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Abstract:

The samples of Zny-Al; and Mg,-Al; layered double hydroxides (LDHs) intercalated with
benzoate anions and its derivatives (p-methylbenzoate and p-bromobenzoate) were prepared
and characterized by powder X-ray diffraction, chemical analysis and thermogravimetry. The
interlayer arrangement was calculated by molecular modeling combined with X-ray
diffraction. Molecular mechanics and classical molecular dynamics were carried out in
Cerins” modeling environment. In the case of LDH intercalated with benzoate the guests
adopt as the best a parquet arrangement in the interlayer space The addition ot CH; groups
and Br atoms in the p-positions of the benzoate ring causes a disorientation of the guests. The
interlayer water molecules are located in the planes with COO™ groups near the LDH layers
The strategy leading to solving of interlayer arrangement of LDH (LDH layers were kept as
rigid units during the energy minimization and NVT statistical ensemble was used during the
dynamics simulations) was successfully applicated in the case of LDH intercalated with bulky
anions (porphyrin derivatives anions).
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Abstrakt:

Byly pripraveny vzorky podvojného vrstevnateho hydroxidu (LDH) typu Zny-Al, a Mgy-Al;
interkalovaneho benzoatovymi anionty a jejich derivaty (p-methylbenzoatem a p-
bromobenzoatem). Vzorky byly charakterizovany pomoci praskove rentgenove difrakce,
chemické analyzy a termogravimetrie Uspofadani mezivrstvi bylo zkoumano metodou
kombinace molekularniho modelovani a praskove difrakce. Molekularni mechanika a klasicka
molekularni dynamika byly provedeny v programu Cerius™. V piipadé LDH interkalovaného
benzoatem hosté zaujimaji v mezivrstevnem prostoru parketove usporadani. Vyskytem skupin
CH; a atomu bromu v para pozicich benzenoveho jadra dojde k neusporadani hostu
v mezivrstevnem prostoru. Mezivrstevna voda se nachazi v rovinach spolu s karboxylovymi
skupinami podel LDH wvrstev. Strategie vedouci k vyreSeni mezivrstevného usporadani
(vrstvy LDH drzeny jako rigidni jednotky v prubéhu minimalizace energie a uziti NVT
statistickeho souboru pfi molekularni dynamice) byla uspésné aplikovana v pripadé LDH
interkalovaneho velkymi anionty (anionty derivatu porfyrinu).

Klicova slova podvojne vrstevnate hydroxidy, praskova rentgenova difrakce, molekularni
modelovani



1. Introduction

1.1 Motivation and the aim of the work

The methods of structure analysis based on combination of molecular modeling and
experiments help us to describe disordered, usually powder structures in details that cannot be
analyzed by diffraction methods only. Chemical and physical properties of the materals
strongly depend on the structure and molecular modeling i1s able to help us to describe the
structure-properties relationship Generally, the intercalation of various species into layered
structures 1s very attractive because of a possibility of designing new materials with desirable
properties [ 1, 2. 3] Suitable compounds for the intercalation of organics or inorganic species
are clay minerals; especially in this work Layered Double Hydroxides (LDHs) The
intercalation of LDH can be based on ion-exchange reactions. One unique property of these
solids 1s that after a thermal decomposition under mild conditions, they are able to recover the
layered structure. It makes them difterent from cationic clays. This property represents a
synthetic route for analogues of LDH and for the new intercalates [4, 5] The LDH ofter a
large scale of possibilities and applications of these materials which are widening very fast In
the last twenty years, as a result of the advent of powerful atfordable personal computers
together with interactive, high resolution computer graphics terminals and the development of
very sophisticated multifunctional software packages, molecular modeling has found a
widespread usage in different research areas and one i1s also able to carry out simulations of
large systems where ab-initio calculations would be still too time consuming.

In the present work we focused on the solving of the Zny-Al, LDH structure intercalated with
benzoate anions and Mgy-Al, LDH intercalated with p-methylbenzoate and p-bromobenzoate.
The systems containing benzoate anions and benzoate derivatives were widely studied from
experimental point of view [6-14]. The present structure analysis is based on the combination
of molecular modeling, X-ray diffraction spectroscopy and thermogravimetry. The aims of the
present work are:

|/ to work out methods of structure analysis and strategies of modeling of these small
structures based on X-ray diffraction that would be subsequently applicable for bigger
systems containing thousands of atoms (for example LDH + porphyrin derivatives
intercalates)

2/ to determine the structure of Zns-Al, LDH intercalated with benzoate anions and the

structure of Mg,-Al; LDH intercalated with p-methylbenzoate and p-bromobenzoate anions.



2. Layered Double Hydroxides

The term of Layered Double Hydroxide is used to designate synthetic or natural lamellar
hydroxides with two kinds of metallic cations in the main layers and interlayer domains
containing anionic species. This wide family of compounds is also referred to as anionic
clays, by comparison with the more usual cationic clays whose interlamellar domains contain
cationic species [15] LDHs are also reported as hydrotalcite-like compounds by reference to
one of the polytypes of the corresponding Mg-Al based mineral More seldom, they are
named pyroaurite-like compounds, lamellar hydroxides of transition metals or mixed metallic
hydroxides. The first natural mineral belonging to this tamily was discovered in Sweden in
the 1842 and it 1s known as hydrotalcite Its formula was Mg,Al, (OH),, CO; * 4H,O. The
first studies on the synthesis, stability, solubility and structure determination are dated in
1930s. The structure of the layers ot LDH i1s based on M(OH), octahedral units sharing their
edges in order to build M(OH), brucite-like layers. These octahedral units contain both
divalent (M ") and trivalent (M) metallic cations; the LDH layers are therefore positively

charged, and the charge density is proportional to the trivalent metal ratio:

A’! 11l

MM (21)

The whole structure of LDH is consisted by stacking of such layers, and between the layers,
there are intercalating charge-balancing anionic species and water molecules as it is shown in

the tigure 2. 1. The general formula for LDH 1s

txm’

MM (OH), | XY aH O] (2.2)

where X' 1s an exchangeable anion, » represents number of water molecules and m is a valence
of interlayer anion.

Most of LDH systems accommodate a relatively wide range of trivalent ratios, but it is not
reported that it could vary from O to | without main structural changes. The trivalent ratio lies
between the x values of 0.2 and 0 4. The upper limit of trivalent ratio is generally attributed to
electrostatic repulsion between trivalent metals in the layers and to repulsion between the
charge-balancing anionic interlamellar species. The lower limit corresponds to lower
electrostatic interactions between the layers and the interlamellar anions leading to a collapse

of the interlamellar domains.



The divalent and trivalent metal cations found in LDHs belong mainly to the third and the

fourth periods of the periodic table of the elements:
divalent cations: Mg, Mn, Co. Ni, Cu. Zn

trivalent cations: Al. Mn. Fe. Co. Ni. Cr. Ga.

One major characteristic of LDHs is that in most cases, only weak bounding occurs between

the interlamellar 1ons and the layers A great variety of anionic species can therefore be

located between the layers during the formation of the lamellar structure, or by further anionic

exchange These anions can be:
- halides: fluoride, chloride,
- oxo-anions: carbonate, nitrate, sulphate, bromate,

- organic anions: carboxylates, phosphonates, alkyl sulphates,.

In addition to anions and water molecules. the interlamellar domains can contain other neutral

species.
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Fig 2.1 Zny-Al-Cl;y Layered Double Hydroxide. The grey octahedra contain Zn atoms; the
violet ones contain Al atoms. Small red and white balls represent OH groups of the layers, the

big red and white balls represent oxygen and hydrogen atoms of the interlayer water

molecules The green balls represent exchangeable chloride anions.



The structure of the interlayer space is more difficult to characterize than the structure of the
layers. With small anionic species, such as halides and carbonates and up to sulphate -
containing LDHs with a basal spacing of 11 A. a regular stacking of the layers is observed in
the X-ray diffraction patterns. With bulky anions. the stacking of the layers displays in most
cases no more long-range ordering (turbostatic eftect) [16] and the diftractograms show only
lines relative to the basal spacing and to the structure of the layers

Natural and synthetic LDHs usually crystallize in two polytype structures, one with a two-
layer hexagonal stacking sequence (polytype 2H. space group P63/mmc, or P63/mem) and
one with a three-layer rhombohedral sequence (polytype 3R) which is represented by space
group R-3m.

