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Ab tract :
The ample of Zn4- 12 and g-l- 12 layered double hydroxid (LDI-l) int rcalated with
benzoate anion and it derivative (p-rnethvlbenzoat and p-brornob nzoate) wer pr par d
and characterized by powder . -ray diffraction, chernical analy i and therrnogra irnetry . Th
interlayer arrangernent wa calculated by molecular model ing cornbin d with -ray
diffraction . Molecular mechanic and cla ical molecular dvnamic wer carried out in

I .

Cerins' modeling environment In the ca e ať LDl-I intercalated with benzoate the gue ts
adopt as the best a parquet arrangernent in the interlayer pace . The addition of CH] group
and Br atoms in the p-position of the benzoate ring cau es a disorientation of the guest . The
interlayer water molecules are located in the plane with COO- group near the LDH layer .
The trategy leading to olving of interlayer arrangcment of LDH (L,DI-l layer were kept a
rigid units during the energy minirnization and VT tati tical en emble wa u ed during the
dynamics imulations) wa ucce fully applicated in the ca e of LDl-I intercalated with bulky
anion (porphyrin derivatives anion ).
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Abstrakt :
Byly připraveny vzorky podvojného vrstevnatého hydroxidu (LDH) typu Zn4-A12 a Mg4-A1 2
interkalovaného benzoátovými anionty a jejich deriváty (p-methylbenzoátem a p­
bromobenzoátem). Vzorky byly charakterizovány pomocí práškové rentgenové difrakce,
chemické analýzy a termogravimetrie . I I pořádání mezivrství bylo zkoumáno metodou
kombinace molekul árniho modelování a práškové difrakce. Molekulární mechanika a klasická
molekulární dynamika byly provedeny v programu Cerius. V případě LDH interkalovaného
benzoátem hosté zaujímají v mezivrstevném prostoru parketové uspořádání. Výskytem skupin
CH3 a atomů bromu v para pozicích benzenového jádra dojde k neuspořádání hostů

v mezivrstevném prostoru. Mezivrstevná voda se nachází v rovinách spolu s karboxylovými
skupinami podél LDH vrstev. Strategie vedoucí k vyřešení mezivrstevného uspořádání

(vrstvy LDH drženy jako rigidní jednotky v průběhu minimalizace energie a užití NVT
tatistického souboru při molekulární dynamice) byla úspěšně aplikována v případě LDH

interkalovaného velkými anionty (anionty derivátů porfyrinu) .

Kl í čová lova: podvojné vrstevnaté hydroxidy, prášková rentgenová difrakce, molekulární
modelování
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1. In roduction

1.1 Motivation and the aim of the work

The method of tructure analy i ba ed on cornbination of molecular modeling and

experiment help u to de cribe di ordered, u ually powder tructure in detail that cannot be

analyzed by diffraction method only . Chemical and phy ical properti s of the material

trongly depend on the tructure and molecular modeling i able to help u to d cribe the

tructure-properties relation hip. Generall y, the intercalation of vario u pecie into layer d

tructure is very attracti ve becau e of a po ibility of de igning new materials wit h de irable

propert ies [ 1, 2, 3] . uitable cornpoun d for the intercalation of organics or inorganic pecie

are clay minerals , e peciall y in thi work Layered Double Hydro ide (LDH). The

intercalat ion of LDH can be based on ion-exchange reaction . One unique property of these

olid is that after a thermal decomposition under mild condition , they are able to recover the

layered stru cture. lt makes them different from cationic clays . This property represent a

ynthe tic route for analogue of LDH and for the new intercalate [4, 5]. The LDH offer a

large cale of possibilities and application of these material which are widening very fa t. In

the la t twenty years, a a result of the advent of powerful affordable per onal computers

together with interactive, high resolution computer graphic terminals and the development of

very ophisticated multifunctional software packages, molecular modeling has found a

wide pread usage in different research area and one is al o able to carry out simulatio ns of

large systems where ab-initio calculations would be still too time consuming.

ln the present work we focused on the olving of the Zn4-A1 2 LDf-l structure intercalated with

benzo ate anions and Mg4-A12 LDI-I intercalated with p-methylbenzoate and p-bromobenzoate .

The y tem containing benzoate anion s and benzoate derivatives were widely studied from

experimental point of view [6- 14] . The present structure analysis is based on the combination

of molecul ar modeling, X-ray diffraction spectroscopy and thermogravimetry. The aims of the

present work are :

I I to work out methods of tructure analysis and strategies of modeling of these small

tructures based on X-ray diffraction that would be ubsequently applicable for bigger

ystem containing thousands of atoms (for example LDH + porphyrin derivative s

intercalates)

2/ to determine the structure of Zn4-A12 LDH intercalated with benzoate aruons and the

tructure of Mg4-A12 LDH intercalated with p-methylbenzoate and p-bromobenzoate anion s.
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2. Layered Double Hydroxide

The term of Layered Double Hydro ..ide i u d to de ignate nth tic or natural lamellar

hydroxides with two kind of rnetalli c cation in the rnain lay rand int rla: er domain

contammg anionic pecie . Thi wide famil : of cornpound i al o reťerred to a ( lI l1() / lIC

clays . by cornpari on with the more u uaI cationic clay who e inter lamellar dornain contain

cationic pecie [15] . LDH are al o reported a hydrotalcite-like co rnpound __ by referenc to

one of the pol. type of the corre pond ing 19- 1 ba ed minerál. are ldorn, the ar

named pyroaurite-like cornpounds, lamellar hydroxide of tran ition meta l or mixed metallic

hydroxi de . The fír t natural mineral belonging to thi family wa di covered in weden in

the 1842 and it is known as hydrotalcite . It forrnula wa Mg, 12 (OI-I)! () COl * 4H20 . The

fírst tudie on the synthe i , tabilit y, olubility and tructure determi natio n are dated in

1930s. The structure of the layers of LDH i ba ed on M(OH)ú octahedral unit sharing their

edges in order to build M(OH)2 brucite-like layer . -r he e octahedral unit contain bot h

divalent (MI! ) and trivalent (M'!!/ ) metallic cation ~ the LDH layer s are therefore po itive ly

charged, and the charge den ity is proporti onal to the trivalent metal ratio :

MI!!
.X· == !! . 111 '

M -+- M
(2.1)

The who le tructure of LOH is con isted by stacking of such layers, and between the layers,

there are intercalating charge-balancing anioni c pecies and water molecules as it is shown in

the figure 2. I. The general formula for LOH is

(2.2)

where X is an exchangeable anion, fl represents number of water molecules and m is a valence

of interlayer anion .

