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Abstract Layered double hydroxides (LDHs) have been known for a considerable time
and have been widely studied. The basic features of their structure, involving positively
charged brucite-like layers together with charge-balancing anions and water in interlayer
galleries are well understood, but some detailed aspects of their structure have been the
subject of controversy in the literature. In this article we review the wide range of experi-
mental and theoretical studies of the structure of LDHs, highlighting areas of consensus
and currently unresolved issues. We focus on the range of composition for which LDHs
may be formed, possible layer stacking polytypes, arrangement of guest species in the
interlayer galleries and the extent of order-disorder phenomena, both long-range and
short-range, in the layers and interlayer galleries.

Keywords Layered double hydroxide - Hydrotalcite - Structure - Diffraction - Polytype -
Order-disorder

Abbreviations
AEC Anion exchange capacity

AFM Atomic force microscopy
AQl5 Anthraquinone-1,5-disulfonate
AQ2 Anthraquinone-2-sulfonate

AQ26 Anthraquinone-2,6-disulfonate

BPC p-Benzoylbenzoate

CsC 4'-chloro-4-stilbenecarboxylic acid

DSC Differential scanning calorimetry

EDAX  Energy dispersive analysis of X-rays
EXAFS Extended X-ray absorption fine structure

HH Head-to-head

HT Head-to-tail

ICP Inductively coupled plasma emission spectrophotometry
IP Image plate

IR Infrared

JCPDS  Joint committee on powder diffraction standards

LB Langmuir-Blodgett

LDH Layered double hydroxide

MBSA  5-Benzoyl-4-hydroxy-2-methoxybenzenesulfonic acid
NEXAFS Near edge X-ray absorption spectroscopy (synonym for XANES)
NHA 4-Nitrohippuric acid

NMR Nuclear magnetic resonance

SAED  Selected area electron diffraction

STEM  Scanning transmission electron microscopy

STM Scanning tunneling microscopy

uv Ultraviolet

XAS X-ray absorption spectroscopy

XANES X-ray absorption near-edge spectroscopy

XRD X-ray diffraction



Structural Aspects of Layered Double Hydroxides 3

1
Introduction

Layered double hydroxides (LDHs) [1-3] have been known for over 150 years
since the discovery of the mineral hydrotalcite, and a large class of miner-
als with closely related structures are usually known to mineralogists as the
sjogrenite-hydrotalcite group [4]. Although the stoichiometry of hydrotal-
cite, [MgeAl,(OH);6]CO3-4H,0, was first correctly determined by Manasse in
1915, it was not until pioneering single crystal X-ray diffraction (XRD) stud-
ies on mineral samples were carried out by Allmann [5] and Taylor [6,7] in
the 1960s that the main structural features of LDHs were understood. Nearly
40 years later, however, many of the fine details of the structure such as the
range of possible compositions and stoichiometry, the extent of ordering of
metal cations within the layers, the stacking arrangement of the layers and the
arrangement of anions and water molecules in the interlayer galleries are not
fully understood and have been the subject of some controversy in the litera-
ture. In this article we review the wide range of experimental and theoretical
studies of the structure of LDHs, highlighting areas of consensus and cur-
rently unresolved issues. In addition to due reference to key papers from the
earlier literature, recent work published up to early 2005 has been covered.

2
Basic Structural Features

2.1
Brucite Layers

The basic layer structure of LDHs is based on that of brucite [Mg(OH);]
which is of the CdI, type, typically associated with small polarizing cations
and polarizable anions. It consists of magnesium ions surrounded approxi-
mately octahedrally by hydroxide ions. These octahedral units form infinite
layers by edge-sharing, with the hydroxide ions sitting perpendicular to the
plane of the layers as shown in Fig.1 [8]. The layers then stack on top of
one another to form the three-dimensional structure. From the point of view
of close-packing, the structure can be said to be composed of close-packed
planes of hydroxyl anions that lie on a triangular lattice. The metal cations
occupy the octahedral holes between alternate pairs of OH planes and thus
occupy a triangular lattice identical to that occupied by the OH ions. In actual
fact, both the local geometry around the metal and the close-packing of the
hydroxyl anions are strongly distorted away from the idealized arrangements.
The octahedra are compressed along the stacking axis, so that the local geom-
etry at the metal is D34, rather than Oy,. This has the effect of increasing the
O----0 and Mg- - - -Mg distances parallel to the plane from 0.2973 nm (ideal
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Fig.1 Stereographic projection of brucite. Reprinted with permission from L. Eriksson,
U. Palmgqvist, Studsvik Neutron Research Laboratory Report 482. Copyright University of
Stockholm

Oy, geometry) to 0.3142 nm (experimental distance) and decreasing the thick-
ness of the layers from 0.2427 to 0.2112 nm, with the O — M — O bond angles
becoming 96.7° and 83.3° rather than a regular 90° [9]. This distortion has
been discussed from a molecular orbital viewpoint [10] and an almost con-
stant distortion has been suggested for all brucite-like hydroxides on the basis
of the correlation between unit cell parameters and M — O distances [11].
The distortion of the brucite layers does not change the hexagonal symme-
try (a, = b, = 0.3142 nm, ¢, = 0.4766 nm, y = 120°) and the space group is
P3m1l. Note that the value of a, is equal to the nearest neighbor Mg- - - -Mg
distances parallel to the plane. The O — H bonds are directed along the three-
fold axes towards the vacant tetrahedral site in the adjacent layers. The nature
of the weak forces between the layers has been the subject of considerable
controversy in the literature with different importance being attached to con-
tributions from dispersion forces and hydrogen bonding [8, 12-14].

2.2
Cation Substitution in Brucite-like Layers

2.2.1
Possible Identity of M"'/M" lons and Range of Values of the M" /M"! Ratio

The basic structure of an LDH may be derived by substitution of a fraction
of the divalent cations in a brucite lattice by trivalent cations such that the
layers acquire a positive charge, which is balanced by intercalation of anions
(and, usually, water) between the layers. It is the possibility of varying the
identity and relative proportions of the di- and trivalent cations as well as
the identity of the interlayer ions that gives rise to the large variety of mate-
rials having the general formula M, _ ML (OH), |**[A™] x/n"YH20, which
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belong to the LDH family. Many ternary LDHs involving mixtures of differ-
ent M and/or M'! cations can also be prepared and even quaternary LDHs
have been reported [15]. In fact the range of materials is even larger than
suggested by this formula because materials containing monovalent lithium
ions of the type [LiAl;(OH)g]"[A™ ]1/,-yH20 are also known [16] and have
similar structures.

A number of empirical studies have attempted to define the boundaries
that indicate which metal ions can form LDHs. For example, the roles of the
absolute values of ionic radii and the difference in ionic radii of M and
MM [3,17-21] as well as the values of the solubility products of MY(OH),
and MYCO; [22] have been speculated on in the literature. In earlier pub-
lications [1,23], it was often stated that ions such as Cu’?* that are sub-
ject to a Jahn-Teller distortion do not form LDHs unless diluted by other
cations [24], but more recently examples of CuH—containing LDHs such as
[Cug.69Cro.31(OH),]Cly 31 - 0.61H,0 [25, 26] have been well characterized (see
Sect. 3.2.2), although the material does show a corrugation of the sheets as-
sociated with the Jahn-Teller distortion around individual Cu!! centers as
discussed in Sect. 3.4.

More recently a number of studies of the thermodynamic factors af-
fecting the formation of LDHs have been reported. The enthalpies of for-
mation from the elements of a series of Mg/Al—CO3; LDHs with differ-
ent Mg/Al ratios have been measured by high-temperature oxide-melt so-
lution calorimetry [27]. Compared with a mixture of Mg(OH),, Al(OH)s,
MgCO; and water and it was found that the LDHs are more stable by
10-20 kJmol™!, but there is no correlation with Mg/Al ratio. Similar results
were obtained [28] from calorimetric measurements of the heats of formation
of LDHs of the type [COo.gAlo_z(OH)z](NO3)Q.2},(CO3)0.1(1_),)-(0.7 - 0.3)/)H20
and [(NiyCo1-y)o.8Alo.2(OH)2](CO3)o.1 - 0.7H20. Based on measurements of
solubility products of [M4Al;(OH);2]CO3-1nH,0, it has been concluded [29,
30] that the thermodynamic stability of the LDHs is greater than that of the
corresponding divalent hydroxides below pH = 10 (M = Zn), 9 (M = Co) and
8 (M = Ni); for M = Mg, the LDH is more stable up at least pH 12. It has
been proposed [31, 32] that simple thermodynamic models can be used to
determine the standard molar Gibbs free energy of formation of LDHs by,
for example, using the tabulated values for the corresponding divalent and
trivalent metal hydroxides and the salt of the divalent cation according to the
following stoichiometric equation:

(1 -3x/2)M"(OH); + xM™(OH)3 + (x/2)M" (A" )3/
= [MHl—xMHIx(OH)Z](An_)x/n > (1)
although water was apparently not included in these calculations. Standard

Gibbs free energies of formation of several so-called green-rust type LDHs
of the type [FeHl_xFeHIx(OH)z]“(A”‘)x/n-nHZO have been tabulated [33]. It



6 D.G. Evans - R.C.T. Slade

has been suggested that equilibria between these species and related ternary
species such as [FeHl_x_yngFemx(OH)z](OH)x-nHZO are responsible for
controlling the distribution of iron in hydromorphic soils and relevant solu-
bility products have been determined [34-36]. Braterman and coworkers [37,
38] have analyzed the stabilities of LDHs of the type [M!;_ M!!, (OH),]Cl,-
nH,O relative to the corresponding metal hydroxides/hydrous oxides. The
LDH stabilities were found to vary in the order Mg < Mn < Co & Ni < Zn
for Ml and Al < Fe for M., On the basis of pH titration curves for the
reaction of NaOH with the mixed chloride salt solutions, it was suggested
that the hydroxide or hydrous oxide is generally formed first at lower pH
and subsequently reacts with the aqueous M ions at higher pH to form the
LDH. The LDHs were shown to be generally thermodynamically unfavor-
able with respect to mixtures of metal hydroxides, but mass action effects
associated with the high concentration of the anion in solution drive the sys-
tem in the direction of the LDH. In contrast, for the case of M = Cr, the
formation of [M;_,Cr'",(OH),]|Cl,-nH,0 occurs in a single step without
formation of Cr(OH)s. The solubility products of the LDHs vary in the order
Zn < Ni ~ Co. For M = Mg, the corresponding LDH chloride could not
be prepared although the sulfate analogue could be isolated via a two-step
process.

It is often said [1, 3, 19, 21] that pure LDH phases can only be formed for
stoichiometries in the range 0.20 < x < 0.33, i.e. M!/M!!! ratios in the range
2-4. Tt has been argued that for x > 0.33, the presence of M _ 0 - MM Jink-
ages would be required and these are unfavorable from the point of view of
charge repulsion (the so-called cation avoidance rule) [36, 39, 40]. It has been
demonstrated, however, that such M — 0 — M linkages can occur in LDHs,
at least in the case of M = Cr. Reaction of a perchlorate solution of the dimer
[(H,0)4Cr(jL — OH),Cr(OH,)4]*" with ZnO and subsequent anion exchange
affords [41] grayish-blue [Zn;Cr4(OH);,]CO3-5H,0, which has a ligand field
splitting less than that of blue-green [Zn4Cr,(OH);2]CO3 - 3H,0. The exis-
tence of the dimeric unit in the Zn;Cry LDH was confirmed by UV-visible
spectroscopy and ion-exchange chromatography after dissolution of the LDH
in perchloric acid.

In the dioctahedral gibbsite [y-Al(OH)s3] lattice only two-thirds of the
octahedral sites are occupied by cations. A novel variant of LDHs hav-
ing the formula [MTAL,(OH)2](NO3),- nH,0 (M = Co, Ni, Cu, Zn) have
been prepared [42] by reaction of activated gibbsite with the corresponding
MIT(NO3), solutions. Half of the cation vacancies have been filled with M
cations, so that although the MU /Al ratio is 1: 4, there are still cation va-
cancies unlike in the trioctahedral brucite-like layers of conventional LDHs
where all the octahedral sites are occupied. In the case of monovalent Li*
cations, the vacancies in gibbsite can be completely occupied giving a series
of LDHs containing [LiAl,(OH)s]* layers that have been widely studied and
fully structurally characterized as noted above [16].
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Theoretical calculations [43] based on first principles molecular dynam-
ics discussed in Sect. 3.2.6 have suggested that Mg,Al LDHs are most stable
for n =3 (i.e. x =0.25) and indeed many minerals, including hydrotalcite it-
self, have this stoichiometry [4]. It has been reported that the synthesis of
LDHs (with benzoate or terephthalate anions in the interlayers) from solu-
tions containing Mg/Al = 2, leads to LDHs having the same composition
when the synthesis is carried out at moderate temperatures but LDHs with
Mg/Al = 3 (plus AIOOH) when the reaction is carried out under hydrother-
mal conditions [44]. It was proposed that the latter ratio represents the
thermodynamically most favorable product. A similar observation has been
reported [45] for solutions with Nil/Fell! = 2, where hydrothermal prepar-
ation led to segregation of an LDH with Nill/Fe!l! = 3 and Nil'Fe!'l,0,. An
attempt to synthesize a Co'’s Al LDH resulted in partial oxidation of the Co'!
and formation of a Co';Co', 3 LDH with complete migration of ARt from
the layers to generate interlayer aluminum oxy-species [46].

There have been many claims that LDHs can be formed with stoichiome-
tries outside the range 0.20 < x < 0.33 [17, 21], with reported values of x down
to as low as 0.07 for Mg/Ga— COs LDHs [47] and as high as 0.41-0.48 for
MMM — CcO; LDHs (MY = Mg, Ni, Co, Cu; M = Al, V) [48-52] and 0.5
for Fell/Felll LDHs [53]. It has been suggested [54] that ion-exchange re-
actions at relatively low pH favor leaching of M ions from the layers and
thus gives rise to high values of x. There are, however, many difficulties in
determining the exact value of x in LDHs. Elemental analysis of the metal
content of a solid phase will give erroneous values if the LDH is mixed
with M'(OH),, MII(OH)3 /M OOH or other phases that might be expected
to segregate [36] when the synthesis mixture contains either very high or
very low MT/M' ratios. Whilst such phases can sometimes be observed
by XRD [44,55-58], more often than not they are likely to be amorph-
ous and remain undetected by XRD [59]. It has been noted that preferred
orientation of LDH samples tends to make it difficult to observe weak reflec-
tions from small amounts of such impurities [60]. Other methods sometimes
provide evidence of impurity phases. Small quantities of Co304 admixed
with Mg/Co!'/Co™! LDHs have been identified by FTIR [61]. The presence
of significant quantities of amorphous iron(III) oxides such as ferrihydrite
FesHOg- 4H,0 mixed with Mg/FeIII LDHs has been detected [62,63] by
Mossbauer spectroscopy at 4.2 K, since ferrihydrite and related species are
magnetically ordered at this temperature and give a sextet in the Mossbauer
spectrum whereas the Fe!l! ions in the LDH are not and give a doublet. It
has also been suggested, however, that the presence of Fe!' — O — Fe!l! moi-
eties in the LDH itself can be inferred from Mdssbauer spectroscopy and
it has been speculated [64] that the acidic nature of the MgFe,OH units
favors deprotonation so that the anion exchange capacity of the materi-
als remains constant when x > 0.33, i.e. the structure can be written as
[Mg:-xFex(OH)2-,05](CO3) (x-y)/2-nH2O.
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It has been proposed that, if no change in Mg/Al ratio is observed after
washing an Mg/Al - CO3; LDH with hot NaOH, this can be taken to indicate
the absence of amorphous aluminum oxy-species [51]. It has also been sug-
gested [65] that consistent values of the metal content of the bulk phase (e.g.
as determined by ICP) and that of the surface (as determined by EDAX) is
good evidence for the formation of a single LDH phase. It has been proposed
that use of a high resolution scanning transmission electron microscope
(STEM) coupled with EDAX allows the composition of LDH platelets to be de-
termined in the presence of non-LDH impurities, which have particles with
clearly different morphology [49]. Since carbonate-containing LDHs are char-
acterized by the formula [MHl_xMHIx(OH)Z](CO3)x/z-yHZO, it is sometimes
suggested that analysis of the carbon content gives a more reliable guide to
the value of x than metal analysis [57]. Other studies have, however, indi-
cated [66, 67] that LDHs can adsorb significant amounts of CO; or carbonate
anions on external non-gallery surfaces, affecting the carbon content and so
suggesting that this may not be a reliable indication of the value of x.

On balance, it seems, therefore, that the range of stoichiometries for which
LDH phases can be prepared is relatively narrow and that many of the ma-
terials reported in the literature with unusually high or low values of x are
probably not pure single phases.

Structural studies of LDHs discussed in Sects. 3.3 and 3.4 indicate that the
metal-oxygen octahedra in LDHs are compressed along the ¢ axis exactly as
for brucite with the O — M — O bond angles being distorted considerably (typ-
ically by 7-8°) from an ideal octahedral arrangement. It has been suggested
that the observed broadening of the d-d transitions of Cr'!l ions in LDHs is
associated with this distortion from Oy to D3; symmetry [41, 68]. As noted
in Sect. 2.1, the value of the unit cell parameter a, of brucite (0.3142 nm) is
equivalent to the mean distance between adjacent cation centers in the close-
packed sheets and the value of the corresponding parameter for LDHs can
be correlated with the average radii of the metal cations in the layers. To
a first approximation, the value of a, may be calculated [56,69] assuming
Vegard’s law and an ideal atomic arrangement for the cations; in that case
a, = +/2d(M - 0), where the metal-oxygen bond length d(M — O) is related to
the ionic radii by the equation

d(M-0) = (1 - x)r(M") + xr(M") .
From this it follows that
8ao/8x = - v/2[r(M™) - r(M™)] .

The values of a, for Mg;_xAl, LDHs (~ 0.302-0.307 nm) are smaller than
the value for brucite and decrease with x, since the Shannon crystal ra-
dius of APP* is smaller than that of Mg?* (0.0675 vs. 0.0860 nm) [70].
Some typical data are shown in Fig.2 for Mg/Al-CO3 and Zn/Al-COs;
LDHs [19] (the Shannon crystal radius of Zn?* is 0.088 nm) and there are
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many other examples in the literature for a wide variety of LDHs [20, 39,
46,55,71-77]. Ab initio molecular orbital calculations on dimers of the
type [(H,0)2(OH);Mg(1+-OH),Mg(OH),(OH,)]*" and [(H,0),(OH),Mg(u-
OH),Al(OH),(0OH;)]- have reproduced the experimental values of the
M. - - -M distances in brucite and LDHs [78].

Where there is no correlation between the value of a, and the apparent
composition of the LDH, this may indicate that other non-LDH phases are
also present [58]. It has often been observed in the case of Mg/Al LDHs with
interlayer carbonate [51] or nitrate [55] anions that the value of a, remains
essentially constant (= 0.304 nm) for values of x > 0.33. In some cases the
presence of an impurity such as gibbsite has been observed by XRD [55], sug-
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Fig.2 Variation of the hexagonal unit cell parameters of Mg/Al- CO3 and Zn/Al - CO3
LDHs with the M"/M! ratio used in their preparation. Reprinted with permission
from [19]. Copyright Cambridge University Press
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gesting that the LDH phase has x ~ 0.33 with the excess AI’* incorporated in
the impurity. It has been argued, however, [51] that a value of (= 0.304 nm)
represents the closest possible approach of Mg?* and AI’* cations and pure
LDH phases with x > 0.33 also have a, ~ 0.304 nm. With [Fe(CN)g]?~ as the
guest anion in Mg/Al LDHs, a linear variation in the value of a, against x in
the range 0.10-0.48 has been reported, however, [76] with a value of x = 0.48
being associated with a, = 0.302 nm. A correlation of the value of a, with
values of x up to 0.44 has also been reported for Zn/Al - CO3 LDHs [49]. Al-
though in principle, the value of a, provides a useful way of estimating the
value of x (at least up to x ~ 0.33), as discussed in Sect. 3.1, the experimen-
tal value of g, is determined from the position of the (110) reflection in the
powder XRD pattern. This reflection is often weak and may be broadened and
overlap with the adjacent (113) reflection so that its position may be diffi-
cult to determine sufficiently accurately to give a meaningful measure of x. In
some cases, deconvolution of the overlapping (110) and (113) reflections has
been reported [55,79] in an attempt to overcome this problem.

