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Abstract: Layered double hydroxides (LDHs) constitute an important group of materials with many applications
ranging from catalysis and absorption to carriers for drug delivery, DNA intercalation and carbon dioxide se-

questration. The structures of LDHs are based upon double brucite-like hydroxide layers [M?* M*_(OH)

2(m+n)]m+’

where M2+ = Mg?*, Fe?*, Mn?+, Zn?*, etc.; M3 = A, Fe?*', Cr®, Mn®, etc. Structural features of LDHs such as cat-
ion ordering, charge distribution and polytypism have an immediate influence upon their properties. However, all
the structural studies on synthetic LDHs deal with powder samples that prevent elucidation of such fine details
of structure architecture as formation of superstructures due to cation ordering. In contrast to synthetic materi-
als, natural LDHs are known to form single crystals accessible to single-crystal X-ray diffraction analysis, which
provides a unique possibility to investigate 3D cation ordering in LDHs that results in formation of complex su-
perstructures, where 2D cation order is combined with a specific order of layer stacking (polytypism). Therefore
LDH minerals provide an indispensable source of structural information for modeling of structures and processes
happening in LDHs at the molecular and nanoscale levels.
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1. Introduction

Layered double hydroxides (LDHs) consti-
tute an important group of materials with
many applications ranging from catalysis
and absorption to carriers for drug delivery,
DNA intercalation and carbon dioxide se-
questration.[!l The structures of LDHs are
based upon double brucite-like hydroxide
layers [M* M** (OH), . |™, where M*
= Mg*, Fe*, Mn*, Zn**, efc.; M* = Al**,
Fet, Cr**, Mn*, efc. The positive charge
of the layer is compensated by interlayer
species that may consist of anions (CO,”,
Cl, SO 42‘, etc.) or both anions and cations
(Na*, Ca*, Sr*, efc.). Structural features
of LDHs such as cation ordering, charge
distribution and polytypism have an imme-
diate influence upon their properties and
have been under extensive experimental
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and theoretical investigations recently.l?l In
particular, Mg-Al cation order is important
for catalytic activity of MgAl LDHs corre-
lated with the numbers of AI** sites at the
closest distance from an Al** site.l3] Differ-
ent distribution of Al in a Mg hydroxide
matrix also results in different charge dis-
tribution in the interlayer, which is critical-
ly important for intercalation reactions.[*]
However, all the structural studies on syn-
thetic LDHs deal with powder samples
that prevent elucidation of such fine de-
tails of structure architecture as formation
of superstructures due to cation ordering.
For instance, one of the most widely stud-
ied LDHs — Mg Al-CO, hydrotalcites do
not reveal any signs of superstructures in
their powder X-ray diffraction patterns,
though short-range Mg-Al ordering has
been detected by infrared (IR) and nuclear
magnetic resonance (NMR) spectroscopic
methods*! as well as atomic-force mi-
croscopy (AFM) studies of surfaces of
Mg, Al hydrotalcite crystals.[6!

In contrast to synthetic materials, natu-
ral LDHs are known to form single crystals
accessible to single-crystal X-ray diffrac-
tion analysis, which allowed the identifica-
tion of basic features of their crystal chem-
istryl’-131 and to demonstrate peculiarities
of cation and anion ordering.'4-161 Fig. 1
shows crystals of quintinite (Mg,Al-CO,
LDHs) varieties from Kovdor alkaline
massifs, Kola peninsula, Russia.ll”] In
this mineral deposit, LDH-group minerals
form at the late stages of hydrothermal ac-
tivity as a result of secondary interactions
of spinel crystals (see below).

In general, there are about 40 mineral
species that belong to the group of LDHs,
and many of them are important from both
geochemical and environmental view-
points. Green-blue iron LDH compounds
known as ‘green rust’ are observed as cor-
rosion products of steel,['8] as constituents
of waste sludges!'®! and as soil minerals.[20]
Hydrotalcite-type LDHs have also been
proposed as possible prebiotic information
storage and transfer compounds.2!]

In this contribution, we summarize re-
sults of studies on cation ordering and su-
perstructures in natural LDHs with special
emphasis on both 2D (intralayer) and 3D
(interlayer) ordering patterns and their re-
lation to polytypic variations observed in
this family of natural and synthetic com-
pounds.

