the13C NMR chemical
shift of morpholine, as illustrated in Figure 2. Also, the1H NMR
chemical shift of morpholine can be used. If the13C NMR
chemical shift at any stage during a synthesis reaction falls
outside the region depicted in Figure 2, it will indicate that
morpholine interacts with other species in solution and thus
becomes an active species itself.

No interaction between morpholine and fluorides, phosphates,
or silicates has been observed in this work.

Fluoride Interactions Observed by19F NMR. The majority
of the19F NMR resonance peaks from the less complex mixtures
can be assigned from the literature (Table 3) and are summarized
in Table 4. The spectra are shown in Figure 3.

Mixture F contains only diluted HF. The observed single
resonance peak atδ ) -158.73 ppm (Figure 4,F) is in
agreement with the rapid exchange of F between the HF, F-,
and HF2

- species.38

The19F NMR spectrum of the FA mixture gives evidence of
interaction between aluminum and fluoride ions (Figure 3, FA).
As can be inferred from the corresponding27Al NMR spectrum
of this solution (see next section), only 7.6% of the added
pseudoboehmite is detected. Also, from the19F NMR spectrum,

TABLE 2: Composition of the Different Mixtures and the Respective Letter Code

H2O HF Al2O3 SiO2 P2O5 morpholine pH consistence code

1 X X 1.7 clear solution F
2 X X X 4.2 white suspension FA
3 X X X 2.0 clear solution, opalescent day after FS
4 X X X 1.6 clear solution FP
5 X X X 9.2 clear solution FM
6 X X X X 3.9 white geleous suspension FAS
7 X X X X 1.8 opalescent gel, high viscosity FAP
8 X X X X 9.5 bright-yellow gel, high viscosity FAM
9 X X X X 1.5 clear solution, opalescent day after FSP

10 X X X X 9.3 clear solution FSM
11 X X X X 3.5 clear solution FPM
12 X X X X X 1.7 opalescent gel, high viscosity FASP
13 X X X X X 9.3 bright-yellow gel, high viscosity FASM
14 X X X X X 4.8 equal to 12, but higher viscosity FAPM
15 X X X X X 2.9 clear solution FSPM
16 X X X X X X 5.6 opalescent gel, high viscosity FASPM
17a X
18b X X A
19 X X 9.5 clear solution S
20 X X 1.6 clear solution P
21 X X 11.8 clear solution M
22 X X X 7.0 white suspension AS
23 X X X 2.4 opalescent gel, high viscosity AP
24 X X X 11.6 white suspension AM
25 X X X 1.8 clear solution SP
26 X X X 11.6 clear solution SM
27 X X X 5.0 clear solution PM
28 X X X X 2.1 opalescent gel, high viscosity ASP
29b X X X X ASM
30 X X X X 5.7 opalescent gel, low viscosity APM
31 X X X X 4.4 clear solution SPM
32 X X X X X 5.8 ‘milky solution’, low viscosity ASPM

a Contain only water and is therefore not examined.b Not examined because of insufficient dissolution of the aluminum source in these mixtures.
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only 60% of the initial amount of added F is detected, suggesting
that the residual 40% is precipitated out of the solution or made
unobservable by exchange processes.

If it is assumed that the observed27Al and 19F NMR signal
intensities represent quantitatively the total amount of dissolved
species in solution, the concentration of the individual species
can be calculated as described in ref 38. This calculation ([Al]0

) 0.15 M, [F]0 ) 0.60 M; pH) 4.2) gives [AlF3] ) 0.03 M,
[AlF4

-] ) 0.095 M and [AlF52-] ) 0.022 M where [X] denotes
the concentration of species X and [X]0 represents the initial
concentration. Increasing [F]0 in the calculation from 0.6 to 1.0
M results in a significant amount of F- (0.16 M), which should
result in a sharp peak atδ ) -116 ppm. However, no such
peak can be seen in the spectrum. Thus, the observed peaks are
assigned to AlF3(aq) and AlF4

-/AlF5
2- complexes, respectively

Figure 1. Typical X-ray patterns of the synthesized samples: (a) as-synthesized trigonal SAPO-34 prepared in the absence of HF; (b) as-synthesized
trigonal and triclinic SAPO-34 prepared in the presence of HF; (c) calcination of (a) at 580°C in air; (d) calcination of (b) at 580°C in air.