The basal spacing of an LDH (the distance from the center of one layer
to that in the adjacent layer) is obviously much greater than that in brucite
(co =0.4766 nm) because of the absence of any interlayer anions and water
in the latter. The LDH basal spacing shows some correlation with compo-
sition of the layers, although clearly the size of the anion and the extent of
hydration will also have a major influence [1, 17, 19]. For Mg, Al — CO3 LDHs
it has been reported that the basal spacing decreases from 0.7928 nm for
n=>5 to 0.7591 nm for n = 24. [N.B. As discussed below, the crystallinity of
LDH materials reported in the literature varies over a very wide range. Struc-
tural data are therefore given to varying numbers of significant figures in
the literature, (hopefully!) taking into account the degree of crystallinity of
the sample; the quoted values are reproduced in this review without any at-
tempt at harmonization]. There is a small contraction in the layer thickness
from 0.2001 nm (n = 5) to 0.1959 nm (n = 2) (as compared with 0.2101 nm in
brucite [8,13]), which parallels the decrease in a,. Almost all of the change
in basal spacing, however, can be attributed to the decrease in the thick-
ness of the interlayer galleries [39]. The charge density of the layers increases
with decreasing n leading to stronger electrostatic bonding with interlayer
anions and stronger hydrogen bonding with interlayer water molecules. In
the case of [Nig_xMgxFe;(OH)16]CO3-4H,0, the basal spacing was reported to
show a monotonic increase from 0.778 nm (x = 0) to 0.791 (x = 6) although
the overall cationic charge on the layers does not change [80]. This was in-
terpreted as indicating that OH groups bonded to Ni?* are more strongly
polarized than those bonded to Mg?* and hence form stronger hydrogen
bonds with interlayer carbonate anions. A similar increase in basal spacing
in LDHs of the type [Co,Fe,Al;_,(OH);]Cl-nH,0 from 0.7637 nm (y = 0) to
0.7893 nm (y = 1) was ascribed to a variation in the thickness of the layers,
however [72].
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2.2.2
LDHs with MV lons?

Although it has long been established that many combinations and per-
mutations of divalent and trivalent cations can form LDHs and that one
monovalent cation (Li*) is also able to form LDHs based on [LiAl,(OH)¢]*
layers, the question of possible incorporation of tetravalent ions into the
LDH layers has been more controversial. A number of recent papers have
reported the possibility of synthesizing LDHs containing M'V ions includ-
ing Mg/Al/Zr!Y — CO;5 [81-84], Mg/Al/Sn!Y — CO; [85], M!/Al/Sn!Y — CO;
(M = Co, Ni) [86], M!I/Al/Sn!Y — CO5; (MU = Mg, Ni, Zn) [87], Mg/Al/Ti'V
- COs3 [88], Mg/Al/SiIV —CO3 [89] and even a Zn/Ti!V — CO3 LDH containing
no trivalent cations [90].

Recently, however, considerable doubt has been cast on these conclu-
sions. In the case of the putative Mg/Al/Sn'Y — CO3, Mg/Al/Zr!Y — CO; and
Co/Al/Sn!Y — CO; materials it has been unambiguously shown by X-ray ab-
sorption spectroscopy (XAS) and Mossbauer spectroscopy that the tetrava-
lent cations are segregated from the LDH structure and form amorphous
MV oxide-like particles [69]. It was further demonstrated that the increased
values of a, previously attributed to the introduction of the large M'V cations
could equally well be explained by the changes in Mg/Al ratio in an LDH
phase with no incorporation of M'V. A similar analysis of a material described
as a Co/Al/TilV — CO3; LDH has also clearly shown that the Ti'V cations are
not incorporated in the LDH sheets [91]. These results highlight the dan-
gers of postulating the composition of an LDH based solely on analytical data
and the value of unit cell parameters, as discussed in Sect. 2.2.1 for Ml /M!!!
LDHs.

23
LDH Interlayers

The interlayer galleries of LDHs contain both interlayer anions and water
molecules and there is a complex network of hydrogen bonds between layer
hydroxyl groups, anions and water molecules. The interlayers are substan-
tially disordered and hydrogen bonds are in a continuous state of flux so that
the precise nature of the interlayer is extremely complex [3]. The bonding
between octahedral layers and interlayers involves a combination of elec-
trostatic effects and hydrogen bonding. Hydroxyl groups, particularly those
bonded to trivalent cations are strongly polarized and interact with the inter-
layer anions. Every anion has to satisfy excess positive charges on both of the
sandwiching octahedral layers, which are electrically balanced by two neigh-
boring interlayers; it has been suggested that charge compensation in LDHs
has many of the characteristics of resonance effects [92].
The structure of the interlayer galleries is discussed in detail in Sect. 3.2.
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24
Layer Rigidity

The rigidity of the layers in a two-dimensional solid has a significant effect on
its properties [93]. An interlayer rigidity parameter p ~ 5 was determined for
LDHs by fitting the basal spacing of [Zng 61 Aly.39(OH)2](CO3)0.195(1-y) Clo.39y 7
H,O0 as a function of composition y to the standard version of the discrete fi-
nite layer rigidity model [94, 95]. This value indicates LDH layers are much
more rigid than those in graphite (p & 2) and much less rigid than those of
2: 1 phyllosilicate clays such as vermiculite (p ~ 7) and are more comparable
to, although somewhat more rigid than, metal dichalcogenides (p ~ 3.5) [93].
These values are consistent with the number of planes of atoms from which
the layers are composed (one for graphite, three for LDHs and metal dichalco-
genides and seven for 2 : 1 clays).

As a result of the relatively rigid layers, strong forces are exterted on the
interlayer guests in LDHs. From the magnitude of the red shift in the photolu-
minescence observed on intercalation of [SmW;¢036]°~ in LDHs, it has been
estimated that the layers exert a uniaxial stress of about 14 GPa on the guest
anion [96, 97].

3
Detailed Structural Characterization of LDHs

3.1
Stacking Sequences in LDH Polytypes

The brucite-like layers in LDHs may be stacked in different ways, which gives
rise to a variety of possible polytype structures. All sites in the (110) plane of
the close packed hydroxide layers may be represented as A, B or C related by
lattice translations of (1/3, 2/3, 0) or (2/3, 1/3, 0), and the location of octahe-
dral holes occupied by metal cations can be described analogously as a, b or
c. Thus a single brucite layer can be represented as AbC (since, if close packed
hydroxyls occupy A and C sites, the cations must, of necessity, occupy b sites
the abbreviation is sometimes simplified to AC, but we retain the full descrip-
tion here). AbC layers may be stacked in various ways giving rise to a large
number of possible polytypes. At the most basic level, these polytypes may be
classified in terms of the number of sheets stacked along the ¢ axis of the unit
cell, but such an approach overlooks some interesting detailed structural fea-
tures associated with the stacking of the sheets. If the opposing OH groups of
adjacent layers lie vertically above one another (say both in C sites), a trigo-
nal prismatic arrangement (denoted by =) results; if the hydroxyls are offset
(say one layer in C sites and those of an adjacent layer in either A or B sites)
then the six OH groups form an octahedral arrangement denoted by ~. Thus
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brucite itself can be denoted as ...AbC~ADbC... or 1H, where the “1” denotes
a one-layer polytype and the “H” denotes a stacking sequence with hexagonal
symmetry. Bookin and Drits [98-100] have systematically derived all of the
possible polytypes for other stacking sequences. There are three possible two-
layer polytypes, each of which has hexagonal stacking of the layers, which can
be denoted as follows:

...AbC=CbA=AbC... 2H,
...AbC~AcB~AbC... 2H,
...AbC~BcA=AbC... 2H;

Note that in the case of the 2H; polytype, the cations all occupy b positions,
i.e. are aligned on a normal to the layers (this is also the case for the 1H poly-
type), whereas for the other two polytypes the cations alternate between b
and c sites. Note also that the interlayers in the 2H; polytype are all prismatic
and those in the 2H; polytype are all octahedral, whilst in the 2H3 polytype
both types of interlayers are present.

There are nine possible three-layer polytypes. Two of these have rhombo-
hedral symmetry (3R):

...AbC=CaB=BcA=ADbC... 3R,
...AbC~BcA~CaB~AbC... 3R,
whilst the remaining seven have hexagonal symmetry:
...AbC~AcB~AcB~ADbC... 3H,;
...AbC~AcB~CaB~AbC... 3H,
...AbC~AcB=BcA~AbC... 3H;
...AbC~AbC=CbA=AbC... 3H,
...AbC~AcB=BaC~AbC... 3H;
...AbC~AcB~CbA=AbC... 3Hg
...AbC~AbA~BcA=ADbC... 3H;

Note that the cations are homogenously distributed over a, b and ¢ sites in the
case of the 3R}, 3R, and 3H; polytypes. For the 3R; polytype, the interlayers
are all prismatic and in the case of 3Ry, 3H; and 3Hj they are all octahedral;
other polytypes involve both types of interlayers.

Bookin and Drits [98-100] have also described the large number of pos-
sible six-layer polytypes, some of which have rhombohedral symmetry (6R)
and the remainder hexagonal symmetry (6H).

The identity of the polytype present in a given LDH sample may, in prin-
ciple at least, be determined from the powder XRD pattern, although as we
shall see for many LDHs this is not possible, as the amount of useful infor-
mation therein is limited. By convention, the indexing of powder patterns for
rhombohedral polytypes is based on a triple hexagonal unit cell (see Fig. 3).
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F

Fig.3 Relationship between the triple hexagonal cell with axes OE, OF, OG to the primi-
tive rhombohedral cell with axes OA, OB, OC

Although such a cell is not primitive, it is easier to visualize and facilitates
direct comparison with hexagonal structures.

The reflections in the XRD pattern of an LDH fall into three groups:

(1) A series of strong basal (00]) reflections at low angles allow direct de-
termination of the basal spacing normal to the (00l) plane (c,), which equals
the thickness of one brucite-like layer plus one interlayer. For an n-layer poly-
type, the unit cell parameter ¢ = nc,, and the lowest angle reflection is indexed
as (00n) although its spacing always corresponds to c,. Higher order (00I) re-
flections generally have spacings corresponding to ¢, /2, ¢,/3, ... However, this
relationship will break down if there is imperfect stacking along the ¢ axis.
This can arise if there is interstratification (interlayers have varying anions
and/or water composition) [101, 102] or varying extents of disorder in the in-
terlayers [100, 103]. In addition, if the LDH is composed of very thin platelets,
the small coherent scattering domains in the ¢ direction lead to the basal re-
flection being shifted to a slightly lower angle, giving an apparent spacing
that is greater than the true value of ¢, calculated from the higher order basal
reflections [100].

Where basal and non-basal reflections overlap, useful information can
sometimes be obtained by comparing the intensities of XRD patterns of pref-
erentially ordered samples with those of randomly oriented samples. The
former may be prepared by drying suspensions of finely ground LDHs in
water on glass slides [104] or by thorough pressing and sliding of the finely
ground sample [105]. The latter may be obtained by means of the McMur-
die [106] or Petrov [105] methods. The intensities of reflections from planes
oriented approximately parallel to the sample holder (i.e. (00]) and other
planes closely inclined to the basal plane) are enhanced relative to those of
other planes for preferentially ordered samples. If the two XRD patterns are
subtracted from one another (after preliminary normalization of the inten-



Structural Aspects of Layered Double Hydroxides 15

sity of a reflection from a plane inclined at approximately 45° to the basal
plane), overlapping basal and non-basal reflections can be resolved [105]. For
example, using this method Stanimirova [105] has concluded that a hydro-
talcite mineral sample from Snarum in Norway contains a mixture of three
polytypes.

(2) The position of the (110) reflection at high angle (near 60° 26 for Cu
K, radiation) allows the value of the lattice parameter g, to be determined,
since a, = 2d(110). The value of a, corresponds to the distance between two
metal cations and its value should therefore reflect the radii of the cations, as
discussed in Sect. 2.2.1.

(3) Finally, the positions of the (01]) and/or (10!) reflections at intermedi-
ate angles can be used to determine the stacking pattern of the layers. Using
the values of a, and ¢, determined as above, the number of layers stacked
along the ¢ axis of the unit cell can be determined by calculating the values
of d(hkl) for each possible value of ¢ (co, 2¢o, 3¢,...) using the relationship

1/d*(hkl) = 4(h* + hk + K*)/3a> + P /2.

The true c value gives coincident calculated and experimental values for the
positions of the (01/) and/or (10l) reflections within experimental error.

Furthermore, rhombohedral and hexagonal structures can be distin-
guished by systematic absences: for rhombohedral structures, reflections
are systematically absent unless - h + k + [ =3n, where n is an integer
and h, k and [ are the (hexagonal) Miller indices, whilst the presence
of strong reflections with - h + k + [ # 3n indicates hexagonal symme-
try [44]. The diffraction pattern in Fig. 4a is that of a synthetic hydrotalcite
[MgeAl,(OH)16](CO3)-4H,0 [107]. The observed reflections can be indexed
in a three-layer 3R polytype with rhombohedral symmetry (space group
R3m) with unit cell values of a, = 0.306 nm and ¢ = 2.34 nm. In this case, the
basal repeat distance, ¢,, is ¢/3. The pattern in Fig. 4b [107] is that of the min-
eral manasseite (JCPDS 14-525) which has the same formula as hydrotalcite
and the reflections can be indexed in a two layer 2H polytype with hexagonal
symmetry (space group P63/mmc) with unit cell values of a, = 0.306 nm and
¢ =1.56 nm. The basal spacing ¢, corresponds to ¢/2 and is numerically iden-
tical to that in hydrotalcite.

In order to distinguish between different polytypes with closely related
stacking sequences it is essential to analyze the intensities of the non-basal re-
flections. Bookin and Drits [98-100] have simulated the diffraction patterns
of many different polytypes. Although only qualitative results were obtained
because the calculations neglect scattering of anions and water molecules in
the interlayers, a set of criteria were derived that can be used to distinguish
between different polytypes. For example, for the 3R; polytype, intensities of
(01(I+1)) reflections are stronger than (10) (I = 3n + 1, n = integer) whereas
the reverse is true for the 3R; polytype. The presence of (012), (015) and
(018) reflections in Fig. 4a indicates that hydrotalcite has the 3R; structure
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Fig.4 Diffraction patterns of a a synthetic hydrotalcite [MgsAl,(OH)16](CO3)-4H,0
which has a 3R polytype and b the mineral manasseite which has the same formula as
hydrotalcite but a 2H polytype. Reprinted with permission from [107]. Copyright Kluwer
Academic Publishers

and it is generally believed that most carbonate-containing LDHs have this
structure [7, 100] since, the prismatic arrangement of hydroxyl groups allows
those in both upper and lower layers to form hydrogen bonds with the oxygen
atoms of the carbonate anions (see Sect. 3.2). Jones et al. [108] have reported
the synthesis of the 3R, polytype of an LDH by hydrothermal treatment of
a mixture of a flash calcined gibbsite and magnesium oxide, characterized
by strong reflections that can be indexed as (101), (104) and (107) (Fig. 5). It
was suggested that the majority of the interlayer anions are hydroxide, rather
than carbonate, consistent with the observation that carbonate ions gener-
ally occupy prismatic interlayers. In this case there would be a cubic close
packing sequence formed by hydroxyl groups of neighboring layers and the
interlayer hydroxide ions. Based on an analysis of the intensities of the (01[)
reflections, Moggridge et al. [44] have shown that Mg/Al LDHs containing
interlayer benzoate or terephthalate anions both have the 3R; structure.
Distinguishing between different polytypes with hexagonal symmetry is
more difficult, since the intensities of reflections are sensitive to the iden-
tity of the interlayer anion. Simulated XRD patterns suggest that manas-
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Fig.5 Diffraction pattern of a 3R, polytype of an Mg/Al— CO3; LDH (peaks *1 and *2 are
probably due to brucite). Reprinted with permission from [108]. Copyright Royal Society
of Chemistry

seite and sjogrenite (one polytype of [MgsFe;(OH);6]CO3-4.5H,0) have the
2H; structure, which was confirmed by single crystal X-ray diffraction on
the latter mineral [7]. Whereas carbonate favors prismatic interlayers (as
found in 3R; and 2H; polytypes), hydrotalcite-like minerals containing in-
terlayer sulfate ions have been found [99] to exist in polytypes with both
prismatic (3R;) and octahedral (3R;, 3H;) interlayers with the latter being
more common.

In mineral samples, different polytypes are often found intergrown. For
example, hydrotalcite and manasseite often occur together with the latter
on the inside and the former on the outside of the grains [71]. This has
been interpreted as indicating that the latter is favored by high tempera-
ture since the inside of the grains cools more slowly than the outside. Pons
et al. [71] have suggested that the 3R; polytype can be constructed from
a stack of identical brucite AbC layers by translations of (2a/3 + b/3) between
consecutive layers whilst formation of the 2H; polytype requires a transla-
tion of (2a/3 + b/3) followed by a 60° rotation. Thus formation of the latter
requires higher temperatures. An alternative explanation was suggested by
Hofmeister and von Platen [92], who noted that although the interlayers are
prismatic in each case so that the layer-interlayer interactions are the same,
they differ in that the cations in adjacent layers are directly superimposed
on lattice rows parallel to the ¢ axis in the case of 2H; but are shifted by
(2a/3, b/3) between adjacent layers in the case of the 3R; polytype. This in-
dicates that long-range interactions between cations in adjacent layers may
influence the stacking of the layers. Thus hexagonal stacking of the layers
to give the 2H; polytype with eclipsed cations requires higher energy than
rhombohedral stacking to give the 3R; polytype where the cations are stag-
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gered. Among the large number of synthetic LDH carbonates, no examples of
the 2H; polytype have been directly prepared [100]. Interestingly, however,
it has also recently been claimed [109] that under pressure a synthetic hy-
drotalcite transforms irreversibly to a manasseite-like phase at about 1.5 GPa.
Further compression leads to formation of an amorphous phase at pressures
of 4.0-4.5 GPa. Thus the occurrence of manasseite inside hydrotalcite in min-
eral grains may reflect the pressure exerted on the core of the grains as the
surface cools.

