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Gels prepared for the synthesis of SAPO-34, with morpholine as a structure-directing agent, have been
characterized by multinucleatH, *C, 1°F, 2’Al, and 3'P), 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,*H and*3C 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 contrar?#l tR&R, 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 aluminophospfiateide 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 Therefore, it might be possible to obtain information about the

Microporous solids, such as AIRGand SAPO-type materials, rclnle .of the fluoride ions under the synthesi§ course, Withgut
are usually obtained by hydrothermal crystallization using altering any parameters other thar_1 the fluoride concentration.
various structure-directing agents (alkylammonium cations or  NMR studies presented in the literature to date have been
organic amines). These materials were first reported by the r_na_lnly restricted to simplified liquid solutions containing (1) a
workers at Union Carbide in the beginning of the 1988s.  limited number of reactants (two- or three-component systems),
Understanding the chemistry occurring in the aluminophosphate/(2) & pH range in which no solids or gels are formed, or (3)
silicoaluminophosphate solutions may contribute to the under- solutions of low ionic strength. Some of these papers are listed
standing of the processes involved in the nucleation and growthin Table 1. However, considering the synthesis conditions
of the crystalline products. To achieve this, an experimental in hormally found when preparing AIPO’s and SAPO's, the above
situ technique is needed. NMR has shown promise for this outlined restrictions are normally not met. Of special importance,
purpose and this preliminary paper is devoted to the analysis these solutions contain more than three reactants. With this in
of room-temperature phenomena occurring before the hydro- mind, the intention was to characterize, by multinuclear, high-
thermal treatment. In addition, in situ synchrotron XRD has been resolution NMR, real synthesis solutions with relatively high
shown fruitful for this purposé.Furthermore, the effect of  ionic strengths and within pH ranges where both solids and gels
adding HF to the synthesis gel is one of the major subjects for coexist. In particular, these solutions will contain all species
this study. necessary to form the actual crystalline products.

In this work, attention has been given to the formation of |t has been shown that the addition of polyphosphate ligands
SAPO-34. Several structure-directing agents are reported to beto AI3* follows an “additivity law”, with the2’Al NMR chemical
useful, and these include tetraethylammonium hydoXidiey- shift being proportional to the number of polyphosphate ligands
pholine? piperidine®’ diethylaminé’ triethylamine? and di-  bonded to the metal i0#%:2° Principal changes in th&P NMR
isopropylamine:'®This small-pore, chabazite-structure material chemical shift are shown to be due to the nature of the ligands
has been shown to be an important methanol-to-olefin (MTO) (HsPQ,, H,PO,~, HPQ?", etc.), rather than the number of

catalyst~13 ligands in the comple®325 These nuclei therefore give com-
The synthesis procedure was optimized, both in the presenceparative information.

and absence of hydrofluoric acid. Consequently, under the same 5 <-4 et al. have in their examination of AlPGels with
conditions and with the same recipe, the same product was, i

, L ; Al and 3P NMR, d that f K unit I
obtained (after calcination), independent of the presence of HF . an propose a’ framework units only are

ormed in the gels after addition of the structure-directing
30—32 ici i i i

*To whom correspondence should be addressed. agent? Thls |s.csontrary to the mvestlgatlpns performed by

t SINTEF Applied Chemistry. He and Klinowski$® who proposed generation of framework

* University of Oslo. Al before addition of the template. Furthermore, Marcuccilli-
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TABLE 1: Overview of Previous Published NMR Data on Two- and/or Three-Component Systems

system nucleus ref
aluminosilicates prepared from Si©Al-wire/HCI—KOH 2IAl, 29Gj 14
aluminosilicate species prepared from gt@l(s)—-NaOH ZTAl, 29Si 15
influence of silicate ratio and alkali metal cation size on aluminosilicate 2Ip, 29S;j 16

formation (SiQ,soy~Al(NO3);—NaOH)

AI(NO3z);—HF 19 and?’Al 17
AICI 36H,0—KF 19F and2’Al 18
Al(NO3);—NaF Vs pH 19F and?’Al 19
AICIJ/A(NO3);—HF/NHF and Si(OH)—HF 19, 277, and 2°Si 20
HF—H,0—P;0s 19 and?lp 21
Al(NO3z)s—HsPO; 27 22
AICl3—H3PO; and AICk—H3PO;—NH4F 19 277, and 3P 23
AICI3/AI(NO3)s—NasPO,—HCI/HNO; 31p and?’Al 24
AICl3—Hs_NaPO, 31p and?’Al 25
AICI3/AI(NO3)s—HsPO,—TMA? 31p and?’Al 26
AICI3/AI(NO3)s—HsPO,—TMA2 vs pH 31p and?’Al 27
Al(NO3);—polyphosphates (this gave multivalent Al with cyclic phosphatg, cP 27Al 28, 29

(POsz", n=3, 4, 6, and 8) and long-chain polyphosphate anions
a Tetramethylammonium (TMA) hydroxide.

Hoffner has presented some multinuclear NMR investigation  In addition to water, there are a maximum of five components
of some AIPQ gels, including gels with morpholing. in the final gel, resulting in 32 combinatorial different mixtures,
In situ NMR studies of SAPO syntheses have not been as illustrated in Table 2. To keep track of the different mixtures

reported. However, recently, Haouas et@ported multinuclear ~ and to make it easy to refer to a mixture with a specified
NMR investigation of the hydrothermal synthesis of APO composition, a letter code is introduced. This code is composed
JC2 at temperatures up to 1%0. In addition, Shi et al have of one letter for each ingredient (F for hydrofluoric acid, A for
performed in situ MAS NMR investigations on the crystalliza- Pseudoboehmite (Al), S for Ludox (Si), P for phosphoric acid,
tion of zeolite A at temperatures up to about 75, giving and M for morpholine). Water is omitted from the code because
zeolitic products after temperature treatment. all the mixtures are prepared in aqueous solutions.