Figure 2. 13C NMR chemical shift of the two different carbon groups
in morpholine for all the morpholine-containing mixtures as a function
of pH. The fitted line represents the model for pH dependence developed
by Hansen et al.38

TABLE 3: Previous Published 19F NMR Chemical Shiftsa

for Some Two-Component Fluoride-Containing Species

species chemical shift (ppm) ref

AlF2+ -156.1 18
AlF2

+ -155.6 18
AlF3 -154.4 18
AlF4

- -153.3 18
AlF5

2- -153.1 18
AlF6

3- >-153.1b 18
AlOHFx -152.6 19
AlOH2Fx -152.3 19
HF -158.6 39
HF2

- -148.5 39
F- -116.0 39
SiF6

2- -128.2 20
P-Al-Fc -140 to-150 23, 34

a Relative to CFCl3. b Only observable at low temperature.c Un-
specified aluminophosphate-fluoride complexes.
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(from Sur and Bryant,18 δ ) -154.4,-153.3, and-153.1 ppm),
where the two latter peaks overlap. Calculated concentrations
of the different species as a function of pH (from tabulated
equilibrium constants34,40) are given in Figure 4A (19F NMR)
and Figure 4B (27Al NMR), respectively. The concentrations
[Al] 0 and [F]0 applied in these calculations represent average
values of that present in the mixtures examined in this work.
One question remains, what fluoride-containing species represent
the 40% nonobservable19F NMR signal intensity? Most
probably, it is due to precipitation (Al(OH,F)3).

The combination of Ludox and HF gives, as expected,20 a
single resonance peak atδ ) -127.3 ppm and is assigned to
SiF6

2- (Figure 3, FS).

No interaction between phosphoric acid and HF (Figure 3,
FP) is observed. Within the concentration range studied, this is
in agreement with Ames et al.21 The spectrum is therefore
comparable to pure diluted HF (Figure 3, F).

The addition of HF to morpholine in surplus results in a single
peak atδ ) -115.9 ppm (Figure 3, FM), and it is assigned to
F-. The concentrations of HF and HF2

- at this pH ()9.2) are
calculated to be less than 10-6 M and thus, have no effect on
the chemical shift even under fast exchange conditions.

Mixtures 6-11 (Table 2) are all three-component systems
(in addition to water). The peak assignments of these spectra
can in most cases be made from the corresponding NMR spectra
of the simpler two-component systems. In the FAS mixture,
fluoride ions react both with silica and aluminum to form SiF6

2-,
AlF3, and AlF4

-/AlF5
2- complexes (Figure 3, FAS). From

intensity measurements it seems that the formation of SiF6
2- is

preferred over the formation of AlFx+3-x complexes. However,
this will certainly be dependent on the solubility (and the particle
sizes) of the respective reagents. Moreover, comparing this
spectrum with that obtained from the FA mixture (Figure 3,
FA), it is evident that the average number of fluoride ligands
coordinated to aluminum is reduced. This is consistent with
model calculations and is due to the reduced amount of available
fluoride, caused by the competitive complexion of SiF6

2-.

In addition to the signals originating from AlFx
+3-x com-

plexes, a broad signal outside the chemical shift region expected
for AlFx

+3-x complexes can be observed in the FAP mixture
(Figure 3, FAP). This is rationalized by the formation of
aluminophosphate-fluoride (P-Al-F) complexes, in which
aluminum is coordinated to both fluoride and phosphate ligands.
Such species have been reported in earlier NMR investigations
but are not identified.23,34 Intensity measurements indicate that
∼95% of the observable fluoride is incorporated in the P-Al-F
complexes.

When morpholine is added to the FA mixture, two signals
appear (Figure 3, FAM). The first is uniquely assigned to F-

(δ ) -116.1 ppm). The weaker and much broader resonance
band located atδ ) -149.1 ppm is tentatively assigned to
AlFx

+3-x species. Under slow exchange conditions, these
AlFx

+3-x complexes resonate at approximatelyδ ) -153 (1
ppm, but may shift toward a lower magnetic field if intermediate
exchange rate processes take place. Due to the surplus of F- in
the solution, such exchange processes are likely. Setting [Al]
) 0.0054 M, [F]) 0.60 M, and pH) 9.5 (from NMR intensity
determination and pH measurements), the actual composition
was determined by model calculations to be [F-] ) 0.57 M,
[AlF5

2-] ) 0.0019 M, and [AlF63-] ) 0.0033 M. Thus, it is
expect to observe F-, AlF5

2- and AlF6
3- in the intensity ratio

60:1:2. If the smaller peak is assumed to originate from theT
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overlap of the two latter species, this ratio is in excellent
agreement with observation, 70:3. The broad peak is therefore
assigned to the AlF52-/AlF6

3- complexes.
Adding phosphoric acid to the FS mixture does not reveal

any significant change in the19F NMR chemical shift (Figure
3, FS and FSP), nor does addition of Ludox to the FM mixture
(Figure 3, FM and FSM). The peaks observed in the FSP and
FSM mixtures are therefore assigned to SiF6

2- and F-,
respectively.

The FPM mixture gives a single resonance peak atδ )
-142.7 ppm (pH) 3.25( 0.25, Figure 3, FPM). The model
calculation results in the following concentrations: [F-] ) 0.33
M, [HF2

-] ) 0.09 M, and [HF]) 0.18 M. Assuming these
species to be in fast exchange, a chemical shift ofδ ) -141(
4 ppm is predicted (within the specified pH range), which is in
excellent agreement with the observed chemical shift (δ )
-142.71 ppm). The peak is therefore assigned to F-/HF2

-/HF
species in fast exchange.