In some cases, the stacking sequence in synthetic samples changes as
a function of temperature. For example [95], the XRD pattern of a Zn/Al - Cl
LDH shows that it exists as the 3R; polytype at ambient temperature, whilst
heating at 150 °C results in partial dehydration accompanied by a transform-
ation to the 2H; polytype. A Ni'/Co!! - CO; LDH having the 3R, structure
was converted to a 1H polytype with a reduced basal spacing on heating
at 200 °C; the 3R; polytype was regenerated by rehydration [110]. It was
suggested that the carbonate anions are monografted to the slabs in the
1H polytype. Pausch et al. [51] reported the synthesis of LDHs with inter-
layer hydroxide anions. At lower reaction temperatures, the 3R; polytype was
formed. At higher temperatures (e.g. 150 °C, 100 MPa for MgsAl) a second
polytype was formed, for which a disordered layer stacking was proposed.
Bookin and Drits [100] subsequently suggested, however, that the XRD pat-
tern of the latter phase could be indexed as the 3R, polytype with a cubic
close packing of layer hydroxyl groups and interlayer hydroxide ions. As
noted above, the same polytype was observed for an Mg/Al LDH with in-
terlayers containing predominantly hydroxyl anions [108]. In the case of the
Friedel’s salt halide series [CayAl(OH)g]"[X] -2H,O, the materials exist as
rhombohedral polytypes [6R (X = Cl), both 6R and 3R (X = Br) and 3R (X
= I)] at high temperature and undergo a phase transition to a monoclinic
polytype on cooling [111,112]. A sample of the mineral stichtite with the
formula [(Mgs.94Cag.01)5.95(Cr1.20Alg.51Fe™25)2.05(OH)15.11(CO3)1.47-3.7H,0
exists as pink grains that have the 3R; structure with a basal spacing ¢, of
0.776 nm [113]. On irradiation with visible light or X-rays, a green species is
formed which has the 1H polytype stacking with a reduced basal spacing of
0.737 nm.

In the case of Li/Al LDHs, it has been shown that [LiAl,(OH)s]Cl-nH,0
can exist in both rhombohedral (when n =2) [114] and hexagonal (when
n = 1) [16] polytypes, although in this case the materials are prepared from
different AI(OH)3 precursors rather than being interconverted by heating. In-
terestingly, the two polymorphs show some differences in their intercalation
behavior [114]. The related compound [LiAl,(OH)¢]OH-nH,0 has a random
stacking of layers that can be modeled with a 54 layer structure and has pseu-
dohexagonal symmetry [115].

Unfortunately, for many of the synthetic LDHs that have been reported
in the literature the XRD patterns are less informative than those in Figs. 4
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and 5. Methods of synthesis that give highly crystalline samples have been
reviewed by He et al. in Chapter 2 of this volume, and in these cases ma-
terials often do have diffraction patterns that allow the polytype to be de-
termined unambiguously. Experimental and simulated diffraction patterns
for a Co'ly gFe!'! —CO; LDH produced [116] by aerial oxidation of mixed
Co'!l/Fe!l solutions are shown in Fig. 6 and indicate a 3R; polytype with a, =
0.312 nm and ¢ = 2.278 nm. When an Mgz,mMnIH — CO3 LDH is formed [117]
by aerial oxidation of Mg(NO3),/MnCO3 mixtures at constant pH a highly
crystalline material with a 3R; polytype is formed as shown by the diffraction
pattern in Fig. 7a, but when an analogous material is prepared by traditional
coprecipitation methods a much less crystalline material is obtained (Fig. 7b).

Many synthetic LDHs give diffraction patterns even less well defined than
that in Fig. 7b (typical examples [118] are shown in Fig. 8) and in such cases
it may only be possible to determine the basal spacing from the positions of
the (00/) reflections. The lines can then be indexed as a one-layer polytype
since there is no need or justification for using a larger unit cell [118]. In fact,
however, in the literature many similar patterns are still indexed using the
3R stacking sequence. If the (110) reflection is resolved, then the unit cell pa-
rameter a, can be calculated, but if this reflection is broadened and overlaps
with other reflections at higher angle, even this may not be possible with any
degree of certainty as discussed in Sect. 2.2.1.
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Fig.6 Experimental A and simulated B diffraction patterns for a Co''/Fel'l -CO; LDH
produced by aerial oxidation of mixed Co!'/Fe!l solutions which indicate a 3R; polytype.
Reprinted with permission from [116]. Copyright Academic Press
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Fig.7 XRD patterns of a an Mg/Mn'!l -CO; LDH formed by aerial oxidation of
Mg(NO3),/MnCO3 mixtures at constant pH and b an analogous material prepared by tra-
ditional coprecipitation methods. Reprinted with permission from [117]. Copyright The
Mineralogical Society

There are a number of reasons why the XRD peaks of LDH samples are of-
ten rather broad. The relatively small domain size, particularly in the (00I)
direction, leads to line broadening. The Scherrer equation may be used to es-
timate the domain size in the a and ¢ directions from the width of the (110)
and (00]) reflections, respectively [119, 120], although the inherent approxi-
mations in this method should always be borne in mind [121, 122].

If the broadening of peaks is non-uniform and characteristic of certain
families of planes, or is so excessive as to give unrealistically small crystallite
sizes, factors other than crystallite size must also be considered [123]. Vari-
ous kinds of disorder may be incorporated during the crystallization process
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Fig.8 Examples of diffraction patterns of poorly crystalline LDHs that can best be in-
dexed as one layer polytypes. Reprinted with permission from [118]. Copyright American
Chemical Society

leading to a loss of “crystallinity” (see [124] for recommendations regarding
use of the term “crystallinity”). Several authors have investigated the differ-
ent types of disorder present in divalent metal hydroxides having the brucite
structure [125-128]. The XRD patterns may be simulated with the DIFFaX
program [39], which utilizes a statistical recursive approach in order to model
extended planar faults. The various types of slabs present in the material are
constructed from the ideal atomic positions and the unit-cell parameters.
These slabs are then packed along the ¢ direction using the stacking vectors
(1/3,2/3,1) and (2/3, 1/3, 1) along with (0, 0, 1). The use of the former two
stacking vectors at low (< 0.15) probabilities simulates the effect of stacking
faults by introduction of cubic close packed ABC motifs in the normal hex-
agonal close packed ABAB packing and leads to selective broadening of the
(hOI) (101 and 102) reflections [103, 126, 128]. The use of all three stacking
vectors with equal (0.3333) or almost equal probabilities affords a more ran-
dom packing of layers, corresponding to turbostratic disorder. In these cases,
in addition to an increased broadening of the (h0I) reflections, the (hk0) (100
and 110) reflections become essentially two-dimensional hk in nature and ac-
quire a “saw tooth” or “shark’s fin” line shape, rising sharply and displaying
an asymmetry on the high angle side [20, 128].

Similar simulations can be carried out for LDHs and also show that if the
positions of cations in adjacent layers are not correlated along the ¢ axis,
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i.e. there are stacking faults, then significant diminution in intensities of cer-
tain reflections are expected. For example, for the case of the 3R; polytype,
if a small number of such faults are present, the position, intensities and
narrow linewidths of the (11/) reflections are unchanged whereas the inten-
sity of the set of (10I) reflections is reduced and the lines are broadened,
and they are shifted to lower angle than that expected on the basis of the
cell defined by the (11I) reflections [100, 103]. If the number of faults is so
large that the cations are completely uncorrelated along the ¢ direction, the
(10I) reflections have the “shark’s fin” peak shape associated with turbostratic
structures [20, 100, 129, 130].

In synthetic samples, stacking faults often arise from an intergrowth of
rhombohedral and hexagonal polytypes that gives rise to broad asymmet-
ric (011)/(10]) reflections in the XRD patterns as shown in Fig. 7b. Rebours
et al. [39] have proposed that the occurrence of faults can be quantified in
terms of a “fault probability” (FP), where FP = 1.0 describes a pure rhom-
bohedral polytype 3R; and FP = 0.0 a pure hexagonal polytype 2H;, whilst
a completely random stacking has FP = 0.5. They estimated that FP= 0.6
for a number of Mg/Ga and Ni/Al LDHs whilst an Mg; gAl LDH had an
essentially pure rhombohedral structure, as shown by the sharpness and
symmetry of the (01/) reflections. This was rationalized by noting that, as de-
scribed above, the arrangement of cations is different for the two polytypes
and that although the local symmetry of the interlayer is the same for both
polymorphs, charge compensating anions will not interact with the layers
in the same way [92]. In the case of the 2H; polytype, the compensating
forces are perpendicular to the layers, but in the case of the 3R; polytype
they are directed more diagonally through the interlayer to the next oc-
tahedral layer. When the cations have a high average charge density (e.g.
Mg, Al), leading to extensive polarization of the hydroxyl groups, the stag-
gered arrangement of cations in the 3R; polytype may be favored over the
eclipsed arrangement in the 2H; polytype. When the cations have lower aver-
age charge density (e.g. Mg3zAl or Mg,Ga), the difference between the two
polytypes may be less marked, leading to a greater prevalence of stacking
faults. Kamath et al. [103], however, have suggested that the XRD pattern of
another Mg/Al LDH with very similar composition can best be simulated
using the same approach by assuming a random intergrowth of 3R; (60%)
and 3R; (40%) polytypes (see the simulated and calculated patterns in Fig. 9).
They chose the 3R; polytype on the grounds that a synthetic example has
been reported [108] as discussed above, but it should be noted that this is
believed to contain mostly hydroxide, rather than carbonate, anions in the in-
terlayers. This indicates that the nature and degree of stacking faults observed
may vary according to method of preparation as well as sample composi-
tion. It should also be noted that, as in any empirical fit, there may not be
a unique solution and several solutions involving different stacking sequences
may exist.
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Fig.9 a Experimental diffraction pattern of an Mg/Al-CO3; LDH and b the simu-

lated pattern assuming a random intergrowth of 3R; (60%) and 3R, (40%) polytypes.
Reprinted with permission from [103]. Copyright The Clay Minerals Society

Stacking faults and turbostratic distortion have been associated [101]
with a mismatch in the geometries of layers and interlayer anions, which
prevents an ideal packing of the slabs of the type that is often observed
with interlayer carbonate anions. Delmas et al. [131, 132] have suggested,
however, that an alternative explanation, local distortions within slabs due
to microstrains arising from the distribution of electrostatic charges, is
more likely. They based this conclusion on the fact that a y-oxyhydride
with the formula Hy.20Nag.12Ko.21 (H20)0.47Nig.70C00 300, can be converted
to a vanadate-intercalated LDH by reduction with hydrogen peroxide in
the presence of ammonium metavanadate (a so-called chimie douce method
of synthesis) and then subsequently regenerated by oxidation [131]. The
XRD pattern of the y-oxyhydride precursor exhibits sharp (01l) (strong)
and (10]) (weak) reflections characteristic of a regular rhombohedral stack-
ing (space group R3m, 3R; polytype in the notation used above, P3 type
in the notation used for layered metal oxides), and thus extensive rota-
tion of the slabs would be required if the reduction-oxidation processes
were to be accompanied by a switch between rhombohedral and turbostratic
stacking. It was suggested that this is unlikely under the mild conditions
employed.
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A considerable amount of information can be obtained about the location and
bonding of the interlayer anions by XRD, although the detailed structure of
the highly disordered hydrogen bonding network in the interlayer galleries is
not amenable to study by this method.

When the intercalated anions do not contain atoms with large scattering
power, intensities of the basal (00I) reflections are mainly governed by the
X-ray intensity scattered by metal cations in the host layers as discussed in
Sect. 3.1 and the intensities generally decrease as [ increases, although some
anomalous intensities can be observed even with organic guests containing
only light atoms [20, 44, 133]. Care should be taken where the positions of
the (006) reflections of the intercalated species are close to those of the (003)
reflections of possible impurities such as LDH-CI/NO3 precursors or LDH-
COs3 derived by uptake of atmospheric carbon dioxide [104]. The positions
of the basal reflections of Ni'! /Felll and Ni!!/Co!! LDHs containing interlayer
carbonate anions show no change on heating up to 160 °C, but the intensity
of the (006) reflection (I(006)) decreases relative to I(003). Simple simula-
tions suggest a reduction in interlamellar electron density associated with
loss of water is responsible [110]. If the interlayer contains a metal com-
plex anion as the guest, the second basal reflection is generally although
not always [134] more intense than the first, which has been attributed to
an increased electron density at the midpoint of the interlayers, where the
metal is presumed to be located [54, 135-138]. A similar inversion of inten-
sity has been observed for sulfonated 9,10-anthraquinones [139, 140]. Many
examples of polyoxometallate anions intercalated in LDHs have been reported
and inversion of intensities of basal reflections is sometimes, but not always,
observed [60,141,142]. (In these cases, an additional broad peak is often
observed between the first and second basal reflections, which is usually at-
tributed to a partially hydrolyzed salt of the polyoxometallate [141]). More
detailed studies can indicate the orientation of the guest anion in the inter-
layer galleries since the resultant distribution of electron density as a function
of fractional coordinate along the c axis is reflected in the intensities of
the basal reflections. Intercalation of paramolybdate ([Mo;024]%") in Mg/Al
LDHs gave a material showing no (003) reflection [143]. The intensities of the
(00!) reflections were calculated from structure factors and Lorentz polariza-
tion factors for two model structures (having the same basal spacing) with
different orientations of the paramolybdate anion (Fig. 10). The calculated in-
tensities for model A [0.1 (I = 3), 100.0 (I=6), 45.8 (I=9),0.2 (I=12) and 12.4
(I =15)] were very close to the observed intensities.
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Simulation with the DIFFaX program of the XRD patterns of simple model
structures involving MO, (M = Mo, W) slabs inserted to varying extents be-
tween slabs of NiO, were shown [101] to be remarkably effective in reproduc-
ing the XRD patterns of materials composed of [M;07]%~ anions intercalated
in Nil/Co™! LDHs, where 1(003) < I(006) and the ratio of the intensities
varies with the amount of interlayer guest. Intercalation of [Cr,07]%* anions
in Nil/Al LDHs [144] gives a material with similar interlayer spacing but
with I(003) > I(006), presumably associated with the presence of first row
transition metals in both layers and interlayers. Intercalation of the same
anion in Mg/Al LDHs [145] gives a material with I(003) < I(006). A signifi-
cant broadening of the (006) reflection was observed in the XRD patterns of
[M,07]* (M =V, P) intercalated in the latter host, which was attributed to
a disorder in the periodicity of the (00]) planes, possibly related to the for-
mation of polymeric chains in the interlayer galleries [146]. In the case of
9,10-anthaquinone-2,6-disulfonate, two intercalated phases with basal spac-
ings of 1.9 and 1.2 nm could be prepared [140]. It was proposed that these
involve almost vertical and tilted guest anions, respectively. Interestingly the
(00]) peak intensities show very different patterns, which presumably reflect
the different locations of the sulfur atoms along the c axis. Ferrocenecarboxy-
late and 1,1’-ferrocenedicarboxylate anions have been intercalated in Zn/Al
LDHs giving materials [120] with basal spacings of 2.00 and 1.55 nm. These
were interpreted in terms of a bilayer and monolayer of guest species, re-
spectively, as discussed in Sect. 3.2.4. The (00]) peak intensities also show
very different patterns, again presumably reflecting the different locations
of the one or two iron atoms along the ¢ axis. When the intensities of sev-
eral (5 or more) (00I) reflections are well-defined, a one-dimensional electron
density distribution along the ¢ axis may be calculated. In this method, which
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Fig.10 Two possible orientations of paramolybdate ([Mo;024]%) in the interlayer of
LDHs. Reprinted with permission from [143]. Copyright American Chemical Society
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has been widely used for other layered solids [147-149], peak intensities are
obtained from integrated peak areas and, after correction for Lorentz polar-
ization effects, used to generate structure factors and then finally electron
density maps can be generated for z=0-1. To date, there have been only
a few reports of such calculations for LDHs. In the case of a tetrasulfonated
perylene dye intercalated in an Mg/Al LDH, the electron density distribution
plot obtained is shown in Fig. 11. The high electron densities at the edges
(z=0and z = ¢,) are associated with the close packed metal hydroxide layers,
whereas the two maxima in electron density in the interlayer gallery are at-
tributed to the sulfur atoms, since these have the highest scattering power.
The two minima in electron density can be associated with the C— N single
bonds, which are the site of minimum electron density in the molecule. On
this basis, the structural model shown in Fig. 11 was proposed [150].
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Fig.11 One-dimensional electron density projection along the c-axis for a perylene dye
intercalated in an Mg/Al LDH and a structural model based on this data. Reprinted with
permission from [150]. Copyright Wiley
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In the case of stearate ions intercalated in Mg/Al LDHs, the electron dens-
ity shows a pronounced minimum in the center of the interlayer region, which
is consistent with the presence of a bilayer of guest molecules [151, 152]. The
electron density distribution for an anionic azobenzene derivative interca-
lated in an Mg/Al LDH has also been reported [153].

3.2.2
Rietveld Refinement of Interlayer Structure

When sufficiently large, defect-free single crystals of a material are available,
its structure can be precisely determined by X-ray diffraction. Unfortunately,
most LDHs are only available in the form of fine crystallites, and this is gen-
erally not possible.

When suitable crystals are not available, the Rietveld technique can be
used to refine structural details (atomic coordinates and site occupancies)
for LDHys, if their idealized structure is known. If there is disorder present,
such as stacking faults or interstratification, which as discussed in Sect. 3.1 are
common for layered species such as LDHs, then a Rietveld refinement will not
be possible [39]. Care must be taken to avoid preferential orientation of the
platelets [105, 106, 123, 154]. A Rietveld analysis for an LDH with the formula
[Zn4Al;(OH);2]Cly-nH,0 has been reported [106]. The layers stack in the 3R;
polytype (R3m space group). Several possible locations for interlayer chloride
ions and water molecules were considered: the 3(b) sites (site symmetry 3m)
at the midpoint of the O- - - -O vector between oxygen atoms of adjacent layers,
and adjoining sets of sites distributed in groups of six around the three-fold
O----0 axis - 18(g) positions (site symmetry .2) (Fig. 12) or 18(h) positions
(site symmetry .m).

OH

Fig.12 Possible location of interlayer species in [ZnsAl,(OH);,]Cl,-nH, 0. Reprinted with
permission from [106]. Copyright Academic Press
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Geometrical considerations suggest that for chloride ions, OH- - - -Cl- - - -HO
hydrogen bonding will be maximized if the anions occupy 3(b) sites, whereas
OH.---0O----HO hydrogen bonding is optimized if the water molecules oc-
cupy 18(g) or 18(h) sites. For the fully hydrated ambient temperature material
(n = 4), the results indicate that the water molecules do indeed occupy the
18(g) or 18(h) sites and the chloride ions exhibit strong oscillations around
the equilibrium position 3(b) associated with their hydrogen bonding inter-
action with water molecules. Experimental, calculated and difference powder
XRD patterns are shown in Fig. 13 [106]. At higher temperatures as water
is progressively removed, the chloride ions become increasingly localized in
3(b) positions. This is reflected in an increase of the intensity of (110) reflec-
tion relative to that of the (113) reflection observed in both experimental and
simulated XRD patterns.

Rietveld refinement of analogous [M4Cr,(OH);2]Cl;-4H,0 (M = Zn, Cu)
materials suggest that the chloride ions also occupy 18(g) sites with the wa-
ter molecules disordered over 18(g) (M = Zn) or 36(i) (M = Cu) sites [25]. It
was suggested that the layer oxygen-chloride distances (O- - - -Cl = 0.2827 nm
for M =Zn and 0.2916 nm for M = Cu) are consistent with the presence
of OH.---Cl hydrogen bonding since they are similar to the O----O dis-
tances between hydroxyl groups and water molecules (0.2827 nm for M = Zn
and 0.3151 nm for M = Cu), for which hydrogen bonding can be demon-
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Fig. 13 Experimental, calculated and difference powder XRD patterns for [ZnsAl,(OH);;]
Cl,-nH,0 at ambient temperature. Reprinted with permission from [106]. Copyright Aca-
demic Press
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3.23
Spectroscopic Measurements

The coordination environment around the metal in complex anions in-
tercalated in LDHs has been studied by XAS. Extended X-ray absorption
fine structure (EXAFS) studies of noble metal chloro-complexes such as
[IrClg]> [137] and [PtClg]?>~ [138] indicate that intercalation in LDHs is ac-
companied by partial hydrolysis of the M — Cl bonds. Molybdenum K-edge
EXAFS measurements suggested that reaction of a Zn/Al LDH containing in-
tercalated 2,2-bipyridine-5,5 -dicarboxylate anions with MoO,Cl,(THF); af-
forded amaterial containing a hydrolyzed species based on [0, Mo — O — MoO, ]
units rather than the anticipated bipyridyl complex, since there was no ev-
idence of Mo —Cl or Mo —N coordination shells [50]. In the case of the
oxalato-complexes [IMI(C,04)2]> (M = Cu, Co) and [M(C,04)3]3~ (M
= Ga, Mn), intercalated in Mg,Al and Zn;Al LDHs, EXAFS studies indi-
cated only minor changes in coordination environment compared with that in
salts of the complexes, with the perturbations induced by Mg, Al layers being
slightly more significant [135]. Comparison of the third coordination shell of
[M(C204)3]*~ (M = Ga, Mn) indicated that the ions were oriented differently
in the interlayer galleries, with the former having two short and four long
Ga- - - O distances and the latter having three short and three long Mn. - - O
distances, corresponding to the arrangements shown in Fig. 15.

