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Multinuclear (27A1, 19F, 13C, and1H) NMR measurements at room temperature of aqueous solutions containing
2 M Al(NO3)3, 2.1 M morpholine, in the presence and absence of 1 M HF, suggest that morpholine is a
chemically inactive specie. The proton and carbon chemical shifts of morpholine in the two solutions reveal
the same pH dependence, suggesting that morpholine can be used as a probe molecule for pH determination.
Moreover, the broad peaks observed in the19F and27A1 NMR spectra are consistent with the formation of
multinuclear Al species and Al-F complexes. The observed changes in peak intensities of these same nuclei
as a function of pH are in semiquantitative agreement with corresponding intensities calculated from chemical
equilibrium reaction models. A more detailed spectral analysis reveals some discrepancies between observed
and calculated intensities and is discussed in the text.

Introduction

SAPO’s are crystalline microporous materials with pores of
molecular dimensions.1,2 The synthesis of such molecular sieves
requires a source of water, silicon, aluminium, and phosphorous,
and an organic structure directing agent (usually an amine). For
instance, pure trigonal SAPO-34 crystals are obtained after 48
h at 200 °C from a solution having the following reactant
composition (mole ratio): 1.0 SiO2, 1.0 A12O3, 1.0 P2O5, 2.1
morpholine, 60 H2O.3 Recently, it has been shown that when
mixing 1 equiv of HF into the former gel solution, a mixture of
triclinic and trigonal SAPO-34 crystals are formed,4 which after
calcination at 580°C in air gives pure trigonal SAPO-34
crystals.

Generally, the synthesis of molecular sieves involves three
interacting phases: a solution phase, an amorphous gel, and a
crystalline solid.5 The relative distribution of these phases will
depend on the concentration of reactants as well as on the pH
of the solution. The latter is expected to change significantly
during the initial stage of the synthesis reaction.6

A first NMR experimental trial to identify the numerous
species (complexes) formed in a synthesis solution was found
to be surprisingly demanding. In particular, rather broad,
featureless bands were observed in the27Al NMR spectra due
to severe overlap of peaks. In spite of the better spectral
resolution observed in the19F, 31P, 1H, and13C NMR spectra
of such a synthesis solution (at room temperature), a detailed
picture of the different chemical species and their relative
concentration was difficult to ascertain.7

To resolve some of these complexities, we found it advanta-
geous to investigate less complex solutions (containing less
number of reactants) under the constraint that the applied
reactant concentrations are the same as in the synthesis solution.
This approach has been adopted by many authors during the
last 2 or 3 decades.8-28 However, most of these investigations

have been restricted to solutions of low ionic strength or within
pH ranges where no solids or gels are being formed. To our
knowledge, the most recent and detailed work involving this
simplified strategy has been reported by Mortlock et al.,5,24who
characterized aqueous solutions of orthophosphoric acid, alu-
minium chloride, and tetramethylammonium (TMA) hydroxide
in order to gain more insight into the synthesis of crystalline
AIPO4 materials.

The requirement of an organic structure directing agent for
the occurrence of crystallisation of SAPO's prompted us to use
NMR spectroscopy to characterize solutions containing only one
reagent species together with morpholine under different acidity
(pH) conditions. The main object is to chart the spectral details
and complexities observed in the NMR spectra of real SAPO
synthesis solutions.7 The observation that HF plays an important
role in the synthesis of SAPO’s4 made it attractive to also
include HF as a reactant species in the present NMR investiga-
tion. Thus, a detailed, multinuclear NMR analysis of two
different aqueous solutions containing Al(NO3)3 and morpholine
with and without the addition of HF will be reported. The
analysis will cover the pH range from 0.5 to 13.5 in which
solids, gels, and a solution phase may coexist.

The choice of reactant concentrations used in this work was
dictated by literature reports on the optimal synthesis conditions
used to form SAPO crystals;3,4 i.e., a mole ratio of Al(NO3)3:
morpholine:HF) 2:2.1:1, respectively.