Most of LJ OH systems accommodate a relatively wide range of trivalent ratios , but it is not

reported that it could vary from Oto 1 without main tructural changes. The trivalent ratio lies

between thc r values ofO .2 and 0.4. The upper limit of trivalent ratio is generally attributed to

electrostatic repulsion between trivalent metal s in the layers and to repulsion between the

charge-balancing anionic interlamellar species . The lower li mit corresponds to lower

electro tatic interactions between the layers and the interlamell ar anions lead ing to a collap se

of the interlamellar domains .
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The divalent and trivalent metal cation ťound in LDH belong mainl to the third and the
"-- -

ťourth period of the periadic table of the elern nt :

divalent cation : Mg, Mn, Co, i, Cu, Zn

trivalent cation : " 1, n. Fe, Co, i, Cr, Ga .

One major characteri tic of LDH i" that in 1110 t ca e , only wea k bounding occur between

the interlamellar ion and the layer '. great variety ať anion ic peci can therefore be

located between the layer during the forrnation oťthe lame llar tructure, or by furt her anionic

exchange . The e anion can be :

- halide ': fluoride , chloride, .. .

- oxo-anions: carbonatc, nitrate, ulphate, bromate, . ..

- organic anions : carboxylates, pho phonate , alkyl ulphates, . ..

ln addition to anion and water molecule , the interlamellar dornain can contain other neutral

pecies .
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Fig 2. I . Zn4-AI2-CI2 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.
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The structure of the interlayer pace i more difficult to characterize than the tructure of the

layers. With small anionic pecics. uch a halide and carbonate and up to ulphate ­

containing LDH with a ba sal pacing of 11 ,a regular tacking of the layer i ob erved in

the X-ray diffraction pattern . With bulk: anion, the tacking of the la_o r di pla in mo t

ca es no more long-range ordering (turbo tatic effect) [16] and the diffractograrn how only

line relative to the ba al pacing and to the tructure of the layer .

atural and ynthetic LDH u ually cry __ tallize in two polytype tructures, one with a two­

layer hexagonal tacking equence (polytype 2H, pace group Pó I /mmc, or P63/rncrn) and

one with a three-layer rhornbohedral equence (polytype 3R) which i repre ented by pace

group u.s».

ince the end of 1960s, an increa ing intere ti' being given to LDH in many fields such a

structural characterization [17], electrochernical and magnetic properties [18, 19], cataly is

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

3. -ray diffraction

ln diffraction experiments. intensities and po itions of retlections are measured . From the

po ition of the reflection, its index triple (h k I) can be determined and the appropriate

intensity a igned to it [25] . The amplitude ofinten ity oťdiffracted radiation by one unit cell

is proportional to the square of the structure factor :J(h.k ./ ) ~ I~; h .k.I) I~~:l , k.l ) .

The expression for the structure factor is

n

j ' ; h.k.I ) = 0.f(j) exp [ 2J[ o i (hxl } ) + kYej) + 1z{J) J, (3 .1)

where n is the number ofatoms in unit cell , ,/(j) is scattering factor of atornz and it depends on

the kind of atom and on the diffraction angle of the corresponding reflection (h.k,l) ; x,y,z are

fractional coordinates of atom ,/ and h.k.l are indices of the corresponding retlection . If the

tructure is known, the expression for the structure factor is

(3 .2)

where ~T is volume of unit cell , p(;) is electron density in unit cell , Ji = ha' + kb' + Je '" is a
-.

reciprocal lattice vector and r is a direct lattice vector The aim of the crystallographic studies
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is to find out the tructure frorn the mea __ ured inten ity ~ i. . fro rn the xp rirnental1 btained

structure factor The way to look into the el ctron den rty

tran formation :

PI ' ,_ I =_1"' I /~ · ) k l ) l ex p [ - 2 J[ ' i (' jl.~ + k.l ' + /~ ) J .
.\ ..\ . - 1 I r~~~ ( 7 • •

Jl k 1

an mver e Fourier

(" .3)

The problern i that only the magnitude of cornplex tructure factor i known, i. '. one doe

not know the phase and the next i to find it out by olving the Phase Problem. diffícult y

leading to an impo sibi lity of u ing the tructure deterrnination ba ed on X-ray diffract ion

only is that the intercalated layered double hydroxide u ual1y exhibit a di order in the

position and orientations of the guest anion with respect to LDH layer and they u ually

exhibit a layer stacking disorder . typical diffraction pattern of intercalated LDH ha 001

reflections and it contains typical broaden hk-band that are characteri tic for LDH structure .

Generall y, the X-ray diffraction profile i aťťected by other ťactors such as: for example (i) the

ize of the particle , ( ii) rudene of the urface of the layer 'I (iii) quality of cry ta linity 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 .

• o ee ar modeli g

Molecular model ing 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 force field.

olecular simulations are often used when the investigated systems are too large for ab initio

calculatio ns 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

dynamic . II the calculatio ns in this work were done in Cerius: modeling environment [27] .

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

1 olecular mechanic

Molecular mechanics is 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
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in the contra tduring the calculations and only po ition of the nucl i are calculated . Thi

with the quantum mechanic attitude .

In molecular mechanics. all force b tween th ato m are calculated u ing cla ical

mechanical approach . The atom are de cribed a ball and they are connected by bond with

different elasticity. The interactions between atom are de cribed by potential energy

function ln the elected force field. The force field parameter are II uall y ba ed on

experimental data and the quality of calculation in the given force field are tro nul::::J .

dependent on the reliability of the potential energy function and on corre pondi ng force field

parameter .

4.1.1 Potential energy functions

It is common practice to repre ent the total energy of a ystern by a et of pote ntial energy

functions , including bonded (! j'h) and nonbonded (l~'n h) interaction .