Mixtures 12-15 (Table 2) are all four-component systems
(in addition to water). In addition to SiF6

2-, it is possible to
observe one broad resolved resonance band in the FASP mixture
(Figure 3, FASP). Except for the former peak, the spectrum
resembles that observed for the FAP mixture (Figure 3, FAP).

Curve-fitting analysis suggests that the major peaks originate
from P-Al-F complexes. In addition, the two other smaller
resonances can be identified as the complexes AlF4

-/AlF5
2-

and AlF3 (δ ) -152.9 and-154.0 ppm).

Excluding phosphoric acid from the final gel results in only
one signal assigned to F- (δ ) -116.1 ppm, Figure 3, FASM),
which is rationalized according to the relatively low solubility
of pseudoboehmite, besides the low formation of SiF6

2- at this
pH ()9.3). This is in agreement with investigations reported
by Martinez et al.19 and by Hansen et al.,38 where only free
fluoride was observed at pH> 7. However, this observation is
in contrast to that obtained from the FAM mixture where some
AlF6

3-/AlF5
2- was observed and according to the model

calculations (Figure 4A). This is explained by a broadening of
the resonance signal upon addition of Ludox, resulting in an
increased viscosity.

Preparing the gel without Ludox gives a broad, symmetric
resonance band atδ ) -147.4 ppm (Figure 3, FAPM). This is
well outside the expected chemical shift range of AlFx

+3-x,
suggesting that this resonance band represents aluminophos-
phate-fluoride complexes. The broadening is most likely the
result of overlap of several different resonance peaks.

Figure 3. Obtained19F NMR spectra (for representative intensity measurements see Table 4).
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Excluding aluminum from the mixture gives a single reso-
nance line (Figure 3, FSPM), which is assigned to SiF6

2-

(-127.4 ppm).
The FASPM mixture contains all species necessary to form

SAPO-34. Only a single, broad (∼7.7 ppm) band atδ ) -146.1
ppm is observed (Figure 3, FASPM). This severe broadening
is most likely the result of several overlapping peaks, but may
also be related to the higher viscosity of the gel. The peak is
nearly symmetric, revealing only a small low-field shoulder.
From the relatively high pH ()5.6), no formation of SiF62- is
expected. On the other hand, previous results obtained in this
work suggest formation of Al-F complexes, but such species
cannot be uniquely identified (most probably due to broadening
and overlap). The spectrum is therefore assigned according to
the FAPM mixture.

A comparison of the observed total19F NMR signal intensity
of the different mixtures in the presence and absence of
pseudoboehmite shows an interesting trend (Figure 5). Addition
of pseudoboehmite results in a general reduction in signal
intensity and most probably originate from precipitation of some
poorly soluble amorphous (from XRD) Al-F containg species.

Aluminum Interactions Observed by 27Al NMR. The27Al
NMR spectra contain in general little fine structure (Figure 6).
For example, it has not been possible to separate peaks
corresponding to the different AlFx

+3-x complexes forx > 2.
However, it is possible to provide some qualitative information
about the distribution and composition of the various species
present in the solutions. In addition, some quantitative informa-
tion regarding the total Al content in the solution phase may be
extracted. The possibility that other resonance peaks are
broadened beyond detection cannot be ruled out.

Several explanations for the severe line broadening (∼6-18
ppm) observed when pseudoboehmite is used as an Al source,
relative to the Al(NO3)3 reference (0.07 ppm), are feasible: (1)
a decrease in the symmetry of the ligand field; (2) overlapping

peaks; (3) increased viscosity and/or Al concentration;26 (4)
presence of a coexisting solid phase (nondissolved pseudoboe-
hmite, precipitated Al(OH,F)3, etc.). Narrower peaks may be
obtained by centrifuging the mixtures prior to NMR sampling.
However, since the main goal of this investigation is to establish
an in situ procedure to enable the nucleation and crystallization
to be monitored as a function of reaction time, centrifugation
is not desirable.

As a result of the poor solubility of pseudoboehmite, only
solutions containing either fluoride and/or phosphate species
are discussed. In the one-, two-, or three-component mixtures
only containing aluminum, morpholine, and/or Ludox (in
addition to water), no interactions are detected and only
octahedral Al aboutδ ≈ 0 ppm are observed. The majority of
the27Al NMR resonance peaks from the less complex mixtures
can be assigned from the literature (Table 5) and are summarized
in Table 6. The spectra are shown in Figure 6.

The NMR spectrum of the FA mixture is shown in Figure 6,
FA. The broad peak (10.9 ppm) is symmetric and centered atδ
) -0.35 ppm. It appears from the small signal intensity that
the solubility of the Al-source is rather limited (7.6 mol %). It
is not possible to confirm the existence of the three different
AlFx

+3-x complexes (x ) 3-5) that were observed by19F NMR
(Figure 3, FA). The peak position confirms octahedral Al
coordination.

