UC Davis
UC Davis Previously Published Works

Title
27 Al MQMAS of the 6-Al 13 -Keggin

Permalink
https://escholarship.org/uc/item/9d91960t

Journal
Dalton Transactions, 46(7)

ISSN
1477-9226

Authors
Pilgrim, CD
Callahan, JR
Colla, CA

Publication Date
2017-02-14

DOI
10.1039/c6dt04263e

Peer reviewed

eScholarship.org Powered by the California Diqgital Library

University of California


https://escholarship.org/uc/item/9d91960t
https://escholarship.org/uc/item/9d91960t#author
https://escholarship.org
http://www.cdlib.org/

Dalton
Transactions

PAPER

ROYAL SOCIETY

OF CHEMISTRY

CrossMark
& click for updates

Cite this: Dalton Trans., 2017, 46,

2249 W. H. Casey*®P

27 Al MQMAS of the §-Al;s-Keggin+

C. D. Pilgrim,$? J. R. Callahan,$® C. A. Colla,° C. A. Ohlin, H. E. Mason® and

One-dimensional 2’Al, 2*Na Magic-Angle-Spinning (MAS) NMR and 2”Al Multiple-Quantum Magic-Angle-
Spinning NMR (MQMAS) measurements are reported for the §-isomer of the Al;z Keggin structure at high

Received 8th November 2016,
Accepted 19th January 2017

DOI: 10.1039/c6dt04263e

rsc.li/dalton

Introduction

Aluminum is one of the most abundant elements, and the
second most abundant metal, in the Earth’s crust.'?
Aluminum can be found in over 200 oxide minerals and is
mined for practical use—it is a lightweight building material,
it can provide strong protective coatings, and aluminum oxide
is even present in personal care products.’” Aluminum has a
high affinity for oxygen and the hydrolysis chemistry of the
metal has been studied extensively in the past 60 years, yield-
ing new polyoxometalate structures.®® Of these structures, the
Aly; family of polycations is particularly interesting due to its
potential presence in natural waters.'*™"?

Johansson crystallized the first known Al;; cluster in 1960,
which had the formula of [AlO4Al;5(OH)y(H,0)15]”" and
formed as an e-isomer of the e-Baker-Figgis-Keggin struc-
tures.®'**'> There are potentially five isomers (a, B, v, 5, and )
in this series of structures and they differ by a rotation of each
of the trimeric caps by 60°. The Johansson discovery, here
denoted as e-Al;3, contains a central tetrahedral AlO, unit sur-
rounded by four trimeric Al;(OH)s groups in an edge-sharing
arrangement (Fig. 1A). Until recently, only the - and a-isomers
of the structures were known to exist, with the a-Al,; unit
found in the mineral zunyite."®'” For several decades the
e-Al;; isomer was the only member of this series known to exist
as an ion in solution, although other ions were suspected.'®
Recently, the 8-Al;; (Fig. 1B) was isolated from solution as the
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spinning speed and 14.1 T field. Values for the Cq and  parameters are on the same scale as those seen
in other isomers of the Al;s structure. Density functional theory (DFT) calculations are performed for com-
parison to the experimental fits using the B3PW91/6-31+G* and PBEQ/6-31+G* levels of theory, with the
Polarizable Continuum Model (PCM).

Fig. 1 (A) The e-Al;3-Keggin isomer is shown with blue polyhedral for
the edge-shared AlOg. (B) The 5-Alyz isomer is shown with the rotated
trimeric cap in red. (C) The y-Alys isomer is shown with two rotated tri-
meric caps in red. (D) The §-Alyz isomer is shown with capping Na* and
surrounding NDS, from Abeysinghe et al.?°

sulfate salt.'®'® However, the rotated trimeric subunit is
capped by a sodium ion, which distinguishes it from the e-Al;;
and all other isomers. The 8-Al;; has since been synthesized in
higher yield with 2,6-napthalene-disulfonate as the counter
ion (Fig. 1D).”° The y-Al,; isomer has recently been identified
in glycine-bearing solution and has been isolated in the solid-
state (Fig. 1C).>"