Since the end ot 1960s, an increasing interest is being given to LDHs in many fields such as
structural characterization [17], electrochemical and magnetic properties [18, 19], catalysis

[20, 21], pharmaceutical applications [22, 23], ecology [24] etc.

3. X-ray diffraction

[n diffraction experiments. intensities and positions of reflections are measured. From the
position of the reflection, its index triple (A k /) can be determined and the appropriate

intensity assigned to it [25] The amplitude of intensity ot diffracted radiation by one unit cell

.

1s proportional to the square of the structure factor:/, , , = F,, , I, .,

The expression for the structure factor is

-

Fo e i = Z_)‘O) exp[Z;r-:’(hxm t+ky,, +1z VAL (3.1}

where n is the number of atoms in unit cell, /  is scattering factor of atom j and it depends on
the kind of atom and on the diffraction angle of the corresponding reflection (h,k,/); x,y,z are
fractional coordinates of atom ; and A4,/ are indices of the corresponding reflection. If the

structure 1s known, the expression for the structure factor is

F = jp(;i) i | (3.2)
’

where " is volume of unit cell, p(r) is electron density in unit cell, H =ha" +kb" +Ic" is a

reciprocal lattice vector and » 1s a direct lattice vector. The aim of the crystallographic studies



1s to find out the structure from the measured intensity, i.e. from the experimentally obtained
structure factor. The way to look into the electron density is an inverse Fourier

transformation

P n = ILZZZ s |exp|lr_—2;r-;(h.\‘+k_1' +/:)T_ (3.3)

The problem 1s that only the magnitude of complex structure factors i1s known, 1.e. one does
not know the phase and the next is to find it out by solving the Phase Problem. A difficulty
leading to an impossibility of using the structure determination based on X-ray diffraction
only 1s that the intercalated layered double hydroxides usually exhibit a disorder in the
positions and orientations of the guest anions with respect to LDH layers and they usually
exhibit a layer stacking disorder A typical diffraction pattern of intercalated LDH has 00/
reflections and it contains typical broaden /#k-bands that are characteristic for LDH structure.
Generally, the X-ray diffraction profile is affected by other tactors such as: for example (1) the
size of the particles, (11) rudeness of the surface of the layers, (111) quality of crystalinity and
temperature [26]. We can determine the interlayer distance of the intercalated LDH and by
comparing the experimental and the calculated X-ray diffraction pattern obtained by

modeling, we can determine the arrangement in the interlayer space of LDH.

4. Molecular modeling

Molecular modeling is based on the optimization of the structure and bonding geometry using
energy minimization where the energy of the system is described by an empirical forcefield.
Molecular simulations are often used when the investigated systems are too large for ab initio
calculations and for the crystal structures that exhibit a certain degree of disorder and cannot
be determined experimentally by using direct diffraction methods as it was mentioned above.
Molecular simulations are divided into two parts: molecular mechanics and molecular
dynamics. All the calculations in this work were done in Cerius” modeling environment [27].

More information about molecular simulations can be found in [28].

4.1 Molecular mechanics

Molecular mechanics 1s based on the approximation which assumes that the motions of the

electrons and the nuclei are independent. The electrons are considered to be fixed to the nuclei



during the calculations and only positions of the nuclei are calculated This is in the contrast
with the quantum mechanics attitude

In molecular mechanics, all forces between the atoms are calculated using classical
mechanical approach. The atoms are described as balls and they are connected by bonds with
different elasticity. The interactions between atoms are described by potential energy
functions in the selected force field The force field parameters are usually based on
experimental data and the quality of calculations in the given force field are strongly
dependent on the reliability of the potential energy tunctions and on corresponding force field

parameters.

4.1.1 Potential energy functions
[t 1s common practice to represent the total energy of a system by a set of potential energy
functions, including bonded (/<,) and nonbonded (/-,) interactions.

Lo =k 1, (4.1

“traral
The bonded terms are comparable with the terms used in spectroscopy, and they consist of
two-body interactions (bonding energy /.s,,.), three-body interactions (valence angle energy
I.ne) and four-body interactions (torsion angle energy /., and inversion /,,,):

E=FE  +F 4k 4k (4.2)

i
‘ang tor I

The nonbonded terms consist of van der Waals (/.,.4), electrostatic (/..) and hydrogen
bonding (/) terms:

-

elst

b=k

Al v

+ B . (4.3)
4.1.2 Bonded interactions

Bond length deformation

The simplified approach used in molecular mechanics 1s to describe bond stretching as a
mechanical spring whose force constant 1s strong for small interatomic distances » and weak

for large ones. One possible way how to describe it 1s a Morse potential:

&

By = /)[I —exp(—a(r —r“))J : (4.4)
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where 7, 1s the ideal bond distance, a describes the curvature and /) the depth of the potential
function. The disadvantage of using a Morse function in empirical force field calculations 1s
that two potential functions and three parameters are involved and it causes an increase the
time requirement for the minimization process. A Morse function may be mimicked by a
Taylor expansion, where the first term (quadratic) describes a harmonic potential and higher-
order terms are included as inharmonic corrections. The quadratic term 1s a good

approximation of the bond stretching function near the energy minimum

Valence angle deformation

For organic molecules valence angle bending is usually described by a harmonic potential
l:‘,;”u:

= %A—.,(H—(i,)", (4.5)

iy

where £ i1s the angle between atoms 7, /, £, € 1s the ideal bond angle, 4, 1s a force constant.

)

Fig 4 1 Valence angle deformation

The fact that molecular mechanics 1s a well-developed tool for organic molecules while
coordination compounds have been modeled less frequently in the past is partly related to
problems in being able to model reliably the angles at the transition metal centers. In organic
compounds sp’, sp> and sp hybrids lead to relatively stiff angles of 109.5° 120° and 180°,
respectively, which are conveniently modeled with functions of the type (4.5). In contrast,
metal 1ons are more complex. A number of functions have been proposed to model the
valence angles around the metals The molecular mechanics forcefield Dreiding, based

on a generic tforce field, uses a harmonic cosine function

= Lke(cosd, —cos, ). (4.6)

“any ”

11



where & is a force constant, &, is the angle between atoms /, /, A and 6, 1s the ideal bond

angle.

Sometimes a Urey-Bradley potential function is added to the expression /-, It describes the
bonded energy of the atoms / and ; that are bonded to their common atom 4. The Urey-

Bradley potential term can be expressed in the simplest form as follows:

Evw = kol — 1 F + ko =), (4.7)

! ‘; 4 "

where &, and &, , are force constants and 7, 1s a bond distance between the atoms 7 and /,

1, 1s the 1deal distance between the atoms /7 and ;

| - teraction

Fig 4 2 Illustration to Urey-Bradley potential
Torsion angle deformation

Torsion rotations around single and multiple bonds are ditterent processes. In a multiple bond,
a torsion rotation results in the transformation of one isomer into another. Rotation around
single bonds leads to interconversion of conformers. It is common practice to describe torsion
rotations around single bonds and those around multiple bonds with the same type of potential
function but with very different force constants. The function must be able to describe

multiple minima. Generally, a Fourier expansion of the torsion angle ¢ with only cosine

terms 1s used:

| | . |
E. = Z-:;k”(l+cos(mn(¢—ga,))), (4 8)

Fig 4.3 Torsion angle deformation around the j-k bond



where the constant &, represents a rotational barrier, m is the multiplicity and ¢, is a phase

shift which only has to be considered if only one cosine term is included.

Inversions

An inversion term describes the bonding geometry of four atoms 7, /, &, / and characterizes the
deviation from a planar arrangement. There are three various types of inversions:
e umbrella inversion

l‘,‘“ = _k“ (COSU) —'COS (‘a)l‘ ) ) (4())

where k_ 1s a force constant, @ 1s the angle between the //k plane and the axis i/, w, 1s the

equilibrium value of this angle.

Fig 4 4 Umbrella inversion

e amber inversion

o =
k., :;k-; COS[H(I//— ://”)J, (4.10)

where 4, 1s an energetic rotational barrier, » periodicity, v/ is the angle between the ji/ and

kil planes and 7 1s the equilibrium value of this angle.