2. Cation Ordering: 2D
Superstructures

In most of the known LDH minerals,
the M?*:M?** ratio in the double hydroxide
layers demonstrates a strong tendency ei-
ther to 2:1 or 3:1, which can be interpreted
as a result of formation of ordered M**-M*
2D superstructures shown in Fig. 2b and
c. The only known exception is werm-
landite, [Mg (Al Fe*),(OH) ][(Ca,Mg)
(80,),(H,0) 1,14 a mineral with the
M?:M?3* ratio of 7:2, which also shows or-
dered intralayer cation superstructure (Fig.
2d).

In minerals with M*: M3 =2:1, the M**-
M?* ordering was experimentally confirmed
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Fig. 1. Crystals of quintinite (natural Mg,Al-CO, LDH) polytypes from hydrothermal veins of the
Kovdor alkaline massif, Kola peninsula, Russia: (a) quintinite-2H-3c, (b) quintinite-1M, (c, d)

quintinite-2H-1c.
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Fig. 2. 2D M2?*-M3*
cation superstructures
in natural LDHs (M?*
and M® sites are
shown as green and
orange hexagons,
respectively): (a) ideal
brucite-like layer; (b)
layer with M?+:M3+

= 2:1; (c) layer with
Mz2+:M3+ = 3:1; (d) layer
with M2-:M3+ = 7:2.

in sulfates: motukoreaite, [Mg Al (OH) ]
[Na(S0,),(H,0) ,1,12?! shigaite, [Mn** Al
(OH) ,I[Na(S0O,),(H,0),,],'>land [Fe** Al,
(OH),J[Na(SO,),(H,0) ,J:116]  Sb(OH),-
intercalated LDH: zincalstibite, [Zn2A1
(OH)][Sb(OH) ], and cualstibite, [Zn,Al
(OH)][Sb(OH) .31 The only reports
of natural LDH carbonates with con-
firmed M?**-M3* order are the structures of
quintinite-2H-1¢,'41  quintinite-2H-3¢[24
and quintinite-1M.1251 For zaccagnaite,
[Zn,A1,(OH) ,I(CO,)(H,0),, Merlino and
Orlandil20] reported a perfect two-dimen-

sional long range ordering in the cationic
distribution, as indicated by the diffuse
streaks pointing to a supercell with a’” =
v 3a; however, there was no correlation of
the ordering in subsequent layers.
Detection of the cation ordering is es-
pecially problematic in synthetic powder
samples and, in particular, in synthetic
quintinites (Mg,Al-CO, LDHs). Richard-
son and Bratermanl>! investigated short-
range order in Mg—Al LDHs with Mg:Al
=2:1 and 3:1 by infrared (IR) spectroscopy
in the region between 400 and 250 cm™.

They studied both fresh and aged (for 24 h)
LDHs and found out that the aged Mg,Al
specimen shows a sharp 447 cm™ band,
which is diagnostic of lattice ordering and
which is absent in the IR spectra of fresh
Mg, Al and both fresh and aged Mg Al
samples. On this basis, they concluded
that a disorderly as-formed Mg, Al materi-
al through a solution-precipitation process
transforms into material with regular Mg—
Al order. The driving force for the ordering
is to avoid direct contacts of AI(OH), octa-
hedra, which, in Mg, Al LDHS, is possible
only through formation of a regular honey-
comb superstructure. In contrast, in Mg, Al
LDHs, Al-Al avoidance may be achieved
in a disordered fashion, i.e. without forma-
tion of a periodic superstructure.

Sideris et al*l investigated Mg—Al
ordering in Mg—Al carbonate LDHs with
the Mg:Al ratio of ca. 5:1, 4:1 and 2:1 by
means of combined 'H magic angle spin-
ning and *Mg triple-quantum magic an-
gle spinning nuclear magnetic resonance
(NMR) spectroscopy and found that the
Mg?* and A1I** are not randomly distributed
in the metal hydroxide sheets and that in
Mg, Al LDH they are ordered in a honey-
comb arrangement.

To our knowledge, the only evidence of
formation of 2D cation superstructures in
LDHs with M?*:M* = 3:1 comes from na-
noscale imaging of surfaces of hydrotalcite
crystals with the ordering pattern shown in
Fig. 2c. It is worthy to note that, though
other superstructures can also be theoreti-
cally constructed, the one shown in Fig. 2¢
has the most uniform distribution of triva-
lent cations over octahedral layer.

