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ABSTRACT: In highly alkaline “water-in-salt” Na2O/Al2O3/H2O solutions where
the monomeric Al(OH)4

− anion dominates, isolation of transitional species that
seed crystallization of sodium aluminate salt hydrates has been challenging. For
example, discrimination of dimeric [for example, Al2O(OH)6

2−] species via 27Al
nuclear magnetic resonance (NMR) spectroscopy is limited via fast interconver-
sion through hydrolysis and condensation reactions. Despite this, using magic-
angle spinning NMR (27Al MAS NMR) at high magnetic field strengths (14.1 and
20.0 T) on crystals of nonasodium bis(hexahydroxyaluminate) trihydroxide
hexahydrate [NSA, Na9[Al(OH)6]2·3(OH)·6(H2O)], we observed a 27Al
resonance consistent with Na2Al2O(OH)6. This tetrahedral dimeric species was
also identified in the mother liquor by Raman spectroscopy while remaining expectedly unresolved by high-field liquid-state 27Al
NMR. Its substantial abundance in the mother liquor and as either an interstitial or an adsorbate on precipitated solids suggest that it
plays a crucial role in NSA crystallization. Our detailed characterization, which includes single-pulse 27Al MAS NMR, nutation 27Al
MAS NMR, and multiple quantum 27Al MAS NMR, provides new molecular insights into how aluminate transitions from tetrahedral
in solution to octahedral in solid. This understanding could ultimately lead to better predictions of aluminum phase change behavior
in caustic sodium hydroxide with wide-ranging technological and environmental implications.

1. INTRODUCTION

The dominant form of aluminum (Al3+) in highly alkaline
“water-in-salt” solutions of sodium, potassium, cesium,
tetramethylammonium, and rubidium hydroxide is the
monomeric tetrahedral aluminate anion (Al(OH)4

−), whereas
in coexisting solids, Al3+ is typically of higher coordination
number and/or polymerization extent.1,2 Processes such as
precipitation and dissolution therefore entail a relatively rapid
coordination change of Al3+ on the molecular scale. Structure
regulation at interfaces may play an important role in
facilitating this coordination change3,4 as well as ion pairing
interactions because of the limited availability of waters of
hydration.5,6 Capturing transitional Al3+ species is thus of
interest for understanding the mechanism of crystallization and
the role of distinct cations.
One potentially important species is the μ-oxo aluminate

dimer (Al2O(OH)6
2−), which can form by oxolation in

solution and, in concentrated potassium and rubidium
hydroxide, leads directly to crystallization of M2Al2O(OH)6
salts (M = K+ or Rb+), principally comprised of this dimer
motif.1,2,7−9 However, crucially, in the sodium system, no
comparable sodium aluminate dimer crystal structure has been
found despite thorough exploration of the Na2O/Al2O3/H2O
phase diagram.10−17 Analysis of the formation, reactivity, and
dynamics of Al2O(OH)6

2− in solution is challenging because of
rapid exchange of Al3+ ion speciation through hydrolysis and

condensation during nuclear magnetic resonance (NMR)
spectroscopy,1,2,6,18,19 degenerate Raman-active vibrational
modes,20 nonmonotonic trends in pre-edge features in X-ray
absorption spectroscopy,21 and multimodal relaxation pro-
cesses in both dielectric spectroscopy22 and quasielastic
neutron scattering.18 Among such techniques, the most
diagnostic is Raman spectroscopy, which clearly shows that
vibrational modes of sodium aluminate solutions contain a
component similar to that of K2Al2O(OH)6.

8,23,24

Because Al3+ speciation is often manipulated in highly
concentrated sodium hydroxide solutions, such unresolved
questions have impeded a mechanistic understanding of rate-
limiting steps during nucleation, precipitation, and dissolu-
tion.25 For example, in addition to aspects of aluminum
refining26 and corrosion sciences,27 this knowledge gap
impacts the processing of radioactive high-level waste
(HLW), currently stored in underground tanks at the U.S.
Department of Energy sites such as the Hanford Nuclear
Reservation, Washington.28,29 These wastes are highly caustic,
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with hydroxide concentrations typically over 1 M and sodium
concentrations reaching 11 M on average.28,29 The waste is
rich in Al3+, introduced as an ionic strength buffer during ion
separations by codisposal and leaching of Al3+ from fuel
cladding and by addition of aluminum nitrate to reduce
corrosion.28 Coexisting Al3+ solids occur predominantly as the
(oxy)hydroxide mineral gibbsite [Al(OH)3] and boehmite
(AlOOH).2,30−32 Conversion of Al(OH)3 into hydrated,
crystalline sodium aluminates in concentrated NaOH at
ambient temperatures has been used to process HLW at
Hanford,33,34 and recent work has shown that transformation
from monosodium aluminate hydrate to nonasodium bis-
(hexahydroxyaluminate) trihydroxide hexahydrate (NSA)
proceeds spontaneously in the presence of excess sodium
hydroxide monohydrate and water.35 This highlights that the
ongoing physical and chemical manipulation of these complex
waste slurries, such as their removal from tanks and safe
disposal in glass waste forms, requires the development of
robust models that reliably predict phase equilibria and
transformation kinetics.36−38