Experimental Section

Materials. Two aqueous “reference” solutions containing 2
M Al(NO3)3 and 2.1 M morpholine (solution A) and 2 M Al-
(NO3)3, 2.1 M morpholine, and 1 M HF (solution B), respec-
tively, were prepared. These solutions were diluted with either
6 M HNO3 or 6 M NaOH to obtain the desired pH. The resulting
test solutions and their corresponding pHs are summarized in
Table 1. The pH was determined by a pH indicator with an
inherent uncertainty of approximately(0.5 pH units. Also, the
density of the solutions were determined, enabling the molar

* To whom correspondence should be addressed.
† SINTEF Applied Chemistry.
‡ University of Oslo.

2532 J. Phys. Chem. A1999,103,2532-2539

10.1021/jp983023x CCC: $18.00 © 1999 American Chemical Society
Published on Web 03/13/1999



concentration to be calculated and the expected NMR signal
intensity of each species to be estimated.

NMR. The NMR measurements were performed at room
temperature (25°C) on a Varian VXR spectrometer operating
at 300 MHz proton resonance frequency. The solution was
confined in a 5 mmo.d. tube which was inserted into an NMR
tube of diameter 10 mm. The resulting free space between the
two tubes was filled with D2O, which was used as a lock solvent.

To acquire quantitative NMR spectra, the repetition time was
chosen to be about 5 times the longest spin-lattice relaxation
time (T1) for each of the nuclei investigated (1H, 19F, 13C, and
27Al). 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 short spin-spin
relaxation times combined with a potentially large quadrupolar
coupling constant. Signal intensity (area) was determined by
numerical integration of the resonance peak or by mathematical
deconvolution 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 quantita-
tive analysis, the first few points in the NMR free induction
decay (FID) were deleted and a linear (back) prediction
algorithm was applied.29 This approach was possible since all
resonance peaks revealed Lorenzian line shape profiles.30

All chemical shift measurements have been referenced to
external liquid solutions, i.e., TMS (1H and 13C), Al(NO3)3

(27Al), and CFCl3 (19F).

Results and Discussion
1H NMR. Both the line width and chemical shift of the

solvent water peak of solution B (Figure 1) reveal significant
changes as a function of pH. A similar behavior is observed
for solution A (spectra not shown) and suggests that addition
of HF does not affect the appearance of the water resonance
peak in the spectrum when the spectrum is acquired at the same
pH. The sudden drop in chemical shift (Figure 2) and the
corresponding increase in line width (Figure 1) at pH) 1 are
not fully understood but may originate from a change in the

exchange rate of water molecules between bulk water and the
Al(H2O)63+ complex at this pH according to the reaction

TABLE 1: Composition and pH of Test Samples Prepared
by Dilution of Reference Sample with 6 M HNO3 or 6 M
NaOH

weight of
sample (g)

weight of
acid/base (g) pH

solution
characteristics

A. Sample A (2 M Al(NO3)3 and 2.1 M Morpholine)
7.50 7.50 (HNO3) 0.5 clear
7.52 2.02 (HNO3) 1 clear
7.49 1.00 (HNO3) 2 clear
7.50 3 clear
7.50 1.10 (NaOH) 4 clear
7.50 3.00 (NaOH) 6.5 turbid
7.51 3.50 (NaOH) 8 turbid
7.51 5.10 (NaOH) 10 turbid
7.51 6.00 (NaOH) 12.5 clear

B. Sample B (2 m Al(NO3)3, 2.1 M Morpholine, and 1 M HF)
7.53 5.00 (HNO3) 0.5 clear
7.50 x (HNO3) 1 clear
7.50 0.80 (HNO3) 1.5 clear
7.50 2.5 clear
7.53 1.50 (NaOH) 4 clear
7.50 2.75 (NaOH) 4.5 turbid
7.51 3.50 (NaOH) 7 turbid
7.51 5.00 (NaOH) 10 turbid
7.51 6.00 (NaOH) 11 turbid
7.50 9.30 (NaOH) 13.5 clear

Figure 1. 1H NMR spectra of solution B (2 M Al(NO3), 2.1 M
morpholine, and 1 M HF in water) vs pH ()0.5, 1, 1.5, 2.5, 4, 4.5, 7,
10, 11, and 13.5 from bottom to top).