Nuclear Magnetic Resonance (NMR) has proven to be a
useful method for characterizing these polycations. The *’Al
nucleus is 100% abundant, the gyromagnetic ratio of the
nucleus is sufficiently large to allow for easy detection, and the
chemical-shift range is sufficiently broad to show differences
between AlOg4, AlOs, and AlOg bonding sites.>” Solution-state
data for the 8-Al,; ion are available, as well as one-dimensional
Magic Angle Spinning (1D MAS) for the solids. However, a
more complete solid-state analysis has yet to be done and
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would complement existing work on the e-Al;; and the y-Al;;
clusters.>*** Due to the quadrupolar nature of the >’Al isotope
(nuclear spin quantum number of I = 5/2), broad asymmetric
resonances are expected for regions of the solid-state spectrum
that typically correspond to the AlO, and AlOg coordination
environments. This broadening complicates the interpretation
of the spectra.

To overcome this broadening, we here report multiple-
quantum magic-angle spinning (MQMAS) NMR of the §-Al;;.
Conventional 1D MAS averages out the first-order quadrupolar
interactions, but is insufficient to eliminate second-order
quadrupolar broadening. The MQMAS spectra remove these
second-order quadrupolar couplings. The sequence proceeds
by applying a high-power pulse to excite the multiple-quantum
coherences. The triple-quantum, 3Q, coherence is selectively
transferred to the central transition via phase cycling where it
is then refocused along the z-axis using another high-power
pulse. A lower-power pulse is applied to excite the central tran-
sition and extract the isotropic echoes.”*” The three-pulse
version of the MQMAS experiment was used, with a z-filter,
and a decoupling scheme during acquisition. The result of
this procedure is a two-dimensional (2D) NMR experiment
where the isotropic projections of the different chemical sites
are on the vertical (F1) axis and the original 1D spectrum is on
the horizontal (F2) axis. Correlation between the two projec-
tions provides information about the number of isotropic
peaks that are hidden in otherwise complicated experimental
data. Different sites can be identified and be fit to yield the
quadrupolar-coupling parameter, Co (MHz), and the dimen-
sionless asymmetry parameter, 5, which reflects the site sym-
metry. This technique can be used on any nuclei with a
nuclear spin quantum number I = n/2, and can excite higher-
order transitions, but is most sensitive when applied to the 3Q
transition.

The experiments can be complemented with computer
simulations that calculate electronic structures and that esti-
mate the electric-field gradients (EFGs) of the nuclei in the
molecules. The EFGs are important to interpret and evaluate
the fits of the solid-state NMR data, as:

V,
CQ _ th 2z (1)
Vi = Wy
- W 2
- (2)

where e is the elementary charge of the electron, % is Planck’s
constant, Q is the nuclear quadrupole moment, V,,, V., and
V,y are the eigenvalues of the calculated EFGs.**™° Values of
Cq for the octahedral sites in the e-Al;; and y-Al,; are on the
order of 10 MHz for the e-Al;; and 6-7.5 MHz for the
y—A113.23’24’31

In this work, crystals containing the §-Al;; Keggin ion are
characterized in the solid-state using both 1D *’Al and *’Na
MAS, as well as 2D *’Al MQMAS experiments. Crystallographic
data are used in DFT calculations to help understand the
nature of bonding within the AlO, and AlOg coordination
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environments. The calculations also yield estimates of the
EFGs that can be compared to the experimental NMR data.