No interaction between Al and Si in the AS mixture can be
revealed; moreover, no aluminum signal is observed at all.
Adding HF to this mixture, the spectrum is rather similar to
that obtained from the FA mixture, except for a reduction in
observed signal intensity in the former mixture (Figure 6, FAS
and FA). This is rationalized according to a competitive
formation of SiF62-, resulting in a reduced solubility of
pseudoboehmite. Furthermore, the formation of Al(OSi)x species
could be expected in both mixtures (giving resonance peaks in
the chemical shift rangeδ ) 58-72 ppm14,16) but cannot be
uniquely assigned.

The AP mixture shows a symmetric27Al NMR peak atδ )
-8.26 ppm (Figure 6, AP). The pH suggests that this is within
the first buffer region of phosphoric acid (pKa1 ) 2.12),
consequently, the free phosphoric acid is mainly present as a
mixture of H3PO4 and H2PO4

-. An upfield shift in the27Al NMR
resonance is thus expected since P-containing ligands are more
electronegative than H2O. On the basis of literature data25,26

and31P NMR (discussed below), this resonance band is assigned

Figure 4. Calculated concentrations vs pH of the different species
present at equilibrium in a mixture containing aluminum and fluoride
ions at concentrations representative for the mixtures analyzed in this
work. (A) represents the species to be observed with19F NMR and (B)
with 27Al NMR.

Figure 5. Correlation between visible fluorides for the mixtures, in
the presence and absence of aluminum. The lower labels on thex-axis
represent mixtures with pseudoboehmite, while the upper ones represent
the same mixtures without pseudoboehmite. The FM mixture is used
as reference for % visible fluoride because it gives the highest level of
observable flour signal.
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to [Al(H2O)4(H3PO4)2]3+, [Al(H 2O)4(H2PO4)(H3PO4)]2+, and
[Al(H 2O)4(H2PO4)2]+ species, which all have chemical shifts
betweenδ ) -7.5 and-9.0 ppm. Moreover, it is possible that
more that two PO4 tetrahedra are complexed to Al.

When adding hydrofluoric acid to this mixture, the resonance
band is broadened and shifted downfield (δ ) -3.9 ppm; Figure
6, FAP). Except for changes in the chemical shift, the spectrum
resembles those observed from the FA and FAS mixtures.19F
NMR (Figure 3, FAP) suggests that the resonance band in the
27Al NMR spectrum is composed of at least four different
species: AlF3, AlF4

-/AlF5
2-, and, most probably, at least one

P-Al-F complex. From the19F NMR spectrum, it is assumed
that the last species is the main Al-containing component in
the solution phase (∼95%). Keeping in mind that neither the
number of fluoride nor hydroxyl ligands coordinated to alumi-
num introduce any significant changes in the27Al NMR
chemical shift,38 suggests that the upfield shift in the27Al NMR
spectrum (relative to the reference) is due to this phosphate
ligand. In an earlier investigation, Wilson et al.25 proposed that
a species with an Al/P ratio) 1 is responsible for a peak located
atδ = -3.6 ppm. In addition, Miyajima et al.28,29have assigned
one peak in this chemical shift region to Al complexed to
polyphosphates, with only one phosphate-containing ligand

coordinated to Al. Therefore, it is reasonable to suggest that
only one phosphate-species is coordinated to Al. The exact
composition of the complex is not known. However, combining
all this information with that derived from31P NMR (discussed
below) and the pH ()1.8), it is proposed that the complex is of
the form [Al(H2O)5-x(H2PO4)(F,OH)x]+2-x.

Figure 6, ASP and FASP, shows the27Al NMR spectra of
the final gels apart the structure-directing agent, in the absence
and presence of HF. No differences are noticed from the Ludox
free counterparts, indicating the absence of Al(OSi)x species.
The ASP and FASP mixtures are therefore assigned according
to the AP and FAP mixtures.

The AM and FAM mixtures are of particular interest because
they may reveal some interaction between the structure-directing
agent and the aluminum. In the former mixture, no signal was
detected (Figure 6, AM). On the other hand, in the latter mixture,
approximately 1 mol % of the Al was detected (δ = -1.8 ppm),
resulting in a rather poor signal-to-noise ratio (Figure 6, FAM).
Most of the fluoride exists as F-, although the19F NMR
spectrum (Figure 3, FAM) and model calculation suggest that
some AlF5

2- and AlF6
3- are also present in the mixture under

these conditions (pH) 9.5). The peak is therefore assigned to

Figure 6. Obtained27Al NMR spectra (* indicates artifact). The A and ASM mixtures have not been examined due to the low solubility of
pseudoboehmite; see Table 6 for representative intensity measurements.
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these two latter species. Adding Ludox (Figure 6, FASM) does
not alter the spectrum.