(4 .1)

The bonded terms are comparable with the terms used in spectroscopy, and they consi t of

two-body interactions (bonding energy }j'honJ), three-body interactions (valence angle energy

l~~ung) and four-body interaction (torsion angle energy I~' ! f) r and inversion 1'.j'inv) :

(4 .2)

The nonbonded terms consist of van der Waals (! j'vJlV) , electrostatic (!~elst) and hydrogen
bonding ( l~'h h) terms:

Bond lel gth deformatio

E b = !~' I II' + l~ I ! + Ij~hh .n V ( rl' e S
(4 .3)

The implified approach used ln molecular mechanics is to describe bond stretching as a

mechanical spring whose force constant is strong for small interatomic distances rand weak

for large ones. One po sible way how to describe it is a Morse potential :

(4 .4)
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where " 0 i the ideal bond di tance , (X de eribe the eurvature and /) the depth of the potential

function The disadvantage of u ing a Mor e funetion in ernpirical tore field calculation i

that two potential function __ and three parameter are involved and it eau e an inerea e the

time requirement for the minirnization proce o or e funetion Bla be rnimicked by a

Taylor expansion, where the ťir t term (quadratie) de eribe a harmonie potential and higher­

order term are ineluded as inharmonic correetion '. The quadratic terrn 1 a good

approximation ofthe bond tretehing function near the energy minimum

Valence angle defo rmation

For organic molecule valence angle bending
J j'ung :

II ually de cribed by a harmonie potential

l-. = ~ k (B -f))2
dll,\.!. 2 tJ () , (4 .5)

where f) i the angle between atom i, oj, k, Bll i the ideal bond angle , ktJ i a force con tant .

k

Fig 4.1 . Valence angle deformation

The fact that molecu lar mechanics is a well-developed tool for organic molecules while

coordinatio n eompounds have been modeled less frequently in the past is part ly related to

problems in being able to model reliably the angles at the transition metal centers. In organic

compounds sp', p2 and sp hybrids lead to relat ively stiff angles of 109.5°, 120° and 180°,

re pectively, which are conveniently modeled with function s of the type (4 .5) . In contrast,

metal ion 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 force field, uses a harmoni e cosine function

F - ~ k C { e _ LJ )2
~ <Ing - 2 IJ \CO S lJk cos O ll ,

11
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where k; is a force con tant , B I)k i the angle between atom i, .j. k and Bl) the ideal bond

angle .

ometimes a rey-Bradley potential function i added to the expre ion j j'ung . It de cribe the

bonded energy of the atoms i and ,J that are bonded to their cornmon atom k. The Ure ­

Bradley potential term can be expre ed in the imple t forrn a ťollow :

(4 .7)

where kUH () and kr/Bl are force con tant and ':) i a bond di tance between the atom i and .J,

l~ } i the ideal distance between the atom i andj.

1 - J int cr uc uou

• J

k

Fig 4,2. Illustrat ion to Urey-Bradley potential

or ion angle deformation

Tar ion rotations around single and multiple bonds are different processes. In a multiple bond,

a torsion rotation result in the transformation of one isomer into another. Rotation around

ingle bonds leads to interconversion of confo rmers. 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 differe nt force constants . The funct ion must be able to describe

multiple rmrurna. Generally, a Fourier expansion of the torsion angle r/J with only cosine

term i used :

E,O,. = L ~ kII ( 1+ cos (mII ( rP - rPo))),
n -

.~

ť1i ,"
!

I -

Fig 4.3. Torsion angle deformation around the .j-k bond
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where the con tant k; repre ent a rotational barrier, 111n i the multipl icit and cA l

shift which only has to be con idered if onlv one co ine terrn i included .

Inversions

a pha e

An inversion term de cribe the bonding geometry of four atom ' i, .j, k, I and characterize the

deviation frorn a planar arrangement There are thre vari u type of in er ion :

• umbrella inversion

I,; = ~k (co OJ - co OJ I ) ) ~'
IJ 2 \.1

(4 .9)

where k, i a force constant, (tj i the angle between the ijk plane and the axi il, 0) (1 the

equilibrium value of thi angle .

w

k

Fig 4.4 . Umbrella inversion
~

amber inver ion

, 1 [ ]I j" = 2 k; cos fl ( 1// - lj/o ) , (4 . 10)

where k ,Cf. i an energetic rotational barrier, tl periodicity, lil is the angle between the .jil and

kilpIanes and ll/\) is the egui1ibri II m vaIue of this ang1e.

j
,f'

,l l •

.------ -------- -.
k

Fig 4.5. Amber inversion

charm inversion
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where ka i a force con tant , lJI

equilibriurn value ofthi angl e.

the angIe betw n the ijk and th !jk pIan , VIII

Fig 4 .6 . Charrn inv r lan

the

A separat ion of the bonded interaction into bond tretching ( / j 'hOfld) ' angle bending (/1J'ung ) ,

to rsion angle rotation ( /j'!(}r ) and inver ion (i'J'/tI\ ') i only po ible if the e terITIS are not

coupled, and thi s is the mo t likeIy ifthe force constant are very different ln ca e where thi

requirement is violated, correction have to be added . Thi s can be done by the inclu ion of

cros -terms (coupled term s) which de cribe bond ar angle distortion caused by nearby atom .

The cros term s include the follow ing coupIed term : tretch- tretch, tret ch-bend- tretch,

bend-bcnd. to r ion-stretch. torsion-bend-bend, bend-tar ion-bend and tretch-torsion- tretch .

4.1.3 on-bonded inter ction

"ran der Waal interaction

Various interactions, uch as those of perrnanent electric dipoles, permanent multipoles, and

hort-lived multipole , are as em bled in the van der Waal s term. At di tan ces below the van

der Waals radius, the atoms repel each other: above it they attract each other. The attractive

force is modeled by a l /r6 terrn, while various possibilit ie exist for the repulsion . The van der

Waal interaction can be calc ulated by a Lenard-Jones pot ential eq . (4 .12) or by a

Buckingham potential eq. (4 .13)

t: A (~
-1 - _

..I\ 'c..1~V - I"" h 'r - r
1) 1)

1
, A » ; (~
~vd~V == e . - -6 '

r -
l)

where r l) i the distance of the atoms i andz , the capital letters are constants.

14
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Electrostatic interactions

In thi work, charge were calculated by u ing Charge equilibriurn approach [29]. The Ewald

ummation method i u ed to calculate the oulornb energ_ [3 0]. The real pace Coulomb

sum is divided into a quickly converging modificd real- pace UIn and a urnmation in a

reciprocal pace. The divi ion i pecifíed by three pararneter : the wald um con tant ,

the real-space UIn cutoff the reciprocal- pac um cutoff. The wald unl con tant control

the division of a work between the real- and reciprocal- pace sums The bigger the .wald um

con tant is, the more quickly convergent the real- pace unl i , but the more 10wI

convergent the reciprocal- pace um 1 .

