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A combination of experimental (XRPD) and computational
(MD-simulation) techniques was used for a detailed study of
the structural, dynamic and hydration properties of the ZnAl
layered double hydroxides (LDHs) of formula [Znggs-
Al 35(OH)2]Clg 35 yH,O (I) and [Zng g5Al0.35(OH)2](CO3)0.175°
yH,O (II), with y = 0.35 and 0.69, respectively. Our approach
was based on a direct comparison made, for the first
time, between the observed XRPD diffraction pattern and the
MD-simulated pattern of each model that was considered.
The XRPD curve is affected (reflection angles and line
shapes) by dynamic and structural factors, and the interlayer
distribution of the water content. Accordingly, its repro-
duction through MD modelling is the most suitable means of
monitoring these properties of the material. Molecular mod-
elling was performed by MD simulations of models of I and II
built up through appropriate modifications of their interlayer
total water contents and related distribution. The validated
models, namely those that provided the best MD-simulated
pattern of I and II, were then used to determine structures

and features which have not been previously determined by
conventional diffraction techniques. The calculated XRPD
curves were corrected to take into account the “size” broad-
ening effect. The approach provided structural data that
matched well those obtained by Rietveld analyses for the usu-
al parameters. Furthermore, the study was original in its
capability to detect and thus to discriminate between the dif-
ferent interatomic distances Zn-O, Al-O, Al--Al, Zn--Zn,
Zn---Al in the slabs. The MD-simulated models of I and II
provided the best reproduction of the XRPD curves for total
water of hydration contents of y = 0.25 and y = 0.69, respec-
tively. In the case of II, a domain with a homogeneous distri-
bution of total water contents predominated. Conversely, in
the case of I, a nonhomogeneous distribution featured by two
(or multiple) shared crystalline domains having different
interlayer water contents was evidenced.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2006)

Introduction

Layered double hydroxides (LDHs), also known as an-
ionic clays or hydrotalcite-like compounds (HTIc), are solid
compounds having positively charged layers and interca-
lated exchangeable interlayer anions to maintain charge
neutrality.!"-'"! Their general formula is [M",_ M" -
(OH),]** (A™ )" *yH,0 in which M = Mg, Zn, Co, Ni,
Mn, etc., M = Cr, Fe, V, Co, etc., A" = an inorganic or
organic anion of charge n.

The great technological relevance of LDHs stems from
their use as precursors in catalysis.[”-1%12-16] In particular,
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ternary LDHs of type [Cu,Zn; . Al (OH)]J(CO3).p"
(1-3x/2)H,0, after thermal decomposition and successive
reduction of the copper oxide to the metal with hydrogen,
attain a tight mixture of oxides with copper particles (Cu/
ZnO/Al,05) that is active as a catalyst for hydrogen pro-
duction from oxidative steam reforming of methanol
(OSRM). This is useful for developing a clean power source
for vehicles.'7-11

Understanding the structural and dynamic properties of
this important class of materials is a central issue in studies
focusing on the design of second-generation LDH precur-
sors and derived catalysts with enhanced or new perform-
ances.

The arrangement of the interlayer species is not well
understood and is difficult to probe experimentally. It fre-
quently happens that anions and water molecules associate
strongly with particle surfaces, and some adsorbed water
molecules are indistinguishable from interlayer water in
thermal analyses.
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Unfortunately, these materials are obtained only as pow-
ders, often with a low degree of crystallinity, thus making
structural determinations by single-crystal X-ray analysis
impossible. Further, even in cases where the powdered sol-
ids initially exhibit a high degree of crystallinity, large over-
lapping bands from relatively poor diffraction patterns are
often observed when these solids are modified by heating,
ion-exchange, intercalation, pillaring or topotactic func-
tionalisation by ligand substitution. Therefore, detailed
structural information on these systems from X-ray powder
diffraction (XRPD) data is difficult to obtain or otherwise
inaccessible.

We have recently used molecular dynamics (MD), com-
bined with large angle X-ray scattering (LAXS)P%24 or
XRPD experiments,[>>?°! for determining structural param-
eters (molecular assembly, interatomic and intermolecular
distances).

