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Longer observational records with high tem-
poral resolution in other ablation areas of the
ice sheet are necessary to test the importance
of the positive-feedback mechanism between
melt rates and ice velocities. At present, we can-
not conclude that this feedback is important. We
do see a significant increase of the ablation rate
(Fig. 2), which is likely related to climate warm-
ing, but it remains to be seen if this is likely to
be amplified by increasing annual ice velocities.
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Mg/Al Ordering in Layered Double
Hydroxides Revealed by Multinuclear
NMR Spectroscopy
Paul J. Sideris,1,2 Ulla Gro Nielsen,1,2* Zhehong Gan,3 Clare P. Grey1,2†

The anion-exchange ability of layered double hydroxides (LDHs) has been exploited to
create materials for use in catalysis, drug delivery, and environmental remediation. The specific
cation arrangements in the hydroxide layers of hydrotalcite-like LDHs, of general formula
Mg2+1–xAl

3+
xOH2(Anion

n–
x/n)·yH2O, have, however, remained elusive, and their elucidation could

enhance the functional optimization of these materials. We applied rapid (60 kilohertz) magic
angle spinning (MAS) to obtain high-resolution hydrogen-1 nuclear magnetic resonance (1H NMR)
spectra and characterize the magnesium and aluminum distribution. These data, in combination
with 1H-27Al double-resonance and 25Mg triple-quantum MAS NMR data, show that the cations are
fully ordered for magnesium:aluminum ratios of 2:1 and that at lower aluminum content, a
nonrandom distribution of cations persists, with no Al3+-Al3+ close contacts. The application of
rapid MAS NMR methods to investigate proton distributions in a wide range of materials is
readily envisaged.

Hydrotalcite-like layered double hydroxides
(LDHs) are a class of inorganic lamellar
compounds with the general chemical

composition M2+
1–xM

3+
x(OH)2(A

n–
x/n)·yH2O,

where M2+ and M3+ are divalent and typically
trivalent metal cations respectively, x is the molar
ratio of the trivalent cation [M3+/(M2+ + M3+)],
which typically varies between 17% and 33%

(1), and An– is an anion with charge n. The pres-
ence of a trivalent metal in the metal hydroxide
[M1–xM′x(OH)2] sheet induces an overall positive
charge, which is compensated by the incorpora-
tion of the anion, along with structural water, in
the interlayer spaces (Fig. 1). One naturally oc-
curring example of this class of materials is the
mineral hydrotalcite, Mg6Al2(OH)16CO3·4H2O,
which contains carbonate ions in between the
layers. The materials can accommodate a wide
range of different anions (2) and cations (3),
leading to a large compositional variety and thus
tunability for a large number of applications.

These materials are of considerable geolog-
ical relevance because of their anion-exchange
capacity, which can affect the mobility of chem-
ical species in the environment. Although there is
a large group of materials with cation-exchange
capabilities, the number of systems with positively
charged frameworks or layers is extremely limited.
LDHs are, therefore, attractive candidates as
anion exchangers and can be used, for example,
to remove toxic anions such as chromates (4),
selenates (5), or halides (6) from waste waters
or, more recently, as drug delivery systems (7).
The materials are also frequently used as cata-
lysts, catalyst supports, or precursors for oxides
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Fig. 3. (A) Variations in annual velocity along the K-transect over 17 years; sites with a significant
decrease over time are depicted as thick lines. (B and C) Summer velocities at SHR are about 50%
higher than winter velocities (B), which are in phase along the entire transect, particularly at the end of
the melt season (C). (D) The changes in velocity are clearly related to the ablation rate. If the ablation
rate increases, more meltwater is present and velocities increase; however, if ablation ceases, velocities
decrease again. This implies that the change in meltwater, rather than the absolute amount of melt-
water, determines the change of the velocity within a season.
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used in numerous reactions (1, 8). Organic poly-
mers have been incorporated into LDHs through
direct exchange or in situ polymerization from
exchanged monomers in the interlayers, creating
nanocomposite materials with improved thermal
properties (9).