EXAFS studies of [M;07]%~ (M = Mo, W) intercalated in Ni'l /Co™l LDHs
indicated that the geometry of the intercalated anions was very similar to that
in their salts [101] with one long M — O bond (involving a bridging M - O - M
unit) and three shorter M — O bonds making up a distorted tetrahedral co-
ordination shell around the metal. A second coordination shell containing
two oxygen atoms was ascribed to water molecules pointing towards trian-
gular faces of MOy tetrahedra. A similar conclusion was drawn in the case of
[CrO4]% and [Cr,07]?% intercalated in Ni/Al LDHs [144]. Since the degree of
oligomerization in polyoxometallates is very sensitive to pH, changes in the
structure of the anion may be observed on intercalation in LDHs. Compari-
son of EXAFS data for intercalated species with those of reference compounds
often provide a useful insight into the structure of the guest [158]. For ex-
ample, X-ray absorption near-edge spectroscopy (XANES) and EXAFS data
at the V K-edge of a material produced by ion-exchange of a Zn/Al — Cl LDH
with ammonium metavanadate are essentially identical to that of a deca-
vanadate salt, suggesting that [V19023]% anions are present in the interlayer
galleries of the material [159]. When the intercalation reactions were carried
out at higher pH, the EXAFS data suggest that the interlayers contain poly-
meric anions based on VO, tetrahedra.

EXAFS cannot be used to distinguish between [Fe(CN)g]* and [Fe(CN)g]*"
because the difference in Fe — C and Fe- - - N distances is within experimental
error. Simulation of the Fe K-edge XANES absorption edge indicates, how-
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Fig.15 Different arrangements of [IMT(C,04)3]% in LDH intergalleries: M = Mn (top)
and M = Ga (bottom). Reprinted with permission from [135]. Copyright American Chem-
ical Society

ever, that intercalation of either [Fe(CN)¢]%~ or [Fe(CN)¢]>~ in LDHs leads to
a partial redox reaction and a mixture of both species being present in the
interlayers [160].

Vibrational spectroscopy has been widely applied in the study of LDHs
[161,162] but a somewhat confusing variety of spectral data and interpreta-
tions have appeared in the literature. In this section, we focus on the infor-
mation that can be obtained regarding the structure of the interlayer anions.
The unperturbed carbonate ion has point symmetry D3;. Group theoretical
analysis predicts four normal modes: the v; symmetric stretch of A| sym-
metry at 1063 cm™, the v, out of plane bend of A} symmetry at 880 cm™,
the v; asymmetric stretch of E' symmetry at 1415 cm™, and the v4 in plane
bend of E' symmetry at 680 cm™' [22]. The v, mode is IR active only, the
v; mode is Raman active only, whilst the two E’ modes are both IR and Ra-
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man active. Although many publications merely report a broad band in the
C-O stretching region of the IR spectrum, band component analysis suggests
that the v; band is split into two bands separated by some 30-60 cm™! [163].
This can be interpreted in terms of a lowering of the symmetry to Cy, or C;.
In such cases the v; stretch should become allowed and indeed a weak band
can often be seen [161] at about 1060 cm™!. It has been suggested [161] that
lowering of symmetry is associated with hydrogen bonding of the carbonate
anion to layer hydroxyl groups and/or interlayer water molecules. A number
of studies by Frost, Kloprogge and co-workers [163-166] on LDHs containing
a variety of cations have indicated that the position of the two peaks arising
from the v3 band depend on the nature of the divalent cation, suggesting that
the variation in polarizing power of the cation affects the hydrogen bonding
between the hydroxyl groups bound to it and the carbonate anion. A simi-
lar suggestion has been advanced for a series of LDHs with varying trivalent
cations [73].

Some authors have suggested that the v3 band of the nitrate ion in LDHs
shows a similar splitting, although others have reported a single band in-
dicative of no loss of symmetry, with additional bands being assigned to
carbonate impurities [22,161]. The arrangement of nitrate ions in the in-
terlayer galleries of LDHs has been the subject of some controversy in the
literature. Xu and Zeng [55, 79] have reported that there is an abrupt increase
in basal spacing in LDHs of the type [Mg;_xAl,(OH),](NO3),-nH,0 when x
exceeds 0.26, although Marcelin et al. [167] reported that the difference was
much smaller if the preparation was carried out under hydrothermal con-
ditions (This may indicate that the actual Mg/Al ratio in the layers tends
towards 3 under hydrothermal conditions as discussed in Sect. 2.2.1). It was
suggested [55,79] that when x < 0.26, the nitrate anions lie in the center of
the interlayer galleries with their planes parallel to the layers analogous to the
position adopted by carbonate anions, with their oxygen atoms located either
between hydroxyl groups on adjacent layers where there are prismatic layers
or hydrogen bonded more directly to just one layer if there are octahedral in-
terlayers [168]. When x > 0.26, it was proposed that alternate nitrate ions are
shifted up and down the ¢ axis with their planes remaining parallel to the
layers so that they are strongly hydrogen bonded to one layer and do not in-
teract significantly with the other (the so-called “stick-lying” model) [55, 79].
It was suggested that this structure is not observed for carbonate-containing
LDHs since for a given value of x the number of divalent carbonate an-
ions incorporated is half that of the monovalent nitrate ions, and there is
still space for the former to be accommodated in the center of the inter-
layer galleries even at high layer charge densities. It was proposed that the
“stick-lying” model is more plausible than the alternative model involving
tilting of the nitrate anions in the interlayer galleries on several grounds:
the nitrate ion shows no evidence of distortion from D3, symmetry in the
IR spectrum whilst the voy stretching band shows two components sepa-
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rated by ~ 100 cm™!, which was taken to indicate that some layer hydroxyl
groups are hydrogen bonded to nitrate whilst others are not; >N NMR meas-
urements [169] between - 100 °C and + 80 °C on LDHs with Mg/Al ~ 3 are
consistent with either the nitrate being rigidly held or undergoing a rapid ro-
tation about the three-fold axis, but it should be noted that no data have been
reported for LDHs with the higher interlayer spacing associated with Mg/Al
~ 2. The “stick-lying” model been supported by Gongalves et al. [50] who
noted that on replacing nitrate by 2,2'-bipyridine-5,5 -dicarboxylate anions,
which pack almost vertically with their longest dimension nearly parallel to
the layers, two components were no longer observed in the voy stretching
band (although the band is very broad), suggesting that there are no longer
two types of layer hydroxyl groups.

On heating LDHs of the type [Mg;_xAl:(OH);](NO3),-nH;O at 400 °C it
was suggested [170] on the basis of IR spectroscopy and XRD, that most ni-
trate ions are retained in the interlayer space, some with D3, symmetry and
the remainder arranged vertically, directly attached to one partially hydrox-
ylated sheet (corresponding to C,, symmetry). Raman studies on a single
crystal of a related compound [CasAl;(OH);2](NOs3),-nH,0 (n=4,2,1) in-
dicated [171] that as water is progressively removed, the symmetric stretch-
ing mode v; with A} symmetry shifts from 1059 (n = 4) to 1070 (n =2) to
1055 cm™ (n = 1) whilst the vy in plane bend with E’ symmetry, which is split
slightly when n = 4, is split more clearly into two components for n =2 and
gives a single peak when n = 1. These results were interpreted in terms of
a mondentate nitrate ion bonded to one sheet, a bidentate nitrate bridging
two sheets and a nitrate ion parallel to the layers, respectively. These sug-
gestions were confirmed [171] by single crystal XRD for n=4 and n=2. In
these materials, as described in Sect. 4.1, the calcium ion is seven coordinate
with the six hydroxyl groups being augmented by oxygen atoms of either wa-
ter or nitrate ions perpendicular to the layers (50% probability of each) when
n = 4 or nitrate ions when n =2 [171, 172]. The nitrate ions in the former com-
pound are highly disordered, showing essentially free rotation about an axis
perpendicular to the layers. Partial dehydration and change in coordination
mode of the nitrate ion is accompanied by a contraction in basal spacing from
0.862 to 0.805 nm. A combined heating stage Raman microscopy and IR emis-
sion spectroscopy study of an Mg/Al LDH containing a mixture of carbonate
and nitrate in the interlayers suggested [173] that nitrate ions are present
in the centers of interlayers at room temperature but become grafted to the
layers in a unidentate fashion at 150-170 °C. Grafting is commonly observed
if LDHs are heated, as discussed in Sect. 4.1.

A variety of anionic transition metal cyano-complexes have been in-
tercalated in LDHs and their structure investigated by vibrational spec-
troscopy [161]. There is general agreement that octahedral complexes such
as [Fe(CN)g]*~ and [Fe(CN)¢]>~ intercalated in LDHs align themselves with
their three-fold axis perpendicular to the sheets, but the spectra are gen-
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erally complicated by the presence of a number of peaks apart from those
associated with the anion that was initially intercalated. These have been var-
iously ascribed to the results of redox processes, hydrolysis, or the presence of
salts [134, 174-176]. Ignoring these complications, for the case of intercalated
[Fe(CN)g]*" for example, the expected one IR active band (Ty, in Oy, symme-
try) is split into two bands, which can be attributed to a decrease in symmetry
to D34 (in which case the bands can be assigned as A,, and E,) [174, 175, 177].
The E, band is (x, y) polarized whilst the A, band is z-polarized. Braterman
et al. [134, 174, 177] have compared IR spectra of conventional (non-oriented)
materials with those of an oriented sample prepared by allowing an aqueous
suspension to evaporate on a barium fluoride disk. In the case of the oriented
sample, the molecular three-fold z-axis, the crystallographic ¢ axis and the
direction of propagation of the light all coincide [177]. In this case, the ma-
terial is probed with light polarized in the (x, y) direction for which the A,
mode is forbidden. Thus whilst the conventional spectrum shows two bands,
in the spectrum of the oriented sample the lower frequency E,, component is
suppressed [174, 177]. This method could potentially be applied to investigate
the orientation of other guest anions, although care must be taken to avoid
artifacts caused by uneven coverage [177].

Solid state 3C MAS NMR studies of some organic guests have been re-
ported [178,179]. This method also allows the presence of co-intercalated
carbonate and/or bicarbonate anions to be detected [179]. It was found
that the UV absorbing agent 5-benzoyl-4-hydroxy-2-methoxybenzenesulfonic
acid (MBSA), having both a strongly acidic sulfonic acid group and a weakly
acidic phenolic group, could be intercalated as either a monovalent or diva-
lent anion depending on the pH [180]. The sulfonate groups were proposed
to be hydrogen bonded to triads of hydroxyl groups, since the IR spectral fea-
tures in the 1000-1300 cm™ region were nearly identical to those observed
for the guanidinium salt of MBSA!~, which has been shown by single crystal
XRD to have the sulfonate group in a site of C3, symmetry, hydrogen bonded
to guanidinium protons [181].

A 2H solid state NMR investigation of terephthalate dynamics and orien-
tation in LDHs of the type [Mgl_xAlx(OH)z]{(p-C6D4(COO)z)y(CO_’,)l_y}x/z
-nH,0 has been reported [182]. When x = 0.37 and y = 0.9, the observed in-
terlayer spacing was 1.42 nm, corresponding to a vertical arrangement of
terephthalate anions [183], and the variable temperature 2H spectra in the
range 245 to 355K were simulated using a model involving free rotation
about the C — COO axis, rather than discrete 180° flips. It was suggested that
the mobility of the terephthalate anions is inhibited as the carbonate con-
tent of the interlayer gallery is increased. When x = 0.29 and y = 0.51, the
interlayer spacing was 0.76 nm, corresponding to a horizontal orientation of
interlayer terephthalate anions [183]. A fraction of the terephthalate anions
were found to be undergoing a similar rotation, but since this seems un-
likely in the constrained environment of the contracted interlayers, it was
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suggested this might be due to rotation of surface adsorbed terephthalate
anions.

A %Cl NMR study of the structure and dynamical behavior of ClO4~ inter-
calated into Mg/Al and Li/Al LDHs has shown that the anion is rigidly held
at low relative humidities and temperatures, but undergoes rapid isotropic re-
orientation at high relative humidities and temperatures [184]. In contrast,
77Se NMR measurements by the same authors on LDHs containing interlayer
Se042" indicate that the anion does not undergo isotropic reorientation at any
relative humidity. This was ascribed to the greater ionic charge of the selenate
ion compared with the perchlorate [185].

A 33Cl NMR study of chloride ions intercalated in an Mgz Al - Cl LDH and
the related LDH-like hydrocalumite [CasAl;(OH);,]Cl;-4H,0 has been re-
ported [186]. In the case of the Mg3Al — Cl LDH, the 3>Cl NMR data show
a poorly resolved signal indicating a range of Cl~ environments in a dis-
ordered interlayer. There is a change from triaxial to uniaxial or nearly
uniaxial symmetry over a broad temperature interval below - 40 °C, suggest-
ing a phase transition, which can also be observed by differential scanning
calorimetry (DSC). In contrast, in the Ca/Al system where water molecules
are coordinated to calcium ions in a seventh coordination site as discussed in
Sect. 4.1, the interlayer water and chloride ions are well ordered. This may be
associated with the known ordered distribution of Ca?* and AI** cations in
the layers (Sect. 3.3). NMR and DSC data suggest that there is a well-defined,
essentially first order phase transition near 6 °C, at which the symmetry of
the CI” site changes from triaxial in the low temperature phase to uniaxial
or nearly so in the high temperature phase. The latter is a result of dy-
namic averaging of the hydrogen bonding interactions associated with highly
mobile water and chloride ions [186]. 'H NMR studies on [LiAl,(OH)g]Cl
-xH,0 have also demonstrated the presence of dynamically disordered water
molecules [187]. An early 'H NMR study [167] claimed that the C, axis of
the water molecules in an Mg/Al LDH containing interlayer nitrate ions was
perpendicular to the crystallographic c axis, but it was later argued this was
incorrect [188]. This latter study indicated that both the C3 axis of carbonate
ions and the C; axis of water molecules are parallel to the c axis and that the
water possesses rotational freedom about its C, axis.

Mossbauer spectroscopy has been used to investigate the oxidation state
of iron in complexes such as [Fe(CN)g]>/4 intercalated in LDHs [176].
By means of Mdssbauer spectroscopy, it has also been demonstrated that
ferrocene sulfonates intercalated in LDHs decompose on attempted ion-
exchange with sodium carbonate solutions and that the liberated Fe** ions
become incorporated in the layers [189].

XANES (also known as near edge X-ray absorption spectroscopy, NEX-
AFS) at the carbon edge provides a means of determining the orientation of
organic molecules relative to a planar surface and has traditionally been used
to investigate organic adsorbates on single crystal surfaces. Moggridge and
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co-workers proposed [104, 190] that XANES might be a potential way of de-
termining the orientation of organic guests in the interlayer galleries of LDHs,
using benzoate as an example. At room temperature, the plane of the ben-
zoate ion in an Mg;Al LDH was found to be tilted 35+10° to the layers,
whereas after heating at 50-100 °C, the benzoate lies parallel to the layers.
It was later shown [44] that the first figure is an underestimate because par-
tial dehydration and reorientation of the benzoate anions occurs under the
vacuum used during the XANES experiment, and the observed result must
therefore be the average of the figure for flat and almost vertical benzoate
anions. This correlates well with the observed [44] decrease in basal spac-
ing from 1.54 to 0.90 nm. In the case of MgszAl LDHs, the lower benzoate
loading required results in the anions adopting an essentially flat orienta-
tion even at room temperature and no evidence for an expanded structure
was obtained, although it has been reported [191] in non-dried samples. The
area occupied by a flat lying benzoate ion, excluding van der Waals radii, is
~ 0.21 nm?, whereas the area available per unit charge in Mg,Al and Mg3Al
LDHs is A 0.24 and ~ 0.36 nm?. Thus a flat orientation of benzoate anions
results in considerable steric crowding in the former, but not in the latter,
case [44].

The photophysical and photochemical properties of intercalated chro-
mophores is of interest because of the potential application of these materials
in photophysical devices and in nonlinear optics; furthermore the photo-
physical and photochemical response of the chromophore can provide in-
formation about the interlayer organization. In the case of fluorescein, the
absorption and emission spectra of intercalated and surface adsorbed dye are
markedly different, with the former being similar to the crystalline disodium
salt and the latter being similar to that of the dye in solution. It was concluded
that the intercalated anions are arranged in an ordered form resembling that
in the crystal with 7-7 interactions between the chromophores [192]. The
fluorescence of methyl orange-intercalated LDHs is similar that of the mi-
crocrystalline dye but is shifted to slightly higher energy in the case of the
hydrated species, whilst dehydration leads to a shift to lower energy. This
was interpreted in terms of the packing of the anions in the dehydrated
form being closer to that in the dye itself [193]. The absorption spectrum
of 9-anthracenecarboxylate intercalated in LDHs shows an unexpected band
around 490 nm that was attributed to an aggregate of the guest anions. Ex-
citation around 500 nm generates an emission attributed to the same type
of aggregate [133]. UV spectroscopic evidence for aggregates of salicylate
anions intercalated in LDHs has also been reported [194]. It has been sug-
gested that conventional and space-resolved fluorescence spectra obtained
by confocal fluorescence spectroscopy can give valuable information about
the distribution of fluorescent dyes in the interlayer galleries of LDHs [195].
Reaction of 4-nitrohippuric acid (O,NC¢H4,CONHCH,COOH) (NHA) with
[LiAl,(OH)g]Cl leads to intercalation of the neutral organic molecule with-
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out loss of chloride ion. The resulting material exhibits frequency-doubling
characteristics, indicating an ordered array of guest molecules within the in-
terlayer galleries [196]. Interestingly, crystals of pure NHA do not exhibit any
nonlinear optical properties as a result of the centrosymmetric packing in the
crystal.

The alignment of 4'-chloro-4-stilbenecarboxylic acid (CSC) intercalated in
Mg/Al LDHs has been investigated [197] by electric linear dichroism, which
indicated that the guest anions were intercalated as a double layer, with the tilt
of the molecular plane being ~ 40°.

It is generally accepted that the interlayer arrangement in LDHs depends
strongly on the area available to each anion. Since the distance between ad-
jacent metal ions in the layers is equal to the unit cell parameter a,, the area
occupied by one M(OH); unit (shown by the rhomb highlighted in Fig. 16) is
af, sin 60° [193]. For an LDH with layers of the type (M, _ ML (OH), ]**, the
area per unit charge is therefore (1/x)a2 sin 60°.

When a monovalent anion balances the positive charge on one side of the
sheet, the same charge is not “available” for another anion approaching the
sheet on the other side. This means a monolayer of intercalated monovalent
anions can be formed if their cross-sectional area is < (1 /x)af7 sin 60°, regard-
less of whether the anions “see” the positive charges of the layer on only one
side or on both sides of the sheet.