A variety of possible sodium aluminate hydroxy hydrate salts
crystallize from these solutions (Figure 1A), which, like for the
potassium and rubidium systems, may contain information
about structural motifs present in solution because of their
solid electrolyte characteristics.39 For the current study, we
selected NSA [Na9[Al(OH)6]2·3(OH)·6(H2O)], a solid
electrolyte hydrate containing monomeric Al3+ hydroxyanion
octahedra (Al(OH)6

3−) embedded in a matrix of edge-sharing
Na+ octahedra that are coordinated with water and hydroxyl
ions (Figure 1B).40,41 Because it is based on monomeric Al3+

octahedra, the precipitation of NSA can be regarded as a useful
conceptual model for an intermediate Al3+ coordination state
that is incipient to crystallization of polymerized octahedral
Al3+ networks. Herein, we detail a μ-oxo sodium aluminate
dimer [Na2Al2O(OH)6] resolved in the caustic water-in-salt
electrolyte, NSA, using 27Al magic-angle spinning (MAS)
NMR spectroscopy at high magnetic field strengths with
supporting X-ray diffraction (XRD), scanning electron
microscopy (SEM), Raman spectroscopy, and liquid-state
27Al NMR. Description of Na2Al2O(OH)6 advances the
molecular-level understanding of both phase equilibria in the
Na2O/Al2O3/H2O system, and also transformations of Al3+

coordination as Na2Al2O(OH)6 may exist as a reactive
intermediate during solid-state crystallization under highly
alkaline conditions, linking the soluble, tetrahedral aluminates
to the solid-state, monomeric octahedral aluminate in NSA.

2. METHODS

2.1. Synthesis of NSA. All steps were performed in an N2-
filled glovebox to limit sorption of CO2 and followed a
previously published synthesis.41 A 31.3 m aluminum-free
NaOH solution was prepared in a wide-mouth polypropylene
bottle from addition of H2O (18 MΩ·cm) to NaOH (>98%,
Sigma-Aldrich). Exothermic dissolution of NaOH increased
the temperature of the NaOH solution to ca. 77 °C, and an
aluminum wire (>99.999% grade, Sigma-Aldrich) was added to
generate a 0.6 m Al3+ solution. Safety note: the dissolution of
Al wire in NaOH solutions is exothermic and generates
flammable H2 gas. Following complete dissolution of the Al
wire, the solution was placed in an oven at 40 °C, uncapped,
for 2 days. After 2 days, the precipitated solids were collected
via vacuum filtration to reduce the amount of residual mother
liquor.

2.2. SEM. SEM micrographs were acquired with a Helios
Nanolab 600i SEM (FEI, Hillsoboro, OR) microscope with an
acceleration voltage of 20.00 kV and a current of 0.17 nA. NSA
solids were placed on Al SEM stubs covered with a carbon tape
in an N2-filled glovebox and transported in a sealed container
to the microscope for analysis.

2.3. 27Al MAS NMR Spectroscopy. 27Al MAS NMR
spectroscopy was performed on a Bruker NMR spectrometer
at a field strength of 14.1 T corresponding to a 156.375 MHz
27Al Larmor frequency. Spectra were acquired with a
MASDVT600W2 BL2.5 X/Y/H probe. Samples were loaded
into commercial 2.5 mm Bruker rotors, equipped with a Vespel
drive and bottom caps, in an N2-filled glovebox. Single-pulse,
direct excitation 27Al MAS NMR spectra were acquired with
ca. 49,000 and 2048 transients for Na9[Al(OH)6]2·3(OH)·
6(H2O) and K2Al2O(OH)6, respectively, and both samples
utilized an acquisition time of 18.6 ms, a delay between
transients of 1 s, and a single, π/20 liquid-state pulse. Tip
angles were determined via a pulse width nutation experiment
for a sample of 1 M Al(H2O)6