It appears from the titration curve of phosphoric acid (not
shown here) that a significant amount of HPO4

2- is formed when
pH > 4.7. This must be taken into account when discussing
the APM and FAPM mixtures (pH) 5.7 and 4.8, respectively).
According to the investigation performed by Wilson et al.,25 a
resonance peak atδ = -1.4 ppm, caused by octahedral Al
coordinated to HPO42-, is expected in this pH region. As can
be inferred from the latter F-containing mixture, this is in good
agreement with the obtained spectrum (δ ) -1.73 ppm; Figure
6, FAPM). Although the line width is narrower than that
observed for the FAP and FASP mixtures, the peak is assigned
to P-Al-F complexes, where the nature of the PO4 ligands
are assumed to be HPO4

2-. Lack of any resonance peak about
δ ) 0 ppm suggests that AlFx

+3-x complexes are not present
and is in agreement with19F NMR (Figure 3, FAPM).

For the former fluoride-free mixture (APM), this is not
consistent with the obtained spectrum, where no distinct signal
from octahedral Al can be observed (Figure 6, APM). Various
reasons for this downfield shift may arise. First, it could be
caused by the increase in pH from 2.2 to 5.7 upon addition of
morpholine, thereby altering the coordination number. This has
been suggested by Mortlock et al.,27 who reported a peak within
the range 43-52 ppm (AlPO4 solution containing TMSOH),
which they assigned to pentacoordinated Al bonded to HPO4

2-.
However, no such peak was detected in the work reported by
Hansen et al.,38 when systematically increasing the pH in a
mixture of Al(NO3)3 and H3PO4 by adding NaOH. This rules
out the possibility that the downfield shift is due to a pH effect
alone.

For instance, Prasad et al.30,31 have claimed that tetrahedral
Al only appears in the gel after addition of the structure-directing
agent. However, in the absence of phosphate species, Hansen
et al.30 have proposed that morpholine, as a structure-directing
agent, is inactive at room temperature.

Another interpretation can be made from comparison of the
27Al MAS NMR spectra of as-synthesized SAPO-34. Here, the
framework AlO4 tetrahedra gives a resonance peak atδ ) 39
ppm.11,43 Therefore, regarding the intermediate pH ()5.7) in
the APM mixture and the excellent agreement between the27-
Al NMR spectra of this mixture and the27Al MAS NMR of
as-synthesized SAPO-34, it is appropriate to assign the peak to
“tetrahedral Al”. Moreover, the AlO4 tetrahedra are coordinated
to phosphate tetrahedra and morpholine is acting as a “coordina-
tion”-directing species.

One question remains to be answered; why is generation of
tetrahedral Al not observed in the mixture containing hydrof-
luoric acid? This might be rationalized by the strong complexing
character of the fluoride ions, resulting in octahedral Al
coordination.27Al MAS NMR and structure analysis of as-
synthesized SAPO-34 has shown that the structure contains such
species.43

The 27Al NMR spectra of the final gels are given in Figure
6, ASPM and FASPM. Except for an additional small downfield
chemical shift (δ ) 42.1 ppm), no significant difference is
observed when Ludox is added to the APM mixture. The final
gel, in the absence of HF, is therefore assigned accordingly to
the APM mixture.

The fluoride-containing final gel results in a rather broad peak
(15.7 ppm) with an average chemical shift of approximatelyδ
) -2.63 ppm (Figure 6, FASPM). The peak is tentatively
assigned to Al-F-P complexes. The increased gel viscosity
may explain the broadening. It is assumed that AlFx

+3-x

complexes are not present (from19F NMR, Figure 3, FASPM).
Phosphate Interactions Observed by31P NMR. The pro-

teolysis of an acid solution increases with dilution and is
confirmed by 31P NMR. The spectrum of an 85% H3PO4

solution gives rise to a single resonance peak atδ ) 0.00 ppm.
Upon dilution with water, the signal shifts towardδ ) 0.56
ppm (the P mixture; Figure 7, P). When varying the pH in the
range from 1 to 3.5, the concentration of H3PO4 and H2PO4

-

will change accordingly. Likewise, under fast exchange condi-
tions, the31P chemical shift of the single resonance peak will
be determined by the weighted average of the chemical shift of
the two species, H3PO4 (δ ) 0 ppm26) and H2PO4

-. The
chemical shift of the latter species is strongly dependent on the
concentration;δ ) 3.75 and 0.25 ppm in 1.0 M H2PO4

26 and
saturated NaH2PO4 solution,44 respectively. The observed
chemical shift when adding AlCl3 to a saturated H2PO4

-

mixture is reported to be within the range 0.2 to-0.1 ppm.25

The 31P NMR resonance peaks from the less complex
mixtures are assigned from the literature (Table 7) and are
summarized in Table 8. Within the examined concentration
range, no interaction between phosphates and fluorides, silicates,
and/or morpholine can be observed in any of the mixtures. The
only 31P NMR resonance peak detected in these mixtures is
assigned to H3PO4/H2PO4

-. Some minor shift in the peak
position may occur due to pH effects upon addition of HF or
morpholine (Figure 7).

It has previously been noted that the solubility of the Al
source is strongly dependent on the presence of H3PO4. Complex
formation between Al and PO4 species is therefore expected.
Also, some octahedral P-Al-F complexes have been assigned
from the19F and27Al NMR.