The gallery height in LDHs is normally estimated [1] by subtracting the
thickness of the brucite-like layers (assumed [198] to be 0.48 nm) from the

Fig.16 Top view of brucite-like layer, where the area occupied by one M(OH), unit
is shown by the highlighted rhomb. Reprinted with permission from [193]. Copyright
American Chemical Society
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basal spacing determined by XRD, i.e. dpasa) = 0.48 + lanion (nm), where lanion
includes the van der Waals radii of appropriate external atoms of the anion.
Alternatively it has been suggested [130, 189, 199] that the basal spacing in in-
tercalated carboxylate or sulfonate species can be estimated by the equation
dbasal = hayer + 2l0-H-0 + [ypjon, Where the layer thickness (layer) is 0.21 nm
(the intralayer O---O distance perpendicular to the layers in brucite [13]),
lo_a-o corresponds to the length of a strongly hydrogen bonded O -H--O
unit (0.27 nm) and [ ;, is the length of the anion. Thus dpasa; = 0.75 + I ji0n
(nm).

A theoretical model for estimating the textural properties of LDHs by
combining geometrical models of the layers and the intercalated anions
has recently been proposed [200]. The model allows the estimation of in-
terpillar distances, interlamellar and external areas, the interlamellar free
volume, fraction of external anions and the apparent and true density of
the LDH. For well-crystallized LDH samples, good agreement between cal-
culated and experimental results was found, whereas for poorly crystalline
samples, a correlation between the degree of crystallite agglomeration and
experimental values was proposed. For example, the very high surface area
of an Mgs3Al- [Fe(CN)g]>~ LDH was satisfactorily rationalized [200] and
the model has also been used to aid in the discussion of the orientation of
[H4Co3M019035]% anions in Mg/Al LDHs [201].

Calculations based on simple molecular models and the charge density of
the layers suggest that sulfopropylated-8-cyclodextrin and carboxyethylated-
B-cyclodextrin are arranged in the interlayer galleries with their conical axis
parallel to the layers with a packing structure which is similar to that in crys-
talline cyclodextrin complexes, where the molecules are arranged in a brick-
work pattern [202].

The molecular dimensions of the (4-phenylazophenyl)acetate anion have
been calculated [153] based on the molecular structure determined by the
MM2 semiempirical molecular dynamics method together with appropriate
van der Waals radii (Fig. 17). The area per unit negative charge on the layers
can be calculated from the crystallographic structure. At low anion load-
ings, it was found that the guest anions lie parallel to the layers for LDHs
with Mg/Al ratios of either 2 or 3. At higher loadings, a vertical orienta-
tion is observed. In the case of Mg/Al = 3, the cross-sectional area of the
guest is smaller than the area per unit charge on the layers so that the
molecules are arranged in an antiparallel fashion with little interaction be-
tween them. For Mg/Al = 2, the cross-sectional area of the guest is larger than
the area per unit charge, so the molecules are slightly staggered in order to
reduce the lateral interactions, leading to an increase in interlayer distance
(Fig. 18).

The most probable arrangement of fluorescein anions in LDHs has been
investigated [192] using Hyperchem, a molecular visualization and simula-
tion program and the predicted arrangement was consistent with both the
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Fig.17 Calculated molecular dimensions of the (4-phenylazophenyl)acetate anion.
Reprinted with permission from [153]. Copyright American Chemical Society
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Fig.18 Staggered arrangement of the (4-phenylazophenyl)acetate anion in LDH galleries.
Reprinted with permission from [153]. Copyright American Chemical Society

observed basal spacing and the fluorescence behavior of the intercalate dis-
cussed in Sect. 3.2.3.

The approximate van der Waals dimensions of the methyl orange molecule
have been calculated using the Hyperchem program and are shown in
Fig. 19 [193]. It was calculated that the cross-sectional area is ~ 0.22 nm? at
the — SOz~ group (although other workers [203] have estimated the area to
be as large as 0.27 nm?) and ~ 0.29 nm? at the — N(CH3), group. When in-
tercalated in a Zn, Al host, for which the unit layer charge area is &~ 0.25 nm?,
the fact that the cross-sectional area of the — N(CHj3), moiety is larger than
the area available suggests that the molecules will pack in an antiparal-
lel fashion, as shown by the computer model in Fig. 20a. It was suggested
that in the hydrated state, water molecules may occupy the space between
—N(CHj3), groups and the layers, whereas when the structure is dehydrated
the methyl orange anions can further interpenetrate as shown in Fig. 20b. In-
terestingly, the difference in basal spacing between hydrated and dehydrated
forms, 0.27 nm, is very close to the diameter of a water molecule [193].
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Fig.19 Approximate van der Waals dimensions of the methyl orange molecule calcu-
lated using the Hyperchem program. Reprinted with permission from [193]. Copyright
American Chemical Society

The intercalation of dodecyl sulfate, for which the calculated cross-
sectional area is ~ 0.28 nm?2, in Zn,,Cr' LDHs with #n = 2,3 and 6 has been
reported [204]. The observed basal spacing was similar in each case and
characteristic of a monolayer of surfactant. The estimated area per unit
charge in the LDHs is 23, 30 and 54 nm?, respectively. It was suggested in
the case of ZnsCr, the similarity between the cross-sectional area of the
surfactant and the available area per unit charge leads to the formation of
a closely packed monolayer of surfactant anions. In the case of ZneCr, in-
tercalation of just sufficient anions to balance the layer charge would lead
to them being too widely spaced to allow significant hydrophobic inter-
actions between the alkyl chains. Therefore additional surfactant anions
along with sodium cations are incorporated to give a closely packed mono-
layer of surfactant species. The presence of significant amounts of sodium
was confirmed by elemental analysis. In contrast, for Zn,Cr, there is in-
sufficient space in a monolayer to accommodate the necessary amount of
surfactant anions to balance the high layer charge and as a result, co-
intercalation of nitrate ions, confirmed by elemental analysis, is observed.
In the case of Mg,Al LDHs (n = 2-5) intercalated with dodecyl sulfate,
it was shown that the affinity for chlorinated organic solvents reached
a maximum for n =3, which was interpreted in terms of the arrange-
ment of surfactant being optimized for inclusion of hydrophobic guest
molecules [205].


dell
Highlight


Structural Aspects of Layered Double Hydroxides 41

a WWWWWRT I —

IO

215nm

AAA 6 ‘"#Mﬂl L

Fig.20 Models showing arrangement of methyl orange anions in a hydrated and
b dehydrated LDHs. Reprinted with permission from [193]. Copyright American Chem-
ical Society

The molecular dimensions of the non-steroidal anti-inflammatory drugs
salicylate and naproxen have been determined using the CS Chem 3D Pro
program. Comparison of the dimensions of the anions (taking into account
the van der Waals radii of the external atoms) with the observed basal
spacings suggested that both anions form a tilted bilayer of anti-parallel
molecules with carboxylate groups pointing towards the layers and the hy-
drophobic parts of the molecule oriented towards the center of the interlayer
galleries [179].

An analogous anti-parallel packing with interpenetrating chains was pro-
posed for dodecylbenzene sulfonate intercalated in an Mg, Al LDH [203]. It
was suggested that there are strong hydrophobic interactions between the
alkyl chains because the calculated accessible area of a methylene group in the
galleries (0.22 nm?) is similar to that in a close-packed monolayer (0.20 nm?),
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and that this contributes to the high affinity of the surfactant for the host
layers (as shown by the observation that it partly displaces carbonate anions
from the interlayer galleries). In the case of reactions of ethanolic solutions of
myristic acid, CH3(CH3);2,COOH, with an Mgz Al — Cl LDH, it was found that
the acid was intercalated as neutral molecules in a bilayer and chloride anions
were retained as charge-balancing anions in the interlayers [206].

A model for the arrangement of a bis(2-mercapto-2,2-diphenylethanoate)
dioxomolybdate(VI) complex, {MoO,[00CC(S)(CsHs),], }*", in an LDH has
been proposed on the basis of the crystal structure of the ammonium salt
of the anion precursor [207]. Models of the arrangement of ferrocenecar-
boxylate and 1,1’-ferrocenedicarboxylate in LDHs have been suggested, using
the conformation and dimensions of the guest molecules obtained from sin-
gle crystal XRD studies on their heterobimetallic complexes, together with
the van der Waals radius of oxygen [120]. The area occupied by a 1,1'-
ferrocenedicarboxylate dianion having its longest dimension perpendicular
to the layers was estimated to be ~ 0.40 nm?, which is smaller than the calcu-
lated maximum area available and a monolayer arrangement of the dianions
was proposed; for the ferrocenecarboxylate, a monolayer is not possible on
packing grounds and a bilayer of monoanions was proposed. This is consis-
tent with the observed interlayer spacings of 1.55 and 2.00 nm respectively.
On dehydration, the dianion reorientates so that its longest dimension is
almost parallel to the layers and a reduced layer spacing of 1.23 nm is ob-
served. Napthalene-2,6-disulfonate was reported to intercalate into a CayAl
layered double hydroxide-like host material as a tilted monolayer, whereas
naphthalene-2-sulfonate was intercalated as a perpendicular bilayer [208].
Similarly when intercalated in Zn;Al LDHs, anthraquinone-1,5-disulfonate
(AQ15) and anthraquinone-2,6-disulfonate (AQ26) are arranged in a mono-
layer, whereas anthraquinone-2-sulfonate (AQ2) is arranged in a bilayer with
interdigitated antiparallel guest anions [209]. Interestingly, competitive in-
tercalation experiments showed that the affinity of the LDH for the three
ions varies in the order AQ2 > AQ26 > AQ15, which was taken to indi-
cate that the hydrophobic interactions between the anions in the bilayer
structure contribute significantly to the stability of the intercalated mono-
valent species. This type of molecular recognition capability has also been
demonstrated for other LDHs by means of the selective uptake of fumarate
from fumarate/maleate mixtures, of one isomer from a mixture of naph-
thalene disulfonates, and of terephthalate from mixtures of all three ben-
zenedicarboxylate isomers by Li/Al LDHs [210,211]. The extent of sepa-
ration was found to be both temperature and solvent dependent. The lat-
ter suggests that differences in solvation architecture around the anion in
the bulk solvent and in the interlayer galleries play an important role in
the affinity of LDHs for a particular anion [19]. The relative disposition
of the negative charges in the dianions also presumably has a significant
effect [19].
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Experimental measurements and computer simulations have demon-
strated that the orientation of terephthalate anions in the interlayer galleries
of LDHs is strongly dependent on both the charge density of the layers
and the interlayer water content [183]. LDHs with high layer charge dens-
ity (e.g. MgyAl) and high water content give materials with a basal spacing
of 1.40 nm, suggesting a vertical orientation of the anion with respect to the
layers is favored. For lower layer charge density (e.g. MgszAl) and low water
content, a basal spacing of 0.84 nm is observed, consistent with a horizontal
orientation of the anion. The two phases may be interconverted by cycles of
dehydration-rehydration.

It has been suggested [212] that under true coprecipitation conditions
near pH ~ 10 (at lower pH, precipitation of the trivalent metal hydroxide
occurs first, followed by reaction with M?2* cations in solution), that Mg/Al
and Mg/Ga LDHs with interlayer terephthalate ions only form when the
Mg?* : AI**(Ga®") ratio is 2: 1 and that chloride intercalates are formed at
higher ratios. At lower pH, it was suggested that mixtures of an LDH hav-
ing Mg?* : AP*(Ga®") = 2: 1 with «-FeOOH or GaOOH were formed when
the Mg?* : AI>*(Ga®") ratio in the reaction mixture exceeded 2 : 1. This was
interpreted in terms of a high layer charge density being necessary for the in-
corporation of hydrophobic anions such as terephthalate in LDH interlayers
in order to create a continuous hydrophobic layer between the sheets.

Many workers have shown [3, 19] that the gallery height in LDHs contain-
ing long chain aliphatic carboxylate, dicarboxylate, sulfonate or sulfate guests
increases as the chain length increases. For the case of «, w-dicarboxylate
anions "OOC(CH;),COO~, the basal spacing shows a mean increase of ~
0.127 nm/CH; from n =3 to 12 as shown in Fig. 21 [213] for Mg/Al LDH

24 ]
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Number of Carbon [(COO )(CH,) (CO0)]

Fig.21 Variation in basal spacing of «,w-dicarboxylate anions “OOC(CH;),COO~, in-
tercalated in Mg/Al LDH nanocrystals supported on silicon substrates. Reprinted with
permission from [213]. Copyright American Chemical Society
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nanocrystals supported on silicon substrates. Since this is approximately
equal to the projection of the C—C bond length on the chain axis [214],
it implies a monolayer of anions oriented vertically in the interlayer gal-
leries. A bilayer of anions would imply an increase of twice this value if the
molecules are vertical, or less than twice if the molecules are oriented at an
angle to the layer [1, 215].

Most examples of alkyl carboxylates (as well as other long-chain mono-
functional surfactant anions such as alkyl sulfates and alkyl sulfonates) inter-
calated in LDHs have their hydrocarbon chains closely packed in a monolayer,
as an interdigitated structure or in a bilayer tilted at an angle of about 55°
with respect to the layers [19,204]. This is similar to the tilting habit of sat-
urated fatty acids in their crystals and allows both carboxylate oxygen atoms
to form hydrogen bonds equally to the hydroxide layers [216]. It has been
reported that formation of monolayer/interdigitated structures is favored by
high temperature [152]. It was shown that reaction of Mg,Al LDHs (n =2, 3 or
4) with sodium stearate led to the uptake of Cig guest species of up to 230% of
the anion exchange capacity (AEC), giving interlayer arrangements very simi-
lar to the Langmuir-Blodgett (LB) bilayer structure [151]. Two-dimensional
XRD measurements on cast films of the intercalates were carried out using
an image plate (IP) detector. The IP image (Fig. 22) shows a series of basal
reflections in the vertical direction and additional peaks in the lateral di-
rection (Fig. 23), which is consistent with a regularly aligned disposition of
the Cjs3 guests in a distorted hexagonal structure in the LDH interlayers
(Fig. 24).

This arrangement is also similar to that adopted by the headgroups of long
chain aliphatic acids in LB films. Intercalation at over 100% AEC was shown
to be a result of co-intercalation of sodium cations or neutral stearic acid
molecules. In the case of trans-CH3(CH,);CH = CH(CH,);COOH (elaidic
acid), two different intercalated LDHs with a monolayer of elaidate anions

vertical
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Fig.22 Image plate study of a stearate/LDH cast film. Reprinted with permission
from [151]. Copyright American Chemical Society
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Fig.23 XRD diffraction patterns in the lateral and vertical directions in the image plate

study of a stearate/LDH cast film. Reprinted with permission from [151]. Copyright
American Chemical Society
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Fig.24 Structural model of a stearate/LDH composite showing a tilted Cig bilayer and
b regular packing of C;3 in the interlayer galleries. Reprinted with permission from [151].
Copyright American Chemical Society

(basal spacing of 3.08 nm) and a mixed bilayer of elaidate anions and neu-
tral elaidic acid molecules (basal spacing of 4.88 nm) have been prepared
(Fig. 25). In the case of the corresponding cis-isomer (oleic acid), however,
the kink in the chain imposed by the double bond allows the chains to over-
lap only in the region below the double bond, sticking the chains together like
Velcro (Fig. 25), resulting in a basal spacing of 3.56 nm. The geometry of the
oleate anions is similar to that adopted by oleic acid itself [216].
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Fig.25 Proposed packing arrangements in LDHs intercalated with a monolayer of elaidate
anions (on the left), a mixed bilayer of elaidate anions and neutral elaidic acid molecules
(center) and oleate anions (on the right). Reprinted with permission from [216]. Copy-
right American Chemical Society

The photo-induced [2 + 2] dimerization of crystalline trans-cinnamic acid
has been shown to require both close contacts of approximately 0.4 nm and
a specific orientation of the unsaturated bonds, and can therefore be used
to explore the arrangement of cinnamate ions in the interlayer galleries of
LDHs [19,217]. It was suggested that the packing of o-chlorocinnamate and
p-chlorocinnamate as bilayers between LDH layers is qualitatively similar to
the packing of the same ions between the cations in their hydrated sodium
salts [218]. Head-to-head (HH) cyclodimers were formed selectively on ir-
radiation of LDHs containing interlayer cinnamate ions, indicating that the
arrangement of anions in the interlayer galleries is such as to preclude the
formation of the head to tail (HT) dimer. The ratio of anti-HH to syn-HH
increases markedly as the Mg/Al ratio in the layers increases; it was argued
that longer guest-guest distances give an appropriate geometry for forma-
tion of the anti-HH isomer [219]. This system has also been studied [217]
using molecular mechanics computer simulations of the type discussed in
Sect. 3.2.6. In agreement with experiment, it was found that for Mg/Al ratios
of 2 and 3, the arrangement of monomer pairs was unfavorable for HT dimer-
ization and the selectivity to anti-HH dimer increased with increasing Mg/Al
ratio. A model with Mg/Al of 6 and 20 wt % water content was observed to
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have a very disordered interlayer arrangement with a preference for syn-HT
dimer formation, whilst increasing the water content to 30 wt % led to cis-
trans isomerization rather than dimerization being favored since the guest
species are relatively far apart. This highlights the role of both layer charge
density and water content on reactivity of guest species. In all cases, the wa-
ter molecules were found to have a tendency to migrate towards the faces
of the hydroxyl sheets. The packing model discussed earlier for 4’-chloro-
4-stilbenecarboxylic acid (CSC) intercalated in Mg/Al LDHs was found to
be consistent with the observed stereochemistry of the photodimerization of
CSC in the interlayer galleries [197].

Intercalation of (Z, Z)-2,4-hexadienedioic acid (muconic acid) in an LiAl,
LDH has been reported. On photoirradiation of an aqueous suspension of
the material, the guest molecules underwent polymerization. It was proposed
that a vertical arrangement of guest molecules in the interlayer galleries re-
sults in the 1,3-diene moieties being arranged in a face-to-face manner, with
a suitable orientation and distance for the propagation of radicals induced by
photoirradiation [220].

Aromatic ketocarboxylate anions p-CH3C¢H4CO(CH;),CO,~ with varying
chain lengths (n = 4-10) have been intercalated in Mg/Al LDHs [221]. The
observed gallery heights show a much smaller increase with n (2.2 nm for
n=4 to 2.5nm for n = 10) than that in the anion itself (1.36 nm for n =4
and 2.12 nm for n = 10), suggesting that the chains become increasingly in-
terdigitated as their length increases. Norrish type II photochemical reactions
of the intercalates have been studied [221], since these reactions have been
widely used as a probe for investigating ordered anisotropic systems. Either
elimination (E) products (p-methylacetophenone and alkenecarboxylates) or
cyclization (C) products (cyclobutanols) can be obtained. In solution, the
ratio of C/E products was found to be independent of n for the above an-
ions, whereas the intercalated anions with longer chain lengths (n = 6-10)
gave negligible amounts of C products. Formation of C products proceeds via
a cisoid diradical, whereas E products are derived from a transoid diradical
and it was proposed that formation of the more bulky cisoid diradical was
inhibited in interlayer galleries containing the anions with longer more inter-
penetrating chains [221]. Photochemical hydrogen abstraction reactions from
aliphatic carboxylate anions by p-benzoylbenzoate (BPC) co-intercalated in
LDHs have been reported. Compared with reactions in solution, the co-
intercalated species showed a high selectivity for hydrogen abstraction from
methylene groups close to the methyl terminus of the alkyl chain [18]. This
was interpreted in terms of an antiparallel packing of BPC and carboxylate
anions.