Application of MD for simulating these materials provides
the following: (i) an ability to monitor the internal molecular
fluctuations, thus revealing, by implementing high-tempera-
ture MD runs, processes leading to metal segregation and to
the breakdown of the structure of the precursor; (ii) the abil-
ity to generate microscopic-level structural information that
can be correlated directly with the experimentally detectable
activity and selectivity of catalysts for OSRM; (iii) the ca-
pacity to refine molecular structures by using experimental
data, especially from X-ray diffraction experiments for
microcrystalline and amorphous solid phases.

The ability to predict macroscopic properties of HTlc on
the basis of microscopic structures derived from MD simu-
lations has a fundamental impact on the design of new ma-
terials with improved technological requisites. To ac-
complish this, not only should the molecular simulations be
carried out on a long enough time scale to sample a signifi-
cant volume of phase space, but also: (i) a suitable unit or
fragment of the material should be selected to serve as the
model of the real system; and (ii) the force field (FF) used
by the MD program should feature a high-quality param-
eterisation developed ad hoc for the system that is being
dealt with.

Previous computer modelling focused on interlayer dis-
tance dynamics in binary LDH systems?’ 3% by using ge-
neric force fields. Quite recently, a force field (CLAYFF)
designed for simulations of clay phases was optimised on
the basis of known mineral structures for the Si, Al, Mg,
Ca, Fe and Li species.*3! In order to model binary Zn-con-
taining LDHs by using MD simulations for the first time,
we relied on a modified version of the CLAYFF into which
suitable ad hoc developed Zn parameters were inserted.

The models used for the simulations (Figure 1) of
[Zng.65Al0.35(0H),]Cly 350.35H,0  (I) and  [Zng¢5Alo 35
(OH)5]J(CO3).175°0.69H,0 (II) were preliminarily validated
on the basis of a direct agreement between the experimental
XRPD patterns and those calculated from MD. The calcu-
lated XRPD patterns were obtained by averaging patterns
calculated from snapshots collected along the entire evol-
ution time of the MD simulation for each of the models
considered. By this procedure, the positions of the observed
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Figure 1. (a) The 3-layered model supercell with independent vari-
ables a, b, ¢, a, f, y used for the MD simulations of both the LDHs
I and II. The green balls represent the positions available for ac-
commodation of interlayer water molecules with chloride (I) or car-
bonate (II) anions. (b) View of the preferred planar arrangement
of metallic ions in the Zn/Al slab in the ratio 2:1 (element colours:
Zn blue-grey; Al pink; O red, H white).

diffraction lines could be reproduced by taking the thermal,
dynamic and structural factors, as well as the water content
of the material into account.

In the present study the combined approach, validated
as stated above, was used for featuring the LDHs I and II
in terms of structure, dynamics and arrangement of their
interlayer water molecules and anionic species.

Results and Discussion

Analysis of XRPD Patterns

The Rietveld plots and crystallographic data obtained
from the XRPD patterns of the well-crystallised samples of
I and II are given in Figure 2 and Table 1, respectively.
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Figure 2. Rietveld plots for I and II; experimental (+), calculated (-) and difference (lower) profiles.

Table 2 contains the atomic parameters and main geometri-
cal data of compounds I and II. These results show a good
general agreement with those already known in the litera-
ture for analogous HTlc.”'% The relative positions of the
atoms inside the unit cells, as attained by the fractional co-
ordinates given in Table 1 and Table 2, and their relative
images due to the R3m symmetry are depicted in Figure 3.

Table 1. Crystallographic ~ data  for  [Znggs5Aly35(OH)J-
(C1)o.3570.35H,0 (I) and [Zng 65Al.35(OH),](CO5)0.175°0.69H,0 (II)
from Rietveld analysis.

1 I
Space group R3m R3m
a[A] 3.07497(6) 3.0758(1)
c[A] . 23.1524(5) 22.8089(8)
Cell volume [A3] 189.588(6) 186.87(1)
VA 3 3
Calculated density [gem ] 2.759 2.904
Unit cell formula weight 315.0 326.7
R, 0.119 0.104
R 0.088 0.071
R 0.076 0.086
e 4.7 7.9
[a] R, = X|I, — I/ 1, [b] Ry, = {Z[wW(L, — L]/ EWL 1} 2. [c] Rpe

= XF? - F2 L XIFP [dl g = 2wl — 1% ] (No = Nvad)} 2.