The aim of the present work is to use multinuclear, high- The NMR analyses have been carried out at room temperature
resolution NMR to obtain more insight into the complex Within only 15-30 min after preparation of the samples. The
chemistry within the gel phase before crystallization is initial- mMain reason for this short time delay between preparation of
ized. Using the available NMR literature data, it was difficult the mixtures and data sampling is because aging is not
to perform a proper peak assignment of the Spectra_ To he|pC0nS|dered under Ordlnary SyntheSIS conditions. It should be
resolve these problems, NMR spectra of less complex solutionseémphasized that equilibrium may not have been reached in all
composed of all possible combinations of reactants (HEQAI the mixtures, especially those containing aluminum. Earlier
SiO,, P,Os, and morpholine) were made. The results will be studies on similar aluminum-containing systems have shown
discussed in the context of acidity (solutions pH), solution that this may take years.

composition, dynamic exchange processes, and component Characterization. Powder X-ray diffraction (XRD) patterns
solubility. were collected on a Siemens D5000 diffractometer. The

instrument was equipped with a Ge fully focusing primary
monochromator (G, radiation,A = 1.540560 A) and a Brown
16° position-sensitive flat PSD detector. The step size used was
Chemicals and Mixing ProceduresSAPO-34 was prepared  0.0154 (step time 1.0 s), and the scan range wag@ (26).
in the presence and absence of HF. The final gel composition The pH measurements were performed with a Copenhagen
(mole ratio) used was 2.1 morpholine:1.0 &i00 Al,O3:1.0 Radiometer PHM82 standard pH meter.
P205:60 HO. Synthesis time and temperature were respectively  The NMR measurements were performed at room temperature
48 h and 200°C. For the system containing fluoride, one (25°C) using a Varian VXR spectrometer operating at 7.05 T.
equivalent HF was added resulting in faster nucleation and The solution was confineghia 5 mmo.d. tube that was inserted
crystal growth. This resulted in a reduction in the synthesis time, into a 10 mm o.d. tube. The resulting free space between the
which could be terminated after only-% h. two tubes was filled with BO, which was used as a lock solvent.
The mixtures were prepared by first mixing one-fourth of To acquire quantitative NMR signal intensities, the repetition
the deionized water and 85 wt % phosphoric acid (Merck) time was chosen to be about 5 times the longest-giitice
together with the aluminum source (Catapal-B, Vista Chemi- relaxation time Ty) for each of the nuclei investigatedH,
cals). The mixture was then stirred well before further addition 13C°F, 27Al, 31P). Regarding thé’Al NMR experiments, a
of one-fourth of deionized water. This mixture was labeled shortest possible pulse angle (corresponding to a rf pulse of
solution A. Solution B was prepared by mixing Ludox LS-30 0.5us) was used in order to minimize the effect of signal decay
(Du Pont), morpholine (Jansen Chemica), and yet another fourthduring the pulse. This precaution was found necessary due to
of the water. This solution was then slowly added to solution the short relaxation time of the quadrupolar nucleus. Signal
A during intense mixing, before the last fourth of the water intensity (area) was determined by numerical integration of the
was added. Subsequently, 1 equiv of 40 wt % HF (Fluka) was resonance peak or by curve fitting when severe overlap of peaks
added at the end of the preparation (applies to mixturé@). was observed. Of particular importance, b¥aand?’Al NMR
Since the reactant stoichiometry has been kept constant throughrevealed broad background signals originating from the probe
out the work, increased concentrations are archived when somedesign. To avoid interference from this unwanted signal in the
or more of the reactants are omitted. quantitative analysis, the first few points in the NMR free

Experimental Section
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TABLE 2: Composition of the Different Mixtures and the Respective Letter Code
H.0O HF Al,Os Sio, P,0s 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 35 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
17 X
18 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
29 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 examineNot examined because of insufficient dissolution of the aluminum source in these mixtures.

induction decay(FID) were deleted, and a linear (back)
prediction algorithm was applie.This approach was possible

processes, it may be difficult, if not impossible, to obtain reliable
and quantitative information regarding the wateretal ion

since all resonance peaks revealed Lorenzian line shapecomplexes fromtH NMR alone. However, the well-resolved
profiles3” All chemical shift measurements have been referenced peaks originating from morpholine (3.80 and 3.15 ppm) enables

to external liquid solutions containing TMSH and'3C), Al-
(NOs)s (¢7Al), CFCl3 (*°F), and 85 wt % HPOy (31P). These

solutions are also applied to calculate the expected signal

intensities [expected and determine the amount of observed signal
intensity (observed. Since the main intention of this work is to
establish an in situ technique to follow the nucleation and
crystallization 2°Si 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 58 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 *H and 13C NMR.

The main detectable signal in tHel NMR spectrum is the
intense peak from bulk water in exchange with proton-containing
acids (HF, H_,PO,7™), proton-containing complexes ([Al-
(H20)6—xF ™37, [Al(H 3—xPQy)n] 3™ etc.), and morpholine.
Any intermediate exchange rate, on the NMR time scale,

this species to be followed quantitatively and in situ during the
synthesis reaction.

Recent room-temperature NMR studfediave 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 th&€ NMR chemical
shift of morpholine, as illustrated in Figure 2. Also, th&NMR
chemical shift of morpholine can be used. If thi€¢ 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 by!°F NMR. The majority
of the®F 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 ab = —158.73 ppm (Figure 4,F) is in
agreement with the rapid exchange of F between the HF, F
and HFR,~ species®

Thel%F NMR spectrum of the FA mixture gives evidence of
interaction between aluminum and fluoride ions (Figure 3, FA).

between these proton-containing species and bulk water will As can be inferred from the correspondfigl NMR spectrum

result in line broadening and chemical shift variation, as
discussed in previous studi#Due to these dynamic exchange

of this solution (see next section), only 7.6% of the added
pseudoboehmite is detected. Also, from #feNMR spectrum,
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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) &tG80air; (d) calcination of (b) at 580C in air.