When compared to the monocation
[M(OH),] octahedral layer (Fig. 2a), cation
ordering results in formation of 2D super-
cells related to the a, parameter (~3.1-3.2
A) of the brucite-like layer as follows:

(i) for the hexagonal layer with M?*:M* =

2:1 (Fig.2b): @’ =b’=3"a, (~5.2-5.4

A);

(ii) for the hexagonal layer with M?*:M* =

2:1 (Fig. 2¢): @’ = b’ = 2a, (~6.3-6.4

A);

(iii) for the hexagonal layer with M**:M?3* =

7:2 (Fig. 2d): @’ = b’ = 3a, (~9.3 A).

The 2D supercells listed above can be
observed by X-ray diffraction methods
only when the cation ordering propagates
in the third dimension. The resulting sym-
metry of the whole structure is controlled
by the order and pecularities of the layer
stacking.

3. LDH Polytype Nomenclature

In the plane perpendicular to the direc-
tion of layer stacking, cations and anions
may occupy three distinct sites: A, B and
C (similar to the sites of spheres in closest
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Fig. 3. Projection of metal-centered octahedron with identification of cation position as b and
anion positions as A and C (a) and projection of double hydroxide layer parallel to its extension

(b).

Fig. 4. The interlayer space in the structures of LDHs (a) may consist either from trigonal prisms
(b: P-type interlayer) or octahedra (c: O-type interlayer).

packings). The upper (A, B, C) and lower
(a, b, ¢) case symbols are reserved for po-
sitions of hydroxyls and cations, respec-
tively. For instance, if hydroxyl anions of
the layer are in the A and C sites, the cat-
ions occupy the b sites, and the layer has
a structural formula AbC (Fig. 3). Since
positions of the cations within the layer are
uniquely determined by the hydroxyl posi-
tions, they can be omitted.

Stacking of two layers may result in
formation of two different types of in-
terlayers (Fig. 4). In the case where the
upper hydroxide sheet of the lower layer
and the lower hydroxide sheet of the up-
per layer have the same notations (e.g. A
and A), the interlayer may be represented
as consisting of trigonal prisms (Fig. 4b).
This type of interlayer is referred to as a
P-type and denoted with an equal sign (=)
(e.g. ...A=A...). In the case where the upper
hydroxide sheet of the lower layer and the
lower hydroxide sheet of the upper layer
have different notations (e.g. A and B), the
interlayer may be represented as consisting
of elongated octahedra (Fig. 4c). This type

of interlayer is referred to as an O-type and
denoted with a dash (-) (e.g. ...A-B...).
Using this simple and elegant scheme of
notations, Bookin and Drits[27! derived all
two- and three-layer LDH polytypes and
six-layer rhombohedral polytypes and cal-
culated their powder X-ray diffraction pat-
terns. For instance, there are exactly three
two-layer polytypes, ..AC=CA=AC...,
...AC-AB-AC..., and ...AC-BA=AC..., de-
noted as 2H , 2H,, and 2H,, respectively.
Out of these three polytypes, 2H | polytype
appears to be the most common in miner-
als (it is obviously the one observed for
manasseite). In this polytype, all cations
occupy the b sites and all interlayers are of
the P-type. Among three-layer polytypes,
the most common is the 3R, polytype that
has the structure ... AC=CB=BA=AC...,
i.e. all its interlayers are of the P-type. On
the basis of the nomenclature proposed by
Bookin and Dirits,[271 Bookin et al.28! in-
vestigated experimentally studied natural
LDHs and reported the occurrence of two-
and three-layer polytypes 2H| and 3R, in
COS—bearing minerals. In contrast, in sul-

fate-bearing LDHs, the situation is more
complex: both one- and three-layer poly-
types are observed with both P- and O-type
interlayers. However, despite the exhaus-
tive and rigorous character in derivation
of the polytypes, the current nomenclature
does not take into account such important
structural feature of LDHs as the ordering
of M?* and M3* cations within the double
hydroxide layers.