Table 2. Positional and thermal parameters for I and II.

Figure 3. Spatial distributions of atoms in the cells of I and II ob-
tained from Rietveld analyses. The atoms whose positional param-
eters were achieved using the Rietveld analyses are evidenced by
larger spheres; the atomic positions generated by R3m symmetry
are denoted by smaller spheres. Zn, Al pink; O, red; Cl, green; C,
grey; H, white.

Atom xla vIb zle 100Us, [A2]®) Wyckoff notation Occupancy Number of atoms per cell
I [Zng 65Alg 35(OH)5](Cl) 35°0.35H,0
Zn 0.0 0.0 0.0 2.21(4) 3a 0.65 2
Al 0.0 0.0 0.0 2.21(4) 3a 0.35 1
O(1) 0.0 0.0 0.3745(1) 3.3(1) 6¢ 1 6
0(2) 0.1586(12) -0.3172(23)  0.1676(7) 8.8(5) 18h 0.056 1
Cl 0.1586(12) -0.3172(23)  0.1676(7) 8.8(5) 18h 0.056 1
H 0.0 0.0 0.4135(5) 3.3(1) 6¢ 1 6
I [Zny 65Alo35(OH),](CO3)0,175°0.69H,0

Zn 0.0 0.0 0.0 2.15(9) 3a 0.65 2
Al 0.0 0.0 0.0 2.15(9) 3a 0.35 1
O(1) 0.0 0.0 0.3740(2) 3.4(2) 6¢ 1 6
0(2) 0.1137(15)  —0.1137(15)  0.5004(14) 3.4(2) 18h 1/6 3
C 1/3 2/3 0.5004(14) 3.4(2) 6¢ 1/12 0.5
H 0.0 0.0 0.4142(6) 3.4(2) 6¢ 1 6

[a] Uiso = mean square displacement, Bis, = 81> Ui,
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In both samples the hydroxy groups are coordinated to the
metal (octahedral) pointing alternatively upwards and
downwards from the layer, giving rise to three cavities in
the interlayer region around each metal on both sides of
the layer. The chloride anions occupy a single site in the
unit cell of I, whereas the carbonate anions are arranged
parallel to the layer and occupy three sites with the oxygen
atoms in the unit cell of II. This determines, assuming that
ionic exchange is the same, a greater number of positions
available for the water of hydration in the chloride phase.

MD Simulations of XRPD Patterns

The examination of the whole series of simulations was
performed in terms of comparisons between the calculated
and experimental XRPD patterns. The best MD simula-
tions of the XRPD patterns of compounds I and II were
achieved for models containing 27 (y = 0.25) and 75 (y =
0.69) water molecules, respectively. Measures of similarity
(R,,) between experimental and MD-simulated patterns as
a function of the total water contents y are quoted in Fig-
ure 4. All the experimental peak positions were located well
by MD, whereas, as expected, the peak heights and line
shapes did not exactly reproduce the experimental curves of
either I or II. The heights of the calculated peaks are lower
than the experimental ones. This is typical in the case of
the occurrence of very thin microcrystals (exfoliation along
the ¢ axis) for which: (i) the intensity of the first peak (003)
decreases significantly, and (ii) the normalisation with re-
spect to this small angle peak determines the higher inten-
sities at the large angle portion of the pattern. Further, the
MD simulations of the crystal (see forthcoming section
Structural Data) reveal the skidding of the ¢ planes and the
important concerted fluctuations, which affects the entire
set of cell parameters. A further contribution to such a dis-
crepancy comes from the restricted spanning of the phase
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Figure 4. A measure of the similarity (R,,,) between experimental
and MD-simulated patterns as a function of the total water content
y. The minima show that the models which best reproduce the
XRPD patterns of I and II have formula coefficients y = 0.25 and
y = 0.69, respectively.
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space resulting from the small size of the simulated models.
In fact, the interlayer species of the models cannot attain
all the reticular positions made available by the Rietveld
analysis in the R3m symmetry (Figure 3). Figure 5 shows
the XRPD patterns of I and II compared with the simulated
ones after corrections have been made for crystallite size
broadening (see Computational Details).
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Figure 5. Comparison of experimental (red) and MD-simulated
(black) XRPD patterns of I (a) and II (b).