3+, prepared via dissolution of
aluminum chloride hexahydrate (AlCl3·6H2O, >99%, Sigma-
Aldrich) in H2O. Chemical shifts were also referenced to this 1
M Al(H2O)6

3+ solution in which the hexa-aqua aluminum ion
resonance was set to 0 ppm. Spectra were primarily collected
with a MAS spin rate of 20 kHz, and additional spectra were
acquired under static conditions (0 kHz spin rate). MAS NMR
spectra were processed in Mestrenova (version 14.01-23559,
released 2019-06-07, Mestrelab Research S.L.). The free
induction decay was zero-filled to 52.5 ms, and 20 Hz line
broadening was applied. Line deconvolution was performed in

Figure 1. (A) Ternary phase diagram of Na2O/Al2O3/H2O system. Relevant phases are denoted in black. The solubility field at 30 °C is bound by
measurements denoted in white.58,59 The synthesis initial composition, 31.3 m NaOH and 0.6 m Al3+, is denoted in orange. The synthesis utilizes
slow evaporation to initiate precipitation of NSA. The ternary diagram was illustrated in Triplot (v. 1.4).60 (B) Crystal structure of NSA,
Na9[Al(OH)6]2·3(OH)·6(H2O). (C) Scanning electron micrograph of the NSA crystals.
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DMFIT (release#20190327), where the line shape of the
central transition was estimated with the Qmas 1/2 model.
Additional 27Al MAS NMR spectra were acquired at a field

strength of 20.0 T on a Varian NMR spectrometer,
corresponding to a 221.517 MHz 27Al Larmor frequency. A
1.6 mm MAS probe was used, operating at a spin rate of 20.0
kHz, and additional spectra were acquired for Na9[Al(OH)6]2·
3(OH)·6(H2O) under static spinning rates (0 kHz). Chemical
shifts and tip angles were referenced to a 1 M Al(H2O)6

3+

solution prepared via dissolution of aluminum nitrate non-
ahydrate (Al(NO3)3·9H2O, ≥98%, Sigma-Aldrich) in H2O, in
which the hexa-aqua aluminum ion resonance was set to 0
ppm. For acquisition of the K2Al2O(OH)6

27Al MAS NMR
spectra, a single excitation pulse corresponding to a liquid-state
π/20 pulse, a delay between transients of 1 s, an acquisition
time of 20 ms, and collection of 128 transients were used.
Excitation pulse length nutation experiments utilized a delay of
3 s for K2Al2O(OH)6. To facilitate detection of trace species in
Na9[Al(OH)6]2·3(OH)·6(H2O), a single excitation pulse
corresponding to a liquid-state π/20 pulse, a delay between
transients of 1 s, an acquisition time of 20 ms, and an extensive
collection of ca. 334,700 transients were used. Pulse nutation
experiments of Na9[Al(OH)6]2·3(OH)·6(H2O), where the
tetrahedral region is shown, used a delay between transients of
1 s. Pulse nutation experiments of Na9[Al(OH)6]2·3(OH)·
6(H2O), where the octahedral region is shown, used a delay
between transients of 3 s. Following acquisition, the spectra
were analyzed in Mestrenova, where the free induction decay
was zero-filled to 79 ms, and 20 Hz line broadening was
applied. Line deconvolution was performed in DMFIT, where
the central transition was estimated with the Qmas 1/2 model.

27Al multiple quantum MAS (MQMAS) NMR spectra at a
field strength of 20.0 T were acquired using a 1.6 mm MAS
probe with the z-filter, 27Al 3QMAS pulse sequence
(mqmas3qzf2d) at a spinning rate of 20.0 kHz at a temperature
of 20 °C. The optimized pulse widths, pw1Xmqmas,
pw2Xmqmas, and pw3Xmqmas, were 3.75, 1.7, and 25 μs,
respectively. The amplitude (aXmqmas) was 2500, the power
(tpwr) was 56 dB, and the amplitude of the selective pulse
(aXzfsel) was 250 with a corresponding power of 49 dB. The
time between the second and third pulses (tXzfsel) was 10 μs.
The recycle delay (d1) was 1 s, and spectra were acquired with
64 evolution increments, a 19.968 ms acquisition time, and 384
transients. The spectral widths for the F2 (acquisition) and F1
(evolution) dimensions were 166.7 and 20.0 kHz, respectively.
The acquired spectrum was processed with 20 Hz line
broadening in the F2 dimension and displayed after shearing.