The 31P NMR spectrum of the AP mixture reveals three
distinct signals (Figure 7, AP). The low signal intensity could
be due to precipitation; nevertheless, broadening beyond detec-
tion cannot be eliminated. The main peak (δ ) -0.25 ppm) is
assigned to free H3PO4/H2PO4

-, while the two residual peaks

TABLE 5: Previous Published 27Al NMR Chemical Shift
Rangesa for Some Typical Aluminum Species

species

chemical
shift range

(ppm) ref

Al(OH)4
- (i.e. Al(OSi))b 80-79.5 41, 42

Al(OH)3 9.3 30
Al(1Si)b 70-72 14, 16
Al(2Si)b 66 14, 16
Al(3Si)b 61 14
Al(4Si)b 58 14
Al(OH)4

- bonded to HPO42- ions 60-67 27
pentacoordinated Al bonded to HPO4

2- ions 43-52 27
octahedral Al species bonded to HPO4

2- ions -20-30 27
Al(H2O)63+ 0.0 to-1.0 23
Al2P, where P most probably represents HPO4

2- -1.4 25
AlP, P most probably is H2PO4

- and
the Al/P ratio) 1

-3.2 25

[Al(H 2O)5(PO-)]2+, where PO- is polyphosphate -3.2 28, 29
[Al(H 2O)5(H3PO4)n]m+ (n g 2, m is undetermined)-3 to -5 27
AlPx, where P most probably is H3PO4 -6.2 25
[Al(H 2O)4(PO-)2]+, where PO- is polyphosphate -6.4 28, 29
[Al(H 2O)5(H3PO4)]3+ -6 to -7.5 27
AlPx, where P most probably is H2PO4

- -7.6 25
[Al(H 2O)5(H2PO4)]2+ and

trans-[Al(H 2O)4(H2PO4)2]+
-7.5 to-9 27

Al dimers bonded to phosphate ligands -1 to -2 27
[Al(H 2O)3(PO-)3]0, where PO- is polyphosphate -9.6 28, 29

a Relative to 1.0 M Al(H2O)63+. b Highly alkaline solutions
(pH g 13).
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are assigned to [Al(H2O)6-n(H2PO4)n]+3-n (δ ) -7.83 ppm),
[Al(H 2O)6-n(H3PO4)n]3+ (δ ) -12.29 ppm), and/or
(Al(H2O)6-n-m(H2PO4)n(H3PO4)m]+3-n (δ ) -7.83 and-12.29
ppm).26 The number of PO4 ligands,n, is determined to be at
least 2 from27Al NMR (Figure 6, AP). It may also be possible
that the latter two peaks originate from dimeric aluminum,
bonded to H2PO4

- and H3PO4, respectively. However, this is
ruled out from the27Al NMR results and the Lo¨wensteins rule,45

in which an Al-O-Al bond is energetically unfavorable in the
final solid product.

Addition of HF results in the disappearance of the two latter
peaks. The main peak (δ ) 0.09 ppm, Figure 7, FAP) is still
assigned to the H2PO4

-/H3PO4 species. In addition, one smaller
and broader peak is observed atδ ) -6.5 ppm.31P NMR gives
information about the nature of the ligands but tells nothing
about the coordination number. The latter peak may therefore
be expected to originate from H2PO4

- coordinated to Al.27

Taking into account the19F and27Al NMR results mentioned
above, the composition is anticipated to be of the form
[Al(H 2O)5-x(H2PO4)(F,OH)x]+2-x.

The changes in chemical shift of the two peaks from the FAP
mixture have been recorded as function of time. The result is
summarized in Figure 8. The intensity of the smaller peak
increases with time at the expense of the main peak and
converges toward 25% of the total signal intensity approximately
after 4 h. This indicates that more of the Al is present in the
solution phase, complexed with PO4 species, with increasing
time of aging. Line broadening is observed for both peaks, which
is consistent with an increasing viscosity and Al concentration.26

The average chemical shifts of the two peaks areδ ) 0.10(
0.13 andδ ) -6.52( 0.65 ppm. Since no systematic variation
in δ vs time was observed, the standard deviations were
estimated from simple statistical evaluation of the time-resolved
spectra.

No difference in the31P NMR spectrum is expected when
adding Ludox to the AP and FAP mixture, which is in agreement
with the observation (Figure 7, ASP and FASP). These mixtures
are therefore assigned according to the AP and FAP mixture.