Fig 4.5. Amber inversion

e charm inversion

. I 2
By = ;kﬂ (v-w,) . (4.11)
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where k_ 1s a force constant, 1/ is the angle between the /jk and the //k planes, v/, is the

equilibrium value of this angle

J

'\

1'!-',-"’- i
—
k

Fig 4 6 Charm inversion

A separation of the bonded interactions into bond stretching ( /7, ,), angle bending (/..,.),
torsion angle rotation ( /-, ) and inversions (/.,.) is only possible if these terms are not

coupled, and this 1s the most likely if the force constants are very different. In cases where this
requirement is violated, corrections have to be added This can be done by the inclusion of
cross-terms (coupled terms) which describe bond or angle distortions caused by nearby atoms.
The crossterms include the following coupled terms: stretch-stretch, stretch-bend-stretch,

bend-bend. torsion-stretch. torsion-bend-bend. bend-torsion-bend and stretch-torsion-stretch.

4.1.3 Non-bonded interactions
Van der Waals interactions

Various interactions, such as those of permanent electric dipoles, permanent multipoles, and
short-lived multipoles, are assembled in the van der Waals term. At distances below the van
der Waals radius, the atoms repel each other; above it they attract each other. The attractive
force is modeled by a 1//” term, while various possibilities exist for the repulsion. The van der
Waals interaction can be calculated by a Lenard-Jones potential eq. (4.12) or by a

Buckingham potential eq. (4.13)

O — T 6 (4.12)

b = & =y (4.13)

where 7, 1s the distance of the atoms /7 and ; , the capital letters are constants.
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Electrostatic interactions

In this work, charges were calculated by using Charge equilibrium approach [29]. The Ewald
summation method is used to calculate the Coulomb energy [30]. The real space Coulomb
sum 1s divided into a quickly converging moditied real-space sum and a summation in a
reciprocal space. The division is specified by three parameters: the Ewald sum constant,
the real-space sum cutoft. the reciprocal-space sum cutoft. The Ewald sum constant controls
the division of a work between the real- and reciprocal-space sums. The bigger the Ewald sum
constant 1s, the more quickly convergent the real-space sum 1s, but the more slowly

convergent the reciprocal-space sum is.

Hydrogen bonding interactions

The function most used for hydrogen bonding interactions 1s a two-parameter function with a
. : 12 : . 11
repulsive term that decreases with ¢ "~ and an attractive term that decreases with d "
F G

B = I — cr (4.14)

where /- and (; are constants and d/, 1s a donor-acceptor distance.

4.2 Minimization algorithms

The minimization of a system 1s done in two steps. Firstly, an equation describing the energy
of the system as a function of its coordinates 1s defined and evaluated for a given
conformation Next, the conformation i1s adjusted to a lower energy value of the target
function. The number of iterations depends on the nature of the algorithm, the form of the

target function and the size of the system.

Line search

The major implicit component of most minimization algorithms is the so-called line search
that generally changes the coordinates of the atoms to the new ones with lower energy. Line
search amounts to a one-dimensional minimization along a direction vector determined at
each iteration. The derivative vector from the initial point of the energy surface defines the
line search direction. This vector does not lead generally to the minimum, but the algorithm

tries to find a minimum on this line and after that, it assigns a new vector which is

I5



perpendicular to the previous one. It occurs for all iterations. The line search provides an
efficient path to the minimum for approximately quadratic surfaces.
Minimization algorithms used in MSI's simulations are: steepest descents, conjugate gradient

and Newton-Rapson methods

Steepest descents

In the steepest descents method, the line search direction is defined along the direction of the
local downhill gradient Each line search produces a new direction that is perpendicular to the

previous gradientV/(x .y ), however. the directions can oscillate along the way to the

minimum. This inefficient behavior is characteristic for steepest descents on energy surfaces
having narrow valleys. If the line search was eliminated and the positions were updated any
time that the trial point along the gradient had a lower energy the number of function
evaluations would dramatically decrease Furthermore, by constantly changing the direction
to match the current gradient, oscillations along the minimization path might be damped. Each
line uses, at most, two function evaluations if the trial point has a higher energy, the step size
is adjusted downward and a new trial point is generated. Convergence of steepest descents 1s
slow near the minimum because the gradient approaches to zero, but the method 1s extremely
robust when the gradients are large and the configurations are far from the minimum, so the

steepest descents should be used for the first 10 -100 steps of minimization.

Conjugate gradient

The steepest-descents method converges slowly near the minimum and each line search
deviates from the ideal direction to the minimum. Successive line search does not correct for
this deviations efficiently because each direction must be orthogonal to the previous one. The
conjugate gradient method produces a set of mutually conjugate directions such that each
successive step continually refines the direction towards to the minimum.

In conjugate gradient, the new direction vectorh , leading from point /+1 is computed by

adding the gradient at point /+1, g  to the previous direction h, scaled by a constant y:
hf‘l:grll-*—}/:ha" (4'5)

where vy is a scalar that can be defined in two ways. In the Polak- Ribiere method, y is defined

as

16



(g;q "g:)g;-‘. (416)
g‘g

y =

and in the Fletcher — Reeves method v is detined as

y = BBl (4.17)
28
The two conjugate gradient methods have similar characteristics; one or other might behave
better in certain cases This direction is then used in the place of the gradient in the steepest
descents. The algorithm produces a set of mutually orthogonal gradients and a set of mutually
orthogonal directions. The method converges in approximately N steps, where N is the
number of degrees of freedom Conjugate gradients are the method of choice for large
systems because only the previous 3N gradients and directions have to be stored. The
disadvantage of this method is that the time per iteration may be longer in comparison with
the steepest descents because of the more complete line search is done with more function
evaluations. Longer calculating time 1s compensated by more efficient convergence to the

minimum.

Newton-Raphson methods

As a rule, N independent data are required to numerically solve a harmonic function with N
variables. If one can exploite second-derivative information, a minimization could ideally
converge in one step, because second derivative 1s an N x N matrix. This is the principle
behind the variable metric minimization algorithms, of which Newton-Raphson i1s the most
used. In addition to using the gradient to identify a search direction, the curvature of the
function (second derivative) i1s also used to predict, where the function passes through a
minimum along that direction. The inverse of the second-derivative matrix multiplied by the
gradient obtains a vector that translates directly to the nearest minimum. This is expressed

mathematically as

=r,=A" (1, ) VE(r,). (4.18)

min i)

where r_ is the predicted minimum, r, is an arbitrary starting point, A(r,) is the matrix of
second partial derivatives of the energy with respect to the coordinates at r, and VE(r, ) is

the gradient of the potential energy at r, .

17



The molecular energy surface is generally not harmonic, so the minimum energy structure
cannot be determined with one Newton-Raphson step. Instead, the algorithm must be applied

iteratively:

r=r —-A'(r )VE(r ) (4.19)

This algorithm appears to be very elegant. but its application to molecular modeling has
several drawbacks First. the terms in the second derivatives matrix are difticult to derive and
are computationally costly for molecular torce fields Furthermore, when a structure is far
from the minimum the minimization can become unstable because of the inharmonicity of the
energy surface and it can diverge rapidly if the initial forces are too high Finally, calculating,
inverting, and storing an N x N matrix for a large system can become unwieldy. Pure Newton-
Raphson 1s reserved primarily for cases where rapid convergence to an extremely precise

minimum is required.

4.3 Molecular dynamics

While minimization computes the forces on the atoms and changes their positions to minimize
the interaction energies, dynamics computes forces and moves atoms in response to the
forces. Molecular dynamics solves the classical equations of motion for a system of N atoms
interacting according to a potential energy force field Dynamics simulations are useful for
studies of the time evolution of variety of systems at nonzero temperatures, for example,
biological molecules, polymers, or catalytic materials, crystals, aqueous solutions, or the gas

phase.

The major applications of molecular dynamics are:

» Performing conformational searches
During dynamics simulations, a system undergoes conformational and momentum changes so

that ditferent parts of the phase space accessible to the molecules can be explored.
e Generating statistical ensembles

Molecular dynamics allows us to generate statistical ensembles from which various energetic,

thermodynamic, structural and dynamic properties can be calculated

18



e Studying the motions of molecules
The thought of intermolecular collisions and conformational variations is always present.
Binding of substrates by proteins. folding of proteins and peptides into unique shapes.
dynamic behavior of polymers. and chemical reactions themselves would be inconceivable
without the concept of molecular motion. Studies of molecular motions can be used to derive

properties such as diffusion coetticients.

Integration algorithms
Molecular dynamics solves Newton's equation of motion

F(r)=mua(1). (4.20)
where F 1s the torce. mis the mass. and « 1s the acceleration of the atom /.