B¢ . NMR TABLE 3: Previous Published 1°F NMR Chemical Shifts?
for Some Two-Component Fluoride-Containing Species

76 -
5 species chemical shift (ppm) ref
75 |
g AlFz- ~156.1 18
£, Q AlF,* —155.6 18
% AlF3 —154.4 18
g 73 4 AlF 4~ —153.3 18
2 ‘ AlFs?~ —153.1 18
© 72 : : : ‘ ‘ ‘ AlF¢S >—153.F 18
0 2 4 6 8 10 12 14 AlOHF, —152.6 19
H AIOH ;R —152.3 19
P HF —158.6 39
1 HF,~ —1485 39
C-NMR F- —116.0 39
54 - SiFs?~ —128.2 20
€ P—Al—F¢ —140 to—150 23,34
St, 53 4 aRelative to CFG. P Only observable at low temperatufdJn-
'}:; specified aluminophosphatéluoride complexes.
g 521 . .
E If it is assumed that the observéthl and °F NMR signal
5 g ‘ ‘ ' ‘ ‘ ‘ ‘ intensities represent quantitatively the total amount of dissolved
0 2 4 6 8 10 12 14 species in solution, the concentration of the individual species
pH can be calculated as described in ref 38. This calculation{[Al]

Figure 2. 13C NMR chemical shift of the two different carbon groups 1”2'1,5 '\—/l’O[I(:)g5z|\/|0.60dMp;\|p2H*:—4.022)gI2V(|3/|S [ﬁ”:‘*'] :Xo('jOB '\f’
in morpholine for all the morpholine-containing mixtures as a function [AIF47] =0. and [AI*"] = 0. where [X] denotes

of pH. The fitted line represents the model for pH dependence developedthe concentration of species X and pXppresents the initial
by Hansen et a8 concentration. Increasing [fh the calculation from 0.6 to 1.0

M results in a significant amount of {0.16 M), which should
only 60% of the initial amount of added F is detected, suggesting result in a sharp peak & = —116 ppm. However, no such
that the residual 40% is precipitated out of the solution or made peak can be seen in the spectrum. Thus, the observed peaks are
unobservable by exchange processes. assigned to Alfagyand AlR/AIFs>~ complexes, respectively
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19F NMR Chemical Shifts* and Assignment of the Signals from This Work

TABLE 4:

P—AI—F AlF,/AIFs2~ AlF; HF
04

F/HF, [HF

SiF?™

species

AVppm | observed Iexpected % visible

07

—158.73 0.04

AVppm J6 AVppm

Os

AVppm

AVppm

O3

AVppm

02

1 AVppm

pH
1.7

4.2

code

HF
Al /AIFs2~, AlF3

Sig~

70.4
58.7

163
150

115
88
106

1F
2 FA
3 FS
4 FP
5 FM
6 FAS
7 FAP

—152.78 0.62 —154.01 b

79.6

133

—127.29 0.89

2.0

1.6
9.2 —115.93 0.04

3.9

HF
F

86.2
100.0

147

141

127
141

—158.93 0.04

%E, A|F44/A|F524, A|F3
P-Al—F, AlF, /AIFs?>~, AlF3

4FA|F524/A|F534
Sig~

F

147 65.2
70.7

134

96
95

—153.88 b

—125.95 0.74 —154.18 0.44

—151.21 258 —152.97 b

—149.12 3.19

—127.33 1.25

1.8
9.5 —116.11 1.14

86.9
76.7

130
138
135

113
106
129

8 FAM
9 FSP
10 FSM
11 FPM

95.3

—127.05 0.94

9.3 —116.00 0.04

1.5
35

93.3
67.9

128

130

119
88

—142.71 0.05

“HHF, /HF exchange

SiE~, P-AI—F,

—153.97 b

—151.08 4.20 —152.93 b

—127.21 151

1.7

12 FASP

15, 1999

A|F4_/A|F52_, AlF3

F
73.2 -RAI-F

975 Sig"
75.8 AI-F

77.1

125
118

123
114

86

120
86

96

—147.40 6.79
—146.11 7.70

—127.35 0.06

2.7
aRelative to CFG. ® Narrow peaks, not possible to determine the width due to the overlap with other peaks/background.

13 FASM 9.3 —116.08 0.46

14 FAPM 438

15 FSPM
16 FASPM 5.6

Vistad et al.

(from Sur and Bryant® 6 = —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 constan®$-49 are given in Figure 4AF NMR)

and Figure 4B {Al NMR), respectively. The concentrations
[Al]l o and [F} 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% nonobservablé®F NMR signal intensity? Most
probably, it is due to precipitation (Al(OH,E)

The combination of Ludox and HF gives, as expecfed,
single resonance peak at= —127.3 ppm and is assigned to
SiF?~ (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 &l. 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 atd = —115.9 ppm (Figure 3, FM), and it is assigned to
F~. The concentrations of HF and kiFat this pH £9.2) are
calculated to be less than 10M 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 Sif
AlF3, and AIR/AIFs2~ complexes (Figure 3, FAS). From
intensity measurements it seems that the formation of Sis
preferred over the formation of A{F3~* 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 Sif

In addition to the signals originating from AF*~> com-
plexes, a broad signal outside the chemical shift region expected
for AIF,™3* complexes can be observed in the FAP mixture
(Figure 3, FAP). This is rationalized by the formation of
aluminophosphatefluoride (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 identified33*Intensity measurements indicate that
~95% of the observable fluoride is incorporated in theAP—F
complexes.

When morpholine is added to the FA mixture, two signals
appear (Figure 3, FAM). The first is uniquely assigned to F
(0 = —116.1 ppm). The weaker and much broader resonance
band located ath = —149.1 ppm is tentatively assigned to
AIF,3% species. Under slow exchange conditions, these
AR complexes resonate at approximatély= —153 (1
ppm, but may shift toward a lower magnetic field if intermediate
exchange rate processes take place. Due to the surplusiof F
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][E 0.57 M,
[AIFs27] = 0.0019 M, and [AIE3"] = 0.0033 M. Thus, it is
expect to observeF; AlFs?~ and AlIR®~ in the intensity ratio
60:1:2. If the smaller peak is assumed to originate from the
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Figure 3. Obtained'F NMR spectra (for representative intensity measurements see Table 4).

overlap of the two latter species, this ratio is in excellent Curve-fitting analysis suggests that the major peaks originate
agreement with observation, 70:3. The broad peak is thereforefrom P—Al—F complexes. In addition, the two other smaller

assigned to the A2 /AIF¢®>~ complexes. resonances can be identified as the complexes s>~
Adding phosphoric acid to the FS mixture does not reveal and AlR; (6 = —152.9 and—154.0 ppm).
any significant change in théF NMR chemical shift (Figure Excluding phosphoric acid from the final gel results in only

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 &BiFand F,
respectively.