Hydration Properties

The MD runs showed that the simulated models of I and
II having total water of hydration contents of 27 (y = 0.25)
and 75 (y = 0.69), respectively, were the best at reproducing
the experimental XRPD curves. In the case of the carbonate
compound II, the MD simulation attained a value of the
averaged empirical formula coefficient y = 0.69 for repro-
ducing the experimental data of the sample as determined
by using TG analysis. This corresponds to the model in
which the water molecules (N,, = 75) are distributed in a
homogeneous fashion, i.e. as three sets of 25 water mole-
cules per interlayer.

In the case of the chloride compound I the theoretical
model having a total N,, of 27 (y = 0.25) distributed as nine
5029
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Figure 6. Detailed view of the (006) peaks of the treated (red) and
nontreated (black) samples of I and II. The interlayer distances [A]
are indicated on the corresponding peaks and shoulders of the
curves. This multiplicity collapsed into a well-resolved single peak
shifted to a higher (26 = 23.1°) and lower angle (20 = 23.3°) in the
case of the treated samples I and II, respectively. In I the treated
sample gave rise to a single peak due to water loss; in II the treated
sample took on a single peak shape due to the decreased size of the
microcrystals and a shift towards increasing water content in the
interlayer. In fact, the raised baseline and the broader peak denote
the formation of amorphous material due to disaggregation resulting
from the exfoliation process of the layers after the treatment.

water molecules per interlayer does not coincide with the
average formula index value y = 0.35 measured for the syn-
thesized sample. By keeping in mind that all the simulated
models featured a regular interlayer distribution of the total
number of water molecules, N,, and that the MD simula-
tion of the model N,, = 27 corresponds well with the experi-
mental pattern, the observed discrepancy in the water con-
tents between the experimental formula index value mea-
sured by TGA (y = 0.35) and the theoretical value (y =
0.25) can be accounted for in terms of a predominantly
heterogeneous distribution of the water content in the inter-
layer of the material. Further evidence for this was provided
by the (006) peaks observed in the XRPD patterns at ca.
20 = 23.0° of the freshly prepared samples of I and II, both
showing a marked shoulder (Figure 6). This multiplicity is
consistent with two (or multiple) shared crystalline domains
that have different water contents in the interlayer. The
above findings are consistent with the results provided by
the averaged total energies calculated from MD trajectories
of the models of I and II at the various arrangements
(Table 3; Figure 7). These results confirmed on an energy
basis that: (i) the approach is sensitive to the more or less
homogeneous distribution of the total water content in the
interlayer; (ii) in the case of I the most heterogeneous inter-
layer water arrangement is the predominant motif; (iii) in
the case of II the homogeneous motif predominates at the
values of total water content measured by thermogravime-
tric techniques (y = 0.69); and (iv) in the case of both I and
II, for total water contents higher than the measured ones,
a more heterogeneous interlayer distribution of the water
contents is predicted on the basis of the force field that was
used. The theoretical relationship between interlayer dis-
tance and total water content is shown in Figure 8.

Table 3. MD-calculated total average energies (E, kcalmol ') assuming different interlayer distributions of the water molecules (N,,) for

models of I and II.