Figure 2. 1H NMR chemical shift of the water peak vs pH of solutions
A ((O) 2 M Al(NO3)3, 2.1 M morpholine in water) and B ((b) 2 M
Al(NO3)3, 2.1 M morpholine, and 1 M HF in water).

Al(H* 2O)6
3+ + HOH T Al(H2O)6

3+ + HOH*
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Except for this dramatic decrease in chemical shift at ap-
proximately pH ) 1, the chemical shift shows an overall
decrease with increasing pH up to pH) 4, above which the
chemical shift is approximately constant. Note also the appear-
ance of a broad triplet band at low pH with a chemical shiftδ
) 7.5 ppm (M3; Figure 3) which is assigned to the-NH proton
of morpholine.

The triplet is caused by a coupling of the proton to the
quadrupolar nucleus,14N with spin ) 1. The reason that the
triplet does not split into three equally intense lines in the
spectrum originates from a combined effect of a rapid spin-
lattice relaxation time (T1) of the 14N nucleus and the size of
the scalar coupling constant (JNH) between the proton and the
quadrupolar neucleus.30 However, for most NH groups the
situation is more complex due to the existence of real proton
exchange between the NH proton and the water protons, i.e.,

Depending on the exchange rate of this reaction, the line shape
(and chemical shift) of both the water resonance and the amine
proton resonance will be affected. Thus, the disappearance of
the triplet peak in the spectrum with increasing pH, the sudden
decrease in chemical shift, and the marked increase in line width
of the water peak at low pH may originate from changes in the
exchange rate as a function of pH.30 It is worth noting that, if
the exchange rate is fast on the NMR time scale, the amine
proton resonance and the water resonance will coalesce and only
a single line will appear in the spectrum.

The two proton resonance peaks observed at the higher
magnetic field (Figure 1) represent the two nonequivalent
-CH2- groups of morpholine (M1 and M2; Figure 3) and
reveal some fine structure at low pH (intramolecular coupling).
This fine structure is absent at pH> 4, where the lines become
much broader. It is interesting to note that this line broadening
becomes significant only when the solution becomes more
turbid. This is probably due to a susceptibilty effect, caused by
precipitation of small particles into the solution. With increasing
pH (pH g 13.5), the solution becomes again clear and the same
fine structure as seen at low pH reappears in the spectrum.

The chemical shift of the two nonequivalent groups of
methylene protons of morpholine is shown in Figure 4 and is
approximately independent of pH up to about pH) 8. Above
this pH, the chemical shift decreases and reaches a constant
value for pH> 12. If comparing the chemical shift of these
peaks within solutions A (no HF) and B (addition of HF), no
difference can be observed as a function of pH, and this is
rationalized as follows.

Morpholine can exist in both an acid form (XH2
+) and a base

form (XH) depending on the pH of the solution (eq 1).

Denoting the chemical shift of the acid form byδ0(XH2
+) and

the corresponding chemical shift of the base form byδ0(XH),
the observable chemical shift (δ), under fast exchange condi-

tions, can be written

where f(X) defines the mole fraction of species X (XH2
+ or

XH),

and [ ] represents the molar concentration. Denoting the acid/
base equilibrium constant of morfoline byKa,

Equations 2a-c can be combined to give the chemical shift
(δ) as a function ofKa and pH:

Since the-NH2 proton peak broadens and disappears at a
relatively low pH, eq 3 can not be used to analyze this particular
chemical shift as a function of pH. However, since the change
in chemical shift is caused by a change in the electronic
environment, it is expected that the electronic environment of
the methylene protons will be affected accordingly (inductive
effect). The chemical shift of these methylene protons as a
function of pH is shown in Figure 4 where the solid curves
represent nonlinear least-squares fits to eq 3. The numerical
results are summarized in Table 2 and show that the derivedKa

values are, within experimental uncertainty, identical. However,
they deviate somewhat from earlier published values of pKa

()8.33).31

Figure 3. Structure of morpholine.