Experimental
Synthesis of Na(AlO4Al,,(OH),4(H,0);,)(2,6NDS)4(H20)13 5

Crystalline 8-Al,; was prepared using a half-scale replication of
the technique reported by Abeysinghe et al. 30 mL of 0.25 M
NaOH was added dropwise to 12.5 mL of 0.25 M AlCl; solution
heated to 80 °C in order to reach a hydrolysis ratio (OH™/Al(m))
of 2.4. The mixture was allowed to cool to room temperature
and 10 mL were loaded into a Teflon-lined Parr reaction vessel.
The sample was then heated at 80 °C for 24 hours before it was
removed, split into two 5 mL aliquots, placed into a pair of
20 mL glass scintillation vials, and again allowed to cool to
room temperature. An aliquot of 3 mL of 0.1 M 2,6-naptha-
lene-disulfonate solution was then added to each vial, causing
colloidal flocculants to form immediately. These samples were
allowed to stand for eight days, during which large, white, den-
dritic crystals formed. The crystals were extracted from the
supernatant solution by vacuum filtration and submitted for
X-ray crystallography and solid-state NMR analysis.

To assess the effects of heating during spinning of an NMR
sample, which could potentially cause dehydration, vacuum-
dried crystals were placed in a fresh glass scintillation vial and
heated at 60 °C in an oven for 118 hours. The heated crystals
were then removed, cooled to room temperature, and analyzed
by single-crystal X-ray diffraction. No change in the &-Al;;
structure was observed. Crystals from this treatment were then
used for subsequent *’Al MAS, MQMAS, and **Na MAS NMR
studies.

NMR

*’Al and **Na NMR experiments were conducted using a 14.1T
Bruker Avance 600 system equipped with a 1.3 mm MAS probe
and tuned to 156.35 and 158.72 MHz, respectively. The >’Al
spectra were externally referenced using the e-Al;; solid, with
the sharp AlO, peak set to § = 62.5 ppm, while the >*Na spec-
trum was externally referenced to a static aqueous solution of
NaCl, with the single peak set to é = 0.0 ppm. Samples were
loaded into a zirconia ceramic rotor with Vespel® caps and
were spun at vz = 50 kHz. Frictional heating from spinning
caused the sample temperature to raise to approximately
50 °C. Temperatures were calibrated by >°”Pb NMR of an exter-
nal sample of Pb(NOj;),.** All spectra were decoupled from 'H
using low-power XiX decoupling®® with a pulse width of 57 ps.
For the 1D MAS experiments, an RF field of 250 kHz was used,
resulting in ~17° degree tip angle for each nuclei, with recycle
delays of 0.3 and 2.0 s. These conditions resulted in a semi-
quantitative set of spectra. The Bruker three-pulse MQMAS
experiment with a z-filter was used for the *’Al MQMAS experi-
ments (mp3qzqf). The RF field for the 3Q excitation pulse was
49 kHz, the 3Q conversion pulse was 208 kHz, and the central
transition pulse was 13 kHz. A 20 ps z-filter delay was used
with an initial ¢-period of 1 ps, and the phase-sensitive

This journal is © The Royal Society of Chemistry 2017
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Table 1 Fitting parameters of the 2Al 1D MAS NMR data using the
slices from the 3QMAS as a guide. In the tetrahedral sites, the peak at
60.2 ppm was fit using a Gaussian (G) type peak with a full-width half-
max (FWHM) value of 1.96 ppm

Octahedral sites

Position Integrated Cq

(5isoy Ppm) IntenSity (%) (MHZ] n

4.5+ 0.5 21.4+£1.7 4.5+0.4 0.04 £ 0.01

6.2 £ 0.5 26.8 +2.2 6.2 +0.5 0.68 + 0.06

5.8 +£0.5 44.2 + 3.6 10.6 £ 0.9 0.2 £ 0.02

Tetrahedral sites

Position Integrated

(8isoy PPM) Intensity (%) Cq (MHz) n

67.8+£0.5 7.1+0.6 4.1+0.3 0.45 £ 0.04
FWHM (ppm) G/L

60.2 + 0.5 0.5+0.04 2.0£0.2 G

States®® acquisition mode was used. The resulting 2D data
were sheared and processed using TopSpin® 3.2 (Bruker),
where the shearing routine sets the anisotropic axis parallel
with the F2 axis.