I 1

[Zn.65Al0.35(0H),](Cl)o.35'<y>H,0 [Zng 65Aly 35(0H)2](CO3)g.175'<y>H,0

<y> = 0.361 <y> =0.694

Layer Ny y E Layer Ny y E

1 13 0.361 1 25 0.694

2 13 0.361 -31943.086 2 25 0.694 -35522.575
3 13 0.361 3 25 0.694

1 10 0.278 1 22 0.611

2 19 0.528 -31945.351 2 31 0.861 —~35520.586
3 10 0.278 3 22 0.611

1 7 0.194 1 19 0.528

2 25 0.694 -31970.793 2 37 1.028 -35517.807
3 7 0.194 3 19 0.528

<y> = 0.500 <y> = 0.861

Layer Ny y E Layer Ny y E

1 18 0.500 1 31 0.861

2 18 0.500 -32058.498 2 31 0.861 -35574.264
3 18 0.500 3 31 0.861

1 15 0.417 1 28 0.777

2 24 0.666 -32077.331 2 37 1.028 —35584.367
3 15 0.417 3 28 0.777

1 12 0.333 1 25 0.694

2 30 0.833 -32076.940 2 43 1.194 —35646.050
3 12 0.333 3 25 0.694
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Figure 7. Example of models of I (a) and II (b) with y = 0.500 and y = 0.861, respectively (snapshot after the 200-ps simulation). The
nonhomogeneous distribution of water molecules between the layers (see Table 3) is shown here by the blue numbers along the ¢ axis.
The notation used for atoms and interlayer species (water and anions) is given in colours.

9.0+ Structural Data
8.5- ,. The acceptable agreement of the interatomic distances
¥, 5 calculated from MD with those provided by Rietveld analy-
8.0+ ol //" ses is shown in Table 4. This constitutes a further validation
d(003) . A of the good quality of the FF used and consequently of the
7.51 J.-»-'/ whole combined approach. The MD analyses of both I and
f_.___,.-—-*'" II provide a complete set of layer interatomic distances (Zn—
7.04 - iad O, Zn*+Zn, Zn--Al) that agree with those available from
/ EXAFS experiments on the nitrate analogues (Table 4).
6.54 7 Furthermore, the analysis of the trajectories of the models
0.0 02 04 06 08 of 1 anfi I bear.ing y =0.25 and y = 0.69 water molc?cules,
respectively, which produced the best MD reproduction of
Y the experimental XRPD pattern, provided (Figure 9a and

Figure 8. MD-calculated (averaged collection of 200-ps trajector- b).micr(')SCOpiC information concern.ing: (i) the ﬂ}lctuating
ies) interlayer distances [#(003)] in I (red) and II (black) as a func-  orientation (from parallel to perpendicular) of the interlayer
tion of the total interlayer water content. planar moieties of the CO5> anions, (ii) the effective ten-

Table 4. MD-calculated average interatomic distances [A] compared with those obtained from Rietveld analyses for models of T and II.
EXAFSH! data available for the analogous LDHs (Zn,Al,_.)(OH),(NO;):(1-x)H,O are quoted for the purpose of comparison.

MD Rietveld EXAFS#!
I 11 I Il
Zn-0O(1) 2.080 2.059 2.015 2.003 2.07
ALO(1) 1.970 1.963 2.015 2.003
Zn Zn 3.078 3.090 3.074 3.076 3.10
5.321 5.335 5.328 5.327
AL Al 5316 5317 5.326 5.327
Zn Al 3.067 3.075 3.076 3.076 3.06
O(1)-CLC 3.207 3.148 3.030 3.386
0(2)-CLC 3.191 3.161
o(1)-0(1) 2.750 2.756 2.622 2.568
0(1)-0(2) 2.785 2.766 2.879 2.937
Zn CLC 2.196 2.225
4.060 4.179 4.004 3.790/4.204
Al-CLC 4.792 4215 4.004 3.790/4.204
4.927
CLCL,CC 4312 4.179

Eur. J. Inorg. Chem. 2005, 50265034 © 2005 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.eurjic.org 5031
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Figure 9. Perspective view of the supercells of I (a) and II (b) with y = 0.25 and y = 0.69, respectively, (snapshot after the 1-ns simulation)
which best reproduce the experimental patterns. The homogeneous distribution of water molecules between the layers is indicated here
by the blue numbers along the ¢ axis. The notation used for the atoms and interlayer species (water and anions) is given in colours.

dency of the Zn atoms to segregate in the samples of both
compounds I and II, (iii) the interlayer H,O molecules of I
and II that fluctuate about the coplanar arrangement with
respect to the layer; and (iv) the dynamics of the layer as
determined by the concerted sliding of the slabs about the
equilibrium position.