An understanding of the basis for the varying
anion selectivities of different LDHs requires a
molecular-level understanding of the modes of
anion binding of the anions within the interlayer
spaces. Such insight requires determination of
both the structures in the interlayer region and the
cation arrangements in the layers themselves, as
the latter will control the charge distributions of
the hydroxyl groups that point into the interlayer
region. Diffraction techniques are not well suited
for structural studies of the most prevalent LDHs,
namely those containing Mg and Al, for three
reasons. First, Mg and Al have effectively iden-
tical scattering power, making them indistinguish-
able by x-ray diffraction. Second, the challenge
of synthesizing fully deuterated LDHs, with ex-
tremely low residual proton contents, hinders high-
resolution neutron studies. Third, many LDHs
show considerable turbostratic disorder and stack-
ing faults, complicating the analysis of the dif-
fraction patterns (10, 11).

Nuclear magnetic resonance (NMR) studies
of LDHs are particularly attractive due to an
abundance of spin-active nuclei from which
site-specific structural information can be po-
tentially extracted. However, the high concen-
tration of interlayer water and hydroxyl groups
results in strong 1H homonuclear coupling,
which broadens the resonances and prevents
both ready identification and quantification of
chemically distinct 1H environments, particular-
ly at spinning speeds below 25 kHz (12–14).
27Al magic angle spinning (MAS) NMR studies
of hydrotalcite-like LDHs are the most common
and have been used to examine thermal de-
composition; however, no clear-cut evidence for
cation distributions has emerged from these
studies (15).

Studies using 25MgMASNMR spectroscopy
are not routine because of this isotope’s low
gyromagnetic ratio (which determines sensitivi-
ty), low natural abundance (~10%), and large
quadrupole moment (which broadens the reso-
nances through the interaction with the local
electric-field gradient at the site of the nucleus).
Nevertheless, the large quadrupole moment
provides a very sensitive probe of the variations
in the local environment around Mg, and

correlations have, for example, been found
between the distortions of the bond angles from
perfect octahedral symmetry and the quadrupolar
coupling constant CQ (16). Single-pulse 25Mg
MAS NMR spectra have been collected for
hydrotalcite (16, 17) and the related mineral
brucite [Mg(OH2)] (18–20), in which tri-
octahedral metal hydroxide sheets are occupied
solely byMg. The introduction of Al into brucite-
like metal hydroxide sheets produces distortions
in the layer, resulting in a significant increase in
the electric-field gradient measured at the Mg
site. Although the spectra of both minerals could
be simulated with a model that assumed only one
site geometry [yielding diso = 10 parts per million
(ppm),CQ = 4.4MHz, and diso = 13.5 ppm, CQ =
3.15 MHz, for hydrotalcite and brucite, respec-
tively], it was not clear from this study whether
all the different Mg local environments, some of
which could be present in low concentrations,
were resolved.

Here, we report the results from a combined
1H and 25Mg NMR investigation of three LDHs
containing 19%, 25%, and 33% Al [MgAl-19,
MgAl-25, and MgAl-33, respectively (21)]. Two
recent advances in NMR techniques and instru-
mentation are applied, which noticeably improve
the resolution of the spectra acquired from these
materials, providing unambiguous evidence for
complete cation ordering in the 33% Al doped
sample, and a nonrandom distribution of cations
in the lower Al-content materials. First, we make
use of a MAS NMR probe that is capable of
achieving extremely rapid MAS frequencies of
up to 60 kHz. At low spinning speeds, broad
featureless spectra result because of the large 1H
homonuclear dipolar couplings between the OH
groups and occluded water molecules (22).
However, by using MAS frequencies of above

40 kHz, these dipolar couplings are almost
completely removed, allowing the individual H
sites to be resolved in these high-proton-content
materials. Second, we apply two-dimensional
(2D) triple-quantum (TQ) 25Mg MAS NMR
techniques (23–25) to remove the broadening
due to the second-order quadrupole interaction.
This 2D echo method produces high-resolution
spectra—by making use of the different sizes of
the second-order quadrupolar interactions in the
TQ and single-quantum dimensions of a half-
integer spin nucleus such as 25Mg (26)—and can
be used to reveal multiple sites not evident in the
broader 1D spectra. The chosen sample stoi-
chiometries investigated here are representative
of low, medium, and high Al content samples,
allowing the degree of cation ordering to be
explored as a function of Al concentration.
Nitrate-containing LDHs are investigated rather
than the mineral hydrotalcite, because these
materials can then be used for subsequent ion-
exchange studies: The carbonate groups in hydro-
talcite are not readily exchanged (27). However,
the approaches demonstrated here can be applied
to any Mg- and Al-containing LDHs, and to
investigate OH/H2O environments in a much
wider range of minerals.