The FPM mixture gives a single resonance peald at
—142.7 ppm (pH= 3.25+ 0.25, Figure 3, FPM). The model
calculation results in the following concentrations:"JE 0.33
M, [HF27] = 0.09 M, and [HF]= 0.18 M. Assuming these
species to be in fast exchange, a chemical shift of —141+

one signal assigned to K6 = —116.1 ppm, Figure 3, FASM),
which is rationalized according to the relatively low solubility
of pseudoboehmite, besides the low formation ofBifat this

pH (=9.3). This is in agreement with investigations reported
by Martinez et al® and by Hansen et a8, where only free
fluoride was observed at pH 7. However, this observation is
in contrast to that obtained from the FAM mixture where some
AIF/AIFs2~ was observed and according to the model

4 ppm is predicted (within the specified pH range), which is in calculations (Figure 4A). This is explained by a broadening of

excellent agreement with the observed chemical sBift=( .the resonance si.gnal upon addition of Ludox, resulting in an

—142.71 ppm). The peak is therefore assigned ttHF, /HF increased viscosity.

species in fast exchange. Preparing the gel without Ludox gives a broad, symmetric
Mixtures 12-15 (Table 2) are all four-component systems resonance band at= —147.4 ppm (Figure 3, FAPM). This is

(in addition to water). In addition to SiF, it is possible to well outside the expected chemical shift range of AR,

observe one broad resolved resonance band in the FASP mixtursuggesting that this resonance band represents aluminophos-

(Figure 3, FASP). Except for the former peak, the spectrum phate-fluoride complexes. The broadening is most likely the

resembles that observed for the FAP mixture (Figure 3, FAP). result of overlap of several different resonance peaks.
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.
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Figure 5. Correlation between visible fluorides for the mixtures, in

Al(OH),” . .
(OH. the presence and absence of aluminum. The lower labels oAgkis

0064, represent mixtures with pseudoboehmite, while the upper ones represent
2 : the same mixtures without pseudoboehmite. The FM mixture is used
*§ 0,04 as reference for % visible fluoride because it gives the highest level of
g observable flour signal.

(&

peaks; (3) increased viscosity and/or Al concentratfo(¥)
0 - ; B , ‘ , ‘ presence of a coexisting solid phase (nondissolved pseudoboe-
0 2 a4 6 8 10 12 14 hmite, precipitated Al(OH,R) etc.). Narrower peaks may be
pH . . . . . .
obtained by centrifuging the mixtures prior to NMR sampling.
Figure 4. Calculated concentrations vs pH of the different species However, since the main goal of this investigation is to establish
present at equilibrium in a mixture containing aluminum and fluoride 51 iy sty procedure to enable the nucleation and crystallization
ions at concentrations representative for the mixtures analyzed in this . . . . . .
work. (A) represents the species to be observed WRRINMR and (B) '_to be mon_ltored as a function of reaction time, centrifugation
with 27A1 NMR. is not desirable.
As a result of the poor solubility of pseudoboehmite, only
Excluding aluminum from the mixture gives a single reso- solutions containing either fluoride and/or phosphate species
nance line (Figure 3, FSPM), which is assigned to5iF are discussed. In the one-, two-, or three-component mixtures
(—127.4 ppm). only containing aluminum, morpholine, and/or Ludox (in
The FASPM mixture contains all species necessary to form addition to water), no interactions are detected and only
SAPO-34. Only a single, broad-{.7 ppm) band ab = —146.1 octahedral Al aboud ~ 0 ppm are observed. The majority of
ppm is observed (Figure 3, FASPM). This severe broadening the2’Al NMR resonance peaks from the less complex mixtures
is most likely the result of several overlapping peaks, but may can be assigned from the literature (Table 5) and are summarized
also be related to the higher viscosity of the gel. The peak is in Table 6. The spectra are shown in Figure 6.
nearly symmetric, revealing only a small low-field shoulder. The NMR spectrum of the FA mixture is shown in Figure 6,
From the relatively high pH=£5.6), no formation of Si2~ is FA. The broad peak (10.9 ppm) is symmetric and centeréd at
expected. On the other hand, previous results obtained in this= —0.35 ppm. It appears from the small signal intensity that
work suggest formation of AtF complexes, but such species the solubility of the Al-source is rather limited (7.6 mol %). It
cannot be uniquely identified (most probably due to broadening is not possible to confirm the existence of the three different
and overlap). The spectrum is therefore assigned according toAlF, 3~ complexesxX = 3—5) that were observed ByF NMR
the FAPM mixture. (Figure 3, FA). The peak position confirms octahedral Al
A comparison of the observed tofdF NMR signal intensity coordination.
of the different mixtures in the presence and absence of No interaction between Al and Si in the AS mixture can be
pseudoboehmite shows an interesting trend (Figure 5). Addition revealed; moreover, no aluminum signal is observed at all.
of pseudoboehmite results in a general reduction in signal Adding HF to this mixture, the spectrum is rather similar to
intensity and most probably originate from precipitation of some that obtained from the FA mixture, except for a reduction in
poorly soluble amorphous (from XRD) AlF containg species.  observed signal intensity in the former mixture (Figure 6, FAS
Aluminum Interactions Observed by 27Al NMR. The?7Al and FA). This is rationalized according to a competitive
NMR spectra contain in general little fine structure (Figure 6). formation of Sik?, resulting in a reduced solubility of
For example, it has not been possible to separate peakspseudoboehmite. Furthermore, the formation of Al(QSecies
corresponding to the different AlF*~* complexes foix > 2. could be expected in both mixtures (giving resonance peaks in
However, it is possible to provide some qualitative information the chemical shift rangé = 58—72 ppni419 but cannot be
about the distribution and composition of the various species uniquely assigned.
present in the solutions. In addition, some quantitative informa-  The AP mixture shows a symmetfdéAl NMR peak até =
tion regarding the total Al content in the solution phase may be —8.26 ppm (Figure 6, AP). The pH suggests that this is within
extracted. The possibility that other resonance peaks arethe first buffer region of phosphoric acid Kg = 2.12),
broadened beyond detection cannot be ruled out. consequently, the free phosphoric acid is mainly present as a
Several explanations for the severe line broadenir@18 mixture of PO, and HPO,~. An upfield shift in the?’Al NMR
ppm) observed when pseudoboehmite is used as an Al sourceresonance is thus expected since P-containing ligands are more
relative to the AI(NQ)3 reference (0.07 ppm), are feasible: (1) electronegative than 4#0. On the basis of literature date®
a decrease in the symmetry of the ligand field; (2) overlapping and3P NMR (discussed below), this resonance band is assigned
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Figure 6. Obtained?’Al 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.