27Al MQMAS spectra at a field strength of 14.1 T were
acquired using the Bruker 2.5 mm MAS probe with a z-filter,
27Al 3QMAS pulse sequence (mp3qzqf) at a spinning rate of
20.0 kHz. The optimized pulse widths, P1, P2, and P3, were
4.6, 1.5, and 18 μs, respectively. The power level for the
excitation pulse and conversion pulse was −20 dB, and the
power level for the selective pulse was 5.23 dB. The time
between the second and third pulses (D4) was 20 μs. The
recycle delay (d1) was 40 s, and spectra were acquired with 74
evolution increments, a 17.8 ms acquisition time, and 24
transients. The spectral widths for the F2 (acquisition) and F1
(evolution) dimensions were 31.3 and 20.0 kHz, respectively.
The acquisition utilized states-time proportional phase
incrementation processing, and the two-dimensional spectrum
was sheared in Topspin v(3.5.7).

2.4. Synthesis of K2Al2O(OH)6. To generate a spectros-
copy reference, the potassium μ-oxo aluminate dimer
[K2Al2O(OH)6] was synthesized. All steps were performed
in an N2-filled glovebox to limit sorption of CO2 following a
previously reported synthesis.8,20 An 18.7 m aluminum-free
KOH solution was prepared in a fluorinated ethylene
propylene (FEP) narrow-mouth bottle via dissolution of
KOH (>99.98%, Alfa Aesar) in H2O. After waiting for the
solution to cool to about 20 °C, an aluminum wire was
incrementally dissolved in the KOH solution such that the
concentration of Al was 7.4 m Al. After dissolution of the Al
wire, the bottle was capped, and the solution was left
unagitated at 20 °C for 1 week. The formed crystals were
collected via centrifugation at 8000 rpm and washed with
anhydrous ethanol (Molecular Biology Grade, Fisher Scien-
tific). The product was dried at 40 °C in an oven.

2.5. Liquid-State 27Al NMR Spectroscopy. Liquid-state
27Al NMR spectra were acquired on a Varian-Inova 17.6 T
NMR spectrometer utilizing a 5 mm broadband observe probe
operating at 40 °C, where the temperature was calibrated using
the 1H chemical shifts of ethylene glycol.43 The corresponding
27Al Larmor frequency is 195.460 MHz. Upon complete
dissolution of 0.6 m Al wire in 31.3 m NaOH, an aliquot was
placed in an uncapped, 4 mm outer diameter (o.d.) FEP
copolymer insert. A reference solution [0.1 m Al(OH)4

− in 3 m
NaOH, prepared via dissolution of Al wire in 3 m NaOH] was
placed in a 2.0 mm o.d. FEP insert, sealed with a
polytetrafluorethylene plug, and coaxially inserted inside the
4 mm FEP insert. The FEP inserts were then inserted into an
uncapped N2-filled 5.0 mm o.d. NMR tube and placed in the
NMR spectrometer.
Sample acquisition utilized a single-pulse sequence (s2pul),

in which free induction decays were collected with alternating
excitation pulse lengths of π/2 and π/20, where the tip angles
were referenced to the 0.1 m Al(OH)4

− in 3 m NaOH solution.
The acquisition time was 0.600 s, the delay between scans was
2 s, and the acquisition used 24,194 complex points. For each
one-dimensional spectrum, 128 transients were collected.
Liquid-state NMR spectra were processed in Mestrenova
where 20 Hz of line broadening was applied. Liquid-state
NMR spectra were zero-filled to 65,536 points and baseline-
corrected using spline functions, and the resonances were
deconvoluted using a Lorentzian line shape.

2.6. Raman Spectroscopy. Raman spectra were acquired
on aliquots taken from the mother liquor during precipitation.
Data was collected on a Horiba LabRam HR spectrometer
equipped on a Nikon Ti-E inverted microscope using a 40×
microscope objective via application of a continuous 632.81
nm laser. Spectra were background-corrected with a single
polynomial spanning between 500 and ca 800 cm−1, and the
resonances were deconvoluted using three Lorentzian line
shapes.