Once peak broadening is minimized, 1H MAS
NMR spectroscopy, in principle, provides a simple
method for monitoring cation ordering. Because
every hydroxyl group in the LDH layer is co-
ordinated to three metals (each either Mg or Al),
four hydroxyl local environments, and thus four
distinct 1H resonances, are possible: Mg3-OH,
Mg2Al-OH, MgAl2-OH, and Al3-OH (Fig. 1).
Assuming a random distribution of the metals on
the metal hydroxide sheets, the binomial distribu-
tion formula (see SOM text for details) can be
used to calculate the percentage of each hydroxyl
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hassee, FL 32310, USA.

*Present address: Department of Physics and Chemistry,
University of Southern Denmark, Campusvej 55, 5230 Odense
M, Denmark.
†To whom correspondence should be addressed. E-mail:
cgrey@notes.cc.sunysb.edu

Fig. 1. (A) A polyhedral representation of the LDH struc-
ture showing the metal hydroxide octahedra stacked along
the crystallographic c axis. Water and anions are present in
the interlayer region. Each hydroxyl group (dark blue) is
oriented toward the interlayer region andmay be hydrogen-

bonded to the interlayer anions and water. The metal hydroxide sheets of an LDH with a Mg:Al ratio of 2:1
are shown with (B) random and (C) ordered cation distributions. Three major classes of hydroxyl groups
are present in (B) (Mg3-OH, Mg2Al-OH, andMgAl2-OH), whereas only one hydroxyl environment (Mg2Al-OH)
and one Mg local environment [Mg(OMg)3(OAl)3] are present in (C).
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resonance as a function of Al content (Table 1).
Figure 2A shows the dramatic effect of spinning
speed on the resolution of the 1H MAS NMR
spectrum of MgAl-33. Three distinct 1H reso-
nances are clearly resolved, whichmay be readily
quantified, when spinning speeds above 40 kHz
are used. The relative intensities of these reso-
nances, and their chemical shifts, vary as a func-
tion of Al content (Fig. 2B), but the number of
distinct resonances remains constant. This obser-
vation stands in stark contrast to the random
distribution model, which predicts that a total of
four hydroxyl groups, and at least one water
resonance, will be present.

The spectrum of MgAl-19 shows three 1H
resonances at 0.8, 2.4, and 4.7 ppm (Fig. 2B).
The chemical shift of the 4.7-ppm resonance is
consistent with water occluded in the interlayers
(22). At low Al concentrations, the two hydroxide
environments Mg3-OH and Mg2Al-OH should
predominate. Given the ~0 ppm chemical shift of
the dominant 1H resonance in brucite, which con-
tains only one proton local environment (Mg3-OH),
the resonance at 0.8 ppm is similarly assigned to
this local environment. The presence of an Al
atom increases the acidity of the hydroxyl group,
which results in a shift to higher frequencies (i.e.,
downfield) (28), and on this basis, the peak at
2.4 ppm is assigned to the Mg2Al-OH group.
This resonance shifts gradually to higher fre-
quency as the Al content is increased, which is
consistent with stronger hydrogen bonding to the

interlayer anions and water with increasing
charge on the hydroxide layers. The shift of the
Mg2Al-OH resonance is accompanied by a de-
crease in the intensity of the 0.8 ppm (Mg3-OH)
resonance, consistent with its assignment. Two-
dimensional magnetization exchange experiments
(29) were performed at a MAS frequency of 60
kHz to explore whether any motion is present in
these systems. The experiments reveal that, al-
though slow exchange processes involving ex-
change between the different OH and H2O
molecules do occur (see SOM text), which are
more pronounced for the lower Al-content sam-
ples, these do not occur on a time scale that is fast
enough to affect the chemical shift positions and
intensities of the 1H resonances. Some residual
1H line broadening of the resonances may result
from these processes, particularly in the lower
Al-content sample MgAl-19.