to [AI(H20)4(HzPOy)2]3", [Al(H 20)4(HPOy)(HsPOy)]2H, and coordinated to Al. Therefore, it is reasonable to suggest that
[Al(H 20)4(H2POy)2] ™ species, which all have chemical shifts only one phosphate-species is coordinated to Al. The exact
betweerny = —7.5 and—9.0 ppm. Moreover, it is possible that  composition of the complex is not known. However, combining
more that two PQtetrahedra are complexed to Al. all this information with that derived froP NMR (discussed
When adding hydrofluoric acid to this mixture, the resonance below) and the pH=1.8), it is proposed that the complex is of
band is broadened and shifted downfield= —3.9 ppm; Figure the form [Al(H20)s—x(H2P Q) (F,OH)] T2,
6, FAP). Except for changes in the chemical shift, thg spectrum Figure 6, ASP and FASP, shows tR&l NMR spectra of
resembl_es those observed from the FA and FAS m'XthE_S' the final gels apart the structure-directing agent, in the absence
2‘7/'\(:RN(I\FAIF%u;%:étrfrs)i:ufc?rﬁztoss?ftgpZtrﬁzggfrf]gﬁrbgi?firIQnTea”d presence of HF. No differences are noticed from the Ludox
free counterparts, indicating the absence of Al(QSpecies.

o - P
species: Al AlF4/AIFs® ;a\nd, most probably, at least one The ASP and FASP mixtures are therefore assigned according
P—AI—F complex. From thé%F NMR spectrum, it is assumed .

to the AP and FAP mixtures.

that the last species is the main Al-containing component in

the solution phase~95%). Keeping in mind that neither the The AM and FAM mixtures are of particular interest because
number of fluoride nor hydroxy! ligands coordinated to alumi- they may reveal some interaction between the structure-directing
num introduce any Signiﬁcant Changes in tR&A] NMR agent and the aluminum. In the former miXtUre, no Signal was
chemical shiff® suggests that the upfield shift in tAR&Al NMR detected (Figure 6, AM). On the other hand, in the latter mixture,

spectrum (relative to the reference) is due to this phosphateapproximately 1 mol % of the Al was detectell<& —1.8 ppm),
ligand. In an earlier investigation, Wilson et@lproposed that  resulting in a rather poor signal-to-noise ratio (Figure 6, FAM).
a species with an Al/P ratie 1 is responsible for a peak located Most of the fluoride exists as F although the®F NMR

ato = —3.6 ppm. In addition, Miyajima et &:2°have assigned  spectrum (Figure 3, FAM) and model calculation suggest that
one peak in this chemical shift region to Al complexed to some AlR?~ and AlRs3~ are also present in the mixture under
polyphosphates, with only one phosphate-containing ligand these conditions (pi= 9.5). The peak is therefore assigned to
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TABLE 5: Previous Published 2’Al NMR Chemical Shift
Range$ for Some Typical Aluminum Species

Another interpretation can be made from comparison of the
27Al MAS NMR spectra of as-synthesized SAPO-34. Here, the

chemical framework AlQ, tetrahedra gives a resonance peak at 39
_ shift range ppm1143 Therefore, regarding the intermediate pH5(7) in
species (ppm) ref the APM mixture and the excellent agreement betweerfthe
Al(OH),~ (i.e. Al(OSi)y 80-79.5 41,42 Al NMR spectra of this mixture and th€Al MAS NMR of
AI(OI-!)ba 9.3 30 as-synthesized SAPO-34, it is appropriate to assign the peak to
2:%2!% gg_n ij ig “tetrahedral Al". Moreover, the AlQtetrahedra are coordinated
Alg383b 61 14 to phosphate tetrahedra and morpholine is acting as a “coordina-
Al(4Si)° 58 14 tion"-directing species.
Al(OH)4~ bonded to HPG¥~ ions _ 60-67 27 One question remains to be answered; why is generation of
pentacoordinated Al bonded to HFOions 4352 27 tetrahedral Al not observed in the mixture containing hydrof-
z?(tﬁhg‘;"fj Al species bonded to HPOions agcgiol 0 3:73 luoric acid? This might be rationalized by the strong complexing
Al szwﬁere P most probably represents HPO 14 o5 character of the fluoride ions, resulting in octahedral Al
AIP. P most probably is BPO;~ and —32 25 coordination.?’Al MAS NMR and structure analysis of as-
the Al/P ratio= 1 synthesized SAPO-34 has shown that the structure contains such
[Al(H 20)s(PO)]?", where PO is polyphosphate —3.2 28, 29 species?
w ; . B i _ -
%g“ \2/\(/?1);(235 Om“z)”]st r(gbié' ”i‘s';‘gdemrm'”ed):g t2° 5 % The 27Al NMR spectra of the final gels are given in Figure
[A|(X|"| 20)4(PO)7]* V\I/Ohere Pé is polyphosphate —6.4 28. 29 6, ASPM and FASPM. Except for an additional small downfield
[AI(H ,0)s(HsPO,)]3* —6t0—7.5 27 chemical shift § = 42.1 ppm), no significant difference is
AIP,, where P most probably is,RO,~ -7.6 25 observed when Ludox is added to the APM mixture. The final
[Al(H 20)s(H2POy)]** and —7.5t0-9 27 gel, in the absence of HF, is therefore assigned accordingly to
trans{Al(H 20)s(HoPQy)] the APM mixture.
Al dimers bonded to phosphate ligands —-1lto—2 27 . . . .
[AI(H 20):(PO")]°, where PO is polyphosphate —9.6 28. 29 The fluoride-containing final gel results in a rather broad peak