Hydrogen bonding interaction

The function mo t used for hydrogen bonding interaction i a two-parameter function with a

repulsive term that decreases with (i J~l and an attracti ve term that decrease with U JO:

(4 .14)

where l: and (J are con tant and d , is a donor-acceptor di. tance.

I .2 inirnizati on algorithm

The minimization of a ystem is done in two step . Firstly, an equation describing the energy

of the system as a function of its coordinates is defined and evaluated for a given

conformation. ext, the conformation i 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.

lne ea ch

The major implicit component of most minimization algorithms is the so-called line earch

that generally changes the coordinates of the atoms to the new ones with lower energy. Line

search amounts to a one-dimensional minimizatio n along a direct ion vector deterrn ined at

each iteration. The derivative vector from the initial point of the energy surface defines the

line earch direction . This vector does not lead general1y to the minimum, bu the algorithm

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

15



perpendicular to the previou one. It occur for all iteration . The line earch pro ide an

efficient path to the minimum for appro. imately quadratic urface .

Minimization algorithm u ed in

and ewton-Rap on method .

teepest descent

I' imulation are : teepe t de cent, conjugate gradient

In the steepest descents method , the line search direction i defined along the direction ofthe

loeal downhill gradient . Each line earch produ .e a new direction that i perp ndicular to the

previou gradient V1~.I·(x l' J'J)' however, the direction can o cillate along the way to the

minimum Thi inefficient behavior i characteri tic for teepe t de cent on energy urface

having narrow valley . If the line earch wa eliminated and the po ition were updated any

time that the trial point along the gradient had a lower energy the nurnber of function

evaluations would dramatical1y decrea e. Furthermore, by con tantly changing the direction

to match the current gradient, o cillations along the minimization path might be damped Each

line II e , at most, two function evaluation if the trial point ha a higher energy, the step ize

i adjusted downward and a new trial point is generated . Convergence of steepest descents is

low near the minimum becau e the gradient approache to zero, but the method is extremely

robu t when the gradients are large and the confíguration are far from the minimum, 50 the

teepest de cents should be u ed for thefirst 10 -100 steps of minimization .

onj tl ate radie t

The teepe t-de cents method converges lowly near the minimum and each line search

deviates from the idea! direction to the minimum uccessive line search does not correct for

thi ' 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

uccessive tep continually refines the direction towards to the minimum .

ln conjugate gradient, the new direction vector h tl leading from point i+1 is computed by

adding the gradient at point i+l , gh! to the previou direction hl scaled by a constant y :

(4 .15 )

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

as
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(0 /,1- g/)g /.!
Y -------­
I /

and in the Fletcher - Reeve method y i defined a

(4 .16)

(4 . I 7)

The two conjugate gradient rnethod have imilar characteristics: one or other might behave

better in certain ca __ es . Thi direction i then used in the plaee of the gradient in the teepe __ t

deseents . The algorithm produee a set of mutually orthogonal gradient and a et of mutually

orthogonal direetion . The method converge in approxirnately N tep, where N i the

number of degrees of freedom . Conjugate gradient are the method of choice for large

y tem because only the previou 3N gradient and direction have to be tored . The

disadvantage of this method i that the time per iteration may be longer in ornpari on with

the teepe t de eent because of the more cornplete line search i done with more function

evaluations. Longer calculating time i cornpensated by more effícient convergence to the

rmrumum .

ewton- aphson method

. __ a rule, N~ independent data are required to numericallv olve a harmonie funetion with N

variable . If one can exploite seeond-derivative information, a minimization could ideally

converge in one ' tep, becau e econd derivative is an 1 x matrix . This is the principle

behind the variable metric minimization algorithms, of which Newton-Raphson is the most

used . In addition to using the gradient to identify a search direction, the curvature of the

function (second derivative) is 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

(4 .18)

where ·m lO is the predicted minimum, fl) is an arbitrary starting point, A(f()) is the matrix of

econd part ial derivatives of the energy with respect to the coordinates at fl) and VJ~'(f( )) is

the gradient of the potential energy at f l ) '
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The molecular energy urface is generall_ not harmonie, o the mmunum energ tructure

cannot be determined with one ewton-Raph on tep . In tead, the aluorithm mu t be applied

iteratively :

(4 . 19)

This algorithm appears to be very elegant, but it application to molecular modeling ha

everal drawback . Fir r. the terrn in the econd derivative matrix ar difficu lt to derive and

are computationally co tly for rnolecular force field . Furtherrnore, when a tructure i far

frorn the mini mUITI the minirnization can beC0I11e un table becau oť the inharmon icity of the

energy surface and it can diverge rapidly iť the initial force are too high. Finally, calculating,

inverting, and staring an N x N matrix for a large sy tem can becomc unwie ldy. Pure Newton­

Raphson i re erved primarily for ca e where rapid convergence to an extremely preci e

minimum is required .

4.3 olecu a r dynam ic

While minimization computes the forces on the atom and change their positions to minimize

the interaction energie, dynamics compute force and move atoms in response to the

force . Molecular dynamics solves the classical equations of motion for a syste m of N atoms

interacting according to a potential energy force field . Dynamics simulations are useful for

tudie of the time evo lution of variety of ystem at nonzero ternperatures, for examp le.,

biological molecules., polymers., or catalytic materials, crystals, aqueous solutions., or the gas

pha e.

The major applications of molecular dynam ics are :

Performing conformatio a earche

During dynamic simulations., a system undergoes conformational and momentum changes so

that different parts ofthe phase space accessible to the molecules can be explored .

enerating tatistica ensembles

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

thermodynamic ., structural and dynamic properties can be calculated.
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• Studyin g the motions 01' molcculcs

The thought 0 1' intcrmo lccular co llision-; ~ll1d contorm.u ional van.ruons IS alwavs prescnt.

Bi IIding o f sIIbstratcs by pro tc i 11 S . ťo Ili i IIg o ť pro t l." ins a11 d JlCJl t id l~ S i II to II 11 III IIC shapcs.

dynamic behavi or 01' polvmcrs. and chcmic.il rcactions thcmsclvcs would bc inconcci vablc

without the conccpt 01' molccular moiion. Studics of molccula r moi ions can hc llscd to dcrivc

properties such as di Ilusion cocfficicntx.