NH* + H2O T NH + HOH*

XH2
+ T XH + H+ (1)

Figure 4. (A) 1H NMR chemical shift of the two methylene protons
M1 and M2 of morpholinre (Figure 3) vs pH of solutions A ((O) 2 M
Al(NO3), 2.1 M morpholine in water) and B ((b) 2 M Al(NO3), 2.1 M
morpholine, and 1 M HF in water). (B) Expanded view of part A. The
solid curves in both parts represent model calculations and are described
in the text.

δ ) f(XH2
+)δ0 (XH2

+) + f(XH)δ0(XH) (2a)

f(X) )
[X]

[XH2
+] + [XH]

(2b)

Ka )
[H+][XH]

[XH2
+]

(2c)

δ )
δ0(XH2

+) + Ka10pHδ0(XH)

1 + Ka10pH
(3)
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It may be possible that in the intermediate pH range, where
solid particles are formed, morpholine may coprecipitate from
the solution. Precipitated morpholine (solid) will not be detect-
able by high-resolution NMR, except if there is a fast exchange
of morpholine between the solid phase and the liquid phase.
Figure 5 suggests that the observed proton signal intensity of
morpholine is, within experimental uncertainty, constant and
independent of pH (dotted line in Figure 5). Thus, NMR presents
no experimental evidence for any precipitation of morpholine.

13C NMR. As discussed in the previous section, the fraction
of the acid/base forms of morpholine as a function of pH
strongly affects the observed proton chemical shift of the
methylene groups in morpholine. A corresponding change in
chemical shift of the methylene carbons is thus expected and is
confirmed by the experimental results presented in Figure 6.
Fitting eq 3 to these data enables the extraction of pKa, which
is found to be identical to pKa derived from proton NMR
measurements (Table 2). Moreover, the chemical shifts of the
methylene carbons of the acid and base forms in morpholine
are determined. The numerical results are summarized in Table
2. These results confirm the internal consistency between carbon
and proton NMR chemical shifts of morpholine.

Figure 6B shows an expanded view of one of the methylene
carbon (M1) chemical shifts as a function of pH and reveals a
significant but small decrease in chemical shift as a function of
pH in the range pH) 0.5-5. This observation may originate
from the pH dependence of the exchange rate of the amine
protons with the water protons, as discussed in the previous
section. A similar observation can not be inferred from the
proton chemical shift measurements. Anyhow, this result
suggests that the template molecule can be used as a probe
molecule for pH in the range 8-10. It is expected, however,
that if morpholine interacts with other reagents in the solution,
the chemical shift will change accordingly. This may, in turn,
give rise to chemical shifts outside the chemical shift region
presented in Figures 4 and 6. To monitor the chemical shift of

morpholine as a function of reaction time under real SAPO
synthesis conditions may therefore give valuable insight as to
the fate of this structure-directing molecule.

27Al NMR. Figure 7 presents27Al NMR spectra of solution
B as a function of pH and shows no observable signal intensity
in the pH range from approximately 4.5 to 11. This same trend
in spectral appearance is also observed for solution A (not
shown) with a slight difference; within the pH range of
approximately 3-4 (Figure 8), the observed signal intensity of
solution B is somewhat more intense compared to the signal
intensity of solution A.