(15.7 ppm) with an average chemical shift of approximately
= —2.63 ppm (Figure 6, FASPM). The peak is tentatively
assigned to A+F—P complexes. The increased gel viscosity
may explain the broadening. It is assumed that A
complexes are not present (frdfir NMR, Figure 3, FASPM).
Phosphate Interactions Observed by’ NMR. The pro-
teolysis of an acid solution increases with dilution and is
confirmed by3!P NMR. The spectrum of an 85% 3P0,
solution gives rise to a single resonance peakat0.00 ppm.
Upon dilution with water, the signal shifts toward= 0.56
ppm (the P mixture; Figure 7, P). When varying the pH in the
range from 1 to 3.5, the concentration offD, and HPO,~
will change accordingly. Likewise, under fast exchange condi-
tions, the3P chemical shift of the single resonance peak will

aRelative to 1.0 M AI(HO)® . P Highly alkaline solutions
(pH = 13).

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 HPQ's formed when
pH > 4.7. This must be taken into account when discussing
the APM and FAPM mixtures (pk 5.7 and 4.8, respectively).
According to the investigation performed by Wilson et?ala
resonance peak d@t = —1.4 ppm, caused by octahedral Al
coordinated to HP¢J™, is expected in this pH region. As can
be inferred from the latter F-containing mixture, this is in good

agreement with the obtained spectrubm< —1.73 ppm; Figure e determined by the weighted average of the chemical shift of
6, FAPM). Although the line width is narrower than that he two species, #PO; (0 = 0 ppn?®) and HPO,~. The
observed for the FAP and FASP mixtures, the peak is assignedcnemical shift of the latter species is strongly dependent on the
to P—-Al—F complexes, where the nature of the JAl@ands concentrationp = 3.75 and 0.25 ppm in 1.0 M 420,26 and
are assumed to be HR®O. Lack of any resonance peak about gaiyrated NabPO, solution? respectively. The observed
6 = 0 ppm suggests that AI°"* complexes are not present  chemical shift when adding Alglto a saturated HPO;~
and is in agreement witl’F NMR (Figure 3, FAPM). mixture is reported to be within the range 0.2-t6.1 ppm25

For the former fluoride-free mixture (APM), this is not The 3P NMR resonance peaks from the less complex
consistent with the obtained spectrum, where no distinct signal mixtures are assigned from the literature (Table 7) and are
from octahedral Al can be observed (Figure 6, APM). Various summarized in Table 8. Within the examined concentration
reasons for this downfield shift may arise. First, it could be range, no interaction between phosphates and fluorides, silicates,
caused by the increase in pH from 2.2 to 5.7 upon addition of and/or morpholine can be observed in any of the mixtures. The
morpholine, thereby altering the coordination number. This has only 3P NMR resonance peak detected in these mixtures is

been suggested by Mortlock et #lwho reported a peak within
the range 4352 ppm (AIPQ solution containing TMSOH),
which they assigned to pentacoordinated Al bonded to ARPO

However, no such peak was detected in the work reported by

Hansen et af® when systematically increasing the pH in a
mixture of Al(NOs)3z and HPO, by adding NaOH. This rules
out the possibility that the downfield shift is due to a pH effect
alone.

For instance, Prasad et®P! have claimed that tetrahedral
Al only appears in the gel after addition of the structure-directing

assigned to BPOJ/H,PO,~. 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 presenceBfd Complex
formation between Al and P{species is therefore expected.
Also, some octahedralHPAl —F complexes have been assigned
from the '°F and?’Al NMR.

The 3P NMR spectrum of the AP mixture reveals three
distinct signals (Figure 7, AP). The low signal intensity could

agent. However, in the absence of phosphate species, Hansebe due to precipitation; nevertheless, broadening beyond detec-
et al.3% have proposed that morpholine, as a structure-directing tion cannot be eliminated. The main peak=£ —0.25 ppm) is

agent, is inactive at room temperature.

assigned to free #PO/H,PO,~, while the two residual peaks
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TABLE 6: 27Al NMR Chemical Shift2 and Assignment of the Signals from This Work
tetrahedral Al AIR"3x P—AI—F  [Al(H20)s-n(H3-xPQy)n] F3"

%

code pH 61 AVppm 02 AVgpm 03 AVppm 04 AVppm lobserved lexpected Visible species
2 FA 4.2 —0.35 10.9 351 2246 7.6  AFAIF, /AIFs?
6 FAS 3.9 1.12 115 256 2136 5.8 AIRAIF,/AIFsZ
7 FAP 1.8 —3.87 22.7 287 2013 6.9 -PAI—F, AlFs, AlF; /AIFs2-
8 FAM 9.5 —-1.83 5.9 15 1959 0.37 AF/AIFg
12 FASP 1.7 —3.69 18.0 267 2017 7.2 PAI-F, AlF3, AlF, /AIFsZ~
13 FASM 9.3 -0.75 3.2 10 1875 0.26 A /AIFg
14 FAPM 4.8 —-1.73 11.8 216 1791 59 -PAI-F
16 FASPM 5.6 —2.63 15.7 352 1713 10.0 RAI-F
18 A not examined
22 AS 7.0 no observations
23 AP 2.4 —-8.26 9.9 767 2269 16.4  [Al(D)a(HaPOs)]3t,