The torce on the atom 7 can be computed directly from the derivative of the potential energy 1

with respect to the coordinatesr,

(4.21)

Classical equations of motion are deterministic. That 1s, once the initial coordinates and
velocities are known, the coordinates and velocities at a later time can be determined.
Although the initial coordinates are determined in the input file or from a previous operation
such as minimization, the initial velocities are randomly generated on the base of Gauss
distribution at the beginning of a dynamics run, according to the desired temperature.
Therefore. dynamics run cannot be repeated exactly. The algorithm which integrates the
equations of motion is called the integrator. Molecular dynamics is usually applied to a large
system, so the energy evaluation is time consuming and the memory requirement is large. To
generate the correct statistical ensemble, energy conservation is also important. The basic

criteria for a good integrator in algorithms are as tollows:

[t should be fast, ideally requiring only one energy evaluation per time step.

®

e [t should require little computer memory.

e [t should permit to use of a relatively long time step.
e [t must show a good conservation of energy.

1%



The C'erius™ dynamics simulation module uses the Verlet leapfrog integrator, whose variants
are used widely in molecular dynamics because it requires only one energy evaluation per

step. requires onlv modest memory. and allows a relatively large timestep to be used.

The Verlet leapfrog algorithm is as follows
Given r(r), v(r— Ar/2) and a(r). which are the position, velocity. and acceleration at times 7,

and 7 — Ar/ 2 compute:

f | \ { | \
V| 1 +—= Al _\-;r--—31J+Am(i), (4.22)
( | \
r(/+;&/):r(1)+mv\1+:A1Jﬁ (4.23)
\ - /
. f(r+Ar)
alf +l | =———12 (4.24)

m

where (7 + A7) is evaluated from —dl"/dr at r(t + Ar).

The disadvantage of the Verlet leaptfrog method 1s that the positions and velocities are
calculated half a timestep of synchrony.

Aris called the integration timestep and it is very important parameter in the integration
algorithm. Large timestep causes instability and inaccuracy in the integration process. In most
molecular systems, the main limitation is the highest-frequency motion that must be
considered The highest vibrational frequency is usually given by frequency of C — H bond
stretching, whose period is of the order ot 10 fs. So, the integration timestep should be about

0.5=11s

4.3.1 NVT ensemble

The constant number of particles, constant volume, constant temperature ensemble (NVT)
was used in this work. NVT ensemble i1s also referred to as canonical ensemble and it is
obtained by controlling the thermodynamic temperature. Direct temperature scaling should be
used only during the initialization stage, since it does not produce a true canonical ensemble.

The NVT ensemble calculations are used when conformational searches of molecules are
carried out in a vacuum without periodic boundary conditions. Even when periodic boundary

conditions are used, if pressure is not a significant factor, NVT ensemble provides the



advantage of less perturbation of the trajectory. due to the absence of coupling to a pressure

bath.

4.3.2 Temperature

Temperature 1s a state variable that specities the thermodynamic state of the system and is an
important parameter in dynamics simulations. It is related to the microscopic description of
molecular simulations through the kinetic energy which 1s calculated from the atomic
velocities

The temperature and the distribution of atomic velocities in a system are related through the

Maxwell-Boltzmann equation:

f(v)dv=| —— ‘ e * 4y dv, (4.25)

where v 1s molecular velocity, m mass of molecule, / represents thermodynamic temperature

and & 1s Boltzmann constant.

The following formula expresses the probability f(v) that a molecule of mass m has a

velocity of v when it is at temperature /° The x, y, = components of the velocities have

(aussian distributions:

m \! nv;
g(v, )dv, {%{k/'J e T dv . (4.26)

The initial velocities are generated from the Gaussian distribution of v_, v v_. The Gaussian

distribution is generated from a random number generator and a random number seed.
Temperature 1s related to the average kinetic energy of the system through the equipartition
principle which states that every degree of freedom, which appears as a squared term in the

Hamiltonian, has an average energy of k7" 2 associated with it.

4.3.3 Quenched dynamics

In quenched dynamics, periods ot dynamics are followed by a quench period in which the
structure 1s minimized The minimized structure can be written to a trajectory file, and
dynamics continues with the prequenched structure. Quenched dynamics is a way to search

conformational space for low-energy structures.



S. Results

The advantages of molecular modeling for small systems with hundreds of atoms lies in a fact
that the simulation of these systems is not too computer time consuming and many different
methods and strategies of molecular modeling can be fast tested in a relatively short time.
Once the suitable computational strategy is worked out one can use it for structure

determination of much larger systems with similar parameters.

Thus, the main goal of this work was:

I/ to test different simulation strategies for the geometry optimization of the models and by
using various combination of constraints involved in the calculating software to obtain a faster

convergent results and also to spare the computing time,

2/ to investigate and to describe structure models of LDH intercalated with benzoate and LDH
intercalated with benzoate-derivates (p-methy! and p-bromobenzoate) on the base of the
similarity of the calculated and the experimental diffraction pattern. It means to obtain an
agreement of the experimental and the calculated interlayer distance value, to obtain a good
similarity of the part of X-ray diftraction profile related to basal reflections and to eliminate
undesirable reflections in the calculated diffraction pattern which can be caused by a forced

periodicity

The LDH layers were constructed in Crystal Builder [27] module according to the
crystallographic data. In the case of Zn-Al LDH intercalated with benzoate it was gained from
Rietveld refinement at the cooperative workplace in Perugia, Italy: [riconal cell system.
space group R-3m Cell parameters o b 307398 A ¢~ 25 2048 A The atomic fraction
coordinates are shown in the table |

These atomic fraction coordinates were used for constructing the cell of Mgy-Al, LDH + p-
methyl and p-bromobenzoate intercalate and the cell parameters were taken from [31]. The

guest anions were constructed in 3-/) Sketcher module [27].

Table 1 Atomic fraction coordinates of the elements of LDH layer.

Element |x/a y/b z/c
Zn (Al,MQg) 0 0 0
O 0 0 0.377

)
o)



The LDH intercalates consist of inorganic part that is formed by Zn or Mg and Al atoms in
the layers. A lot of forcetields are available to describe many types of special species like
DNA, polymers, glasses etc. The only forcefield which was able to describe all the atoms in
the structure models of LDH intercalates was ( /miversal forcefield [32] and it was used for all

the calculations.

3 types of minimization strategy were evaluated:

I/ The unit cell parameters and the positions of all the atoms in the LDH layers are fixed and
the atomic positions of all the species in the interlayer space are variable. This type of
constraints does not enable to investigate the dependence of the interlayer distance on the
arrangement of the species in the interlayer space.

In the case of molecular modeling of such intercalates that have very broaden basal reflections
the value of interlayer distance is the only parameter that connects the modeling and the
experiment. Therefore this constraint is unusable because one cannot say that a certain
arrangement of the interlayer space is probable than other because the interlayer distance is
not optimized. On the other hand, this constraint leads to a very quick convergence of energy

of the minimized structure.

2/ The unit cell parameters and all the atomic positions in the model are variable. This
strategy leads to the slowest convergence of the energy because there are no constraints. This
strategy enables us to investigate a possible distortion of the LDH layers in the model and
changes in the LDH layer itself, for example, the bond length distance and valence angle
changes As if we use (/niversal torcetield these changes will not be described properly. They
would be better described if special forcefields tor clay minerals were derived. In contrast of
this, we found out that this strategy leads to incorrect results in the case of LDH — the
interlayer distance does not agree with the experimental one at all and the structure of

interlayer space is very difterent from the results obtained by other strategies.

3/ The layers are kept as ,.rigid units™ i.e. the mutual position of the atoms in the layers are
tfixed and the layers as rigid units can move in a horizontal and in a vertical direction with
respect to each other The corresponding cell parameters are variable (if x-axis is
perpendicular to the layers the parameters ¢, a/lpha and beta are variable and basal reflections
in the calculated X-ray diffraction pattern are labelled as ( / 0 0 ) ). This strategy leads to a

faster convergence than strategy no. 2 and the establishment of the  rigid bodies™ agrees with



the fact that the structure of the host layers remains unchanged after the intercalation or the
changes are small. In addition. one can investigate dependence of the interlayer distance value
on the arrangement of the species in the interlayer space. It is also possible to look into a layer
stacking disorder of the structure model and into the dependence of the interlayer distance and
a diffraction pattern profile of the intercalate on the concentration of the species in the

interlayer space. This strategy was used in our calculations

Molecular dynamics

A NVT (constant number of atoms, constant volume and constant temperature) statistical
ensemble was used in molecular dynamics. In this statistical ensemble the layers are kept
fixed, the cell parameters are not allowed to change and only the geometry of the interlayer
arrangement 1s optimized. It enables us to investigate the dependence of the total crystal
energy on the arrangement of the species in the interlayer space and the molecular dynamics

calculations are not too time consuming.