To rationalize these findings, the following two sets of
reaction schemes were applied:32

and33

The two latter equilibrium constants (eqs 5g and 5h) have been
determined in this work and will be discussed in a later section.
In addition, the dissociation of water (H2O ) H+ + OH-) is
included in the above reaction scheme. It must be emphasized
that theKij values presented in eqs 5a-f involve molal activities,
[i] of species i. For simplicity, we have assumed the activity
coefficients of all species to be equal to 1, which is strictly valid
only for dilute solutions. Thus, the present discussion will be
of a somewhat qualitative nature.

The tridecameric cation,6 [AlO4Al12(OH)24(H2O)12]7+ (eq 4g),
represents the Al13 modified-Keggin structure which has been
the subject of much interest for its ability to intercalate clay
minerals and produce catalytically active pillard clays. Akitt et
al.6 have assigned this structure to a single, sharp resonance
peak in the27Al NMR spectrum with a chemical shiftδ ) 62.5

TABLE 2: Ka Values and Chemical Shifts (Proton and
Carbon) of the Acid Form and the Base Form of the
Methylene Groups in Morpholine as Derived by Fitting Eq 3
to the Observed Chemical Shifts vs pH (Figures 3 and 5) of
Solutions A (2 M Al(NO3)3 and 2.1 M morpholin) and B (2
M Al(NO 3)3, 2.1 M morpholine, and 1 M HF)a

peak assignment pKa

δ (acid form)
(ppm)

δ (base form)
(ppm)

Ml (proton) 9.82 3.076 2.748
M2 (proton) 9.80 2.459 1.867
M1 (carbon) 9.80 72.439 75.849
M2 (carbon) 9.86 52.225 53.435

a For peak assignment, see Figure 1.

Figure 5. 1H NMR signal intensity of the methylene proton peak (M
1) in morpholine vs pH of solutions A ((O) 2 M Al(NO3)3, 2.1 M
morpholine in water) and B ((b) 2 M Al(NO3)3, 2.1 M morpholine,
and 1 M HF inwater). The dotted line represents the signal intensity
if all morpholine is detectable by NMR.

Al3+ + H2O h Al(OH)2+ + H+ K11 ) 10-4.97

(4a)

Al3+ + H2O h Al(OH)2+ + 2H+ K12 ) 10-9.3

(4b)

Al3+ + 3H2O h Al(OH)3(s) + 3H+ K13 ) 10-8.5

(4c)

Al3+ + 4H2O h Al(OH)4
- + 4H+ K14 ) 10-23

(4d)

2Al3+ + 2H2O h Al2(OH)2
4+ + 2H+ K15 ) 10-7.7

(4e)

3Al3+ + 4H2O h Al3(OH)4
5+ + 4H+ K16 ) 10-13.9

(4f)

13Al3+ + 4H2O h Al13O4(OH)24
7+ + 32H+ K17 ) 10-98.7

(4g)

AlF2+ h Al3+ + F- K21 ) 10-7.01 (5a)

AlF2
+ h Al3+ + 2F- K22 ) 10-12.75 (5b)

AlF3 h Al3+ + 3F- K23 ) 10-17.02 (5c)

AlF4
- h Al3+ + 4F- K24 ) 1019,72 (5d)

AlF5
2- h Al3+ + 5F- K25 ) 1020.91 (5e)

AlF6
3- h Al3+ + 6F- K26 ) 1020.86 (5f)

HF h H+ + F- K27 ) 10-3.21 (5g)

HF2
- h HF + F- K27 ) 10-0.59 (5h)
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ppm. This peak corresponds to the single tetrahedral aluminum
in the “Keggin” structure, since the other 1227A nuclei are
confined in octahedral positions giving rise to very broad,
unobservable resonance peaks. These latter peaks are, however,
claimed to be detectable at elevated temperature.6 In this work,
we have not been able to detect a resonance peak atδ ) 62.5
ppm. Thus, any formation of this species has been treated as
nonobservable. Nor is the solid precipitate Al(OH)3 detectable
by high-resolution NMR, and it is treated accordingly. The
dotted curve in Figure 8 represents the calculated amount of
detectable27Al NMR signal intensity as a function of pH (eqs
4) of solution A and is in acceptable agreement with observation,
except for pH) 12.5, at which the calculated intensity is much
larger than the observed intensity. The reason for this discrep-
ancy is poorly understood but may be related to the inherent
assumption of ideal, dilute solutions.