[Al(H 20)4(H2PO4)2]+, and/or
[Al(H 20)4(H2POy) (H3P Qx) 12"
24 AM 11.6 no observations
28 ASP 2.1 -8.36 7.1 623 2002 151 [Al(D)a(HaPOs)]3*,
[AI(H 20)4(H2POy)2] *, and/or
[AI(H 20)4(H2POs) (HaP Q2]+

29 ASM not examined
30 APM 5.7 382 10.4 86 1841 2.3 tetrahedral Al
32 ASPM 5.8 42.1 9.9 186 1774 5.1 tetrahedral Al

2 Relative to 1.0 M Al(NQ)3 (agy ° [AI(H 20)e]®" is omitted from the table, but does probably exist in small quantities in all the mixtures where
a resonance peak is observed around O ppm.

are assigned to [Al(kD)s—n(H2POy)n] 3" (6 = —7.83 ppm), related to the increase in pH from about 2 to 5 upon addition
[AI(H 20)6-n(H3POQy)n]3t (0 = —12.29 ppm), and/or  of morpholine. The absence of the two peaks located at
(AI(H 20)6-n—m(H2POy)n(H3POy) ] 73" (0 = —7.83 and—12.29 —7.7 andd = —12.3 ppm (AP and ASP mixtures) can be
ppm)?8 The number of PQligands,n, is determined to be at  explained in (at least) two ways. First, comparing the pH of
least 2 fron?’Al NMR (Figure 6, AP). It may also be possible these two latter mixtures (2.4 and 2.1, respectively) with that
that the latter two peaks originate from dimeric aluminum, obtained for the APM mixture (5.7) suggests changes in the
bonded to HPO;~ and HPOy, respectively. However, this is  nature of the PQ ligands. Moreover, the small amount of

ruled out from theé’Al NMR results and the Lwensteins rulé? observable Al might indicate that these latter peaks are absent
i_n which_ an AF-O—Al bond is energetically unfavorable inthe  due to precipitation. Second, it has been concluded that
final solid product. morpholine behaves as a “coordination” directing species in

Addition of HF results in the disappearance of the two latter the APM and ASPM mixtures, prohibiting formation of [Al-
peaks. The main peal (= 0.09 ppm, Figure 7, FAP) is still (H20)5-x(H2PQy)] 37> and [Al(H20)s—x(HzPy),3*. The latter
assigned to the PO, ~/H3PO, species. In addition, one smaller  two peaks may therefore be absent due to broadening of the
and broader peak is observedbat —6.5 ppm 3P NMR gives  signal, which is caused by reduced symmetry around the Al
information about the nature of the ligands but tells nothing tetrahedra (i.e. comparable with the 12 unobservable (by NMR)
about the coordination number. The latter peak may therefore gctahedral Al coordinated around the observable central tetra-
be expected to originate from,AQ;~ coordinated to AR’ hedral Al in the “keggin” structur). A similar observation

Taking into account thé®F and*’Al NMR results mentioned  has been reported by Marcuccilli-Hoffner in the preparation of
above, the composition is anticipated to be of the form a|pQ,-1134

[AI(H 20)5-x(H2POy) (F,OH)] 727,

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 ments
after 4 h. This indicates that more of the Al is present in the '31 i i
solution phase, complexed with P@pecies, with increasing The *!P NMR spectrum of the final gel, in the absence of
time of aging. Line broadening is observed for both peaks, which HF: is displayed in Figure 7, ASPM. Only one peakjat: —
is consistent with an increasing viscosity and Al concentrafion.  0-29 ppm is observed. This spectrum resembles that observed

The average chemical shifts of the two peaksdre 0.10 + for the APM mixture, which is not surprising since their pHs
0.13 andd = —6.52-+ 0.65 ppm. Since no systematic variation are almqst eque_ll (5.7 and 5.8). In addition, thefe is no evidence
in 0 vs time was observed, the standard deviations were for any interaction between Ludox and pP&pecies.
estimated from simple statistical evaluation of the time-resolved ~ Figure 7, FASPM, shows théP NMR spectrum of the final
spectra. gel in the presence of HF. Upon comparison with the corre-
No difference in the¥®P NMR spectrum is expected when sponding Ludox free mixture (FAPM), one main distinction can
adding Ludox to the AP and FAP mixture, which is in agreement be made. Two peaks are detected, a main peak assigned to the
with the observation (Figure 7, ASP and FASP). These mixtures Hs3POJ/H,PO,~ (6 = 0.35 ppm) and a smaller peak most
are therefore assigned according to the AP and FAP mixture. probably related to the interaction between,RpPecies and Al
The shapes of th&P NMR spectra of the APM and FAPM (6 = —3.65 ppm). Thé®F NMR spectrum suggests the presence
mixtures are identical (Figure 7, APM and FAPM). Only one of P—AlI—F complexes. A corresponding peak was reported by
narrow peak assigned tosPIOy/H,PO,~ is observed. The shift ~ Marcuccilli-Hoffner3* although the composition of the complex
toward lower field compared to the FAP and FASP mixtures is was not determined.

In the corresponding HF-containing mixtures, no sign of
tetrahedral Al was detected’Al NMR), which was assumed
to be due to the complexing character of the fluoride ions.
However, the3’P NMR spectra are identical (in the presence
and absence of HF), suggesting identical phosphate environ-
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Figure 7. Obtained®P NMR spectra (for representative intensity measurements see Table 8).