Uncertainties in the NMR parameters were estimated as
follows: the overall fit from Dmfit was subtracted from the
original spectrum. The absolute value of these residuals was
then numerically integrated using Matlab and divided by the
area under the original curve. This residual was 8.1% of the
original spectrum, and that value was then used to estimate
the error in the parameters of interest reported in Table 1, but
not the peak positions, which are estimated to be certain to
+0.5 ppm.

Electronic structure methods

To compute the electric-field-gradient tensors (EFG), elec-
tronic-structure calculations at the density functional level of
theory (DFT) were carried out using the Gaussian09 rev. E com-
putational chemistry software package.*®> Protons were added
by hand to the crystal structure of §-Al;; isomer as hydrogen
atom locations were missing in the crystallographically deter-
mined structure. The H atom positions were optimized using
the B3PW91/6-31+G* and PBE0/6-31+G* level of theory, while
all other atom locations were fixed.***®¥ The B3PW91 func-
tional was chosen due to its previous use on aluminum
Keggin-isomers,> while the polarizability and diffusivity
options in the basis set were chosen to allow for optimization
of the isomer’s geometry.*® To assess the effect of counter ions
on the EFG tensors, structures were optimized both with, and
without, the sodium cap. The sodium-capped 8-Al,3 proved
difficult to optimize in the gas phase, so instead the ion was
modelled using a polarizable continuum model (PCM), which
treats the ion as if it were in a solvated environment contain-
ing different layers of continuous dielectric medium.** The
uncapped 6-Al;; with a +7 charge could be optimized using
PCM with both correlation and exchange functions. The EFG

This journal is © The Royal Society of Chemistry 2017
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calculations from these calculations were then executed at the
same level of theory as the structure optimization. The EFG
tensors were extracted from the output of the Gaussian calcu-
lation using EFGShield.*

Results
NMR

The *’Al 1D MAS NMR spectra of the 8-Al;; show peaks con-
sistent with those published by Abeysinghe et al. (Fig. 2A),
where characteristic peaks from the AlO, and AlOg sites of the
Al;3-Keggin molecules are clear. The region where octahedral
aluminum is typically found exhibits a broad resonance with a
shoulder (+20 to —60 ppm). Some of this broadening is attribu-
table to second-order quadrupolar effects. The tetrahedral site
is clearly resolved with a maximum peak position of 64.5 ppm,
but this peak displays second-order quadrupole broadening as
well. The observed broadening for the tetrahedral peak in
8-Al,; contrasts with spectra of e-Al;; where a single sharp
peak at 62.5 ppm is observed due to the isotropic nature of its
AlO, site. The site in the 8-Aly; is distorted from high sym-
metry due to the displacement of the single trimeric cap. The
1D **Na MAS spectrum of the sample (Fig. 2B) exhibits two
sites—a sharp peak at +6.2 ppm assignable to NaCl and a

-2.9 ppm

A “—

100 50 -50 -100

0
Chemical Shift (ppm)

-6.7 ppm

B 6.2 ppm ==

~

('I\cmlf.n‘llshlu(ppun 20 0 o

Fig. 2 (A) Al MAS NMR spectrum of the 5-Al;s isomer. Broad octa-
hedral sites are seen between 20 and —60 ppm while a broad tetrahedral
region is seen at 64.5 ppm. (B) 2*Na MAS NMR spectrum of the 5-Alsz
isomer, exhibit both free NaCl (6.2 ppm) and the capping sodium ion
(—6.7 ppm).
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Fig. 3 %’Al multiple-quantum MAS spectrum showing the isotropic pro-
jection on the F1 (left) axis while the 2’Al 1D MAS is projected along the
F2 (top) axis. The two-dimensional set of FIDs has been sheared and
processed to plot the anisotropic axis parallel to the F2 axis. Five distinct
sites are seen, with three in the octahedral (20 to —60 ppm) region and
two in the tetrahedral region (around 64.5 ppm). Slices from each isotro-
pic site are shown on the right hand side of the figure.

broad peak centered between +3 and —20 ppm.**** This broad
peak is assigned to the sodium coordinated to the rotated tri-
meric cap of the §-Al;;. The NaCl is a residual salt from the
synthesis.