3. RESULTS AND DISCUSSION

To enable detailed characterization of trace aluminates in NSA
crystals via 27Al MAS NMR, NSA crystals were synthesized
under conditions indicated in Figure 1A. SEM images of
crystallites precipitated from the mother liquor reveal their
columnar crystal habit and average length of over a hundred
microns (Figure 1C). The powder XRD pattern confirmed that
the crystalline phases are predominantly NSA (75% relative
abundance), coprecipitated with sodium hydroxide monohy-
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drate (NaOH·H2O, 25% relative abundance) shown in Figure
S1.
The speciation of Al3+ ions in these solids was analyzed

using 27Al MAS NMR, which is selective to Al3+ in the NSA
phase and any residual form of Al3+ species associated with the
solids. The high natural abundance (100%) and sensitivity of
the 27Al MAS NMR chemical shift to the coordination
environment about the Al3+ nucleus44 enables, for example, any
tetrahedrally coordinated Al3+ species associated with the
solids to be distinguished from the monomeric Al3+

hydroxyanion octahedra in NSA. 27Al MAS NMR spectra
showing the two predominant Al3+ sites of the monomeric Al3+

hydroxyanion octahedra in NSA are shown in Figure S2.
Magnification of the 27Al MAS NMR spectra at both field
strengths of 14.1 and 20.0 T reveals two tetrahedral resonances
at approximately 80 and 70 ppm (Figure 2) in the NSA
crystals. The primary goal of this work is to exploit detailed
27Al MAS NMR characterization, with supporting liquid-state
NMR and Raman spectroscopies, to characterize and identify
these tetrahedral species.

The tetrahedral Al3+ resonance in the solids occurring at ca.
80 ppm is denoted Na2Al2O(OH)6 because it exhibits a
quadrupolar line shape similar to that for a separately
synthesized crystalline potassium aluminate K2Al2O(OH)6
standard.20 The quadrupolar line shape, evaluated using the
Qmas 1/2 model in DMFIT, is shown in Figure 2. The similar
electron field gradient asymmetry (η) and quadrupolar
coupling (CQ) parameters demonstrate likely conservation of
the Al2O(OH)6

2− motif, and the regressed values are described
in Table 1.
Importantly, a substantial reduction in the breadth of both

Na2Al2O(OH)6 and K2Al2O(OH)6 resonances was observed in
27Al MAS NMR spectra upon increasing the field strength to
20.0 T, indicating that second-order quadrupolar effects are
significant. This suggests that chemical moieties of the Al3+

ligands are asymmetric, as is the case for Al2O(OH)6
2−.45 The

dependence of the 27Al line shape on the magnetic field
strength would not be apparent for a crystalline Al(OH)4

−

monomer, based on the quasi-Lorentzian line shape acquired
with 27Al MAS NMR of Na2Al(OH)4Cl, at 9.4 T.46 A key
difference between Na2Al2O(OH)6 and K2Al2O(OH)6 arises

Figure 2. (A) 27Al MAS NMR spectra at a field strength of 20.0 and 14.1 T showing that the tetrahedral coordinated Al3+ region spanning between
90 and 60 ppm in NSA is comparable to the resonance of K2Al2O(OH)6. The deconvoluted quadrupolar line shape fits are vertically offset in green,
the summed fits are shown in orange, and the data are shown in black. (B) Pulse length nutation experiments at 20.0 T, where incrementally
increasing pulse durations are the same for each column and the spectra are shaded gray to guide the eyes. (C) 27Al MQMAS NMR experiments of
K2Al2O(OH)6 at 20.0 and 14.1 T, where the F2 and F1 projections are summations.

Table 1. Quadrupolar Coupling Parameters for 27Al MAS NMRa

field strength
[T] assignment

isotropic chemical shift
[ppm]

quadrupolar coupling coefficient
[MHz]

asymmetry
parameter

line broadening
[ppm]

integral
[%]

14.1 Na2Al2O(OH)6 84.6 3.8 0.3 1.1 0.6
20.0 Na2Al2O(OH)6 84.9 4.0 0.3 0.4 0.4
14.1 K2Al2O(OH)6 81.9 4.5 0.3 1.3 100
20.0 K2Al2O(OH)6 81.6 4.5 0.3 0.9 100

aNote: quadrupolar line shapes were calculated in DMFIT (release #20180327) and utilized the Qmas 1/2 model, which assumes infinite spinning
rates. The quadrupolar line fit for resonances corresponding to the octahedral coordinated Al3+ in NSA is shown in Figure S3, with the quadrupolar
coupling parameters detailed in Table S1.
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in the isotropic chemical shift, which can be attributed to a
combination of Na+/K+ specific ion effects, slight perturbation
of the Al−O−Al angle, and/or formation of a hydrated phase.
The isotropic chemical shift of the Na2Al2O(OH)6 resonance
is significantly deshielded compared to oxolated tetrahedral
Al3+ proximal to octahedral Al3+, such as in keggin clusters or
transitional aluminas.47−52