Conclusions

The structural features, dynamics and arrangement of the
interlayer species (total water content and anions) for the
ZnAl hydrotalcite-like compounds in the chloride (I) and
carbonate (II) forms were studied by using experimental
(XRPD, TGA) and computational (MD) techniques in a
complementary fashion. To this purpose we first im-
plemented, for the systems in which Me(Il) = Zn, a set of
parameters from the recent CLAYFF force field®# that in-
cluded suitable parameters for LDH species. The structural
data coming from the XRPD Rietveld analyses were in
agreement with the MD results, thus providing a first vali-
dation of the FF parameters that were used.

The main findings of the present work revealed: (i) the
general ability of this approach to monitor microscopic-
level properties such as the guest orientations, their fluctua-
tions and the interlayer arrangement in the studied LDHs;
(ii) the ability to detect and thus to discriminate between
the different interatomic distances (Zn-O, Al-O, Al--Al,
Zn-+Zn, Zn--+Al) of the slab, in a manner independent from
other X-ray diffraction techniques such as EXAFS; (iii) the
tendency of the zinc atoms to segregate, which occurs in
both compounds I and II; (iv) the tendency of compound I
to adopt a heterogeneous interlayer distribution of water.
This heterogeneous distribution, although it includes do-
mains having y = 0.25, leads to a higher average formula
index value (y) in compound I; (v) that the crystal size of 1
5032
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remained unaffected by dehydration (even down to y = 0)
of the material; (vi) that material II preferred the homogen-
eous distribution (25 per interlayer) of the experimental to-
tal water content (y = 0.69); (vii) the fact that, for the same
reason as in (iv), the crystal was likely to disaggregate
through exfoliation of the ¢ layers, leading to water loss
and consequently a smaller size of the microcrystals; and
(viii) the capability of the computational approach to indi-
cate with good accuracy the interlayer water distribution of
the material.

In conclusion, the following general issues were achieved:
first, a nonexpensive approach, which shows the tendency
of LDHs to attain structures bearing heterogeneous or
homogeneous interlayer distribution of their total water
contents, and second, the symbiosis between experiment
and theory that played a role in validating MD-simulated
structure models of LDHs through direct matching of the
experimental XRPD patterns. The direct reproduction of
the diffraction pattern made possible a model that accounts
for microscopic thermal, dynamic and structural factors, in
addition to water-content distribution of the material being
studied.

Experimental Section

Preparation of the Samples: A large batch of Zn—Al hydrotalcite-
like compound, with the formula [ZnggsAly35(OH),]-
(CO3)0.175°0.69H,0 (II), was prepared by the urea method® ac-
cording to the following procedure: a clear solution, obtained by
mixing AlCl; (100 mL, 0.50 m), ZnCl, (200 mL, 0.50 M) and urea
(30 g), was maintained at reflux temperature for 3 d. The precipi-
tate obtained was filtered, washed with deionised water and equili-
brated, whilst stirring, with Na,CO; (100 mL, 0.1 m) for 1 d in or-
der to exchange the chloride ions (sometimes incorporated during
the synthetic procedure) with carbonate ions. After equilibration,
the solid was recovered, washed with deionised water, and finally
dried and stored over P,O in the presence of soda lime.

Eur. J. Inorg. Chem. 2005, 5026-5034
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The Zn-Al hydrotalcite-like compound in the chloride form,
[Zng ¢5Al0.35(OH),]Cly 35°0.35H,0 (I), was obtained by titrating the
carbonate form, previously dispersed in NaCl (0.1 M, mass/volume
ratio 1 g50 mL™"), with HCI (0.1 M) by means of a Radiometer
automatic titrator operating in the pH stat mode and at pH 5. The
solid was washed with CO,-free deionized water and stored over
P40, in the presence of soda lime.

Analytical Procedures: The metal ion content of HTlc was deter-
mined by ion chromatography, after dissolution of about 100 mg
of sample in concentrated HCI. The metal ion concentration in the
resulting solution was measured by the following procedures: (i) Zn
content: column Dionex CS5a, eluent PDCA, flow 1.0 mLmin !,
spectrophotometric detection after Post Column Reaction (PCR)
with PAR; (ii)) Al content: column Dionex CS5a, eluent HCI
(0.75 m), flow 1 mLmin ™!, spectrophotometric detection after PCR
with Tiron. The chloride content was determined by ion
chromatography for the solution obtained by soaking the solid
samples in Na,CO; (1 m) at 80 °C for 4 h. C and H elemental analy-
sis was performed with a Carlo Erba 1106 analyser. Carbonate and
water contents were also evaluated from TGA.