A large discrepancy exists between the mea-
sured relative intensities of the hydroxyl group
resonances in the LDH spectra and those calcu-
lated assuming the random distribution model,
especially for the compound with the greatest
Al content, MgAl-33 (Table 1). In particular, no
local environments containing more than one Al
(e.g., MgAl2-OH and Al3-OH) are observed,
which provides clear evidence that there are no
Al3+-Al3+ contacts in the hydroxide layers. These
trends are consistent with the above assignments
of the hydroxyl group resonances and, for MgAl-
33, indicate that the Al and Mg cations must be

ordered in the metal hydroxide sheets, as shown
in Fig. 1C. Furthermore, as shown in Table 1, the
experimental concentrations of the hydroxyl
groups are in good agreement with the relative
concentrations calculated using models that as-
sumed Al-Al avoidance and thus the presence of
only Mg3-OH and Mg2Al-OH hydroxyl groups.
Differences between the experimental intensities
and those calculated assuming Al-Al avoidance
are ascribed to errors associated with the decon-
volution of the 1H NMR spectra and the accurate
measurement of Al content by inductively cou-
pled plasma methods (see SOM text for details).

To verify the spectral assignments, we ac-
quired 1H-27Al transfer of population in double-
resonance (TRAPDOR) NMR spectra (30) of all
three samples (Fig. 3). This experiment uses the
dipole interaction between 1H and 27Al, which
scales as the cube of the through-space distance
between the two nuclei. Thus, themost pronounced
TRAPDOR effect is expected for the hydroxyl
groups coordinated to Al. The TRAPDOR dif-
ference spectra of MgAl-19 and MgAl-25 are
dominated by a broad resonance whose center of
gravity is at ~2.3 ppm, consistent with its as-
signment to a Mg2Al-OH group in the 1H MAS
spectra. A resonance at 3.5 ppm dominates the
difference spectra of MgAl-33, and this shift to
higher frequency of the Mg2Al-OH resonance is
again in agreement with the 1H MAS data. The
slight discrepancies (≤0.5 ppm) between the cen-
ters of gravity of the 1H resonances in the single
pulse and 1H-27Al TRAPDOR experiments is
ascribed to the much slower spinning frequency
used in the TRAPDOR experiments (5 kHz). This
results in incomplete averaging of the homonuclear
1H dipolar couplings and thus much poorer res-
olution of the individual resonances and a loss of
signal intensity during the echo experiment,
particularly for the strongly coupled 1H spins.
Slow motion may also result in some partial loss
of signal intensity. The water resonance in these
slow spinning spectra is now contained in the
intense spinning sidebands spanning over 100
ppm. The most important conclusion from these
data are that there are no additional resonances at

Table 1. A comparison of the relative hydroxyl intensities calculated for a random distribution of
metals and for an ordered arrangement of cations, assuming Al-Al avoidance, with those deter-
mined experimentally from the deconvolution and integration of single-pulse 1H MAS NMR spectra
obtained at a spinning speed of 60 kHz. Resonances in the 0.8 to 1.5, and 2.4 to 3.6 ppm ranges
contribute to the Mg3-OH and Mg2Al-OH local environments, respectively.

Relative concentrations of hydroxyl groups (%)

Random cation distribution Ordered model Experimental data

Mg3OH Mg2AlOH MgAl2OH Al3OH Mg3OH Mg2AlOH Mg3OH Mg2AlOH

MgAl-19 54 37 8 0.6 43 57 38(3) 62(3)
MgAl-25 42 42 14 2 25 75 20(3) 80(3)
MgAl-33 30 44 22 4 1 99 3(1) 97(1)

Fig. 2. (A) The 1H MAS
NMR spectra of MgAl-
33 at 14 T as a function
of spinning speed: Only
the isotropic resonances
are shown. The inset
shows the same spectra
side by side to empha-
size the gain in resolu-
tion. (B) The effect of Al
content on the single-
pulse 1H MAS NMR
spectra collected at a
spinning speed of 60
kHz. Hydrotalcite-like
LDHs containing 19%,
25%, and 33% Al are shown. The very weak peak [less than 1% of the total signal for Mg(OH)2] at ~1.2 ppm is due to 1H background in the rotor from trace
organic impurities (22).
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higher frequencies, possibly obscured by the
water resonance, which can be assigned to
environments such as MgAl2-OH.