Significant quadrupolar effects in both Na2Al2O(OH)6 and
the K2Al2O(OH)6 standard are also evident in the excitation
pulse length nutation experiment shown at a field strength of
20 T in Figure 2B. The pulse length nutation experiment
demonstrates that the signal maxima of Na2Al2O(OH)6 occurs
upon a shorter pulse duration than that for the resonance of
the hexa-aqua aluminum ion [Al(H2O)6

3+]. Crucially, molec-
ular tumbling of Al(H2O)6

3+ eliminates quadrupolar coupling.
Vice-a-versa, the retention of quadrupolar coupling effects in
Na2Al2O(OH)6 suggests its presence in interstitial sites or on
the surface of the solids. Relative to Al(H2O)6

3+ pulse nutation
behavior, the crystalline K2Al2O(OH)6 standard also exhibits a
reduced pulse length corresponding to the maximum signal
response. This similar pulse nutation behavior between
Na2Al2O(OH)6 and the K2Al2O(OH)6 standard further
supports attributing the Na2Al2O(OH)6 resonance to a solid
phase. Analysis of the nutation curve of the two monomeric
framework octahedra Al3+ in NSA crystals (Oh

1 and Oh
2), ca 10

ppm, also demonstrates a reduced pulse length maximum
relative to Al(H2O)6

3+.
Given the strong resemblance of the quadrupolar 27Al MAS

NMR line shape of the Al2O(OH)6
2− motif in the K2Al2O-

(OH)6 standard and the trace resonance in the NSA crystals,
MQMAS NMR spectroscopy was conducted to provide NMR
spectra with greater resolution, with results shown in Figure
2C. In MQMAS NMR spectroscopy, multiple quantum
coherences are first excited and then converted into single-
quantum coherence.53 Correlation of the multiple- and single-
quantum coherences through two-dimensional NMR experi-
ments facilitates separation of chemically inequivalent sites by
their isotropic quadrupolar shifts and isotropic chemical
shift.53,54 Given the low abundance of Na2Al2O(OH)6 and
the poor coherence transfer efficiency in MQMAS NMR scans,
the 27Al MQMAS NMR spectra of K2Al2O(OH)6 was instead
acquired at 14.1 and 20.0 T to provide insight into the
Al2O(OH)6

2− resonance associated with the NSA crystalline
solids.
The acquired 27Al MQMAS NMR spectra shown in Figure

2C show a single projection in the F1 dimension at both field
strengths. This demonstrates that K2Al2O(OH)6 is purely
composed of Al3+ existing in one crystallographically unique
site and is consistent with the crystal structure derived from
single-crystal XRD.7 27Al MQMAS NMR of K2Al2O(OH)6
validates that its complex 27Al MAS NMR spectra arises from
quadrupolar coupling influencing a single Al3+ site and not
from the superposition of many Al3+ sites. Given the
comparable quadrupolar coupling parameters and line shape
dependence on the magnetic field strength between K2Al2O-
(OH)6 and Na2Al2O(OH)6, the later resonance is also likely
due to a single Al3+ site.
Following the description of the first tetrahedral species, the

second tetrahedral coordinated Al3+ species in the NSA solids
is described. The species exhibits a quasi-Lorentzian resonance
which occurs at 70 ppm and is denoted as mother liquor in
Figure 2. The chemical shift is shielded relative to the expected
chemical shift of 80 ppm expected for Al(OH)4

− in dilute

NaOH.1,55 Analysis of the excitation pulse length nutation
experiment supports assigning the quasi-Lorentzian resonance
to residual mother liquor. Molecular tumbling of aluminate
species in the liquid state eliminates quadrupolar coupling,
resulting in the intensity of quadrupolar resonances exhibiting
sinusoidal dependence on the applied excitation pulse length
(Figure S4). The quasi-spin 1/2 behavior is comparable to
Al(H2O)6