Characterisation: X-ray powder patterns were collected in the 7-
110° and 0.02° step size (260 range) according to the step scanning
procedure using Cu-K, radiation with a Philips X’Pert APD dif-
fractometer, PW3020 goniometer equipped with a bent graphite
monochromator on the diffracted beam. Divergence and scatter
slits of 0.5° and a receiving slit of 0.1 mm were used. The LFF
ceramic tube operated at 40 kV and 30 mA. To minimise preferred
orientations, the sample was carefully side loaded onto an alumin-
ium sample holder with an oriented quartz monocrystal under-
neath. The counting time was 20 secstep ! for all the diffraction
patterns. The TG/DTG/DTA analyses were performed in air with
a Netzsch STA449C thermal analyser at a heating rate of
5°Cmin! under an air flow.

Rietveld Refinement: Rietveld refinements for I and II were per-
formed using the GSAS program.* Sample displacement, cell pa-
rameters and background were first refined. Fractional coordinates
and isotropic thermal factors for all the atoms, and profile shape
were also refined. The profile was modelled using a pseudo Voigt
profile function (six terms) with two terms for the modelling of
asymmetry at low 260 angle. The interatomic distances and bond
lengths were refined freely, except for the O-H distance that was
restrained to 0.9(3) A. Isotropic thermal factors were refined by
constraining the program to apply the same shift to the metal
atoms and another shift to the light atoms. The metal atom occu-
pancies were set at fixed values (according to the stoichometry) and
were not refined. At the end of the refinement the shifts on all
parameters were less than their standard deviations.

Computational Details

FF Parameters: The Materials Studio package (Accelrys Inc., San
Diego) was used to perform all MD simulations through the Dis-
cover module. In the present work, the recently developed
CLAYFF force field* was included. This FF features suitable pa-
rameters for LDHs containing the Si, Al, Mg, Ca, Fe and Li spe-
cies. Accordingly, to overcome the lack of parameters for systems
in which Me(Il) = Zn, the Zn parameters were derived by using
the following minerals, for which structural data are available, as
model compounds: &-Zn(OH),333%  y-Zn(OH),,?l  Zns(OH)
sCl,*H,0.538 For the VDW function, the following parameters were
obtained: Dy = 1.0x 10 ¢ kcalmol !, Ry = 5.0 A, charge = 1.05e.
The orders of magnitude of these calculated Zn nonbonding pa-
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rameters were in agreement with those of the species Si, Al, Mg,
Ca, Fe, Li as quoted in Table 1 of ref.?4. The parameter values of
the electrostatic terms reported in this table were readjusted as fol-
lows: hydroxy oxygen (OH) = —0.875 e; aqueous chloride ion (CI")
= -0.975 ¢, on the basis of the hydrotalcite-type structure used for
modelling. This was done in order to achieve total electroneutrality
through the redistribution of the charge on Al among the surround-
ing hydroxy groups.

Protocols: The MD simulations started from the energy-minimised
structures. The periodic boundary conditions (PBC) with an NPT
ensemble were used for all the runs. Transients of 200 ps and 1 ns
were collected for the models at various hydration degrees and for
the models selected for the validation procedure of the simulations,
respectively. In both cases the integration time step was 0.001 ps,
and the sampling interval was 1000 time steps. The energy-op-
timised structures were obtained with the smart minimiser of the
Discover module, satisfying a gradient of 0.1 kIJmol!. The non-
bonding (NB) settings were those provided by default in this mod-
ule for VDW interaction: atom-based summation method with cut-
off =9.5 A, spline width = 1.0, buffer width = 0.50, and long-range
energy correction = 9.5. For the Coulomb interaction, an Ewald
summation method was used with accuracy = 0.01, update width
= 1.0, dielectric constant ¢ = 1.