The enthalpy changes associated with exchange of chloride ions in
a Zny Al LDH by a variety of dicarboxylate anions (oxalate, succinate, adipate
and tartrate) have been measured by microcalorimetry [222]. With the excep-
tion of tartrate, the exchange processes are endothermic and the enthalpies
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of exchange vary linearly with the number of carbon atoms, consistent with
the intercalated dicarboxylate anions being perpendicular to the layers. The
energetic parameters are consistent with the presence of hydrophobic interac-
tions between the CH, groups of succinate and adipate anions and hydrogen
bonding between the OH groups of the tartrate anions. Since the calculated
distance between uniformly spaced tartrate anions is too high to allow hy-
drogen bonding of this type, it was proposed that pairs or domains of closely
spaced tartrate anions were present.

3.2.6
Molecular Dynamics Simulations

Far IR spectroscopy is a useful technique to study the structural environ-
ment and dynamics of water molecules and ions in the interlayer galleries of
LDHs, since it directly probes the intermolecular and hydrogen bonding in-
teractions [223]. Spectra, which can be recorded by pressing small amounts
of powder onto one side of a piece of Scotch tape, are often difficult to inter-
pret because of the complex network of intermolecular interactions present
and molecular dynamics simulations have been employed in order to assist in
the interpretation [223].

The principal limitation of the molecular dynamics technique is the ac-
curacy of the forcefield employed, and several methods have been proposed
for calculations involving LDHs [223,224]. It was found that the forcefield
used in early work was unsatisfactory since it predicted an unreasonable
contraction in the ab plane and a modified forcefield was subsequently em-
ployed [224, 225]. Calculations using the latter forcefield have suggested that
carbonate anions lie midway between, and generally coplanar with, the hy-
droxide layers [224]. Calculations using the same forcefield suggested that in
the case of (S)-phenylalanine intercalated in Mg/Al LDH, the guest molecules
adopted an interdigitated bilayer arrangement with their long axis approxi-
mately perpendicular to the layers [225]. The phenyl rings form a hydropho-
bic region in the middle of the interlayer with an edge to face orientation
being preferred, possibly indicative of weak but directional C— H- - - -7 bond-
ing (Fig. 26). The oxygen atoms of water molecules together with those of the
carboxylate groups form an oxygen monolayer on the surface of the hydrox-
ide layers, giving hydrogen bonding interactions with an H- - --O distance of
A 0.22 nm and variable O-H- - --O angle (Fig. 27).

In LDHs, the layer hydroxyl groups can act as hydrogen bond donors
to both the interlayer anions and the oxygen atoms of interlayer water
molecules. The interlayer water molecules can also form hydrogen bonds be-
tween themselves and can act as hydrogen bond donors to the interlayer
anions. A molecular dynamics study of an Mgz Al — Cl LDH has been reported
by Wang et al. [223], and indicated that the interlayer species are distributed
between two sublayers such that none of them is able to form direct hydrogen
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Fig.26 Molecular dynamics simulation cell of (S)-phenylalanine intercalated in an Mg/Al
LDH. Reprinted with permission from [225]. Copyright American Chemical Society

bonds to both neighboring octahedral sheets simultaneously (Fig. 28). Each
Cl™ ion accepts ~ 2.5 hydrogen bonds from layer hydroxyl groups but ~ 4
hydrogen bonds from neighboring water molecules. The average structural
environment of the Cl~ anions was said to be strikingly similar to that of the
ion in bulk aqueous solution. The average local structural environment of the
interlayer water molecules involves ~ 3.8 hydrogen bonds to layer hydroxyl
groups, Cl™ and other water molecules, which is quite different from that in
bulk liquid water and more similar to that in ice (which have ~ 3.2 and 4 hy-
drogen bonds per molecule, respectively). A good agreement was observed
between simulated far IR spectra using the above structural model and the
experimental spectra [223].

For [LiAl,(OH)e]Cl-H,0, molecular dynamics simulations suggest that the
both interlayer water molecules and chloride anions are located in the middle
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Fig.27 Possible hydrogen bonding interactions for (S)-phenylalanine intercalated in an
Mg/Al LDH. Reprinted with permission from [225]. Copyright American Chemical Society
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Fig.28 Results of a molecular dynamics study of an Mgz Al — C1 LDH: the structure viewed
along the (010) direction is shown on the left and the arrangement of interlayer CI~ and
H,0 molecules viewed along the (001) direction is shown on the right. Dashed lines repre-
sent hydrogen bonding. Reprinted with permission from [223]. Copyright Mineralogical
Society of America

of the interlayer [226]. The oxygen atoms of water molecules act as hydrogen
bond acceptors with one hydroxyl group from the layer above and one from the
layer below. The plane of the water molecules is parallel to the layers, such that
its hydrogen atoms can form hydrogen bonds to separate chloride anions, giv-
ing a distorted tetrahedral environment about the oxygen atom. A minority of
the chloride ions are in one of two types of trigonal prismatic sites coordinated
to three hydroxyl groups from the layer above and three from the layer below
(onetypeisdirectly abovelithium cations, the other between vacant tetrahedral
sites in the layers), whilst the majority are in distorted octahedral sites, form-
ing six hydrogen bonds to two hydroxyl groups from the upper layer, two from
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the lower layer and two hydrogen atoms of different water molecules. Separate
signals can be observed in the > C| NMR spectrum at room temperature, which
become nearly fully averaged at 70 °C. In the anhydrous material, the chloride
anions all occupy prismatic sites along three-fold Cl- - --(OH)3 - - - -Li- - --(OH)3
axes, consistent with the observed crystal structure [16].

Molecular dynamics simulations of the structure of hydrocalumite,
[Ca; AI(OH)6]Cl-2H,0, have been reported [227,228]. In this material, un-
like other LDHs, the calcium ions do not occupy sites in the center of the
layers but half are shifted up along the ¢ direction and half down. The cal-
cium ions are seven-coordinate, being bonded to a water molecule in the
interlayer towards which they are shifted in addition to the usual six hydroxyl
groups. Thus the water molecules form two sublayers on either side of the
center of the interlayer along the c axis. The simulations suggest the pres-
ence of a 10 coordinate chloride ion, with the water molecules undergoing
rapid librations (hindered hopping rotations) about the Ca — O bond perpen-
dicular to the layers (note that in this case, as a result of coordination to the
calcium ion, the C; axis of the water molecules is neither parallel to, or per-
pendicular to the layers but at an angle of ~ 50°). Each water molecule is
hydrogen bonded to three pairs of chloride ions for 2/3 of the time, so at any
instant is bonded to four chloride ions. With respect to the chloride ion, at
any instant there are four hydrogen bonds to neighboring water molecules,
but averaged over time there are six hydrogen bonds with 2/3 occupancy.
Structural studies involving single crystal XRD [111] and synchrotron [112]
and conventional [229] powder XRD are essentially in agreement with this
model. Above & 308 K, the structure adopts a rhombohedral 6R polytype
(space group R3c) where the chloride is surrounded by a distorted trigonal
prism of hydroxyl groups from two adjacent layers and six additional water
molecules giving a slightly distorted icosahedral coordination shell [111]. The
water molecules have orientational disorder with partial occupancy of 2/3,
giving a net total of four hydrogen bonds to water molecules in addition to
the six to layer hydroxyl groups [112]. On cooling, the compound transforms
to a monoclinic two layer polytype (space group C2/c) with a shift of chlo-
ride anions along (010);, and water molecules along (210);, of the hexagonal
cell as indicated by the arrows in Fig. 29. This results in an ordering of the
hydrogen bonding, with each chloride forming four strong hydrogen bonds
to water molecules rather than six weaker bonds as in the high temperature
polytype. The phase transition has also been studied by variable temperature
27 Al MAS NMR spectroscopy [230].

It was suggested that the changes in 2’ Al quadrupole coupling parameters
confirm the key role played by hydrogen bonding in the structural changes
which occur during the phase transition. A similar phase transition is ob-
served in the case of the corresponding bromide and iodide analogues [111].
The transition temperature between high and low temperature polytypes de-
creases from 309 K (X = CI) to 123 K (X = I) from which it was concluded that
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Fig.29 Interlayer structure of [Ca,Al(OH)e]Cl-2H,0: the high-temperature rhombohe-
dral form (represented by a projection along the cj axis is shown on the left and the
low-temperature monoclinic form (represented by a projection on the (a, by,) plane is
shown on the right. Reprinted with permission from [112]. Copyright Elsevier Science Ltd

the smaller chloride ion favored the low temperature polytype (four strong
hydrogen bonds) over the high temperature polytype (six weaker hydrogen
bonds) because of its stronger hydrogen bonding capability [111].

Similar phenomena have also been reported in the literature for related ma-
terials. For example, two different modifications of [CasAl,(OH);,]CO3 -5H,0
have been prepared at different temperatures and both have been character-
ized by single crystal XRD [231, 232]. In the high temperature form [231], which
crystallizes in the non-centrosymmetric space group P1, 3/4 of the calciumions
in each layer are coordinated to water molecules and the remaining 1/4 to car-
bonate anions (in addition to six layer hydroxyl groups). In the low temperature
form [232], which crystallizes with pseudohexagonal symmetry (centrosym-
metric space group P1), the calcium ions in alternate sheets are all coordinated
to water molecules, whereas those in the remaining sheets are coordinated to
carbonate or water molecules with 50% probability. This system has not yet
been studied by molecular mechanics, however.

Molecular dynamics simulations have been carried out on [Mg,Al(OH)]Cl
-n H,0 [233,234]. The results suggest that the material has a similar struc-
ture to hydrocalumite with each magnesium being displaced along the c axis
from the center of the layers and coordinated to a water molecule or chloride
anion, in addition to six hydroxyl groups. The studies indicate that a mini-
mum in the hydration energy is observed for n = 2, in which a well-developed,
although disordered, hydrogen bonding network similar to that in hydro-
calumite is formed with each available site in the O-type interlayer being
occupied by either an anion or water molecule. In contrast, structural stud-
ies of magnesium-containing LDHs have always suggested that the Mg?* ion
is six-coordinate, however.
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The structure of anhydrous intercalates of the type [LiAl,(OH)s]X (X =
Cl, Br, NO3) has been investigated using energy minimization methods [235].
In the case of the halide ions, the optimized structures were found to adopt
a hexagonal 2H; polytype with eclipsed (P type) metal hydroxide layers with
the halide anions forming Li- - --X- - --Li- - --X chains through the lattice perpen-
dicular to the layers. In the case of X = NOs3, the nitrogen atom was found
to occupy the same site as the halide ions with the oxygen atoms disordered
over six sites, leading to two nitrate ions related by a 180° rotation in the ab
plane existing in a disordered structure. The calculations are in good agree-
ment with the experimental structures determined by synchrotron X-ray and
neutron powder diffraction [16].

First principles molecular dynamics calculations have also been used to in-
vestigate the structure of Mg/Al LDHs. It was concluded that the 2H; polytype
with P type interlayers is more stable than the 1H polytype with O type interlay-
ers and that the aluminum and chloride ions are aligned vertically along the ¢
axis [43]. In this case, computing limitations precluded calculations on a three-
layer polytype (e.g. 3R; with P type interlayers and a staggered arrangement of
cations along the c axis) or the introduction of any interlayer water molecules.
The conclusions from these calculations are not consistent with the results
from Rietveld analyses of Zn/Al or Fe'',Fe!'! LDHs with interlayer chloride an-
ions [25, 106, 155] in which the chloride and water molecules occupy P type
interlayers and are located in sets of sites distributed in groups of six around
the three-fold O- - --O axis or exhibit strong oscillations around an equilibrium
position along the O- - --O axis (see Sect. 3.2.2). It should be noted, however, that
as discussed above, the structure of the interlayer in [LiAl;(OH)s]Cl-nH,O is
different for the anhydrous material (n = 0) and the hydrated material (n = 1),
so any simulations which exclude water may lead to significant differences
between experimental and optimized calculated structures.

There has been an attempt [236] to optimize the arrangement of IO3™ ions
intercalated in an Mgz Al LDHs using the CASTEP (Cambridge serial total en-
ergy package) code, which is allows density functional theory calculations for
crystal structures. The calculations suggested that the oxygen atoms of the
105~ anion were preferentially hydrogen bonded to Mg, Al(OH) groups rather
than Mg3(OH) groups. The calculations were carried out on anhydrous sys-
tems, however, whereas the experimental systems are hydrated [237] and only
a very limited section of the lattice was included in the calculations.

As we have seen, the interlayer galleries in LDHs can be considered to be
made up of hexagonal close-packed sites parallel to the close-packed layers
of hydroxyl groups and metal cations, with one crystallographic site per
metal [17,238]. The maximum amount of water which can be accommo-
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dated in the interlayer galleries of an LDH with MY, _ ML (OH), ¥+ layers
is therefore given by (1 - Nx/n) where N is the number of sites occupied by
an anion of charge n [143]. The three oxygen atoms of a carbonate group oc-
cupy three sites and the remainder can be occupied by water or left vacant.
The general formula for an LDH-carbonate can be expressed as

M, M, (OH)21(CO3)x/2 - (H20)1-3x/2-4

where A represents the number of vacant interlayer sites [7]. Thus in the min-
eral hydrotalcite, there is one vacant layer site per [MgsAl;(OH);6]CO3-4H,0
formula unit. In synthetic LDHs, the experimentally determined amount of
water can exceed (1 - Nx/n) in which case it is assumed that there is both
interlayer or intrinsic water [95] and extrinsic water adsorbed on external
non-gallery surfaces [239]. The maximum amount of intrinsic water that can
be co-intercalated with other, larger, anions can be estimated in an analo-
gous manner. As discussed in Sect. 3.2.1, the intensities of the (00]) reflections
of a paramolybdate-intercalated LDH can be simulated using a model [143]
involving three close-packed layers of interlayer oxygen atoms from the poly-
oxometallate and water molecules.

A comprehensive study by Hou et al. [240] has shown that LDHs exhibit
a diverse range of swelling and water sorption behavior, and can be divided
into three categories. Type 1 have significantly expandable basal spacings
(0.15-0.30 nm); Type 2 are slightly expandable (< 0.05 nm) and have signifi-
cant interlayer water exchange; Type 3 are essentially non-expandable with
little interlayer water exchange. For Type 1 (e.g. MgsAl — SO4), the fully ex-
panded phases have a two-water layer structure, and the phase transition
from one layer to two layers as determined by XRD correlates with both a sig-
nificant step in the water sorption isotherm and changes in the interlayer
structure and dynamics as observed by NMR. Type 2 (e.g. MgsAl— ClOy4)
only form one-water layer structures and the interlayer anion may undergo
dynamical disordering at high relative humidities. For Type 3 phases (e.g.
Mgz Al - Cl) there is little interlayer water sorption because their interlayers
are essentially closed, due to the small size or planar shape of the anions.

The arrangement of anions in green rust materials of the type [Fell,_,Felll,
(OH);]Cl,-yH,0 has been explored in detail [241]. According to a Rietveld
refinement, the layers adopt the 3R; polytype and the stacking sequence
can be written in the form AbC(C)CaB(B)BcA(A)AbC, where the letters in
italics denote the interlayer species. Within a single layer, the O----O dis-
tance in the hexagonal pavement is equal to the unit cell parameter g,
(0.32 nm), whereas the diameter of a chloride anion is 0.36 nm. Thus in
the hexagonal pavement of the interlayer, the six nearest-neighbor sites to
a chloride ion cannot be occupied by another chloride anion (although they
can be filled at random by water molecules). If this exclusion criterion is
met, the maximum value of x is 1/3, with each chloride having six near-
est neighbors at a,+/3. For x <1 /3 some of these next nearest neighbor


dell
Highlight


Structural Aspects of Layered Double Hydroxides 55

sites are vacant or may be filled by water molecules. The amount of water
is y <1-x. A random array of chloride anions that respects the exclusion
rule is shown in Fig. 30a. There exists a correlation between the distribution
of anions from one interlayer to the next (see Fig. 30b and c). Each anion
shares its charge with one Fe!!! of the layer underneath and one of the layer
above. As shown by the stacking sequence AbC(C)CaB(B)BcA, for the chlo-
ride in position B, the adjacent Fe'! ions in the layer above occupy one of
three a positions whilst the interlayer chloride ions in the interlayer above
occupy one of six C positions. Three of these involve cis-arrangements of
O —H----Cl about the metal and other three have trans-O — H. - --Cl with the
former being more favorable [241]. Mdssbauer spectroscopy confirms that
only one type of Fe!l! site is present. There are two types of Fe!! site, how-
ever, as shown in Fig. 30d: one type denoted Fe!!(Cl) is coordinated to the
two O —H- - --Cl units in an analogous manner to Felll whilst the other, de-
noted Fe'l(H,0) is coordinated to an O—H----OH, or O—H-- --[vacancy]
moiety in one interlayer. The Felll : Fell(Cl) : Fe'l(H,0) ratio is x:x:1 - 2x,
consistent with the results from Mossbauer spectroscopy [241]. A similar an-
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alysis of the arrangement of anions and cations in Fell /Fel! green rust type

LDHs containing interlayer carbonate and sulfate ions has been carried out
and the results used in aiding the interpretation of their Mossbauer spec-
tra [241].

There have been many studies of the nature of the interlayer water in LDHs
using a variety of methods. The structure of bulk liquid water is dominated by
distorted local tetrahedral arrangements similar to those in ice I, although
the long range order in the latter is lost in liquid water and on average there
are fewer than four nearest neighbor water molecules. Molecular dynamics
calculations [242] have shown that water molecules confined in brucite gal-
leries show significant deviations from bulk water.

In comparison with brucite, the presence of interlayer anions in the
galleries of LDHs introduces an additional level of complexity [3]. Jones
et al. [243] have shown that in Mg/Al — CO3 LDHs, interlayer water is more
strongly bound than physisorbed water by some 12 kJmol™!. Quasi-elastic
neutron scattering measurements [244,245] on Mg/Al LDHs containing ei-
ther interlayer carbonate anions or terephthalate anions have demonstrated
that the water molecules are not fixed in one position, but rather exhibit
translational diffusion as well as reorientational motions. There is rapid
breaking and forming of hydrogen bonds as water molecules hop from one
site to another. The diffusion coefficients of the interlayer water are lower
than that for bulk water, with the value being higher for the terephthalate
intercalate than for the carbonate analogue [244]. Thermodynamic measure-
ments on Mg/Al- COs LDHs and mixtures of Mg(OH),, Al(OH)3, MgCO3
and water or ice have indicated [27] that the entropy of formation of the LDH
is negative when water is used but positive in the case of ice, suggesting that
interlayer water in LDHs has a higher entropy than ice, but lower than that in
bulk water; this is consistent with the above spectroscopic data.

Molecular dynamics simulations [183] have suggested that the diffusion
coefficient increases with increasing M''/M'! ratio in the layers, which can
be interpreted in terms of decreasing anion content and charge density on
the layers. Comparison of the dielectric properties of mica-type silicates and
LDHs has indicated [246] that the latter show anomalous low frequency
dispersion, which is associated with charge carriers of low mobility. This
suggests that the water molecules in silicate clays have a greater variety of
available reorientational motions than those in LDHs. Impedance measure-
ments have also been used to calculate the spatial disorder of the host layers,
expressed by the fractal dimension d;. This decreases from 2.7 to &~ 2 on
replacing nitrate ions with polyoxometallate anions, with the latter value in-
dicating a molecularly smooth surface, suggesting that the stacking disorder
decreases with increasing charge on the interlayer anions [246].