When calculating the27Al NMR signal intensity of solution
B from eqs 4 and 5, we have assumed the resonance peaks
originating from the AlFx(3-x) complexes (x g 3) to be very
broad and thus unobservable.23 The result is shown by the solid
curve in Figure 8 and is in acceptable agreement with observa-
tion. The reaction model calculations confirm the experimental
observation that in the narrow pH range of approximately 2.5-
4, more aluminum signal intensity is observable in sample B
compared to sample A. This, as will be discussed later, can be
explained by the formation of AlF2+ and AlF2

+ complexes.
In addition to the narrow Al(H2O)63+ peak at 0 ppm, a much

broader peak appears in the27Al NMR spectra of sample B
(Figure 7). In order to investigate this aspect further, expanded
(vertical scale) views of the27Al NMR spectra of samples A
and B are shown in parts A and B of Figure 9. A broad peak
becomes visible at pH) 2 in solution A, in contrast to solution
B where a broad peak appears already at the lowest pH value
investigated (pH) 0.5). This suggests that the broad peaks
observed in the two solutions have different origins, which must
be related to the addition of HF. Due to the severe peak overlap
(Figure 9), spectral deconvolution or curve fitting (assuming a
Lorenzian lineshape function) was required in order to extract

quantitative information. The results are shown as solid curves
in Figure 9. The intensity ratio of the broad and narrow peaks,
as well as the linewidth of the broad component, are plotted as
a function of pH in Figures 10 and 11, respectively. The broad
peak in sample A (observed at pHg 2) is tentatively assigned
to the formation 11 of multinuclear Al cations and is supported
by previous NMR results reported in the literature.6 Equations
4e and 4f, which describe the equilibrium formation of dimeric
and trimeric Al ions, predict a very small equilibrium concentra-
tion of less than 2 mol %. This may imply that the reported

Figure 6. (A) 13C NMR chemical shift of the two methylene carbons,
M1 and M2, in morpholine (Figure 3) vs pH of solutions A ((O) 2 M
Al(NO3), 2.1 M morpholine in water) and B ((b) 2 M Al(NO3), 2.1 M
morpholine, and 1 M HF in water). (B) Expanded view of part A).
The solid curves represent model calculations as described in the text.

Figure 7. 27Al NMR spectra of solution B (2 M Al(NO3)3, 2.1 M
morpholine, and 1 M HF in water) vs pH ()0.5, 1, 1.5, 2.5, 4, 4.5, 7,
10, 11, and 13.5 from bottom to top).

Figure 8. 27Al NMR signal intensity vs pH of solutions A ((O) 2 M
Al(NO3)3, 2.1 M morpholine in water) and B ((b) 2 M Al(NO3)3, 2.1
M morpholine, and 1 M HF in water). The solid and dotted curves
represent calculated signal intensities (eqs 4 and 5), as described in
the text.
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equilibrium constants ofn-mers (n ) 2 and 3) are erroneous or
that larger multinuclear species (n > 3) may form. This subject
needs to be investigated further.

Also, the equilibration of aluminum hydroxide complexes in

dilute aqueous solutions is only very slowly achieved and
depends both on the OH/Al ratio and how rapidly the solution
is initially prepared (mixing time). Lower ratios cause a slower
approach to equilibrium. Sometimes equilibrium may not be
achieved even after several years of aging. These rather subtle
issues are, however, outside the scope of this work.