3+ in H2O, as shown in Figure 2B. Comparison with
nonspinning 27Al MAS NMR spectra (Figure S2) demonstrates
that the resonance exhibits a significantly smaller change in full
width at half-maximum (fwhm) (800−300 Hz at 14.1 T and
900−400 Hz at 20.0 T) than the octahedral Al3+ in NSA upon
spinning, which also supports assignment of this resonance to
Al3+ in residual mother liquor.
To provide further insight into the resonance assigned to the

Al3+ ions in the mother liquor, Al3+ ion speciation in the
mother liquor during the synthesis procedure was examined via
NMR and Raman spectroscopies during NSA crystallization.
Starting with a fresh preparation of 0.6 m Al3+ in 31.3 m
NaOH, crystallization of NSA was monitored in situ over the
course of 2 days using single-pulse acquisition of 27Al NMR
spectra utilizing alternating π/2 and π/20 excitation tip angles.
High-field (17.6 T) solution-state 27Al NMR spectra are shown
in Figure 3, where the resonance near 70 ppm is attributed to

the tetrahedral coordination of the aluminate species in the
mother liquor. A sealed, coaxial insert containing a dilute
solution of Al(OH)4

− ions in NaOH (0.1 m Al in 3 m NaOH)
was used as a chemical shift reference at 80 ppm and as an
intensity reference.52 Throughout the crystallization of NSA,
neither additional resonances in the octahedral region nor
tetrahedral region emerge (Figure S5). An additional control

Figure 3. Time-dependent, 17.6 T, solution-state 27Al NMR spectra
during NSA crystallization acquired with (A) π/2, (B) π/20 excitation
pulses, and (C) line deconvolution parameters. Additional solution-
state 27Al NMR spectra are shown in Figure S5.
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experiment (Figure S6) validated that there is no emerging
Al3+ resonance within the mother liquor that overlaps with the
coaxial reference.
The sole 27Al resonance of aluminates in the mother liquor

is progressively shielded during crystallization, decreasing from
71 to 70 ppm, with the final resonance in close agreement with
the quasi-Lorentzian resonance chemical shift found at ca. 70
ppm in the 27Al MAS NMR spectra of the NSA crystals
(Figure 2A) assigned to the mother liquor.
Irrespective of using an excitation pulse resulting in a π/20

or π/2 tip angle, the normalized integral of Al3+ in the mother
liquor practically identically decreases from ca. 1.0 to 0.4 over
the course of 2 days. The decrease in the integral of Al3+ in the
mother liquor solution, shown in Figure 3C, indicates that
crystallization of NSA proceeds at 40 °C over 2 days. The near
perfect agreement between the normalized integrated intensity
after π/20 and π/2 excitation pulses validates that the
resonances are in the fast-motional limit, leading to the
aluminates in the mother liquor exhibiting quasi-spin 1/2
behavior, in agreement with the behavior of the quasi-
Lorentzian line shape at ca. 70 ppm found in the 27Al MAS
NMR spectra (Figures 2B and S4). Whereas the mother liquor
27Al NMR resonance exhibits a significant decrease in fwhm
over time, arising from quadrupolar relaxation convoluted with
viscosity-dependent reorientation times, there is also an
anticorrelated increase in the fwhm of the internal standard,
likely due to the magnetic field inhomogeneity arising from
crystallization of NSA.
Despite demonstrating the similar chemical shift and pulse

length nutation behavior between the aluminates in the mother
liquor and the residual quasi-Lorentzian line found in the 27Al
MAS NMR spectra, distinction between solution-state Al-
(OH)4

− and Al2O(OH)6
2− by solution-state 27Al NMR is

expectedly complicated by fast hydrolysis and interconversion
of Al3+ between Al(OH)4

− and Al2O(OH)6
2−, leading to

coalescence into a single, ensemble resonance.
Therefore, Raman spectroscopy was performed to validate

the presence of solution-state Al2O(OH)6
2− ions during NSA

crystallization (Figure 4) and to support the assignment of the
trace tetrahedral quadrupolar line shape to Na2Al2O(OH)6.
During the crystallization of NSA, aliquots of the mother
liquor were taken to generate a temporal series of Raman
spectra. A stacked plot of the temporal progression of the
mother liquor during crystallization is shown in Figure 4. The
center band at ca. 625 cm−1 is assigned to Al−OH stretching
for Al(OH)4

−.23,24,42 A shift of 4.4 cm−1 from 623.9 to 628.3
cm−1 occurs between the 0.3 m Al(OH)4