Solved structures:

In the following pages, structure models of LDH + benzoate intercalate and calculated X-ray
diffraction patterns are shown. The experimental X-ray diffraction pattern of the intercalate 1s
shown 1n the paper [ - fig 1 The values of the 20 angle and the corresponding / 0 0 basal

reflections are presented in the table 2.

Table 2. 26 angle and corresponding / 0 () basal reflections.

0 /° 584 1148  17.20 2306  28.85|

100 300 600 900 1200 1500

Some types of different arrangements of the species in the interlayer space are shown in the
figures 5.1 and 5 3. The figures 5.1 and 5.2 show a structure model and the X-ray diffraction
pattern with a parallel arrangement of benzoate anions in the interlayer space and with water
molecules freely distributed in the interlayer space.

In the figures 53 and 54 a model with a tilted arrangement of the guest anions in the

interlayer space and its X-ray powder diffraction i1s shown.



Fig 5 1 A model with parallel arrangement ot the guest anions in the interlayer space.
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One can see that by comparing the calculated X-ray diftraction patterns and the structure
models of LDH intercalated with benzoate we can investigate the influence of difterent
arrangement of the interlayer space on the X-ray diffraction profile. We can see that the
arrangement of the interlayer space significantly affects the ratio of the intensities of (9 0 0)
and (12 0 0) reflections. In addition in the case of parallel arrangement of the guests the (15 0
0) reflection 1s missing (20 for (15 0 0) reflection is 29.0°) in the calculated X-ray diffraction
pattern, which leads to a disagreement with the experimental diffraction pattern. In the tilted
arrangement of the guests the (15 0 0) retlection 1s present but the ratio of intensities ot (9 0 0)
and (12 0 0) reflections 1s not satisfactory. The most probable structure model is the one with
the nearly perpendicular arrangement of the guests where the ring planes of the guests keep
the parquet arrangement as it is shown in the paper I-tig 3a Its X-ray diffraction profile

resembles the best of the experimental X-ray diftraction profile.

When the arrangement of guests in the interlayer space was solved we carried out a simulation
of the arrangement of the interlayer space of LDH intercalated with p-bromobenzoate and p-
methylbenzoate The basal reflections tor LDH + benzoate-derivatives intercalates are labeled
in the experimental diffraction pattern in paper Il-fig 2.

We tound out that the added CH;3 groups and the Br atoms in p-positions of benzoate rings
influence the arrangement of the guests in the interlayer space. In the case of LDH
intercalated with p-methylbenzoate the guest tend to be situated in disordered rows as it is
shown in paper Il -fig 3b and in the case of LDH intercalated with p-bromobenzoate there 1s a

total disorientation of the guests in the interlayer space, see paper Il -fig 4b.

We found out that interlayer water has a significant influence on the X-ray diffraction profile
in the cases of all intercalates Different arrangements of water molecules lead to different
intensities of (12 0 0) reflection. This is shown in the case of LDH + p-methylbenzoate
intercalate. The tigure S 5 shows a situation when water molecules are arranged in the planes
with COO" groups coinciding with the LDH layers as one can see in the figure 3a in paper Il
The figure 5.6 shows a situation when water molecules are freely distributed in a bulk
between the LDH layers and the phenyl rings of the benzoate anions. The model describing
this situation 1s shown in the figure 5.7 and the mentioned arrangement of interlayer water in

this situation is not in agreement with experimental diffraction pattern.
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5.7 A bulk distribution of water molecules between the LDH layers and the phenyl rings
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6. Conclusions

We worked out a molecular modeling strategy for solving structure of LDH intercalated with
benzoate, p-methylbenzoate and p-bromobenzoate anions by methods of molecular
simulations combined with X-ray diffraction

In the case of LDH intercalated with benzoate the guests adopt as the best a parquet
arrangement in the interlayer space The addition of CH; groups and Br atoms in the p-
positions of the benzoate ring cause a disorientation of the guests. CHs groups cause a
.disordered rows arrangement™ and the Br atoms lead to a total disorder of the guests in the
interlayer space. The interlayer water molecules are located in the planes with COO™ groups
near the LDH layers and location of interlayer water has a significant influence on the ratio of
intensities of (9 0 0) and (12 0 0) diffraction peaks. If water molecules are freely distributed in
a bulk the ratio of these two intensities changes with respect to the experimental diffraction
pattern and it lead to a disagreement with the experimental diffraction pattern.

The energy minimization of structure models uses the so-called rigid units, where all the
atoms in the layer keep their mutual distances and the layers themselves can move in a
horizontal and in a vertical position This molecular modeling strategy enables us to
investigate the real influence of the arrangement of the interlayer region on the interlayer
distance and enables us to investigate the stacking faults of the layers. In the case of using
molecular dynamics calculations a quenched dynamics in a NVT statistical ensemble 1s
suitable for conformational search. The modeling strategy that leads to the structure solving of
smaller systems enables us to investigate much larger systems containing thousands of atoms.
By using this strategy, we have solved structures of LDH intercalated with (5,10,15,20-
tetrakis(4-sulfonatophenyl)porphyrin anions (TPPS anions) and LDH salt intercalated with

ZnTPPS anions.
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Introduction

Lavered double hvdroxides (L DHs) sometumes called
hvdrotalcites. belong o a wide tamily ol lamellar com-
pounds called wmonie clays. They are characterized by
regular stackmg of lavers that bear a positive charge. The
layers are lormed ol octabedral umits M (OH)» where M s
mostly a divalent or a trivalent cation. The mterlayer space
contaims water molecules and anons that compensate the
posttive charge ol the layvers. Hydrotalenes can be repre-

sented by a eneral formula

M=™ M“1OH), |4 m Hs0

and M

i the mterlaver amon with the charge ol e | 1.

where V/ are bi- and trivalent metal catons. 4

Fhe charge balancimg antons can be exchanued by a
wide amount of antons ol morganic or organic molecules
| 4], The amon exchange s a widely used intercalation
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method
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LDH olter a wide scale of practuical applicanion hike
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I the present work we myvesuwited the structre ol 1 DH
mtercalated with benzoate amvons. Nany papers dealime with
[.DH mtercalated with benzore acid and s dernvatives such
das salts ot benzore acid. terephthalate have been published
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this paper we mnestizated the structure and cuest arranve-
ment i benzoate - LDH mtercaline asme combmanion ol
molecular modelmye with expertment (N-rav powder dil-

traction. IR spectroscopy and thermogriy ety

Fxperiment
Namples preparation and chemecal anals sis

Well ervstalhized hvdrotalene - hike compound (HTIe)y ol
tormuda [Zn NFAOH ] 1COL 24H 2O was obtamed with
a procedure accomphished by the thermal hydrolysis ol area
| The corresponding chlonde form was obtaimed by
tiratmg the carbonate lorm. dispersed m oo 0 [ mol dm
NaCl solution, with a 0]
Radometer automatic ttrator operating ar pH sttt maode.
and pH o value of 3 Fally. the hydrotalene i nitrate torm
was obtimed by cquilibrating the chlonde fonm with an
aguenuas solution ol NaNO 0SS moldm rmolar ruo

NO), (] | ()

the tollow my

Fhe composttion o host structure was

Zng N OH G s ENE) 4.3 HA)

Fhe intercalation of benzoate ammons was achieved by
cquilibrating  the nitrate torm of hvdrotalente with an
dqgucous solutton of C HCOONa 0.5 mol din
CeH 000 N, L)

SRR

molar ratio
N lor 24 hours The re-
convered sohid was three tmes washed with CO-=lree de-
ontzed water and dned over POy The composition ol the
e rcalated structure was

<t HAO)

2 XILLOH 5 1 HC O,

Fhe Znoand N content ol the HTle. was obtaimned with
stundard EDTA ttravnon alter having dissolved a weighed
dammount of the sample =100 mg) o a few drops of

concentrated HC and diluted with water to SO ml. The

d A\.F‘lill';.;t.'l

Y e ete Interalation of

mol dm HCL by mcans of

CT.NO - and CLH.COQ)  countertons i solution, betore
and atter equilibration. were determined by 1on chromatog-
Water and ¢, H.COO

obtamed by thermogravimetry

raphy content ol the solids were

TG DTN analysis were pertormed imoae by a Stanton
N Thermoanalyser at the heatig rate ol 5 C man,