The broad resonances in the ?’Al spectrum for the 8-Al,3, in
regions where the AlO, and AlO4 coordination environments
are typically found, cannot be unambiguously assigned to sites
in the structure using 1D MAS. To accomplish these assign-
ments, a >’Al 3QMAS experiment was conducted. The contour
peaks displayed in the 2D spectrum (Fig. 3) indicate corre-
lation between the broad resonances in the 1D MAS spectrum
(along the horizontal, or F2, axis) and the isotropic projections
(along the vertical, or F1, axis). In this 3QMAS experiment,
three distinct isotropic sites can be seen in the region of the
spectrum where AlOg are typically assigned, and two distinct
sites can be seen in the region of the spectrum typically
assigned to AlO,. From these data, slices were taken and fit
using the analytical program DMFit."* The slices corres-
ponding to individual isotropic sites were fit using either
Gaussian or quadrupolar MAS lineshapes. The resulting spec-
tral fits yielded estimates of the i, #, and Cq parameters,
which are reported in Table 1. The quality of the fits to the
experimental linewidths can be seen in Fig. 4, where fits from
individual sites overlay the experimental data and achieve the
overall spectrum. The fits were approximately constrained to
match the occupancy of the crystallographic sites (1:1:2 for
AlOg sites).

EFG

The electronic-structure calculations for both exchange and cor-
relation functionals to estimate the EFG tensors of the PCM
embedded [8-Al;5]”" resulted in the values for Cqy and 7 in
Table 2. The individual aluminum sites are identifiable in Fig. 5.

After optimization in both calculations, there were five dis-
tinct types of aluminum in the 8-Al;; structure. The tetrahedral

2252 | Dalton Trans., 2017, 46, 2249-2254
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A Combined Fit
[\ Peak 1
Peak 2
Peak 3
Peak 4
Peak 5
Original Spectrum

" L L e L
100 50 0 -50 -100
Chemical Shift (ppm)

Fig. 4 Fit of the Al 1D MAS spectrum of 8-Alyz using the parameters
estimated from quadrupolar lineshapes of the slices of the 3QMAS,
showing five sites total (three in the octahedral region and two in the
tetrahedral region).

Table 2 EFG Calculations for the [5-Aljs]”* in PCM at the B3PW91/
6-31+G* level of theory (left) and for the PBE0/6-31+G* level of theory
(right). Aluminum sites correspond to Fig. 5, where the tetrahedral
aluminum (denoted Alyy) was omitted for clarity

Cq (MHz) n Cq (MHz) n
Rotated trimeric AlOg, Al

8.2 0.24 Ay 8.2 0.24
6.0 0.41 A, 6.1 0.41
6.7 0.15 A; 6.7 0.15
Bridging AlOg, Alg

5.7 0.17 By 5.8 0.17
5.9 0.37 B, 5.9 0.37
5.8 0.15 B3 5.8 0.15
Unchanged AlOg, Al

9.8 0.01 Cy 9.8 0.00
8.2 0.30 Cy 8.3 0.30
8.8 0.18 Cs 8.9 0.18
9.9 0.19 Cy 10.0 0.19
9.5 0.25 Cs 9.5 0.25
10.4 0.17 Ce 10.5 0.18
AlO,

2.7 0.27 Alpgq 2.7 0.26

Fig. 5 Optimized structure for the §-Al;z isomer using B3PW91/6-
31+G* level of theory. Aluminum species are color coded to show crys-
tallographically distinct sites, and numbered to correspond to calculated
quadrupolar parameters. The tetrahedral aluminum has been omitted
for clarity.