Intcgration algorirh ms

Molecular dynamic s solves cwtons cquation of motion

(4.20)

where F is the fo rcc !J7 is thc mus- ; and a is thc accclcration of thc .uorn i.I . • I i

The force on thc ato111 i can bc co 111 fl II tCcl dircctI y rl'oII1 thc der ivLl tivC o ť thc Jlotcnt iaI Cllerg y 1r

with respect to thc coordinates r l :

(4.21 )

CIassicaI equations of 1110tion are cleter111 inistic. 'ThatI S ~ oncc t he init iaI coordinates and

velocities are known, the coordinates and velocities at a later time can bc determi ned.

Altho ugh the init ial coordinates are dctermincd in the ínput filc ar frorn a previous operation

such as minimization. thc initial velocities are randornl y generated Oll thc base of Ga uss

distribution at the begin ning of a dynarni cs run, according to the desired tempcrature.

Therefore. dynamic s run cann ot bc rcpcatcd cxactly. .lhc algorithm which integrates the

equations of motion is called thc integr átor . Molecular dynamics is usuall y applied to a large

system, so the nergy eval uation is time consuming and the mernory requiremcnt is large. 'f o

generate the correct statistica l ense mble. energy conservation is also important. The basic

criteria for a good integrator in algo rithms are as follows:

It should be fast , ideally requiring onl y one energy evaluation per tirne step.

It should requi re little computer memory.

It shouId perrnit touse of a re1ative ly Iong tilne step.

It must show a good conservation of energy .
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.,
The Cerius: dynamics simulation module use the Verlet leapfrog integrátor, who e variants

are used widely in molecular dynamic because it require only one energy evaluation per

step, requires only modest memory, and allow a relatively large time tep to be u ed.

The \! erlet leapfrog algorithm is as follows :

Given r(t) ~ V(I - t11 / 2) and a(t) , which are the po sition, velocity, and acceleration at times t,

and 1 - 111 / 2 ~ compute :

r (I + I) = r (I )+ ~I v (I + ~ I),

/ r(/ + I)
a (I + i1/) := ~

1'11

where r(t + L\t) is evaluated from - (il r / dr at r(t + i1t ) .

(4 .22)

(4.23 )

(4 .24 )

The disadvantage of the Verlet leapfrog method is that the positions and velocities are

calculated half a timestep of synchrony.

I is called the integration timestep and it is very important parameter ln the integration

algorithm. Large timestep causes instability and inaccuracy in the integration process. In most

molecular systerns, the main limitation is the highest-frequency motion that must be

considered. The highest vibrational frequency is usual1y given by frequency of C - H bond

stretching, whose period is of the order of 10 fs. So, the integration timestep should be about

0.5 --- 1 fs.

.3.1 V en emble

The constant number of particles, constant volume, constant temperature ensemble (NVT)

was used in this work. VT ensemble is 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, sinee it does not produce a true canonieal ensemble.

The - VT ensemble calculations are used when conformational searehes of molecules are

carried out in a vacuum without periodic boundary conditions. Even when periodic boundary

conditio ns are used, if pressure is not a signifieant factor, NVT ensemble provides the
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advantage of les perturbation of the traj ctory, due to the ab enc of coupling to a pre ure

bath .

4.3.2 Temperature

Temperature is a tate variable that pecifie the thermodynamic ~ tate of the y tem and i an

important parameter in dynamic imulations lt i related to the mi croscopic de cription of

molecular imulation through the k inetic energ_ which i calculated fro rn the atornic

velocitie .

The temperature and the di tribution of atornic velocitie ln a y tem are related through the

Maxwell-Boltztnann equation :

(4 .25 )
11/\ '

I ,(\') (/\' = ( IJj l; 2 e 2kT 4 ,ln' 2 d \'
. Zitk r) ,

where v i molecular velocity, m ma s of molecule, J' repre ent thermodynarnic temperature

and k is Boltzmann constant.

The fol1owing formula expre sses the probability .I·(v) that a molecule of mass m has a

velocity of v when it is at temperature 1'. The x, y, z component · of the velocities have

Gau ian di tributions:
~

( )

1 2 n/\ ';

K (v ).) dv . = m. e 2kT dv..
.. x 2Jrk I ' ~

(4 .26)

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

di tribution i generated from a random number generator and a random number seed.

Ternperature is related to the average kinetic energy of the system through the equi partition

principle which states that every degree of freedom , which appears as a squared term in the

Hamiltonian, has an average energy of k.F 2 associated with it.

4..3 uenched dynarn ies

ln quenched dynam ics, periods of dynamics are followed by a quench period in which the

tructure I 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.
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5. Re uJt

The advantages of molecu lar modeling for mall teln with hundr d of atom lie in a fact

that the imulation of the e y terns i not too computer tirne con uming and man different

method and tratezie of molecular modelinu can be fa t te ted in a relati el hort time .
~ ~

Once the suitable cornputational trategy i worked out one can u e it for tructure

determinat ion of much larger y terns with imilar pararneter .

Thus, the main goal of thi work wa :

1/ to te t different simulat ion trategie for the geomerry optimization of the model and by

using variou combinatio n of con traint s involved in the calculating oftware to obtain a fa ter

convergent result and also to spare the cornputing time,

2/ to investigate and to describe tructure model of LDH intercalated with benzoate and LDH

intercalated with benzoate-derivate (p-methy! and p-bromobenzoate) on the base of the

irnilarity of the calculated and the experimental diffraction pattern . It mean s to obtain an

agreement of the experimental and the calculated interlayer distance value, to obtain a good

imilari ty of the part of X-ray diffraction profile related to basal reflections and to eliminate

undesirab le reflectio ns 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. ln the case of Zn-Al LDI-I intercalated with benzoate it was gained from

Rietveld refinement at the cooperative workplace in Perugia, Italy : - r r i ~;o n a l cell svstc rn .

-pacc grt H Jl P -3111 Cell param tcr-. ct h .) ()7~ ( ) ~ '\ . c ~3 . ~()48 l\ The atornic fraction

coordinate are hown in the table I.

These atomic fraction coordinate were used for constructing the cell of Mg4-A12 LDH + p­

methy I and p-bromobenzoate intercalate and the cell parameters were taken from [31] . The

guest anions were constructed in 3-/) Ske tcher modul e [27].

Table I . tomic fraction coordinates of the elernents of LDH layer.