Ihe themovravimetrie analysis (TGAY and ditferental
thermal analysis (DTA) showed two endothermie peaks
related 1o Toss o co-intercalated water and 1o dehy dros-
Viaton ol the morcamce lavers between NSO and 300 ¢
Furthermore. the mam werght loss between 300 ¢ and
GOUComay be aseribed to decomposition ol organie parts,
/00 and ZoNLO L stants o be formed at temperatures
hicher than 600 € as confirmed by the XRPD paterns ol

the sample heated ar oo ¢
N-ray dillracton
Ihe measurement conditions N-ray - pow der dillraction
CNRPD) patterns were ken with o computer-controlled
W LTTO Phalips diftractometer operating at 40 K\, 30 mo\.
ustng @ PWCOIR20 comometer. supphied with a bent graphite
monochromator m the diftracted beam. and Cu-Ka radia-
ton. XRPD paterns were taken with the step-scanning
techiique. The samples were prepared  using  the side-
loadmye procedure morder o nunimize preterred orienta-
tions. Dillractograms were collected from 207 =2 o 120
ustng steps ol 0.01  and a counting tme ol 20 5 per step.
Fhe  ditfracuon pattern ol the itercalated  structure
measured at temperature ol 300 °C s shown m Fieo | N
exhibits charactenstic features ol a layvered structuare. that
means very  strong basal reflectnons due 1o the strong
preferred ornentation and weak broaden non-basal rellece-
tons dicating a sheht stacking disorder. Nevertheless the
crystal structure of the mtercalate exhibits a high degree of
three-dimensional ordering  tnon-basal  rellections  quite

pronounced). Anvway due 1o the shight structaral disorder
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Fig. | Powder diffracuon pattemn of the miercalated structure
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the structure of the mtercalate cannot be solved by
diftraction method only and 11 1~ suttable o nse molecular

modehng.
IR spectroscopy

FT-IR spectrar of the ~olid ~samples were recorded  under
vacuum with o Broker TES 1IN spectrometer by the KBr
peller techmque

1oshows o strong broad
ae OH

Ihe shamp and

The TT-IR ~spectruny tsee Fiy

band m the 30000 3730 ¢m

range due to the lame
stretehung whach are myvolved m H= bonds

mtense bands at 1537 em D and 1397 ¢m ' are asenbable
the assmmetrie and svmmetne stetchime vibrations ol the
cquivalent carbon-oxyueen bonds of COOY  aroup. NMoreover
are vistble the typical stgnils ol monosubstituted aromatic

' - - |
Fng: the m-plane skeletal vibraton at 1395 e and the twao

adsorpuon bands at 719 cm 7 oand 689 em o due 1o the

hending of the tive adiacent byvdrooen atoms of the ring.

Molecular modeling

Molecular modelne asine an empinical foree held was

carried out e Cerfus modelmg envoronment |27 Tmital
model ot the host structure was bt according  the
crvstallowraphie structure data obtuned fromy relinement
by means ol Rietveld procedure. Unit cell ol the host
structore s rlaver. the space aroup s R-3me wath richnge

cell and latniee parameters = 307598 AL o= 232048 A,
]

e = S0 =) < (20

Mhe Noand Zo aoms mthe host lavers were randomls
Jdistributed o that the composttton of the host structure
correspondaed o the expertmental one. The measured value

ol basal spacine. was o =158 N L thus the iterlaver

14 ~
;
Ll
' |
1 I| A
- |
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_ \ R
< l’ III
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I!:_', 2 IR spectra ol the mdercalated structure

distance m the mal model was set o this value. To
mvestigate the arrangement ol guest molecules m the
mterlaver space we butlt the supercell 4o x o> [o with the
123039 N | 6= 184559 \ . where

The charee ot this wilaver supercell 18

Lattiee parameters: 4u
465 A\
that means 24 benzoate amons were placed mto

the el \
24 ol
the mterknver space of the supercell. consisung ol 3 host
favers and 3 guest favers tre N benzoates per one guest
Laver i the superceell)
\ sertes of il models have been butlt with various
posittons and orientations ol caests and with variable water

vantent

(1 Benzoate g planes parallel o the host lavers in
bilaver or tilayer guest arrangement e the iterlayver
space

(2 Benzoate ring planes tlted to the host favers m bilaver
cuest arrancement i the miterlaver space.

(3 Benzoate ring planes perpendicular o the host layers
and with vamoos muatual  orientations and  various
posttions ol COOY - aroups with respect o OH croups

on the host struaeture

Fnerey nummnzation was carnied out i Cnnversal toree
field |25, The electrostatie encray was caleulated by Fwald
summation method  [296 van der Waals cnergy was
expressed by Lennard-lones potenual | 30]. The mumimviza-
tion ol the total ervstal enerey was carried out 1 the
Vinmizer module according o the Tollow my strategy

I the host Eivers i the supercell were kept as rigid anns
durmz cocrey nunmmzation, Varable parameters were ¢, o,
Cthis enables to optumize the muatual positions ol the lavers)
and all atonue posttions me guest lavers: The minimization
was carried out by modilicd Newton procedure.

The calculated structure models obtamed [rom various

starting seometries were sorted usmy two eriteria

Ihe value of crvstal energy mmumum
The similarity of caleulated and measured diltraction

pattern

Alter reaching the optimum positions and orientation ol
cuest molecules we tried to lind the opumum water content
and water location. As the water content has the significant
miluence on the total energy we could lind the optimum
water content. The tollowing strategy  was useds We
compared the total nonbonded eneruy (e sum ol
clectrostatic and  van der Waals mteractions) ol the
optimized structure maodels contamimg various water con-
tent e the mterlayer space. By using this procedure we can
find out the altinity rate of water molecules to the interlayer
space. On the other hand position ol water molecales m the
mterlaver space allects strongly the imtensity profiles in the
diftraction patern, This ellect enables us 1o refine the water

[ocation

4 ﬁpr‘ll:gcr
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Fhis sl e drecnon along

\

osians i the host stradtuare

metal bonds 15 about 03 db o mn (see

[ o

RS AL §
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[he

stracture s shown i Fre

calculated  dittracuon pattern of the optimized

I'he hieher mensitsy ol basal

reflection with respect o the others in comparison to the

capetimental ditfractuon pattern s due o the rouzhness ol

the surface ol the experimental sample which s not taken

miter account i the calcatatmg soltware. The roughness ol

the surface takes eltect st ot low vitlues of ditfraction

danchy oand results e o dechne ol the mtensity ol basal

retlec tion e the experimental dillraction pattern. Opumum

vl content lound usinge CHUTEN Il Zation IS 3 wWlar

o led ules

per unit cell that means 24 H-O moone vuest

Ly er. see Table Ihis water content s m vood agsreciment
with that ostimated by Lhermogray mctne  measurement
Fhe tocatton of water molecules refined usiy comparison

ol caleulated and measured mtensity ratio e the dutlraction

Mol Model (2007 337 gl U4
Fig. 7 Culeidared powder dil- experimental
L e o Powder Diffraction ticks
M S Radiation used = XRAY simulated
Wavelength = 1.5418
100 @odelxx 03
[
’
80 ]
¢
50 .
40 5
| | .’
20 -' | ¢
it g , '. _
’ F 4] ft' i ‘m
s’ \h--umd‘hﬂﬂﬂh-'&h---—#\-—--J&J&qvﬁuqf
e o : " - A
C PRI IR W0 Y S
-~ 20
-40

20 30

Diffraction Angle

comciding with the COO - plines, as they are hvdrogen

bonded to the OH croups 1 host lavers and o carboay|

SIOUPS

Discussion and conclusions

Notecular modeline enabled us o solve the erystal

structure ol benzencarboxylate-1 DH itercalate, where the
comventional dittraction analysis lailed due o the shght
structaral disorder, caused by the shight disorientation ol
CHESES

Molecalar modeling provides not only  the detailed
structure model but e addinon revealed the character ol
this disorder. There s a shizht disorder arising from mutual
shight shitt of two successive host layers. This disorder i
the host lavers 1s a consequence ol shight disorder i the
ol (rotatton  about  long  cuest axis).