4. Cation Superstructures in
Natural LDHs: Case Studies

Recently, Krivovichev et al.?425] re-
ported structures of natural LDH crystals,
polytypes of quintinite,[?! from two dif-
ferent samples from hydrothermal veins of
Kovdor alkaline massif, Kola peninsula,
Russia (Fig. la, b). Chemical composi-
tion of the samples studied by the wave-
length dispersion spectrometry using a
Cameca MS-46 electron microprobe and
infrared spectroscopy provided the same
(within standard errors) chemical formula,
[Mg,AL(OH) ,](CO,)(H,0),. Single-crys-
tal X-ray diffraction study revealed that the
diffraction pattern of the samples quinti-
nite-2H-3c¢ and quintinite-1M was charac-
terized by the presence of strong and sharp
Bragg reflections and weakly discrete
diffuse-like lines. Whereas sharp Bragg re-
flections originate from basic layer stack-
ing of metal hydroxide layers, weak reflec-
tions are indicative of formation of 3-D
cation superlattices due to the Mg—Al or-
dering. For instance, diffuse streaks in the
diffraction pattern of quintinite-2H-3c are
extended along ¢* and centered at h—k #
3n relative to a supercell indexing (R-cell,
a = 5.2745(7), ¢ = 45.36(1) A). Indexing
of sharp Bragg reflections only resulted in
a small subcell with parameters a = 3.045,
¢ = 15.12 A, which are approximately in
agreement with unit-cell parameters of the
2H, polytype of Mg—Al LDHs.l!4I In the
large supercell, indices of the sharp Bragg
reflections correspond to conditions i—k =
3n and [ = 3n (Fig. 5a, b). A similar situa-
tion is observed also for quintinite-1M.

The unit-cell parameters obtained for
the two samples are given in Table 1. It is
noteworthy that, in quintinite-2H-3c, Mg—
Al ordering results in formation of a three-
fold superstructure relative to the usual
hexagonal 2H polytype, whereas, in quin-
tinite-1M, cation ordering and superlattice
formation results in a dramatic reduction
of symmetry: from rhombohedral (as in 3R
polytype) to monoclinic (and thus the sam-
ple should be qualified as a 1M polytype).

The structures of all four crys-
tals consists of metal hydroxide layers,
[Mg,Al(OH) J*, and a disordered inter-
layer (Fig. 6a). According to LDH poly-
type nomenclature,?”! the layer stacking
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Table 1. Crystallographic data for natural
Mg,Al-CO, LDHs (quintinites)

Sample quintinite-2H-3c  quintinite-1M

Sym- Rhombohedral Monoclinic
metry

Space R32 C2/m
group

alAl 5.2745 5.2662

b [A] = 9.114

c[A] 45.364 7.766

B[] - 103.17
VA3 1093.0 362.9

in quintinite-2H-3¢ can be described as
...AC=CA=AC..., with A and C being po-
sitions of hydroxide ions and b position of
cations (in the same manner as in closest
packing of equal spheres). The sequence of
layers within the unit cell can be described
as ...AC=CA=AC=CA=AC=CA..., since
the unit cell contains exactly six double
hydroxide layers. Thus, in terms of layer
stacking sequence, the structure clearly has
a pseudo-period with ¢ parameter of about
15.12 10\, i.e. three times smaller than the
one observed experimentally. The reason
for tripling the ¢ parameter is Mg—Al order-
ing in the [Mg,Al(OH),]* layer. There are
three symmetry-independent octahedral
cation sites in the structure of quintinite-
2H-3c. Since the site-scattering factors of
Mg?* and AI** cations are nearly identical,

Fig. 6. Crystal structure of quintinite-2H-3c (a)
and stacking of Mg,Al cation arrays with the
[Mg,AlL] repeat sequence (b) and three different
positions of the arrays (c).

the only way to distinguish between Mg
and Al sites is to analyse distribution of
the M-O bond lengths. The structure re-
finement indicates one M site with the M
bond lengths in the range of 1.936-1.940
A (assigned to Al) and two M sites with
the M—O bond lengths of 2.042-2.045 and
2.070-2.077 A (assigned to Mg). Accord-
ing to Bookin and Drits’ nomenclature,[27]
in the 2H polytype, all anions are either in
A or C positions, whereas all cations are in
the b positions. However, the sequence of
the b positions if seen along the ¢ axis is
occupied by Mg and Al cations differently.
This sequence can be written as [MgMg-
MgMgAIAl] or [Mg,AlL], taking into ac-

31 count that the content given in the square
@ brackets corresponds to the ¢ parameter
repeat. Considering possible relative posi-
/ tions of the 2D Mg-Al cation array, one
may distinguish exactly three different
Mg, Al arrays related to each other by ei-
ther a or b translations (Fig. 6b). These
arrays may be indicated as b,, b, and b,
d sesmcsw v b
R
L e
SRR
c
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Fig. 7. Crystal structure of quintinite-1M (a) and schemes of stacking of Mg,Al cation arrays along

the direction perpendicular to the layers (b-e).