Element xla y/b zle

Zn (AI,Mg) O O O

O O O 0 .377
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The LDH intercalate con i t of inorganic part that i formed b_ Zn or g and I atom in

the layer . A lot of forceťield are available to de cribe manv t_ pe of pecial pecie like

O A, polyrners, gla e etc. The only forcefield \ hich wa able to de cribe a11 the atom in

the structure model of LDH intercalate wa Universa! forcefield [-'2] and it wa u ed for all

the calculations.

3 types of minimization trategy were evaluated:

1/ The unit cell pararneter and the po ition of all the atom in the LDH layer are fixed and

the atomic po ition of all the pecie in the interlayer pace are variable . This type of

constraint does not enable to investigate the dependence of the interlayer di tance on the

arrangement of the species in the interlayer space .

In the ca e of molecular modeling of such intercalate that have very broaden basal ref1ection

the value of interlayer distance i the only parameter that connect the modeling and the

e .perirnent . Therefore this con traint i. unu able becau e one cannot ay that a certain

arrangement of the interlayer pace i probable than other because the interlayer distance is

not optimized . On the other hand, this con traint lead to a very quick convergence of energy

of the minimized structure.

2/ The unit cell parameters and all the atomic po ition ln the model are variable. This

trategy lead to the lowest convergence of the energy because there are no con traints . This

trategy enables u to investigate a possible distortion of the LDH layers in the model and

changes in the LDH layer itself for exarnple, the bond length distance and valence angle

changes. A if we use Universa! forcefield these changes will not be described properly. They

would be better described if special forcefields for clay minerals were derived . In contrast of

this, we found aut 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 different 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

fixed and the layer a 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 c, a/pha and heta are variable and basal retlections

in the calcu lated X-ray diffraction pattern are labelled as ( I O O ) ). This strategy leads to a

faster convergence than strategy no. 2 and the establishment of the "rigid bodies" agrees with
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the fact that the tructure of th ho t layer rernain unchanged after the intercalation or the

changes are small. In addition, one can inve tigate dependence ofthe interla er di tance value

on the arrangement of the pecie in the interlayer pace . lt i al o po ible to look into a layer

stacking disorder of the '- tructure model and into the dependence of the interlayer di tance and

a diffraction pattern profile of the intercalat on th concentration f the pecie in the

interlayer pace. Thitrategy wa ., u ed in our caIculation .

olecular dynamic

A VT (constant number of atom ~ con stant VOlUIll and con tant temperature) tati tical

ensemble wa u ed in molecular dynamic . In thi tati tical en crublc the layer are kept

fixed , the cell parameters are not allowed to change and only the geometry of the interlayer

arrangement is optimized . It enable Ll to inve tigate the dependence of the total cry tal

energy on the arrangement of the pecie in the interlayer pace and the molecular dynarnics

calculations are not too time consuming.

olved structures:

In the fol1owing pages , structure model of LDH + benzoate intercalate and calculated X-ray

diffract ion patterns are hown . The experimental X-ray diffraction pattern of the intercalate is

hown in the paper 1.- fig I. The value of the 2() angle and the corresponding I () () basaI

retlection are pre ented in the table 2.

Table 2. 2() angle and corresponding I () () basal retlections .

28 /0 5.84 11 .48 17.20 23 .06 l 28.85

10 0 300 600 900 1200 115 0 0

ome type of different arrangements of the species in the interlayer space are shown in the

figure 5. I and 5.3. The figures 5. I and 5.2 show a tructure 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.

ln the figures 5.3 and 5.4 a model with a tilted arrangement of the guest amons ln the

.nterlayer space and its Xvray powder diffraction is shown .
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Fig. 5.1 . A model with parallel arrangement ot the gue t anion in the interlayer pace.
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Fig. 5.2. Calculated X-ray diffraction pattern ofthe parallel arrangement ofthe guests in the

interlayer space.
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Fig. 5.3. A model with tilted arrangement ofthe gue t anion in the inter layer pace.
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Fig. 5.4. Calculated X-ray diffraction pattern ofthe tilted arrangement ofthe guests in the

interlayer space.
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One ean ee that by comparing the ealeulated -ra diffraction pattern and the tructure

model of LDH interealated with benzoate we ean inve tiuate the intluence of different
.......

arrangement of the interlayer pace on the X-ray diffraction profile. We ean ee that the

arrangement of the interlayer pace igniťieantly affect th ratio of the inten itie of (9 O O)

and (12 O O) refleetion . In addition in th ea e of parallel arrangement of the gue t the (15 O

O) refleetion i In i ing (2{) for ( 15 O O) retleetion i 29 .0°) in the calcu lated r -ray diffraction

pattern, whieh lead to a di agreernent with the experimental diffraction pattern . In the tilted

arrangement ofthe guests the (15 O O) retleetion i pre ent but the ratio of intensitie of (9 O O)

and (12 O O) refleetion i not ati faetory . The lna t probable tructure I110del i the one with

the nearly perpendieular arrangement of the gue t where the ring plane of the gue t keep

the parquet arrangement as it is hown in the paper I-tig 3a. Its X-ray diffraction profile

re embles the best of the experimental X-ray diffraetion profile .

When the arrangement of guests in the interlayer spaee was solved we earried out a simulation

of the arrangement of the interlayer paee of LDH intercalated with p-bromobenzoate and p­

methylbenzoate. The basal retlections for LDH + benzoate-derivative intercalates are labeled

in the experirnental diffraetion pattern in paper ll-fig 2.

We found out that the added CHJ group and the Br atom ln p-po itions of benzoate rings

influence the arrangement of the guests in the interlayer space . In the case of LDH

interealated with p-methylbenzoate the guest tend to be situated in disordered rows as it is

hown in paper ll.-fig 3b and in the case of LDH intercalated with p-bromobenzoate there is a

total disorientation ofthe guests in the interlayer pace, see paper II.-fig 4b .

We found out that interlayer water has a ignificant intluence on the X-ray diffraction profíle

in the case of all intercalates. Different arrangements of water molecules lead to different

inten ities of (1 2 O O) retlection. This is shown in the case of LDH + p-methylbenzoate

interealate. The figure 5.5 shows a situation when water molecules are arranged in the planes

with COO- groups coinciding with the LDH Jayers as one can see in the figure 3a in paper II.