orientation LUeSIS

pattern is llustrated  Figs, > and b Water molecuales arc disorder i orientation o carboxvl groups and m position
not recularhy  distributed i the miterlaver space. bul ol vuests on the host lavers: Results ol the present work
concentrated e the two planes adjacent o the host lavers show that molecular modelmg s usclul not only
[iable 1T Comparig e ot
winbohded eneray ol models Fpar Real [ kedl [ kel A A
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Layered double hydroxide intercalated with p-methylbenzoate and
p-bromobenzoate: Molecular simulations and XRD analysis
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Abstract

Samples of MgyAl layered double hydroxide (LDH) intercalated with p-methylbenzoate and p-bromobenzoate anmons were prepared by
reconstruction of calcined LDH. The interlayer arrangement of guests was investigated by molecular modeling combined with X-ray powder
diffraction and thermogravimetry. Molecular modeling was carried out in a Cerius’ modeling environment. In both structures the guest anions
adopt a nearly perpendicular arrangement of their long axis with respect to the host layers and they are anchored to the OH groups of the layers
through COO  groups via electrostatic interactions. Molecular modeling revealed that both structures of the intercalates exhibit a certain disorder
of guest anons in the interlayer space. In the case of LDH-p-methylbenzoate intercalate the anions tend to be situated in disordered rows, and
the LDH-p-bromobenzoate intercalate exhibits a total disorientation of guest anions. A good agreement between calculated and measured X-
ray diffraction patterns and between experimental and calculated basal spacings was obtained. In the LDH-p-methylbenzoate intercalate dexp =
16.96 A and d . = 16.97 A, and in the case of LDH-p-bromobenzoate intercalate doxp = 17.19 A and diyc = 17.40 A.
¢ 2007 Elsevier Inc. All nghts reserved.

Kevwordys: Layered double hydroxide: p-Bromobenzoate: p-Methylbenzoate: Molecular simulations: X-ray diffraction

Since there is a high versatility of organic and inorganic an-
tons that can possibly be exchanged for the A" anions, the

1. Introduction

Layered double hydroxides (LDH) consist of positively
charged brucite-like layers and negatively charged antons in
the interlayer space. These structures can be represented by the
tollowing general formula
M7 M (OH)2]" " [(A" ), - mH20],
and M are di- and trivalent metal cations, re-
represents an exchangeable interlayer anion
with the charge of n [ 1 [. LDH systems were widely studied
for advancing their potential applications and from a molecu-
lar simulations point of view, e.g., Hou, Kirkpatrick, and co-

i
where M-
spectively, A”

workers 2.5,
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0021-9797/% — see tront mauer < 2007 Elsevier Inc. All nghts reserved.
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intercalated layered double hydroxides are the object of spe-
cial interest due to the possibility of a wide practical use in
many industrial and scientific fields such as medicinal chem-
istry [ 4], catalysis [ 5.60], and ecology | 7. Intercalation of guest
species possessing chromophoric groups into LDH gives rise
to hybrid organo-inorganic nanostructure materials for various
phototunctions [5.Y]. Investigation of the interlayer arrange-
ment ol these compounds is i general difficult as they usually
exhibit a certain degree of disorder, which can obstruct the
structure analysis based on diffraction data only. A method that
successfully solves this problem is a combination of molecular
modeling and experimental measurements. As a result we can
obtain a detailed structure model including a characterization
of possible disorder, the energy characteristics, e.g., the total
sublimation energy and its van der Waals and electrostatic con-
tributions.
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Since the chemical. optical. and other properties of the inter-
calates are influenced by the structure of the interlayer space.
molecular modeling can reveal the relationship between the
structure and the properties of the investigated material.

An extensive work dealing with geometric isomers of ben-
zoate derivatives was done trom an experimental point of
view [10]. In this work we simulated the arrangement of
the interlayer space of LDH-p-methylbenzoate and LDH—p-
bromobenzoate intercalates. The arrangement was investigated
by a combination of molecular modeling, X-ray diftraction, and
thermogravimetry.

2. Experimental

A Targe amount of Mg—Al-COz hydrotalcite, with the tor-
mula [Mgge7Aly 33(OH)ML [(COq )0 165-0.5H>O, was prepared by
a urea method | 11]. A solution obtained by mixing 100 mL of
0.5 M AICI3, 200 mL of 0.5 M MgCls, and 30 g of urea was re-
fluxed for 2 days. The precipitate obtained was filtered, washed
with distilled water, and equilibrated with 100 mL of 0.1 M
Nu>COs tor | day. Then the solid was recovered by filtration,
washed with distilled water, and dried in air.

Mg-Al-CO3 (0.234 g) was calcined at 400 C for 3 h. The
calcined powders were added into a solution of 1.5 mmol of
corresponding acid (6.41 mmol of acid per gram of Mg—Al-
CO3) 1n 9 ml of CO>-tfree water and hydrothermally treated
at 130 € tor 60 h. The intercalates prepared were filtered,
washed with COs-free distilled water, and dried. The contents
of magnesium. aluminum, and bromine were determined by
an energy-dispersive X-ray spectrometry (EDX) microanalysis.
The content of the guest anions was determined by elemental
analysis (C. H) and the water content was calculated from ther-
mogravimetry. The formulas of the intercalates prepared and
the amounts of acids used for the synthesis are given in Table |
together with the results of TGA and elemental analyses.

Powder X-ray diffraction data were obtained with a
D8§-advance diffractometer (Bruker AXS, Germany) using
CuKwu radiation with a secondary graphite monochromator.
Ditfraction angles were measured from 2 to 70 (26).

The TGA were done using a homemade apparatus con-
structed ot a computer-controlled oven and a Sartorius BP210 S
balance. The measurements were carried out in air between 30
and 900 C at a heating rate of 5 Cmin ',

3. Molecular modeling

Molecular modeling using an empirical force field was car-
. L = - B . A iy *
ried out in Cerius~ modeling environment | [ 2] The first stage

lable |

Formulas of the prepared intercalates and the results of elemental and T'G analyses

in preparing models of the intercalates was construction of the
host tramework. It was constructed according to the reported
structure data in | 1]. The host structure is trilayered and it
consists of a rombohedral lattice with hexagonal unit-cell pa-
rameters @ = 3.054 A, ¢ = 22.81 A, and space group is R3-m.
The Mg and Al atoms were randomly distributed in every layer
so that the ratio of the amount of Mg and Al atoms in the
host framework was 2: 1. To investigate the mutual arrangement
of the guests in the interlayer space we created a Pl super-
lattice with the dimensions 6a x d4a x 3dexp, Where degy was
taken over from the X-ray diffraction data. In the case of LDH-
p-bromobenzoate intercalate dexp = 17.19 A and in the case of
LDH-p-methylbenzoate intercalate dexp = 16.96 A.

The charge of this trilayered superlattice was +24 el., 1.e.,
+8 ¢l. per cach host layer. The positive layer charge was com-
pensated by 8 guest anions that were inserted into the interlayer
space. The amount of water (24 molecules per one interlayer
space) was taken over from the thermogravimetric measure-
ment results. Thus the composition of the structure model was
in general [MgeAlR(OH) 5 ]Ag-24H-O, where A represents
the guest anion. In the case of LDH-p-bromobenzoate inter-
calate we also created a P 1 superlattice with the dimensions
12a % 8a x 3dexp to obtain a better agreement with experimen-
tal data. The previous molecular modeling of a LDH-benzoate
intercalate revealed the perpendicular orientation of benzoate
anions with respect to the LDH layers and location of water
molecules in the interlayer space | 1 3].

Therefore a set of initial models with perpendicular orien-
tation of the long axis of the guest anions with respect to the
hydrotalcite layers and with various mutual arrangements of
the benzoate rings of the anions was created. The molecules
of water were situated in the space between the OH groups of
the host layers and the phenyl rings of the guest anions. The
charges were calculated by the Qeq method (charge equilib-
rium approach). The minimization was carried out in univer-
sal torce field. The electrostatic energy was calculated by the
Ewald summation method | | 1], and the van der Waals energy
was expressed by Lennard—Jones potential [ 1 5. The minimiza-
tion of the total crystal energy was carried out by a modified
Newton procedure according to the following strategy:

All the host layers were Kept as rigid units during energy
minimization, and cell parameters ¢, a, and f# were variable. It
enabled optimization of the mutual position of the host layers.
All atomic positions 1n the interlayer space were variable as
well.