The 25Mg MAS NMR spectra of brucite,
MgAl-19, MgAl-25, and MgAl-33 are shown
in Fig. 4A. The spectrum of brucite is dominated
by a resonance due to a single, axially symmet-
ric Mg(OMg)6 environment. This brucite-like
[Mg(OMg)6] resonance is present in the spectra
of MgAl-19 and MgAl-25, but an additional
component, associated with a larger quadrupolar
coupling constant, is also observed, which grows
in intensity with Al content. The Mg(OMg)6 res-

onance is absent in the spectrum of MgAl-33,
and only the second component is visible, which
is again consistent with an axially symmetric Mg
local environment.

We acquired TQ MAS NMR spectra to
separate the different possible overlapping reso-
nances. The 25Mg TQ MAS NMR spectrum of
MgAl-33 (Fig. 4B) clearly shows only one res-
onance, providing strong evidence that there is
only one Mg local environment in this material
and that no weaker resonances are hidden under
the broad one-pulse spectrum. A projection of the
anisotropic dimension was well simulated with

the following NMR parameters: CQ = 4.6 (±0.1)
MHz, diso = 13 (±2) ppm, h = 0.00 to 0.05; the
slight line-shape distortion seen in the experi-
mental spectrum is typical and reflects the orien-
tation dependence of the TQ transition excitation
efficiency. The measured CQ is noticeably dif-
ferent from that of brucite, confirming that the
25Mg electric-field gradient is extremely sensitive
to Al substitution. The asymmetry parameter, h,
is zero within the error limits, indicating that the
Mg ions are in an axial environment, i.e., that
there is a C3 (or higher) rotational axis through
the Mg atom. Furthermore, the presence of sharp
discontinuities in the line shape implies that a
negligible distribution of bond angles and bond
lengths, associated with different local environ-
ments, is present, as such disorder would asym-
metrically broaden the signal.

Only two local environments are consistent
with C3 symmetry, the brucite Mg(OMg)6 en-
vironment and the Mg(OMg)3(OAl)3 environ-
ment found in the “honeycomb” ordering of Mg
and Al (Fig. 1C). This ordering scheme results in
only one local proton environment: Mg2AlOH.
The weak Mg3OH resonance seen in the 1H
MAS NMR spectrum (accounting for 3% of the
hydroxyl groups) of this sample suggests that
some Mg-rich defects [e.g., Mg(OMg)6 formed
by replacing an Al3+ ion by a Mg2+ ion in the
ordered, honeycomb sheets] are present in the
sheets and that the Al content is slightly lower
than 33%; these Mg environments are clearly
present in too low a concentration to be observed
in the TQ MAS spectrum. The 25Mg TQ MAS
spectra of the other two LDH samples contains
more than one environment for Mg, consistent
with their lower Al contents.

In conclusion, a combination of the 1H MAS
data and the 25Mg TQ MAS data clearly shows
that the Mg and Al cations are not randomly
distributed in the LDH sheets and that in MgAl-
33 they are ordered in a honeycomb arrangement.
The ordering of the cations affects the charge
density of the metal hydroxide sheets, which
should have consequences regarding the bond-
ing, reactivity, orientation, and mobility of the
chemical species in the interlayer and on the sur-

Fig. 3. Results of 1H-27Al TRAPDOR NMR experiments performed at 8.45 T at a spinning speed of
5 kHz for (A) MgAl-19, (B) MgAl-25, and (C) MgAl-33. The evolution and refocusing period of the spin-
echo echo was set to one rotor period (0.2 ms) for all the measurements. The control (no Al irradiation,
S0), double-resonance (Al irradiation, S), and difference spectra (S0–S), are shown from top to bottom in
(A) to (C). A normalized comparison of the difference spectra for all three LDHs is shown in (D).
* indicates spinning sidebands.