In solution B, the observed intensity ratio between the broad
and the narrow components is approximately 1 at pH) 0.5
and is in quantitative agreement with the formation of AlF2+,
according to the reaction Al3+ + F- f AlF2+, when the initial
concentration of Al(NO3)3

3+ and HF are in the ratio 2:1,
respectively. This interpretation is also in agreement with the
19F NMR results and will be discussed in the next section. The
significantly larger line width of the broad resonance band
observed in solution B, compared to the corresponding reso-
nance observed in solution A, may originate from formation of
rather different species responsible for these broad resonance
bands. This conclusion is supported by the observed difference
in intensity (Figure 10) and line width (Figure 11) as a function
of pH and will be discussed in the next section.

19F NMR. A few chemical shift measurements of a 1 M HF
solution as a function of pH are depicted in Figure 12. The
solid curve in Figure 12 is calculated by the same procedure as
outlined in a previous section (1H NMR), based on the
equilibrium reactions

This model fit gives pK1 ) 3.2 and pK2 ) 0.59 whereK1 and
K2 represent the equilibrium constants of reactions 6a and 6b,
respectively. However, keeping in mind that the calculated
chemical shift is derived (a) under the constraint of a fast
exchange process between all F species in solution and (b) the

Figure 9. (A) Expanded27Al NMR spectra of solution A (2 M
Al(NO3)3, 2.1 M morpholine in water) vs pH ()0.5, 1, 2, 3, and 4
from bottom to top). (B) Expanded27Al NMR spectra of solution B (2
M Al(NO3)3, 2.1 M morpholine, and 1 M HF in water) vs pH ()0.5,
1, 1.5, 2.5, 4, and 4.5 from bottom to top). Solid curves represent
deconvoluted or curve-fitted spectra.

Figure 10. Signal intensity ratio between the broad and the narrow
peaks in the27Al NMR spectra (Figure 9) vs pH of solutions A ((O) 2
M Al(NO3)3, 2.1 M morpholine in water) and solution B ((b) 2 M
Al(NO3)3, 2.1 M morpholine, and 1 M HF in water).

Figure 11. Line width (kHz) of the broad and narrow peak in the
27Al NMR spectra (Figure 8) vs pH of solutions A ((O) 2 M Al(NO3)3,
2.1 M morpholine in water) and solution B ((b) 2 M Al(NO3)3, 2.1 M
morpholine, and 1 M HF in water).

Figure 12. 19F NMR chemical shift of aqueous HF solution (≈1 M)
vs pH. Solid curve represents a model fit, as discussed in the text

HF h H+ + F- (6a)

HF + F- h HF2
- (6b)

Al(NO3)3 and Morpholine Dissolved in Water J. Phys. Chem. A, Vol. 103, No. 15, 19992537



number of experimental data points are rather few, the derived
pK values may be somewhat unreliable. However, the calculated
pK1 value of 3.2 is in acceptable agreement with previous
literature reports of pK1 ) 3.7.20 From these results, the
maximum concentration of HF2- in solution is obtained at pH
≈ 3.2. At this pH, the three F species (HF, F-, and HF2-)
contribute approximately equally to the total F concentration
in the solution.

Figure 13 shows the19F NMR spectra of solution B vs pH.
For pHe 4.5, two well separated peaks, assigned to AlF2+ (high
field) and AlF2

+ (low field)20,21are observed. If the concentration
of other AlFx

(3-x) species (x g 3) are too small to be observable
(due to limited solubility of Al), the19F NMR signal intensity
can be calculated from eqs 4 and 5. The results are indicated in
Figure 14 (solid curve) and show qualitative consistency
between observed and calculated intensities within the whole
pH range investigated. At pH) 13.5, all F is observable as F-.

The calculated signal intensities (eqs 4 and 5) of the different
AlFx

(3-x) ion complexes (x g 1) are shown by the dashed curves
in Figure, 14. When increasing pH from 2.5 to 4.0-4.5, some
AlF3 is expected to be formed (10-30%). From previous
reports,23 the chemical shift of this latter species is expected to
appear at a lower magnetic field strength.