(since all cations are in the b positions).
Therefore the full description of the layer
sequence (i.e. a description that takes into
account cation ordering) can be written as
...=Ab, C=Cb ,A=Ab,C=Cb,A=Ab,C=C
bA=...

The layer stacking in quintinite-
IM (Fig. 7a) can be described as
...=AB=BC=CA-=..., i.e. it corresponds to
a rhombohedral polytype structure typi-
cal for most synthetic Mg-Al LDHs.[30]
However, because of the cation ordering,
the situation becomes more complex and
can be deciphered from the analysis of
relative position of the 2D Mg, Al cation
arrays (Fig. 7b—e). First, it is obvious that
cations in quintinite- 1M are located in all
possible sites, a, b, and ¢, so that the full
description of the layer sequence should
be written as ..=AcB=BaC=CbA=... In
the case of complete Mg—Al disorder, a
structure with this sequence would have
a rhombohedral symmetry (space group
R-3m), but cation ordering results in sym-
metry reduction and formation of super-
structure. As can be seen from Fig. 7b—d,
Al cations in adjacent Mg, Al arrays are lo-

cated in one plane, which is a mirror plane
m in the space group C2/m. This results
in disappearance of the threefold sym-
metry axis perpendicular to the layers and
transition from rhombohedral to mono-
clinic symmetry. In order to distinguish
between a, b and ¢ positions occupied by
Mg and Al cations in the Mg Al array, we
identify them as a,, a,, a,, eic. Thus, the
complete layer stacking sequence can be
described as ..=A¢,B=Ba,C=Cb A=... It
is of theoretical interest that the sequence
..=Ac B=Ba C=Cb,A=... possesses a
trigonal symmetry with Al cations in ad-
jacent layers segregated along a 3, screw
axis, though this situation has not yet been
observed in LDHs. According to the tradi-
tional nomenclature of polytypes, sample
2 should be called quintinite-1M, since it
contains exactly one layer per monoclinic
unit cell.

The advantage of single-crystal dif-
fraction is the possibility to analyse elec-
tron density distribution in certain areas
of a structure. Fig. 8a shows the electron
density distribution map in quintinite-1M
at the interlayer level of z = 0.25. It can

be seen that electron density maxima cor-
responding to the O atoms of carbonate
groups are associated into almost continu-
ous toroidal regions, which makes the re-
finement procedure a difficult task. Since
there are no indications of any dynamic
disorder effects in the structure (e.g. ro-
tation of carbonate triangles), we assume
that the observed continuous character of
the tori is due to positional disorder. Fig.
8b shows an approximate identification of
the electron density peaks as proposed by
the refinement.

From the unit-cell parameters and the
results of crystal-structure refinement,
it is evident that quintinite-1M is iso-
structural to the monoclinic polytype of
[Li,Al,(OH),,](CO,)(H,0), reported pre-
viously.[2£311 However, it is the first case
of detection of monoclinic symmetry in
natural and synthetic LDHs with di- and
trivalent cations.

5. Conclusions

In contrast to synthetic samples of
LDHs, natural samples provide a unique
possibility to investigate 3D cation order-
ing, which may result in formation of rath-
er intricate superstructures, where 2D cat-
ion order is combined with a specific order
of layer stacking. These effects may easily
be neglected in powder X-ray diffraction

Fig. 8. Electron density Fourier map of
interlayer in quintinite-1M (a) and model of
disordered interlayer arrangement of carbonate
anions and water molecules (b).
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studies, since superstructure reflections are
too weak to be detected, especially in the
case of Mg—Al LDHs with almost identical
Mg and Al scattering factors. In this case,
LDH minerals provide an indispensable
source of structural information for model-
ing of structures and processes happening
in LDHs at the molecular and nanometer
levels.
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