The figure 5.6 hows a situation when water molecules are freely distributed in a bulk

between the LDH layers and the phenyI rings of the benzoate anions . The model describing

this ituation is shown in the figure 5.7 and the mentioned arrangement of interlayer water in

thi situat ion i not in agreement with experimentaI diffraction pattern.
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Fig. 5.5. A part of X-ray diffraction pattern of the LDH + p-methylbenzoate intercalate with

an in-plane arrangement ofwater molecules . The (9 OO) reflection correspond to 2 () == 15.7°

and the (12 OO) reflection to 2() == 21 .0°
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Fig. 5.6. A change of the intensity of ( 12 OO) retlection corresponding to a .Iiulkvdistribution

of water molecu les as it is shown in fig. 5.7.
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Fig.5 .7. bulk distribution ot water molecule between the LDH layer and the phenyI rings

of the guests .
~
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6. Co clu ion

We worked out a molecular modelínu tratez ťor olvinu tructure ať LDH intercalated with
~~. ~

benzoate, p-methylbenzoate and p-brornobenzoate anion b method of molecular

simulation combined with X-ray difťraction .

In the case of LDH intercalated with benzoate the guest adopt a the be t a parquet

arrangement in the interlayer 'pace. The addition oť CH" group and Br atom in the p­

po ition of the benzoate ring cau e a di orientati n ať the gue t . CHl group cau e a

.riisordercd row arrangement" and the Br atom lead to a total di order of the guest in th

interlayer space . The interlayer water molccule are located in the plane with COO- group

near the LDH layer and location oť interlayer water ha a ignificant intluence on the ratio of

intensities of (9 OO) and ( 12 OO) diffraction peaks. If water molecules are freely distributed in

a bulk the ratio of these two inten itie change with re pect to the experimental diffraction

pattern and it lead to a disagreement with the experimental diffraction pattern .

The energy minimization of structure model u e the o-called rigid unit, where a11 the

atom in the layer keep their mutual di tance and the layers themselves can move in a

horizontal and in a vertical position . This molecular modeling strategy enables us to

investigate the real intluence of the arrangement of the interlayer region on the interlayer

di tance and enable u to inve tigate the tacking faults of the layers . ln the case of using

molecular dynamics calculation a quenched dynamics in a VT tatistical ensemble is

uitable for conforrnational search. The modeling strategy that lead to the tructure solving of

maIler y tem enables us to investigate much larger systems containing thousands of atoms.

By u ing this strat égy, we have solved structures ať LDH intercalated with (5,10,15,20­

tetraki (4-sulfonatophenyl)porphyrin anion (TPl''S anions) and LDI-I salt intercalated with

ZnTPP anions .
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Sarnplc- nf Mg..lAI2 layercd dou ble hydroxide (LDH) intcrculatcd with p -rncthyl hcn/,oatc and p-hrOll1ohcn/,oat ~ anions wcre prcparcd hy
rcco nstruction ol' calc incd LDH. Thc intcrlaycr arrangement nf guest» was invcstigatcd hy molccular mode ling comhincd with X-ray powdcr
diff rac tion and thcrrnogravimctry. Molccular mode ling was carried out in a Cerius2 modeling environ mcnt. In hoth struc turcs thc gucs t anions
ado rl a ncarly perpcndicular arrangerncnt ol' thcir lnng ax is with respect to the host layers and thcy are anchorcd to thc ()H gro urs nf the laycrs
through C ( )( ) groups via clectrostatic interactions . Molecular modeling revealcd that hoth struct urcs ol' the intercalatcs cxhibit a cc rtain disord cr
nf gucst anlO I1S in the intcrlaycr xpace. In the casc nf l.Dl-l-ri-mcthylbcnzoatc intcrca latc the anions tend to he si tua ted in d isordercd rows. and
thc l.D l-l - o -bro mobc nzoa tc intercalate cxh ibits a total dixorie ntation nf g ucs: anions . A good agree rne nt bctween calc ulated and mcasured X­

ray diffrac tion pattern s and between experimcntal and calculatcd hasal spaci ng» was obtaincd, In the LDH-p-rnethylhenzoate intercalate dexp ==

16.l)6 Á ano dca k == If>.lJ7 Á, ano in thc cuse ofLDH-p-hronlohenzoate intercalate dč.x p == 17.llJ Á ano d calc == 17.40 Á.
c 20()7 Elsevicr Inc. 1\11 right s rcserved .
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1. Introduction

La ye red double hy d ro xides (L D H) consist of positive ly
charge d bruci te -li ke layers and negatively cha rged anions in

the interl ayer sp ace. These struc tures ca n be represented hy the

'ollowing ge ner ál formula

[ 2 · M "" (OH ,]_\ . [( A /I ) H O]I r \ ) - r / II . ln :2 ,

where M 2
t and M 1 t a re d i- and tr ival ent InetaI catio ns. re ­

spectivcly. A fl represe nts an excha ngeable in ter layer anion

with the 'harge nf fl ! I I. LDH syste lns were widely studie d

for advancing their po te nti al applic atio ns and frolll a lTIolecu­

lar silllulations poi nt of view. e.g., Hou , Kirkpatri ck, and co­

workers ! ~ ..' I.

Corľe~pondlng author.
E-mLlil address: 1\.\1 ~ l r(1I 1\. ~ l r l () l i d I .....' L li l. / (P. Ková ř' ).

O()2 1-lJ7lJ7/$ - see tront rnatter c 2()()7 Elsevler Inc. AH rights reserved.
d, II ll) I () I h l 1,l l' h 2()()7 ll ) I )h l I

Since there is a h igh versati li ty of organ ic and inorganic an ­

ions that can possi bly bc exc ha nged fo r the A Il a nio ns, th e

intercalated layered dou ble hydro xide s are the object of spe­

c ia l interest due to the poss ibi lity of a w id e practica l use in

many industrial and scientific fie lds suc h as medi cinal c he rn­

istry 14 I, catalysis 1)J) I, a nd eco logy 171 . lnte rcalation of guest

species possessing chrornophoric groups into LDH gives rise

to hyhrid organo-inorganic na nostructu re Inateri al s for va riou s

photoťunction s I<:.{) I. Invest iga tion of the inte rlayer arrange ­

rnent ar these co mp o und s is in genera l difficult as they llsuaJly

exhibit a ce rta in degree of disorder, which can obstruct the

structure analysis based on diffraction data only. A method that

succe ss fu lly solve s thi s prohlelTI is a co m hina tio n of mol ecular

lllodeling and e xper iln e nta l lTIeaSUre ln e nts . As a resu]t we can

ohtai n a detailed stfuc tu re model including a characte rizatio n

of po ssible disorder, the energy c haracte r is tics, e. g., the total

sub lill1atio n e ne rgy and its van der Waal s and e ]ec tros tatic co n­

tributions.
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ince the che rnical . op tical . and othc r propcrt ics nf thc intcr ­
c.ilatcs are infl uenccd hy thc st ruc turc nf thc intcr luvc r spacc .
molccu lar model ing can rcvca l thc rc lationship bctwccn thc
structurc and the pro pc rtics of thc invcstigatcd matcrial .