The shapes of the31P NMR spectra of the APM and FAPM
mixtures are identical (Figure 7, APM and FAPM). Only one
narrow peak assigned to H3PO4/H2PO4

- is observed. The shift
toward lower field compared to the FAP and FASP mixtures is

related to the increase in pH from about 2 to 5 upon addition
of morpholine. The absence of the two peaks located atδ )
-7.7 andδ ) -12.3 ppm (AP and ASP mixtures) can be
explained in (at least) two ways. First, comparing the pH of
these two latter mixtures (2.4 and 2.1, respectively) with that
obtained for the APM mixture (5.7) suggests changes in the
nature of the PO4 ligands. Moreover, the small amount of
observable Al might indicate that these latter peaks are absent
due to precipitation. Second, it has been concluded that
morpholine behaves as a “coordination” directing species in
the APM and ASPM mixtures, prohibiting formation of [Al-
(H2O)6-x(H2PO4)x]+3-x and [Al(H2O)6-x(H3PO4)x]3+. The latter
two peaks may therefore be absent due to broadening of the
signal, which is caused by reduced symmetry around the Al
tetrahedra (i.e. comparable with the 12 unobservable (by NMR)
octahedral Al coordinated around the observable central tetra-
hedral Al in the “keggin” structure46). A similar observation
has been reported by Marcuccilli-Hoffner in the preparation of
AlPO4-11.34

In the corresponding HF-containing mixtures, no sign of
tetrahedral Al was detected (27Al NMR), which was assumed
to be due to the complexing character of the fluoride ions.
However, the31P NMR spectra are identical (in the presence
and absence of HF), suggesting identical phosphate environ-
ments.

The 31P NMR spectrum of the final gel, in the absence of
HF, is displayed in Figure 7, ASPM. Only one peak atδ ) -
0.29 ppm is observed. This spectrum resembles that observed
for the APM mixture, which is not surprising since their pHs
are almost equal (5.7 and 5.8). In addition, there is no evidence
for any interaction between Ludox and PO4 species.

Figure 7, FASPM, shows the31P NMR spectrum of the final
gel in the presence of HF. Upon comparison with the corre-
sponding Ludox free mixture (FAPM), one main distinction can
be made. Two peaks are detected, a main peak assigned to the
H3PO4/H2PO4

- (δ ) 0.35 ppm) and a smaller peak most
probably related to the interaction between PO4 species and Al
(δ ) -3.65 ppm). The19F NMR spectrum suggests the presence
of P-Al-F complexes. A corresponding peak was reported by
Marcuccilli-Hoffner,34 although the composition of the complex
was not determined.

TABLE 6: 27Al NMR Chemical Shift a and Assignment of the Signals from This Work

tetrahedral Al AlFx+3-x P-Al-F [Al(H2O)6-n(H3-xPO4)n]+3-xn

code pH δ1 ∆Vppm δ2 ∆Vppm δ3 ∆Vppm δ4 ∆Vppm Iobserved Iexpected

%
visible speciesb

2 FA 4.2 -0.35 10.9 351 2246 7.6 AlF3, AlF4
-/AlF5

2-

6 FAS 3.9 1.12 11.5 256 2136 5.8 AlF3, AlF4
-/AlF5

2-

7 FAP 1.8 -3.87 22.7 287 2013 6.9 P-Al-F, AlF3, AlF4
-/AlF5

2-

8 FAM 9.5 -1.83 5.9 15 1959 0.37 AlF52-/AlF6
3-

12 FASP 1.7 -3.69 18.0 267 2017 7.2 P-Al-F, AlF3, AlF4
-/AlF5

2-

13 FASM 9.3 -0.75 3.2 10 1875 0.26 AlF52-/AlF6
3-

14 FAPM 4.8 -1.73 11.8 216 1791 5.9 P-Al-F
16 FASPM 5.6 -2.63 15.7 352 1713 10.0 P-Al-F
18 A not examined
22 AS 7.0 no observations
23 AP 2.4 -8.26 9.9 767 2269 16.4 [Al(H2O)4(H3PO4)2]3+,

[Al(H 2O)4(H2PO4)2]+, and/or
[Al(H 2O)4(H2PO4)(H3PO4)]2+

24 AM 11.6 no observations
28 ASP 2.1 -8.36 7.1 623 2002 15.1 [Al(H2O)4(H3PO4)2]3+,

[Al(H 2O)4(H2PO4)2]+, and/or
[Al(H 2O)4(H2PO4)(H3PO4)]2+

29 ASM not examined
30 APM 5.7 38( 2 10.4 86 1841 2.3 tetrahedral Al
32 ASPM 5.8 42.1 9.9 186 1774 5.1 tetrahedral Al

a Relative to 1.0 M Al(NO3)3 (aq). b [Al(H 2O)6]3+ is omitted from the table, but does probably exist in small quantities in all the mixtures where
a resonance peak is observed around 0 ppm.
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It has previously been reported that the pH may change by
3-4 units during the early stage of the synthesis reaction.7,47

As shown in this work, this significantly affects the type and
concentration of species formed. This will be the subject for
future studies, in which the formation of complexes will be
monitored as a function of reaction time under synthesis
conditions, the pH of the crystallizing gel being monitored using
morpholine. The kinetic parameters obtained from NMR experi-
ments will then be related to the kinetic information collected
from ex situ studies of syntheses performed in a 1 Lautoclave
equipped with an in situ sampler.

Conclusion

Multinuclear, high-resolution NMR spectroscopy has been
applied to identify the large number of complexes present in
mixtures prepared from all possible combinations of hydrofluoric
acid, Ludox, pseudoboehmite, phosphoric acid and morpholine.
The nature and numbers of complexes present are shown to be
dependent on the pH and concentration.