Far IR spectroscopy and molecular dynamics calculations have demon-
strated the structural and dynamic similarity of chloride anions in the inter-
layer galleries of LDHs to those in bulk aqueous solution [223], as discussed
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in Sect. 3.2.6. Molecular mechanics calculations have also suggested that the
hydration energy of LDHs involves two components: one is controlled pri-
marily by the formation of a hydrogen bonding network in the interlayer
and the other is related to the decreasing electrostatic attraction between
layers and interlayers as the structure expands along the ¢ axis [233]. As
noted in Sect. 3.2.6, for [Mg,Al(OH)s]Cl-yH,0, the most stable interlayer ar-
rangement is for y = 2, in which all the interlayer sites are occupied giving
a well-developed, although disordered, hydrogen bonding network.

The key role of hydrogen bonding in the interlayer of an LDH containing
tert-butoxide anions has been investigated by means of ab initio plane-wave
density functional theory calculations [247]. It has been suggested that the ac-
tive catalyst is in fact a hydroxide charge-balanced LDH with co-intercalation
of neutral tert-butyl alcohol molecules giving a hydrophilic region adjacent to
the layers and a hydrophobic region in the center of the interlayer galleries.
This results in organic substrates with polar functional groups being interca-
lated in a particular orientation, facilitating reactions and promoting catalytic
behavior.

The hydration dynamics of a series of LDHs of the type [Zng,¢1 Alp.30(OH):]
(C0O3)0.195(1-y) Clo.39y-nH,0 [0 < y < 1,0 < n < (0.4 + 0.2y)] have been studied
by thermogravimetric analysis and XRD [95,248]. For the fully hydrated
samples, the basal spacing difference (0.019 nm) between end member com-
pounds (y =0, 1) is less than the height difference between Cl~ and CO3?"
(0.053 nm). Furthermore, in the dehydrated materials the basal spacing of the
LDH-chloride (y = 1) is smaller than that of the LDH-carbonate, i.e. dehy-
dration of the former species causes a collapse in basal spacing although the
amount of the (larger) ion remains constant. It was proposed that the chloride
ion is able to nest in the trigonal pockets formed by the hydroxyl groups of
the layers, but that this is not possible for carbonate. It was also suggested that
in the fully hydrated LDH-chloride, the chloride anion is surrounded hexag-
onally by six water molecules, which must tilt about their C, axes in order to
be accommodated and leading to an increased interlayer spacing. Removal of
a small amount of water gives a five member hydration shell around the chlo-
ride which can be accommodated without any tilting of the water molecules
and is consistent with the almost immediate decrease in basal spacing from
0.774 to 0.760 nm when a sample of the fully hydrated material is purged
with dry nitrogen. Extensive drying leads to a further decrease in basal spac-
ing to 0.729 nm, associated with formation of the material containing nested
chloride ions [95].

The vibrational modes of layered double hydroxides have been examined
using a combination of IR and Raman spectroscopy and inelastic neutron
scattering [249]. All three techniques highlight the existence of an extensive
hydrogen bonding network between the lattice water and the layer hydroxyl
groups, but show that the lattice hydroxyl modes are not significantly affected
by altering the interlayer anion (carbonate, nitrate or hydroxide).
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The dynamic disorder in the interlayers of LDHs is also confirmed by sin-
gle crystal XRD, since the interlayer anions and water molecules generally
have occupancy factors less than unity and elevated temperature/displace-
ment factors [172].

3.3.1
Experimental Studies

Magnetic susceptibility measurements [256] on Cu'!/Co'!/Zn/Al LDHs indi-
cate that the Curie-Weiss law is obeyed with a Weiss temperature close to
zero, indicating the lack of magnetic interactions between paramagnetic ions
and thus a random distribution in the lattice. It has been proposed, however,
that the catalytic activity of Mg, Al LDHs (n = 2, 3) containing interlayer car-
bonate anions in the oxyethylation of 1-dodecanol with ethylene oxide can be
correlated with the distance between Al>* cations in ordered lattices [250].

In terms of local order about the cations, it is generally argued that ac-
cording to Pauling’s rules [257], Ml cations should not occupy adjacent
sites (unless accompanied by vacant cation sites, i.e. a gibbsite “unit” within
a brucite layer [56]): the corollaries of this are that the minimum possible
MI/MM ratio is 2 and that when M/M!M! is exactly equal to 2 there is also
a long range order with a superlattice involving an ordered array with each
M cation having six M!! nearest neighbors and each M!! cation having three
M and three M'!! nearest neighbors [40]. As shown in Fig. 31, the superlat-
tice is characterized by a cell parameter a+/3 and is rotated by 30° compared
with the lattice of non-ordered brucite-like layers with parameter a and is
denoted (+/3 x +/3)R30°.

Some workers, notably Hofmeister and von Platen [92], have argued that
most or all LDHs, including those with MU /MIII ratio greater than 2, also
actually have a completely ordered distribution of cations but that this is
not easily demonstrated experimentally because of high pseudosymmetry,
micro-crystallinity and stacking faults. They argued that the prevalence of
MI/MM ratios close to integral values of 2 and 3 in natural and synthetic
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o}l

Fig.31 a Unit cell and lattice for non-ordered brucite-like layers and b (v/3 x A/3)R30° su-
perlattice of ordered layers with M''/M™ ratio of 2. Reprinted with permission from [92].
Copyright Gordon and Breach Science Publishers

LDHs indicate a preference for ordered layers and that if the layers, as well
as the interlayers, were disordered, long range ordered stacking of the layers
in two- or three-layer polytypes would be unlikely to occur. Two possible
ordered arrangements of cations with M/M! ratios of 3 are shown in
Fig. 32 [92, 206, 258]: one is based on a hexagonal supercell with a = 24, and
the other is based on an orthorhombic supercell with a = do~/3 and b = 2a,.
Hofmeister and von Platen [92] simulated the XRD powder patterns for
a variety of LDHs with different metal ions, stoichiometries and stacking

© o [ ]

Fig.32 Two possible ordered arrangements of cations with M/M! ratios of 3: a a hex-
agonal supercell with a = 2a, and b an orthorhombic supercell with a = a, /3 and b = 2a,.
Reprinted with permission from [206]. Copyright American Chemical Society
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sequences in both ordered and disordered forms and found that the cal-
culated intensity of superlattice reflections was always very much weaker
than those from the subcell with dimension a,, particularly when the scat-
tering power of the M and M cations were similar (e.g. Mg and Al).
Even where the scattering powers are quite different, simulations of XRD
patterns show that a slight degree of either defective cation sequences or
non-stoichiometry lead to a marked loss of intensity of the superlattice re-
flections [100]. For example in the case of Mg,Fe layers, the cation sequence
along (210), (120) and (110) diagonal of the supercell of ordered cations
is - --Fe—Mg— Mg—Fe- - - (Fig. 33). Introduction of a small number of de-
fective - - - Fe — Mg — Mg—Mg—Fe- - - and - - - Fe — Mg — Fe- - - sequences does
not change the stoichiometry, but the superlattice reflections show a signifi-
cant decrease in intensity. Note that even if the number of these defective se-
quences is large, there is still not complete disorder because no - - - Fe — Fe- - -
r---Fe—Mg—Mg—Mg—Mg-—Fe--- sequences are present. Relatively small
deviations in stoichiometry from Mg/Fe = 2 also lead to a dramatic decrease
in the intensities of superlattice reflections.
Rebours et al. have investigated the structure of Mg/Al and Mg/Ga LDHs
with interlayer carbonate anions [39]. The former did not reveal any evi-
dence of cation ordering even for Mg;Al, but a supercell of dimension a3
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Fig.33 Mg,Fe LDH in the 3R; polytype with ordered cation sequence - - - Fe — Mg — Mg —
Fe- - - within the layers but no correlation of cation position between layers. Light large
circles represent Mg?*, dark large circles represent Fe>*; small circles represent OH groups
below (open circles) and above (filled circles) the metal ion plane. Reprinted with permis-
sion from [100]. Copyright Nova Science Publishers
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was detected for the Mg,Ga LDH as shown by the presence of a reasonably
strong (100) reflection at 0.463 nm. The authors rationalized this by not-
ing [39] that the brucite layers in LDHs and related structures are always
compressed along the ¢ axis and expanded along the plane as discussed in
Sect. 2.1. The compression of the layer is limited by the close approach of
oxygen atoms along shared octahedral edges - in brucite the O---O dis-
tance is 0.2785nm whilst in gibbsite the O---O distance between shared
edges of occupied and unoccupied octahedra is 0.2635 nm. In Mg/Al LDHs,
the O---O distance was found to be close to the latter value and it was
suggested that the structure cannot sustain the further shortening which
would be associated with an ordering of cations. In contrast, since the ionic
radii of Mg?* and Ga*' are similar, the ordering can take place without any
significant distortions. An alternative explanation is that both Mg,Al and
Mg,Ga systems are ordered, but the (100) reflection of the superlattice is
not observed with the fomer because of the similar scattering powers of the
isoelectronic Mg?* and AI’* ions. Refinement of the single crystal struc-
ture of the mineral shigaite discussed below has shown [259] that ordered
Mn;Al layers are accompanied by the presence of shared octahedral edges
(0.2586-0.2610 nm) considerably shorter than those in gibbsite, suggesting
that layer flattening is not a significant factor in determining whether or not
cation ordering occurs. The presence of weak broad reflection (d = 0.457 nm)
in the XRD pattern of an Mg, Al LDH prepared by placing initial flocculated
precipitates in cellulose dialysis bags immersed in water (changed daily) at
60 °C has been attributed [260] to the (100) reflection of a superlattice with
a= aO\/3 =0.528 nm.

Although other values have also been claimed [38,261], it has generally
been asserted [25] that Zn,Cr — Cl LDHs can only be prepared for the case
of n =2, strongly suggesting the existence of ordered layers. This has been
rationalized [262] by proposing that the synthesis proceeds via direct conden-
sation of two hexaaquozinc(II) complexes with a deprotonated monomeric
chromium species to give a trimeric species which subsequently condenses
to give the [Zn,Cr(OH)g¢]™ layers. The scattering powers of zinc and chro-
mium are similar and no superlattice reflections are observed in the XRD: it
has been calculated, however, that any such reflections would have an inten-
sity of only ~ 0.1% of that of the most intense (003) reflection [25], so their
absence cannot be taken as evidence of a lack of long-range order. Nickel-
aluminum LDHs have been studied using a high intensity (rotating anode)
X-ray generator [263]; long range ordering was indicated by the presence of
a weak broad reflection which could be assigned to a superposition of three
reflections from a (+/3 x +/3)R30° superlattice in the case of x = 0.33, but is
lost at other compositions.

In the case of a synthetic Mg, Al — CO3 LDH, selected area electron diffrac-
tion (SAED) [264] patterns of a few crystals with zone axis (00]) showed
evidence of a superlattice with a = a,+/3 = 0.532 nm [71], although this was
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not the case for the majority of the sample. No superlattice reflections were
observed in the XRD pattern and a Rietveld type analysis gave a unit cell
with a = 0.30502(4) and ¢ = 2.2925(3) nm. Partially ordered regions in py-
roaurite and sjogrenite crystals have also been detected by SAED [92, 265].
Rietveld refinement of the XRD patterns of an Mg,Al LDH with interlayer
carbonate [266] and Zn; Al LDHs containing interlayer chloride [106] or car-
bonate [267] anions also gave no indication of cation ordering.

It has been suggested that powder XRD patterns of some mineral samples
of LDH minerals show evidence of superlattice reflections [7, 113] but there is
no clear consensus [100]. It should also be borne is mind that, as discussed
in Sect. 3.5, superlattice reflections may be due to anion, rather than cation,
ordering although the latter may be an indication of the former.

In contrast to the situation for most LDHs, there is ample evidence
from powder diffraction [115,258] and synchroton X-ray and neutron pow-
der diffraction [16] that those based on [LiAl,(OH)s]* units always have
an ordered array of cations with a hexagonal supercell of dimensions a =
do+/3 =0.532 nm in which vacancies in the dioctahedral gibbsite lattice are
filled by lithium cations, which naturally gives rise to ordering [268]. 27 Al
MAS NMR spectra of [LiAl;(OH)e]Cl-nH, O have one narrow symmetric peak
indicating that the aluminum cations occupy highly ordered and symmet-
ric positions [269], consistent with the refined X-ray and neutron diffrac-
tion structures. In contrast, gibbsite has two /Al resonances with different
quadrupolar products, which arise from the two crystallographically distinct
sites in gibbsite. It was proposed that introduction of Li* into site vacancies
in gibbsite leads to a more uniform distribution of positive charge within the
octahedral sheet, thereby reducing the differences between individual Al - O
bond lengths and O — Al — O angles [269].

In view of the difficulties in detecting any long-range cation ordering by
powder XRD, it would be useful to have single crystal diffraction data. Unfor-
tunately the microcrystalline nature of most synthetic LDHs means that suit-
able single crystals are not generally available. Even when they are available,
there is always a possibility that they may not be representative of the bulk
sample [232]. Single crystals of a variety of [Ca; Al(OH)s]" LDHs containing
anions such as carbonate [231, 232], nitrate [171, 172] and chloride [229, 270]
have been prepared starting from mixtures of powdered Ca(OH),, AI(OH);3
and the corresponding calcium salt of the anion and water in sealed sil-
ver capsules [231]. These materials show complete ordering of cations with
each aluminum cation surrounded by six nearest neighbor calcium cations
and no edge-sharing between AlOg octahedra. In these cases, as discussed in
Sect. 4.1, the structure differs from that of most LDHs in that the calcium ions
are seven coordinate, being coordinated to an anion and/or oxygen atom of
an interlayer water molecule in addition to six layer hydroxyl groups. It has
generally been assumed in the literature that the fact that Ca/Al LDH-like ma-
terials are only formed with Ca/Al = 2 and have an ordered array of cations
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is associated with the large difference in ionic radii between Ca®* and AI**.
However, it has recently been shown that replacement of AI>* by larger Ga’*,
Fe** or Sc** ions does not lead to a loss of cation ordering. This has been in-
terpreted as indicating that the cation ordering is associated with large size
and the pronounced anisotropy of the coordination sphere of the Ca®* ion,
rather than the difference in cation radii [271].

There have been some studies of single crystals of minerals [4] that
have indicated ordering of cations [7,92,100]. In the case of mineral sam-
ples, however, there are often considerable problems with intergrowth
and twinning of crystals [92,272]. The single crystal structure of shigaite,
[MT4Al3(OH)15][(SO4)2{Na(OH;)s}(H,0)¢] (M = Mn), shows an ordered
array of layer cations in a (+/3 x +/3)R30° array with a three layer rhombo-
hedral polytype (space group R3) [259]. The interlayer is also ordered and
contains an array of sulfate anions and cationic hexaaquosodium cations
with a periodicity of 3a,; there are two distinct Al sites with mean Al-O
bond lengths of 0.1914 and 0.1912 nm together with a single Mn'! site (mean
Mn- 0 =0.2192 nm) (Fig. 34). The mineral nikischerite (M = Ni) has re-
cently been shown [273] to be isostructural with shigaite, and motukoreaite,
[Mgs.6Al3.4(OH)158](S04)1.3(CO3)Nag6(H20)12 also has essentially the same
structure [274].

A single crystal refinement of the mineral zaccagnite, [Zn'4Al, (OH)1, ]
CO03-3H,0, has been reported [275]. The material has a hexagonal two-layer

a

Fig.34 Interlayer species in shigaite, [MngAl3(OH)15][(SO4)2{Na(OH;)s}(H,0)s], pro-
jected down (001): {Na(OH;)e} octahedra are cross-shaded, SOy tetrahedra are random-
dot shaded, oxygen atoms of water are shown as black circles, hydrogen atoms of water
molecules as small open circles and dotted lines indicate hydrogen bonds. Reprinted with
permission from [259]. Copyright Mineralogical Association of Canada
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2H; polytype stacking (space group P63/mmc) and in addition to sharp
reflections corresponding to cell parameters a, = 0.307 and ¢, = 1.511 nm,
diffuse streaks parallel to ¢* at positions defining a supercell with a = a,+/3
are observed. These can be indexed as (100) (0.462 nm), (200) (0.231 nm) and
(210) (0.175 nm) (where the indices are referred to the supercell). The dif-
fuseness of these reflections suggests that there is no correlation between the
ordering in subsequent layers. Cation ordering has also been suggested [276]
by the presence of superlattice reflections in single crystal X-ray photographs
of other minerals of the type [M"4Al,(OH);,]CO3-3H,0 known as char-
marite (M = Mn), quintinite (M = Mg) and caresite (M = Fe). For char-
marite and quintinite, both hexagonal two-layer and trigonal three-layer
polytypes have been observed, whereas caresite has only been observed in
the trigonal form. The reflections were indexed in a superlattice of the type
(2+/3 x 24/3)R30°. It was subsequently shown [277] by means of a single
crystal X-ray study on a mineral from the same source with the composi-
tion [MgsAl;(OH);12]CO3-3H,0 that it had a two-layer hexagonal polytype
(space group P62m) with an ordered cation distribution giving rise to a (v/3 x
/3)R30° superlattice with a = ao+/3 =0.5283 nm and ¢ = 1.5150 nm.

In contrast to these results for LDHs with MU /MIII = 2, determination of
the single crystal structure of LDH minerals of the type [MYsM™,(OH)6]
CO;3-nH,0 such as pyroaurite [M" = Mg, M'!! = Fe, n = 4.5, 3R, polytypel, sj6-
grenite [M!f = Mg, M!! = Fe, n = 4.5, 2H, polytype] and desautelite [M'l = Mg,
MU = Mn, n = 4.0, 3R; polytype] show no evidence of cation ordering [100].
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a manifestation of an ordered arrangement of cations and/or a reflection of
the hydrogen bonding network in the interlayers. It was suggested [44] that
a peak at 0.454 nm in the powder XRD of an Mg,Al-benzoate LDH resulted
from the (100) reflection of a superlattice with dimensions ao+/3. In view of
the similar scattering powers of Mg?* and AI** cations, the reflection was at-
tributed to an ordered arrangement of benzoate anions associated with an
ordering of AI** cations, rather than directly from an ordered superlattice
within the layers. A similar conclusion was drawn regarding a reflection at
0.46 nm observed [300] in the XRD pattern of an oxalate-intercalated LDH
with Mg/Al = 2.2. On the basis of reflections observed at 0.465 and 0.369 nm,
a superlattice (with a = d,+/3 = 0.5305 nm) associated with the ordering of
silicate anions in the interlayers of a ZnzAl LDH has been proposed [301].
This is possibly associated with the hexagonal symmetry of the condensed
silicate anions, which matches that of the layers. In the case of a silicate-
intercalated Mgs Al LDH, no superlattice reflections were observed in the XRD
pattern but selected area electron diffraction demonstrated the presence of
a superlattice with a ~ 0.52 nm [302]. It should be noted, however, that there
is some evidence that LDHs decompose in the intense electron beam in SAED
experiments [300] and this should be borne in mind when interpreting such
data.

As discussed in Sect. 3.2.2 sulfate occurs in different types of interlay-
ers in LDH minerals [99,303]. When the basal spacing is ~ 0.88 nm as in
[Mg4Al,(OH);12]S04-3H,0, there is no anion ordering and a = a,. When
the layer is expanded to &~ 1.1 nm by inclusion of additional water and/or
hydrated cations, the sulfate ions are generally ordered. The periodicity
of the lattice may be aov/3 (as expected for the cations in a 2:1 lat-
tice) as in [Mgs.96(Al1.9Fe g 06)(OH)12][(SO4)1.30Nag 56(H20)73] [99,303]
or 3a, as discussed in Sect. 3.3.1 for shigaite [259], [Mn'T4Al3(OH) ;3] [(SO4)2
{Na(OH;)s}(H20)¢]. The same phenomenon occurs in synthetic LDHs [304,
305]. For example, the powder XRD patterns shown in Fig. 38 for [Znge;
Cro33 (OH)][(SO4)0.165(H20)0.73] and [Znge7Cro.33(OH)2][(SO4)0.22Nag.11
(H20)1.25] may be indexed in two-layer polytypes according to cells with
(ao =0.3120, ¢ =1.782nm) and (a = a,+/3 =0.5411, c=2.2116 nm) respec-
tively [305]. Note that in the case of the ordered cation distribution, the (01/)
and (11]) indices determined for the disordered cation distribution are re-
placed by (11/) and (03]) respectively.