Modelling: The structural models of the samples I and II, which
were submitted to all the simulations, were generated on the basis
of the X-ray crystal structures (unit cells and atomic fractional co-
ordinates) provided by refinement of their XRPD data by Rietveld
analysis (Table 1, Table 2). All structures were 3-layered periodic
supercells built up by setting R3m symmetry conditions and the
factors 6, 6 and 1 for the unit-cell parameters a, b and ¢, respec-
tively. Each layer included 36 atoms of the two metals in the ratio
Zn/Al = 2:1 (Figure 1) for 108 formula units. The supercell param-
eters a, b, ¢, a, i, y, were independent variables in the MD simula-
tions. The interlayer water molecules and chloride (I) or carbonate
(IT) anions from the Rietveld analyses (Figure 2) were regularly dis-
tributed in the lattice positions denoted by green balls in Figure 1.
Preliminary molecular modelling energy calculations showed that
the energy-preferred position of the metallic atoms in the slab was
the most regularly ordered one, i.e., that in which six Zn atoms
were the nearest neighbours of each Al atom, and three Al atoms
and three Zn atoms were the nearest neighbours of each Zn atom
(Figure 1b). The simulated models of I and II were obtained by
determining the amount of the regularly distributed interlayer
water molecules for each compound by varying the sequence of the
total number of water molecules (N,,) from 54, 51, 48 down to 0,
and from 93, 90, 81, 72 down to 0, respectively. This corresponded
to the formula coefficients (y) which varied from y = 0.5, 0.47, 0.44
down to 0 for I, and from y = 0.86, 0.83, 0.75 down to 0, for II.
In the search for the best model, the interval over which N,, was
varied was adequately restricted.

Calculation of XRPD Pattern from MD Trajectory (MD-XRPD):
The cell and atomic positional parameters were calculated from the
MD trajectory and stored. The angles 6 and Miller indices (4, k, )
for which a diffraction peak should appear were determined for
each of these snapshots by using the Bragg equation, ni =
2d X sin Oy

The intensity of these diffraction peaks is I,;; = |Fj />, in which
Fiyy = Zf,e2 0 +lov o) here u, v, w are atomic fractional pa-
rameters and f,, X-ray scattering factors.

The intensity obtained in this way was then stored in an array of

bin size d(20) at the position corresponding to 20(N) = 20
+150(20). Averaging all of the snapshots of the MD simulation
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completed the above MD-XPRD procedure. The diffraction inten-
sity 1(20), obtained in this way, was then scaled®*”! for the Lorentz
[L = 1/(sin# < sin26)] and polarization [p] corrections (Lp).

Crystallite Size Broadening: The above procedure led to an MD-
determined XRPD pattern for a perfect crystal of infinite dimen-
sion, whose atomic and cell parameters fluctuated due to thermal
motions. When crystallites are less than approximately 1000 A in
size, appreciable broadening in the XRPD lines will occur. The
shape of the peaks take on a predominantly Lorentzian profile]
centred at 0,,), with a full width at the half maximum (FWHM)
that depends on the crystallite size. The relation that quantitatively
describes the FWHM [A(26,,,)] as a function of the dimensions of
the crystal and the order of the diffraction peak (/ik/) is!‘]

A 1

I 2 L 2 I 2775
s s ol
cosl,, d,, a b c

in which 4, k and / are the Miller indices, and L,, L,, L. are the
crystallite dimensions along a, b and ¢, respectively. The procedure
for calculating the size-broadened MD-XRPD pattern, given the
dimensions L,, L, and L. of the crystallite, was the same as that
for a perfect crystal, whereas the values of the intensity profile of
the broadened peaks were stored in the array along the bins centred
around 20(K) = 20, for a width of £ 10 A(20,,1,).

Modelling the XRPD Pattern: The experimental XRPD pattern
(line shape and peak heights) was modelled by calculating a set
of XRPD patterns from the MD trajectory that corresponded to
different crystallite sizes (N patterns for N crystal sizes). Sub-
sequently the calculated pattern was compared with the experimen-
tal XRPD curve by using the equation having the best fit for the
coefficients w;.

A(20MI )=

16)

caled

N
=w, () + w, L(O)+ - +w, [ (O)=2 w, 1.(8)
il
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