The 13C and 1H NMR chemical shift model developed by
Hansen et al.38 for monitoring the pH in situ has been shown to
be reliable. Since the pH in typical AlPO4 and SAPO syntheses
increases from approximately 6 to about 10 under an ordinary

Figure 7. Obtained31P NMR spectra (for representative intensity measurements see Table 8).

TABLE 7: Previous Published 31P NMR Chemical Shift
Rangesa for Some Typical Phosphate-Containing Species

species
chemical shift
range (ppm) ref

PO4
3- 8.70b 26

HPO4
2- 6.25b 26

H2PO4
- 3.75b 26

H3PO4 0.000c 26
HPO4

2- ions bonded to Al species 1-6 27
free PO4

3-, HPO4
2-, or H2PO4

- ions
bonded to Al species

3-8 27

H2PO4
- ions bonded to Al dimers -6 to -8 27

[Al(H 2O)5(H2PO4)]2+ -7 to -10 27
trans-[Al(H 2O)4(H2PO4)2]+ -7 to -10 27
[Al(H 2O)5(H3PO4)]3+ -11.5 to-14 27
trans-[Al(H 2O)4(H3PO4)2]3+ -12.60b 26
trans-[Al(H 2O)4(H2PO4)(H3PO4)]2+ d -9.47 and-12.60b 26
H3PO4 molecules bonded to Al dimers -12 to-15 27
P nuclei bridging Al dimers -14 to-15 27
P nuclei bridging Al monomers -15 to-22 27

a Relative to 85% H3PO4. b Calculated using the MNDO (modified
neglect of differential overlap) Hamiltonian (1 M solution).26 c A
downfield shift appears when concentration is reduced below 85%.
d Each phosphate group originates in a31P NMR resonance.
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synthesis, this is an interesting aspect that can be utilized in
further high-temperature studies.

Some interesting trends when adding the different ingredients
to the simpler mixtures have been observed. Especially the
addition of H3PO4, HF, or both reagents to the Al source gave
some interesting results. Within the concentration range inves-
tigated, no direct interaction between fluoride and phosphate
was detected, but both species have been shown to complex
with octahedral Al in acidic environments. Only octahedral Al
was detected in the presence of fluoride ions. The number of F
ligands has been shown to be dependent on the fluoride and
aluminum concentration. Addition of Ludox gave rise to
competitive complexion of SiF62- (from 19F NMR, in the pH
range 1.5-5.5).

The main 31P NMR peak observed in all the phosphate-
containing mixtures has been assigned to the rapid exchange
between H3PO4 and H2PO4

- (δ ) 0.9 to-0.3 ppm), where the
chemical shift was dependent on both the PO4 concentration
and the pH. Two additional PO4 species are observed when
pseudoboehmite is present (in the absence of HF and morpho-
line): [Al(H2O)6-n(H2PO4)n]+3-n (δ ) -7.8 ppm) and [Al-
(H2O)6-n(H3PO4)n]3+ (δ ) -12.3 ppm), wheren g 2 (from
27Al NMR). These species were eliminated after adding either
HF or morpholine. The former case gave rise to P-Al-F
complexes, the composition of which was suggested to be of
the form [Al(H2O)5-x(H2PO4)(F,OH)x]+2-x. In addition, AlFx

+3-x

complexes (3e x e 6) forms in the more acidic mixtures. In
the latter case (adding morpholine), formation of tetrahedral Al
was observed. Morpholine is therefore ascribed as an active
“coordination”-directing species even at room temperature.
Addition of HF to the APM mixture inhibited the formation of
tetrahedral Al.

The time-resolved31P NMR spectra of the FAP mixture
shows that kinetic information may be extracted by NMR during
the time of aging.

The presence of fluoride results in an increasing pseudoboe-
hmite solubility and reduced nucleation/crystallization time. The
reduction in synthesis time may originate from the increased
solubility of the aluminum source. Furthermore, addition of
pseudoboehmite to fluoride-containing mixtures reduces the
amount of visible fluoride, ascribed to precipitation or formation
of low-symmetry complexes that are invisible to NMR. It should
also be pointed out that free fluoride was totally absent due to
complex formation in mixtures containing pseudoboehmite and/
or Ludox. This reduces the hazard when handling these mixtures.
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Note Added in Proof.Recently, new interesting and impor-
tant results regarding the31P NMR assignments of alumino-
phosphate solutions have been obtained (Haouas, M. Etude
RMN de la synthe`se hydrothermale des aluminophosphates
microporeux oxyfluore´s: AlPO4, CJ2, ULM-3 et ULM-4.T
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Figure 8. Changes in the total intensity of the two major31P NMR
peaks observed in the FAP mixture as a function of time.
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Thèse, Universite´ Louis Pasteur, Strasbourg, France, January,
1999). These ideas will be examined in a future NMR study of
the SAPO-34 gels under hydrothermal conditions.
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