The structure of a green rust LDH-type material with the formula
[Fe'l;Fel';(OH);,]S04-ca. 8H,0 has been determined by Rietveld analy-
sis [157]. The material exists as a one-layer polytype with the interlayers
containing two planes of sulfate and water molecules giving a basal spacing
of 1.1011 nm. The sulfate ions are oriented with their C; axes perpendicu-
lar to the layers and alternate anions point up and down (as shown earlier
in Fig. 14) and form a superlattice with parameter a = a,+/3 = 0.5524 nm
(Fig. 39).
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Fig.38 XRD patterns of [Zng.7Cro.33(OH)2][(SO4)0.165(H20)0.73] (top) and [Znge7Cro.33
(OH)2][(SO4)0.22Nag.11(H20)1.25] (bottom) which may be indexed in two-layer poly-

types according to cells with (a, = 0.31204, ¢ =1.782nm) and (a = aov/3=0.5411, c =
2.2116 nm) respectively. Reprinted with permission from [305]. Copyright Academic Press

B X0 Leol

ﬂ‘, __ O{O .
LI

@ > @] Fe™
() ow o "
O H.0 . o

Fig.39 Projection on the (001) plane of the ordered interlayer structure of the green
rust with stoichiometry [Fe'4Fel;(OH);2]S04-ca.8H,0. Reprinted with permission
from [157]. Copyright Elsevier SAS

It was assumed that the sulfate oxygen atoms pointing towards the layers
are oriented towards Fe'! cations. This does not necessarily imply long range
ordering of the cations, however, because only half of the Fell sites are in-
teracting with sulfate anions in this way and the other half of the sites could
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be occupied by Fe!! cations (although this would also lead to the presence
of adjacent Fell! sites which would violate the cation avoidance rule). In the
Mossbauer spectrum, there are two quadrupole doublets, one characteristic
of Fe!l and one of Fe!'l. It was suggested this is consistent with the ordered
nature of the interlayers, since green rusts with disordered layers are charac-
terized by two Fe!l signals [157].

LDHs of the type [Nij_xAl,(OH);](CO3)x/2-yH,0 have been studied using
a high intensity X-ray generator [263]. In addition to the ordering of cations
noted in Sect. 3.3.1 for the case of x = 0.33, it was found that for x = 0.30, the
carbonate anions form an ordered (+/13 x +/13)R13.90° superlattice as shown
by the presence of four weak reflections which can be indexed as (10), (11),
(21) and (30) in the superlattice (the reflections only require (hk) labels) as
shown in Fig. 40 [263]. A possible arrangement of the carbonate anions is
shown in the inset to the Figure. The anions are each centered over a triad of
hydroxyl groups and oriented so that the hydroxyl oxygen atoms are on lines
joining carbonate centers. For x = 0.30 and a, = 0.3032 nm, the charge density
of the layers can be calculated (as described in Sect. 3.2.4) to be 3.768 nm2,
corresponding to a carbonate density of 1.88 ions nm™. This corresponds
closely to the value calculated for the carbonate anion density in the supercell
(1.93 nm™2). The superlattice reflections have an asymmetric Warren line-
shape and simulations of the diffraction patterns indicated that this is a result
of uncorrelated stacking of the anions in the c direction, even though they
are well-ordered in the ab plane. This was attributed to the high (26-fold)
degeneracy of possible carbonate sites [306].

The effect of ordering of layer cations and/or ordering of interlayer car-
bonate anions on the crystal chemistry of LDHs has been analyzed [277].
The authors reported the single crystal structure of a mineral with the
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Fig.40 Measured (top) and simulated (botfom) XRD patterns of [Nig7Alp3(OH);]
(C0O3)0.15-yH20 showing ordered (v/13 x 4/13)R13.90° superlattice of carbonate anions.
[The data are given as a g plot, where g = 47 sin6/)1]. Rhombohedral primitive cells of
hydroxyl and carbonate ions are shown as solid and dashed lines respectively in the inset
figure. Reprinted with permission from [263]. Copyright Elsevier Science Ltd
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formula [Mg4Al,(OH);2]CO3-3H,0 which has an ordered distribution of
layer cations. The stacking along the ¢ axis is unprecedented in that al-
ternate interlayers are composed of (i) carbonate anions with the three
oxygen atoms displaced towards the carbon atom located on one of the
three-fold axes and (ii) a net of water molecules whose oxygen atoms are
arranged in a close-packed motif, i.e. the layer stacking is of the type
-1-2-1-3-1- where layer 1 is the metal hydroxide, layer 2 the carbon-
ate ions and layer 3 the water molecules. This gives a structure with space
group P62m with a = a,+/3 =0.5283 nm and ¢ = 1.5150 nm. The usual dis-
ordered interlayer structure in carbonate-containing LDHs can be thought
of as a superposition of nets 2 and 3 giving a statistical distribution of
carbonate ions and water molecules projected onto a unit cell with parame-
ter a,.

A highly crystalline Zn; 56 Al — Cl LDH has been prepared by displacing the
carbonate anions in a precursor LDH synthesized using the urea method (see
Chapter 2 by He et al. in this volume). The good crystallinity of the mate-
rial combined with the use of a high intensity X-ray generator allowed the
observation of three reflections (see Fig. 41) arising from a (+v/3 x +/3)R30°
superlattice of chloride anions in the dehydrated form [95]. The superlattice
is not present in the hydrated form, however. As noted in Sect. 3.1, dehydra-
tion is accompanied by a change in stacking sequence from 3R; to 2H; and
it was concluded that in the dehydrated form the chloride ions must occupy
trigonal pockets of layer hydroxyl groups, if they are to form a commensurate
superlattice arrangement.

The adsorption of anions on the surface of LDHs has been studied by scan-
ning tunneling microscopy (STM) and atomic force microscopy (AFM) in the
belief that the arrangement of anions adsorbed on the external (001) sur-
face of the platelets may mimic the arrangement of the same anions in the
interlayer galleries. The AFM image of the crystal surface of an LDH with

15 20 25 30
20 (deg)

Fig.41 Measured and simulated XRD patterns of a Zn;s6Al LDH consistent with the
presence of a (v/3 x +/3)R30° superlattice of chloride anions. Reprinted with permission
from [95]. Copyright American Physical Society
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the formula [MgeAl,(OH)16](CO3)0.5Cl-2H,0 in contact with an aqueous so-
lution of Na;SO4 shows two-dimensional periodicity with a unit lattice of
a=0.311+0.02nm, b= 0.314+0.02 nm and o = 58 + 3°, which was interpreted
as being due to the hydroxyl anions of the basal plane, any adsorbed anions
having been removed by the AFM tip [307]. (It should be noted, however, that
in some cases anions preferentially adsorb on the lateral (101) faces rather
than the basal surface e.g. HPO4* on [Fel4Fe'l,(OH);,]CO3-nH,0 [308]
and adsorption of catalytically active species on these faces of LDHs has
also been proposed [309,310]; the sulfate may therefore be adsorbed on
these faces). STM of the same sample in air showed a two-dimensional lat-
tice with 2 =0.754+0.04 nm, b = 1.10£0.03 nm and « = 70 £ 3°. One bright
spot, every 1.1 [Mg6A12(OH)16]2+ unit was attributed to chloride anions ad-
sorbed on the surface. STM of the same crystal at less negative bias volt-
age exhibited a two-dimensional lattice with a = 0.62+0.03 nm, b =0.62+
0.03nm and « = 63+ 3°, which was attributed to an ordered array of A
cations with periodicity 2a,. The STM images of the crystal in contact
with aqueous solutions of [Fe(CN)¢]"™ (n = 3,4) showed two-dimensional
lattices with a =1.43+0.06 nm, b =1.86+0.06 nm and o =90+£4° (n=3)
and a =2.20£0.06 nm, b =2.20£0.06 nm and o« =75+3° (n =4) respec-
tively, which were attributed to ordered arrays of the respective anions on
the surface of the crystal. The calculated surface density of the anions is
significantly less than that required in order to balance the positive charge
on the layers, indicating that anion-anion repulsions are significant. The
same workers reported similar results for [Fe(CN)g]™ anions adsorbed on
an LDH with the formula [MgsAl;(OH)16](CO3)0.75(Cl)o.5:2H,0, although
the lattice parameters of the anion arrays were significantly smaller in
this case [311].

AFM studies suggested [180] that mono- and dianions of 5-benzoyl-4-
hydroxy-2-methoxybenzenesulfonic acid (MBSA) form ordered arrays on the
surface of an LDH and that the arrangement adopted is governed by an inter-
play between the Coulombic interactions between the MBSA anions and the
positively charged surface, steric interactions between neighboring anions as
well as the hydrogen bonding interactions between the sulfonate groups and
hydroxyl triads groups discussed in Sect. 3.2.3.

A floating stearate monolayer has been used as a template for the forma-
tion of an LDH by means of spreading a chloroform solution of stearic acid on
an aqueous Mg?*/AI** (3: 1) solution and followed by deposition onto mica
as a Z-type film [312]. From the AFM images of the resulting films, it was con-
cluded that the largest crystals were obtained when the stearate monolayer
was compressed to give an area of 0.36 nm? per molecule, which is close to the
area occupied by one negative charge for an Mgz Al LDH (0.34 nm?).

These studies all suggest that ordering of some organic anions is relatively
common, in contrast to the generally disordered nature of interlayers contain-
ing inorganic anions.



76 D.G. Evans - R.C.T. Slade

4
Unusual Structural Features of Certain LDHs

4.1
Non-octahedral Coordination of Layer Cations

Although the structure of LDHs generally involves six coordinate M and
M cations, as discussed previously there are exceptions in the case of M'!
= Ca with a number of examples confirmed by single crystal XRD [7,111,
112,171,172,231,270, 313] and reasons for this have been analyzed [271].
Molecular dynamics calculations on [MgyAl(OH)s]Cl-2H,0 have suggested
that the Mg®" ion is seven coordinate, being coordinated to water or chlo-
ride in addition to the six layer hydroxyl groups and it has been speculated
that this coordination geometry may be more common in LDHs than pre-
viously thought [233, 314], although to date, there is no direct experimen-
tal evidence to support this. Intriguingly, however, whilst the basal spacing
in Mg/Al-CO3; LDHs (= 0.76 nm) is generally said [7] to be incompatible
with carbonate anions tilted at an angle to the layers, in two polymorphs of
[CagAl;(OH)12]CO3-5H,0 where the carbonate ions are tilted at an angle of
21.8° [231] and 20.5° [232] to the layers and bonded to the calcium ions, the
basal spacings are only 0.755 nm in each case. The seven coordination of the
calcium ion, however, results in a higher water content than in the magnesium
analogue [MgsAl;(OH);,]CO3-3H,0.

It has also been argued that the high affinity of sulfonate compounds for
LDHs (to the extent that, unlike most anions, they are not displaced by car-
bonate) indicates a coordinate bond between sulfonate oxygen and aluminum
ions. It has been claimed that FT-IR and *C CP/NMR data support this hy-
pothesis [139].

With the exception of calcium-containing LDHs, there is scant experi-
mental evidence in support of anion coordination in addition to that by
six hydroxyl groups but there is ample evidence that on heating LDHs, the
interlayer anions can become grafted to the layers. In these cases, the an-
ion replaces one of the hydroxyl groups, however, so that the cation retains
octahedral six-coordination. Grafting has been widely observed for organic
anions containing carboxylate, sulfonate, and phosphonate groups [199], ox-
ometallate [146] and polyoxometallate anions [118, 131, 144] as well as simple
oxoanions such as carbonate [110].

4,2
Staging of Interlayer Anions

The majority of LDH structures have all interlayers identical, but an in-
creasing number of materials with more than one type of interlayer, giving
rise to so-called staged structures [315] are being identified. Some min-
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erals having this type of structure are known, as has been described in
Sect. 3.5 for the material with composition [MgsAl,(OH);,]CO3-3H,0 hav-
ing alternate interlayers of carbonate anions and water molecules [277].
The mineral coalingite [MgjoFe;(OH),4]CO3-3H,0 has interlayers contain-
ing carbonate and water which alternate with vacant interlayers (as found
in brucite) giving a basal spacing of 1.25nm [316]. There is a tendency
to random interstratification, however, and the mineral contains intergrown
regions of brucite and sjogrenite or pyroaurite. The mineral motukoreaite
[Mgs.6Al3.4(OH)18](SO4)1.3(CO3)Nag6-12H,0 which has a basal spacing of
1.11 nm, readily changes to a dehydrated phase with reduced basal spac-
ing of 0.87 nm. An intermediate staged phase with basal spacing of 1.98 nm
(corresponding to 1.11 + 0.87 nm) with alternate hydrated and dehydrated
interlayers can also be obtained [317]. A mineral with the stoichiome-
try [MgsAly;(OH)12](SO4)0.5(CO3)0.5-nH,0 has cell parameters a = 0.304 and
¢=5.562nm [303] and has been shown to have alternate interlayers of car-
bonate (0.756 nm) and sulfate (1.098 nm) anions, so that the basal spac-
ing ¢, is the sum of these two values (1.854 nm) and ¢ = 3c,. It has been
proposed that the material has the 6R4 polytype in which alternate O-
and P-type interlayers are occupied by sulfate and carbonate ions respec-
tively [303]. In the case of synthetic materials, staging has been observed in
the case of Mg/Al LDHs with intercalated terephthalate anions. At low tem-
peratures, the terephthalate anions are oriented vertically in the interlayer
galleries, whilst on heating dehydration is accompanied by a reorientation
of the anions to become parallel to the layers as noted in Sect. 3.2.4 [44].
At intermediate temperatures an interstratified intermediate containing al-
ternate layers of vertical and horizontal anions can be isolated which has
a six-layer rhombohedral repeat unit AbC=CaB-CaB=BcA-BcA=AbC-AbC.
Staging has also been reported during reaction of these materials with in-
organic anions giving partial exchange of terephthalate anions [318]. Stag-
ing in LDHs containing alternate interlayers of inorganic anions and or-
ganic anions such as (4-phenylazophenyl)acetate [153] or succinate or tar-
trate [281,319] anions has also been reported. A series of experiments by
O’Hare et al. [320,321] described in Chapter 4 of this volume, demonstrate
that staged intermediates can be observed in a variety of exchange reactions
of LDHs.

To date, all examples of staging observed with LDH have involved sec-
ond stage materials (i.e. the interlayers are filled according to an ABAB
pattern and no examples of interconversion of third stage (AABAAB)) and
second stage materials have been observed. This suggests that the stag-
ing phenomena can be explained by the Riidorff model [322], rather than
the Daumas and Hérold model involving buckling of the layers usually in-
voked for graphite [315]. From the observed change in the magnitude of
the red shift in the photoluminescence of [SmW0036]°~ on its intercala-
tion in LDHs, it has been suggested that LDHs do give rise to staging phe-
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nomena involving buckled layers at low temperature, however [96,97]. As
discussed in Sect. 2.4 the layers in LDHs are more rigid than graphite but
much less rigid than silicate clays, so buckling of the layers would seem to be
plausible.

43
Double Layers of Anions or Cations/Anions

Although the interlayer galleries of most LDHs contain a single layer of anions
and water molecules, more complex interlayer structures are also possible. In
the case of sulfate anions, expansion of the interlayer to give a double layer
of anions and water molecules is often observed as has been described in
Sect. 3.5 for the green rust [FellyFelll,(OH);,]S04-ca.8H,0 [157]. In the case
of Mg/Al -S04 LDHs with interlayer sulfate anions, a material with a basal
spacing of 1.115 nm is observed at high relative humidity corresponding to
a similar double layer, which collapses on drying to a material with a basal
spacing of 0.865 nm, corresponding to a single layer of anions and remaining
water molecules [323]. There are also examples of expanded phases contain-
ing sulfate anions and hydrated alkali or alkaline earth metal cations. Some
of these have been discussed in Sect. 3.5, including examples of synthetic
materials such as Zn/Cr'! LDHs [305] and natural minerals [303] such as shi-
gaite [259] and motukoreaite [317]. The mineral mountkeithite [324] contains
interlayer Mg?* cations and sulfate anions. Although it is generally assumed
that anions such as chloride or nitrate are replaced by organic anions, this
is not always the case and neutral organic molecules such as 4-nitrohippuric
acid [196] or sodium salts of surfactants [204] may be incorporated in the
interlayer galleries of LDH materials.

4.4
Absence of M" lons

A growing number of materials that have structures related to those of
LDHs but contain only divalent, rather than a mixture of divalent and triva-
lent, cations in the layers have been reported. These include «-hydroxides
of nickel and cobalt [129,325], and layered hydroxy double salts such as
ZHS(OH)g(NO3)2-2H20 [326] and Nil_xZan(OH)z(CH3C02)2x-nH20 [327,
328]. In this latter class of materials, there are vacancies in the brucite-like
layers with cations coordinated in tetrahedral sites above and below the va-
cancies. Some minerals also have this type of structure, e.g. lawsonbauerite
[(Mn, Mg)oZn4(OH)2,](SO4)2-8H,0 which has been characterized by single
crystal XRD, has vacancies in two-ninths of the cation sites in a brucite-
like lattice with oxygen atoms of the vacant sites coordinated to tetrahedral
zinc ions [329]. Although the anions are generally coordinated to the tetra-
hedral metal anions, there are also examples of this type of material where



Structural Aspects of Layered Double Hydroxides 79

the anion is intercalated in the interlayer galleries as for LDHs. One such ex-
ample, which has been recently characterized [330] by single crystal XRD is
[CO7(OH)12](O3SC2H4SO3)-2H20.

5
Summary and Outlook

(Phasel(ii)ithe different stacking arrangements which may be adopted and
(iii) the extent of long-range of order of cations within the layers. Atten-
tion needs to be focused on the types of synthetic procedures (see Chapter
2 by He et al. in this volume) which give highly crystalline materials hav-
ing powder patterns with a high information contents [116, 117,131,193,
266,267] or even single crystals [231] in order to obtain the most accu-
rate structural information. Technical advances such the ready availabil-
ity of high intensity X-ray generators [95,263], area detectors [331] and
image plate technology [151] as well as improved methods of modeling
static and dynamic disorder [332] may also facilitate detailed studies of the
structure of LDHs. Possible avenues of approach include using the inten-
sities of several (00]) reflections to calculate one-dimensional electron pro-
jections along the ¢ axis and hence derive a model for the orientation of
a guest anion in the interlayer galleries [150-153], comparing accurately
measured intensities of reflections in order to determine polytype struc-
ture [98-100,108] and observing weak superlattice reflections associated
with long-range cation and/or anion ordering [95,263]. A few examples of
these have been discussed above, but others will surely follow. Some the-
oretical studies on LDHs and related simple models have been discussed
above [43,78,247,291,292], and improvements in both hardware and soft-
ware should also allow such studies to make future contributions to our
understanding of the structure of LDHs. Further spectroscopic, thermody-
namic and molecular dynamics studies as well as investigation of in situ
reactions aimed at probing the way in which the arrangement of the guest
anions in LDHs is determined by the interplay between layer-guest and guest-
guest (including hydration) interactions as discussed in Sect. 3.2 would also
be welcome.


dell
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