The minimized models were sorted according to the similar-
ity of the measured and the calculated diffraction pattern. After

Acid Acid amoun Formula Found/calculated [ %]
(&) S H Weight loss
p-Methylbenzoie 0204 (Mg 70Al) 30(OH), | 24.12/24 49 5.22/5.23 61.5/63.0
(C7H7CO7 )y 3-H20
;-Bromobenzowe 0.301 [Mg() pxAly 32(0H); | 19.25/19.06 3.97/3.77 66.5/69.0)

(BrCeH4CO2 )32 H20
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the minimization quench dynamics simulation was carried out
in an NVT statistical ensemble (constant number of atoms, con-
stant volume and temperature) at a temperature ot 300 K. In the
quench dynamics. periods of dynamic simulations are tfollowed
by a quench period in which the structure 1s mimimized. A dy
namic time step was 0.001 ps and 50,000 steps of dynamics
were carried out. After quench dynamics the structures were
minimized to obtain the final structure models.

4. Results and discussion
4.1. Experiment

Carbonate ions are strongly held in the interlayer region of
Mg—Al-CO=z and cannot be replaced by other anions in neutral
or basic medium. Also heating of Mg—Al-COs in aqueous solu-
tion of corresponding carboxylic acid does not lead to interca-
lation in contrast to reaction with molecules containing a SOz H
group, which can be intercalated in this way | 16]. Theretore
single phase products were prepared using so-called memory

1710 — —— T = T T l — l
J \_‘ J cftects, 1.e., treating a calcined host powder with corresponding
i X acid solution. The hydrothermal conditions were used to obtain
| 3 | _ ) :
N products with better developed crystallites.
Mg K The composition of the intercalates prepared was determined
3= £y Y B using EDX analysis, elemental analysis, and thermogravime-
= 1 SN 1 try. As can be seen from Table |, the Mg/Al ratio slightly
£ 0 ' : = changes during intercalation from 2/1 for the staring host to
g ' about 2.33/1 for the intercalate containing p-methylbenzoate
wn 1] A - . - .
250 ¥ - amons. Probably a part of aluminum cations was dissolved dur-
| .
= | ' ] ing hydrothermal treatinent.
& ' Thermogravimetric curves of the intercalates are given in
N \ [0 |. The p-bromobenzoate-containing intercalate decom-
1 i | poses in three steps. The first step corresponds to loss ol inter-
W= '-.\ . = layer water; the observed weight loss 13% is in a good agree-
1 ——— LH ment with the value calculated for the intercalate containing one
N — - : i : 1 interlayer water molecule per formula unit (12.8%). The second
1 SIS S Il weight loss is probably caused by dehydroxylation of hydro-
) talcite layers. The observed weight loss 8% is lower than the
Fig. | Thermogravimetric curves of the p-bromobenzoate (a) and p-methyl- calculated one (12.8%) Pl‘Uhilh])’ due to the fact that the decom-
benzoate (h) intercalates position of intercalated anions starts before the dehydroxylation
1s completed. The total weight loss 66.5% is lower than the cal-
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Fig. 2. Expenimental X-ray diffraction pattern of LDH-p-methylbenzoate and LDH-p-bromobenzoate intercalates
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culated one (69.0% ). This difference could be caused either by
the fact that the oxidation of a rest of carbon is not tully com-
pleted or by the presence of a small amount of carbonate anions
in the interlayer space. As the Al/Br ratio determined by EDX
1s 1/ 1. we suppose that the amount of cointercalated carbonate
anions 1s negligible. In the case of the p-methylbenzoate inter-
calate, the iterlayer water is released in the tirst step. but the
dehydroxylation of the layers and the decomposition ot the in-
tercalated anions cannot be distinguished. The total weight loss
15 in a good agreement with the calculated value (see Tuble 1),

4.2. Molecular modeling

The experimental diffraction patterns of the intercalates with
labeled basal reflexion, shown in ['ig. 2, exhibit sharp basal re-
flections showing an order in the ¢-axis direction. The broad
nonbasal reflections characterizing the LDH host framework
show a certain disorder of layer stacking probably caused by
turbostatic effects and by inperfect reconstruction of the hy-
drotalcite layers. Due to this fact the crystal structures of the
intercalates exhibit a structure disorder.

The molecular modeling revealed the structure disorder
of the intercalates and led to a conclusion about the mutual
arrangement of the guest anions in the interlayer space. The
side and the top views of the optimized structure of LDH—p-
methylbenzoate intercalate are shown in Fligs. Sa and 3bh. We
can sce that the long axis of the guest anions in the inter
layer space exhibits a departure from the perpendicular orien-
tation about £ 10 | and in rare cases 20 . Molecular dynamics
showed that guest antons are not freely distributed in the in-
lerlayer space but they tend to flock in rows with a certain
disorder. e b shows that the centers of phenyl rings are
not situated in the line but they exhibit a departure of 1.5 A
4t maximum from the line connecting centers of two identical
phenyl rings in the neighboring cells. Calculated basal spac-
g deye = 16.97A 1s in good agreement with the experimental
basal spacing dep = 16.96 A.

The side and the top views of the structure model of LDH-
nromobenzoate intercalates are shown in [1es  ba and b,
While the guest anions in the interlayer space of the LDH-
p-methylbenzoate intercalate tend to be situated 1n disordered
rows. the structure of LDH-p-bromobenzoate exhibits a to-
tal disorientation of p-bromobenzoate anions in the interlayer
space. The higher calculated basal spacing deye = 17.40 A s
slightly higher than experimental basal spacing dexp = 17.19 A
that is caused by a high disorientation of guests in the structure
model.

The calculated X-ray diffraction patterns are shown in
lies S and 60 The higher intensity of basal retlection with re-
spect to the others in comparison to the experimental diffraction
pattern is due to the roughness of the surface of the experimen-
tal sampie which is not taken into account in the calculating
software. The roughness of the surface takes effect just by low
values of diffraction angles and results in a decline of the inten-
sity of basal retlection in the experimental diffraction pattern.
[n the case of p-bromobenzoate intercalate the high reflexion of
bromine atoms results in higher intensity of the reflexion (0 0 6)

(h)

Fig 3. (a) Side view of the optimized model of LDH—-p-methylbenzoate interca-
late. (b) Top view of mutual onentation of guests in the LDH-p-methylbenzoate
intercalate.

in comparison to the (0 0 3) one 1n the p-methylbenzoate inter-
calate. We also observed that both X-ray diffraction patterns
are strongly influenced by the position of the interlayer water.
[n the case of p-methylbenzoate the location of interlayer water
as shown in ['1g. Saresults in a higher peak (00 12) in compar-
ison to the (0 0 9) one. If interlayer water is freely distributed
between the benzene rings and the hydrotalcite layers it leads
to growth of the peak (0 0 9) and to a disagreement of the ratio
of (009)and (00 12) in the calculated diffraction pattern with
respect to the experimental one.

In the case of p-bromobenzoate the intensities of (00 9) and
(0 0 12) reflexions remain unchanged when changing location
of water molecules in the interlayer space and the change of wa-
ter molecules location strongly affects the intensity of reflexion



P Kovar et al / Journal of Colloid and Interfuce Science 319 (2008) 19-24

U )
}Hb-yj V! LY T

i e

"

<

(a)

s, ,~.__¢;\,\
T e P AT
W 4 & ¢ "
¥ ' ‘¢ .
LSS ’{ v, o .

(h)
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() 0 6) only and changing their location leads to the growth of
the peak (00 6).

These observations led to the conclusion that in both types
of intercalates water molecules in the interlayer space must be
concentrated in two clean-cut planes adjacent to the hydrotal-
cite layers coinciding with COO  groups. COO  groups of
the guest antons are anchored to OH groups of the host layers
via electrostatic interactions and hydrogen bonds. The hydro-
gen bonds are represented by the broken lines in the tigures for
iHustration.

5. Conclusions

Molecular modeling enabled us to investigate the struc-
ture of the interlayer space of the LDH-p-methylbenzoate
and LDH-p-bromobenzoate intercalates, i.c.. the orientation of
guest antons with respect to the host layers and the character ot
disorder of guest anions. While in the case of p-methylbenzoate
intercalates the guests are located in rows with a certain degree
of disorder, the guests in the case of p-bromobenzoate interca-
lates exhibit a total disorientation in the interlayer space. We
tound the role of interlayer water on the X-ray ditfraction pat-
tern profile and its clean-cut location in the interlayer space.
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