This journal is © The Royal Society of Chemistry 2017
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AlOy site, identified as Alpq, has the smallest Cq, at 2.7 MHz.
The remaining four types of aluminum correspond to different
AlOg sites and have ranges of 5.7-6.1 MHz (A,, By, B,, Bj),
6.7 MHz (A3), 8.2-8.3 MHz (A, C,), and 8.9-10.5 MHz (C,, Cj,
C4, Cs, Cg). If the anomalous 8.2 and 8.3 MHz sites are
ignored, these values settle into two different sets of AlOg
species, at around 6 MHz and 10 MHz.

Both sets of data show remarkable consistency, as the
largest discrepancy between these two sets of calculations is
0.1 MHz.

Discussion

The results indicate a slight discrepancy between the
measured Cq and 7 values and those calculated via the elec-
tronic-structure methods. The values here measured for the
8-Al,; isomer compare well with previous measurements for
the other isomers,>>* a result that is expected due to the
intermediate nature of the §-Al; structure relative to the e-Al;;
and y-Al,; structures. That three sets of AlOg sites are found in
the NMR measurement is fully expected. Twist of the trimeric
cap to corner-shared in the §-Al,; isomer from edge-shared in
the e-Aly; isomer yields three crystallographically distinct AlOg
sites (Fig. 5). While the AlOs site with the highest Cq, value and
highest integrated intensity can be assigned to the Al. layer,
the other two sites show remarkable similarity (6;5, = 4.5 and
6.2 ppm) and cannot be unambiguously differentiated as
either the Al, or Alg layers.

The more abundant edge-shared AlOg are similar in Cq to
those seen in the e-isomer structure, which is an encouraging
consistency. The AlOgs from the rotated trimeric cap and the
corner-shared AlOg also have Cq similar to those seen in the
y-isomer structure, in that they are in the 4-6 MHz range,
which is within error of the 6-7.5 MHz range seen in the y-Al;;
values. These results can be rationalized by considering that
the rotated trimer AlOg (Als) and the bridging AlOg units (Alg)
share a similar environment. Each AlOg in these sets is bound
to two AlOg via a corner-shared linkage while also bound to
two other AlOg via an edge-shared linkage. That these AlOg
then would have similar Cy, values is unsurprising. The A and
B sets of the AlOg are also identical in linkage to the AlO, seen
in the y-Aly3, so a similarity between the two is expected.

There is, however, still the discrepancy to address. Two cal-
culated Cq values differ distinctly from the other AlOg sites.
Aluminums A; and C, have distinctly different Cq, values than
those of the other A and C sets. It is possible that these sites
are stabilized by the 2,6-NDS in the crystal lattice. Calculations
to test this hypothesis have so far proved impossible because
of the size of calculation.

A small gaussian-shaped signal is seen in the 3QMAS
that is assignable to an unknown AlO, site. This peak
cannot be due to an impurity from the e-Al;; because the &,
doesn’t correspond to the expected 62.5 ppm. A tetrahedral
site for aluminum with quadrupolar nature is also seen in the
y-Aly; structure (measured at 1.75 MHz) while all calculations

This journal is © The Royal Society of Chemistry 2017
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for the 8-Aly; indicate an AlO, site with higher quadrupolar
character than that AlO, site in the y-Al;; isomer (2.7 MHz
in both calculations). This peak may correspond to a yet-
undiscovered aluminum polyoxocation with a tetrahedral
aluminum site.

Conclusions

The §-Al,;-Keggin has been characterized using *’Al and **Na
1D MAS NMR at high spinning speed and high field.
Additionally, the structure was characterized using *7Al
MQMAS NMR. These experiments yielded information about
the distinct AlOg sites within the §-Al;; structure and comp-
lement previous experiments for the e-Al;; and the y-Al;; struc-
tures. The experiments and calculations confirm the inter-
mediate nature of AlOg sites within the §-Al;;-Keggin structure,
falling between those for the e-Al,; and y-Al;; isomers.
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