It has previously been reported that the pH may change by TABLE 7: Previous Published 3P NMR Chemical Shift
3—4 units during the early stage of the synthesis reactign. ~ Ranges for Some Typical Phosphate-Containing Species

As shown in this work, this significantly affects the type and chemical shift
concentration of species formed. This will be the subject for species range (ppm) ref
future studies, in which the formation of complexes will be  pgz- 8.70p 26
monitored as a function of reaction time under synthesis HpQ2- 6.25 26
conditions, the pH of the crystallizing gel being monitored using H,PO,~ 3.79 26
morpholine. The kinetic parameters obtained from NMR experi- HzPO, 0.00¢ 26
ments will then be related to the kinetic information collected HPQ;2™ ions bonded to Al species 6 27
from ex situ studies of syntheses performedil L autoclave free PQ*", HPQ?", or H,PQ;™ ions 3-8 27
equipped with an in situ sampler bonded to Al species

H,PO,~ ions bonded to Al dimers —6t0—8 27
Conclusion [AI(H 20)5(H-PO)]2* ~7t0—10 27

trans-[Al(H 20)4(H2PQy)] —7t0—10 27

Multinuclear, high-resolution NMR spectroscopy has been [Al(H ;0)s(HsPQy)]3* -11.5t0—-14 27

applied to identify the large number of complexes present in trans[AI(H 20)s(HsPOy)]** -12.60 26
mixtures prepared from all possible combinations of hydrofluoric  trans[Al(H :0)((H.PQ))(HsPQu)]?* ¢ —9.47 and-12.60 26
acid, Ludox, pseudoboehmite, phosphoric acid and morpholine. HsPQs molecules bonded to Al dimers —12to—15 27
The nature and numbers of complexes present are shown to beP nuclei bridging Al dimers —14t0-15 27
dependent on the pH and concentration. P nuclei bridging Al monomers —15t0—22 27

1 1 i ;
The 13C ar;d H NM.R (_:hemlcal Shlﬂ _model developed by 2 Relative to 85% HPO;. ® Calculated using the MNDO (modified
Hansen et at? for monitoring the pH in situ has been shown to  peglect of differential overlap) Hamiltonian (1 M solutiof). © A

be reliable. Since the pH in typical AIR@nd SAPO syntheses  downfield shift appears when concentration is reduced below 85%.
increases from approximately 6 to about 10 under an ordinary ¢ Each phosphate group originates id*8 NMR resonance.
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31P NMR Chemical Shifts* and Assignment of the Signals from This Work

TABLE 8:

%

[Al(H 20)6-«(HaPO)
lobserved lexpected Visible

[AI(H 20)6-x(HoPOy)] 3%

P—Al—F

02

H3zPOJ/H-.PO™

species

AVppm o1 AVppm

03

AVppm

AVppm

01

pH

code
4 FP
7 FAP
9 FSP
11 FPM
12 FASP
14 FAPM
15 FSPM

14.4  4BRO/HPO,, [Al(H 20)5-x(H2POy)(F,OH)] 27>

55.8 HPOJ/HPOs~
110.5

129
120

123

113

17

72
136

4.13

1.94 —6.46

0.04

0.22

0.22
0.93

0.59
0.09
0.51
0.73

1.6
1.8
1.5

EPOJ/HPO,~
61.6 HPOJ/HPO~

70

35

21.8 4POJ/HLPO,, [Al(H 20)5-x(H2PO)(F,OH) T2

39.0 HPOJHPOS~
58.0 HPOJHPO~

115
105
109

25
41

1.98

—7.73

1.7 —-0.12

4.8

b

1.09
0.27

0.30
0.70
0.35

63

2.9

36.6 4PO/HPO,, [AI(H 20)5 x(H2PO)(F,OH) t2 7>
100.0 KPQOWH.PO,~

102
134

39
134

2.47

116 —3.79

0.06
3.62

16 FASPM 5.6

20 P

0.560

1.6

345 4RO/HLPO,, [AI(H 20)4(HsPOy)2] 3, [AI(H 20)a(HPOu),] T,

46 133

2.89 —12.93 5.40

—7.83

24 —-0.25

23 AP

and/or [Al(H0)4(H:POy)(H.POy)]2+

56.0 HPOJHPO~
80.4 HPOJ/H.PO,~

89.9 JAO/H PO, [Al(H 20)s(H3sPOs)2] %, [AI(H 20)a(HPOy)2] T,

127
117
118

71
94
106

2.48 —12.29 3.88

—7.37

0.05
0.23
2.57

25 SP 1.8 0.56
5.0 0.94
2.1 —0.04

27 PM
28 ASP

and/or [Al(HO)4(H2P Q) (H.POy)]?t
70.6 HPOJ/HPO,~, PO, tetrahedra coordinated to tetrahedral Al

95.0 KPQOJ/HPO~

19.7 HPQOQJH,PO,~, PQ, tetrahedral coordinated to tetrahedral Al

o N o
o o
=
~© -
~ON
—

0.43
0.25
0.73

0.19
0.84
5.8 —0.29

4.4

5.7
aRelative to 85% HPQ,. ° Peak expected to be observed after aging.

30 APM
31 SPM
32 ASPM
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Figure 8. Changes in the total intensity of the two majdP NMR
peaks observed in the FAP mixture as a function of time.

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 POy, 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 S#~ (from °F NMR, in the pH
range 1.5-5.5).

The main3P NMR peak observed in all the phosphate-
containing mixtures has been assigned to the rapid exchange
between HPO, and HPO,~ (0 = 0.9 to—0.3 ppm), where the
chemical shift was dependent on both thej;ROncentration
and the pH. Two additional PGspecies are observed when
pseudoboehmite is present (in the absence of HF and morpho-
line): [AI(H20)6—n(H2POy)] 73" (0 = —7.8 ppm) and [Al-
(H20)6-n(H3POy)n]3" (0 = —12.3 ppm), wheren = 2 (from
27AI NMR). These species were eliminated after adding either
HF or morpholine. The former case gave rise te AP—F
complexes, the composition of which was suggested to be of
the form [Al(H2O)s—x(H2PQy)(F,OH)] 2. In addition, AR
complexes (3< x < 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-resolved®P 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 th#P NMR assignments of alumino-
phosphate solutions have been obtained (Haouas, M. Etude
RMN de la synthse hydrothermale des aluminophosphates
microporeux oxyfluors: AIPO4, CJ2, ULM-3 et ULM-4.
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These, UniversiteLouis 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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