Fig. 4. (A) The 25Mg MAS NMR spectra of Brucite
[Mg(OH)2] and the three LDHs collected at 21.1 T

at Pacific Northwest National Laboratory. The asterisks indicate the sharper inner satellite
transitions, which have a considerably reduced second-order quadrupolar broadening (31). (B)
The 25Mg triple-quantumMAS spectra of ~70% 25Mg-enriched MgAl-33 collected at 19.5 T at the
National High Magnetic Field Laboratory. The anisotropic slice, along with a simulation, is shown
for the single Mg environment, Mg(OAl)3(OMg)3.
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face. The results clearly demonstrate the power of
rapid-spinning 1H MAS NMR spectroscopy to
resolve and quantify chemically distinct proton
environments in hydrous minerals. This technol-
ogy provides a simple brute-force method for
studying strongly coupled multispin systems that
should be straightforward to apply to a wide
range of minerals. The approach can readily be
used in conjunction with well-established 2D
NMR or double-resonance experiments to deter-
mine, for example, the relationship between cation
ordering and the binding affinities and dynamics
of guest anions on the surfaces and in the inter-
layer spaces.
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Autophagy Is Essential
for Preimplantation Development
of Mouse Embryos
Satoshi Tsukamoto,1* Akiko Kuma,1,2† Mirei Murakami,1 Chieko Kishi,1
Akitsugu Yamamoto,3 Noboru Mizushima1,2‡

After fertilization, maternal proteins in oocytes are degraded and new proteins encoded by
the zygotic genome are synthesized. We found that autophagy, a process for the degradation
of cytoplasmic constituents in the lysosome, plays a critical role during this period. Autophagy
was triggered by fertilization and up-regulated in early mouse embryos. Autophagy-defective
oocytes derived from oocyte-specific Atg5 (autophagy-related 5) knockout mice failed to develop
beyond the four- and eight-cell stages if they were fertilized by Atg5-null sperm, but could
develop if they were fertilized by wild-type sperm. Protein synthesis rates were reduced in the
autophagy-null embryos. Thus, autophagic degradation within early embryos is essential for
preimplantation development in mammals.

During the transition from oocyte to em-
bryo, maternal proteins and RNAs are
rapidly degraded and replaced by zygotic

proteins and RNAs. Degradation of maternal
RNAs is thought to be mediated by binding of
regulatory proteins to the 3′ untranslated regions
of target RNAs or by microRNAs (1, 2). In
contrast, the mechanisms by which maternal
proteins are degraded remain poorly under-
stood. In mammals, protein degradation accel-
erates shortly after fertilization and is apparent
by the early two-cell stage (3). Early embryo-
genesis may rely on the maternal protein stores

as nutrients. Several maternal proteins are de-
graded by the ubiquitin-proteasome system (4, 5),
but it is unknown whether macroautophagy
(referred to as autophagy hereafter), another
major degradation system, plays an important
role during this period. During autophagy, a
portion of cytoplasm is sequestered into an
autophagosome; this then fuses with the ly-
sosome, and the cytoplasm-derived materials
are degraded (6–10). Autophagy is important
for various physiological processes such as
starvation adaptation and intracellular quality
control.

To investigate whether autophagy occurs in
fertilized oocytes, we used autophagy-indicator
mice, in which green fluorescent protein (GFP)–
fused LC3, a mammalian Atg8 homolog present
on autophagosomes, is systemically expressed
(11, 12). We collected oocytes and embryos
from superovulated GFP-LC3 female mice after
mating with wild-type males (13). Although
metaphase II (MII) oocytes showed almost no
GFP-LC3 dots, a number of dots that repre-
sented autophagosomes appeared in fertilized
embryos at the one- to four-cell stage (Fig. 1, A
and B, and fig. S1A). Electron microscopy of
two-cell embryos confirmed the presence of
autophagic vacuoles (Fig. 1C and fig. S2).
Induction of autophagy was also confirmed by
LC3 conversion (11), which was increased in two-
cell embryos relative to MII oocytes (Fig. 1D).
Additionally, phosphorylation of S6 kinase was
reduced after fertilization, which suggested that
mTOR, a negative regulator of autophagy, was
inactivated (fig. S3). Thus, formation of auto-
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