Thus, with increasing pH (pH) 4.0 and 4.5), either three
separate peaks or some broader resonance band(s) shifted

towards a lower magnetic field strength (caused by chemical
exchange between the three species) are expected to appear in
the spectrum. The coalesce of the AlF2+/AF2

+ peaks with
increasing pH, combined with a reduction in the total observable
F signal intensity, supports the assumption that a third, non-
observable F species (AlF3(s)) is formed, which exchanges with
the other two F species at an intermediate/fast exchange rate.23

It should be kept in mind that the experimental uncertainty in
pH is approximately(0.5 units.

As can be inferred from Figure 14, almost all added HF is
expected to be found as AlF2+ and AlF2+ in the pH range from
0.5 up to approximately 4. This is consistent with the27Al NMR
data discussed in the previous section. This multinuclear
consistency has, to our knowledge, not previously been reported.

When plotting the observed concentration ratio between AlF2+

and AlF2+ (Figure 15), only a qualitative agreement between
observation and calculation (eqs 4 and 5) is obtained. This may
suggest that the reported equilibrium constants used in the model
calculation (eq 5) may be slightly erroneous. Another feasible
explanation is that the implicit assumption (made in the model
calculation) that all dissolved species have activity coefficients
of unity is not correct. An activity coefficient of unity indicates
diluted aqueous solutions, which is certainly not realized in this
work. However, this work suggests that NMR can be used to
derive equilibrium constants vs pH of many of the reactions
depicted in eqs 4 and 5. However, this interesting aspect is
outside the scope of the preliminary investigation presented in
this work.

Conclusion

27Al, 19F, 13C, and1H NMR measurements at room temper-
ature of two aqueous solutions containing Al(NO3)3 and

Figure 13. 19F NMR spectra of solution B (2 M Al(NO3), 2.1 M
morpholine, and 1 M HF in water) vs pH ()0.5, 1, 1.5, 2.5, 4, 4.5, 7,
10, 11, and 13.5 from bottom to top).

Figure 14. 19F NMR signal intensity vs pH of solutions B ((b) 2 M
Al(NO3)3, 2.1 M morpholine and 1 M HF in water). The solid curve
represents calculated signal intensities (eqs 4 and 5) as described in
the text. The calculated intensities of the different F species are shown
by dotted curves.

Figure 15. Concentration ratio between the AlF2+ and AlF2
+ species

(from Figure 13) in solution B ((b) 2 M Al(NO3)3, 2.1 M morpholine,
and 1 M HF inwater). vs pH. The solid curve represents calculated
concentration ratio (eqs 4 and 5).
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morpholine, in the presence and absence of HF, suggest that
morpholine is an inert species, the chemical shifts of which
(proton and carbon) can be used to estimate the pH of the
solution;

The-broad peaks observed in the19F and27Al NMR spectra
are consistent with the formation of multinuclear Al species
and Al-F complexes (AlF2+ and AlF2

+). The observed signal
intensities as a function of pH are in qualitative agreement with
corresponding intensities calculated from chemical equilibrium
reaction models. A more detailed analysis of the NMR spectra
reveals discrepancies between observed and calculated intensi-
ties, which may tentatively be ascribed to the assumption of
(a) unity activity coefficients of all species and/or (b) slightly
erroneous equilibrium constants used in the model calculations.

The results suggest that NMR is a well-suited spectroscopic
technique for the determination of activity coefficients/equilib-
rium constants for many of the main chemical reactions
involved. This is of importance when aiming at calculating the
equilibrium concentrations of actual species in a real SAPO
synthesis solution at different synthesis conditions. One disad-
vantage of the technique is that some of the species are not
observable due to severe line broadening originating from
different types of molecular exchange processes (intermediate
rates) taking place. Some of these limitations may be overcome
by studying the synthesis solutions at elevated temperature.
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