− in 3 m NaOH
reference and the mother liquor, indicating the increased
formation of NaAl(OH)4 ion pairs in the mother liquor.2,55,56

At 31.3 m NaOH, limited waters of solvation and geometric
packing constraints likely result in the formation of hydrated
ion networks in contrast to the weak formation of solvent-
separated ion pairs under more dilute conditions.2,19

Based on the similarity between Raman spectra of solid
K2Al2O(OH)6 and MOH (M+ = Na+, K+, Cs+, or Rb+)
aluminate solutions,8 the flanking bands at 568 and 701 cm−1

in Figure 4 are, respectively, assigned to the Al−μO and the
Al−tOH vibrational modes of solution-state Al2O(OH)6

2−.
Notably, these additional bands are essentially nonexistent in
the 0.3 m Al(OH)4

− in 3 m NaOH reference solution.
Deconvolution with Lorentzian line shapes indicates that
despite the observed decrease in the total vibrational intensity,
the relative intensity of the center band (ca. 628 cm−1)

attributed to monomers insignificantly increases from 49.3 to
50.8% during crystallization. There is no significant increase in
the relative Al2O(OH)6

2− signals, which would be expected for
pure evaporation without NSA crystallization, based upon
extrapolation of the negative correlation between the relative
Al2O(OH)6

2− signal and the amount of water present in
solution at the molar ratio Na+/Al3+ = 52:1 (Figure S7).
However, in addition to a decrease in water activity through
evaporation, there is also a reduction in the solution-phase Al3+

and other ions during crystallization of NSA. These Raman
results clearly indicate that the Al2O(OH)6

2− ions are prevalent
in the mother liquor and remain so during precipitation of
NSA, and that these solution phase species coincide with the
observation of Na2Al2O(OH)6 in

27Al MAS NMR spectra of
the NSA solids.

4. CONCLUSIONS
Characterization of trace, residual Al3+ species that have
evaded spectroscopic detection via 27Al NMR until now
provides significant new insights into the Na2O/Al2O3/H2O
system and more generally demonstrates an extension of the
complexity of crystal growth from monomeric and oligomeric
precursors57 to highly alkaline solutions. Recognition of the
presence and persistence of Al2O(OH)6

2− during crystalliza-
tion in the Na2O/Al2O3/H2O system establishes a link to
known solution speciation behavior of other highly alkaline
systems, such as potassium and rubidium hydroxide solutions.
This demonstrates that NSA crystallizes from a solution in
which Al3+ is present as both tetrahedrally coordinated
Al(OH)4

− and Al2O(OH)6
2− species that persist as trace

residuals on or within product NSA crystallites. The
depravation of water within the ion−ion networks in the
crystallizing mother liquor creates a unique chemical environ-
ment, where release of water via condensation of Al(OH)4

−

units leads to a perturbed tetrahedral Al2O(OH)6
2− species

Figure 4. Deconvoluted Raman of the mother liquor and comparison
with 0.3 m Al(OH)4

− in 3 m NaOH. A table of the line shape
parameters is provided in Table S2 in the Supporting Information.
The ratio of integrated intensity between the center band ca. 625
cm−1 and the flanking side bands at 568 and 701 cm−1 remains ca. 1:1,
despite the decrease in intensity following Al3+ crystallization.
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that ultimately precipitates and appears as a residual in the
crystalline products. It remains unclear whether these species
are incorporated as trace defects in remnant NaOH·H2O, are
interstitials in NSA, or represent a metastable state on the NSA
surface. However, this observation of Na2Al2O(OH)6 is
coupled with the notable absence of both solid-state
monomeric tetrahedra, for example, NaAl(OH)4, and liquid-
state monomeric octahedra, for example, Al(OH)6

3−. Such
observations indicate that the Al3+ coordination change occurs
either on the NSA crystal surface or during a solid-state
amorphous-to-crystalline transition but not in solution. Given
that the isolation of Na2Al2O(OH)6 has eluded many others
exploring the Na2O/Al2O3/H2O phase space,10−17 it is
reasonable to infer from the instability of Na2Al2O(OH)6
that it may exist as a reactive intermediate during solid-state
crystallization, linking the soluble tetrahedral aluminates under
highly alkaline conditions to the monomeric octahedra in NSA.
Further isolation of crystallization pathways, including the
prospect of solid-state transformation, is underway to better
understand Al3+ coordination change mechanisms in caustic
environments relevant to myriad process applications.
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