An cxtens ive wo rk dca ling with geomet rie isomcrs t)f bcn ­
zoatc derivati ve» was donc fr o m an cxpcrimcntal point nf
v icw [ I ()I. I n this work wc s i 111 UIatcd thc arra ngc 111 cnt nf
the inte rlaycr spacc of LDH- I' -Incth ylhcnznatc und LDH-rJ ­

bro rnobcnzoarc intcrcalatcs . Th c arra ngc mc nt wa s invcs tigutcd
hy a co mbinatio n nf mo lccular mode ling. X-ray diffract ion. and
thcrrnograv: metry.

2. Expcrimcntal

A larg c amount nf Mg-A I -CO~ hydr otal ci tc, with thc for­
lnula [Mg O.ó7 Al() ..~ ~ (O H)2](CO~ )() .\ó) ·0. 5H20. wa s prcparcd hy
a urea mcthod I I I] . A so lution obta incd hy mi xin g 100 InL nf

0 .5 M AICh, 200 1l1L of 0.5 M M g(] l , and ~ O g of urca was rc­
ílu xcd Ior :2 days . The precipitatc obrai ncd wus Ii ltcrcd . wushc d
with di"tilled watcr. and C4uili hrate d with 100 InL of 0 .1 M

a2C0 1 for I day. ~rh en thc so lid was recovercd hy tlltratin n.
was hed wit h distilled water. and dri cd in air.

Mg-AI-C01 (0. 234 g) was calc incd at 400 C for ~ h. Th c
'alci ncJ powders werc addcd into a snl ution of 1.5 111 ľ1l0 I of

cn n'cs pnnding aci d (6 .4 1 1l11110l of acid per gra lll of Mg-A l­
l'O~) in Y lni of C02-free watcr and hydrothcrlllall y trcated
at I~O ( ' ro l' AO h. 'r he interca lates prepared were tlltered,
was hcd w ith C()2-frcc dist illcd water. and dr ied . The co ntcnts
nf Inagne ~ iulll. alulni nu lll , and hn)1l1 ine werc dct crlll ined hy
an e nergy -Jispersive X-ray spcctro ll1etry (EDX) Ill icroanal ysis.
Thc co nte nt of the gues t anio ns was dcterlll ined hy c lelllcnta l
a n~l1y , is ( , H) and thc water conte nt wa s ca lcula ted fro lll ther ­
Ilh)gravi lllc try. Th e ťonnulas of the intercalates pre parcd and
thc alllou nts of aci ds used for thc synthcsis arc give n in Llhk' I
tl)gcther with thc resu lts o ' TG A and elClllental analyses .

Powdcr X-ray J itfra ction dat a were ohtai ned w ith a

[) ů -adva ncc d ifťrac to ln eter (Bruk cr AXS, Gennany) using
Cu K u radia tion wi th a second ~u·y graphite 1l10noc hro lTlator.
Diffraction anglcs werc Ineasured froln 2 to 70 (20 ) .

The TGA werc done usi ng a hOlne lnade apparatus con­
: tructed nf a cOlllpu ter-controlled oven and a artorius B P~ lOS
halance . The Ineasurelll ents were carried out in air hetwcen ~O

and YOO C at a heating ra te of 5 C In in 1

3. Molecular modeling

Molecular I110deling using é.l Il eln p iric aJ force fle ld was car­
ried out in Cerius2 In ode ling enviro nlnent 11:21 . rr he t1rst stage

ľaok 1
f-onnula . of the prepareJ intercalates an d the resulls nf elenlenta l and TG analyses

in preparing modcls of the intcrcalatcs \ a: construc tion of the
host fr.uuework . It \V~L' co nstruc tcd according to thc reportcd

structurc data in I II. Thc host struc turc is trilaycrcd and it
consist« nf a rornbohcdral latti cc with hcxugonal unit -cell pa ­
r.unctcrs a == ~.054 Á. (' == 22.81 , and spacc gro up is Rřs -m .

Th c Mg and I at0l11S wcrc randomly distributcd in evcry laycr
so that th c ratio of thc arnount of Mg and Al atoms in the

host framcwork was 2: I . To invcstigatc thc mutual arrangcmcnt
nf thc gucsts in thc intcrlaycr spacc wc crcatcd a PI super­
latticc with thc dimcnsions 6(/ x 4(/ x 3dexp, whcrc dexp wa s
takcn ovcr frorn thc X-ray diffruction data . In thc casc of LDH­
p-hrolllohcnznate intcrcalatc dexp == 17.19 and in thc casc of

LDH -I' -Illcthylhcnzoatc intcrcalatc dexp == 16.96
Thc chargc of this tri laycrcd supcrlatticc was + 24 cl ., i.C . ,

+ 8 cl. per cac h host laycr. Thc positivc laycr c harge was C0I11 -'
pcnsatcd hy 8 g ucs t anions that wcrc inscrtcd into the interlayer
spucc . Thc amount of wat cr (24 molcculcs per one interlayer
spacc ) wa s takcn ovcr frorn thc thcrmogravimcrri c mcasure­
mcnt rcsul ts. Thus thc cornposition of thc structurc mod el was

in gcnc ra l [ Mg \ ó A lx(O H)..~x jAx·24H 2(). whcrc ;\ rc prcsc nts
the gues t anion . In thc casc of LDH -p-hrolllohcnzoatc intcr­
ca late we also crcatcd a P I supcrlatt icc with thc dilllcnsions
12u x 8u x 3dexp to ohtain a hctter agrceln ent with cxpc riln c n­
tal data . Th e prcvi ous Inolccular Inodcl ing nf a LDH -hcnzoatc
intcrca late rcveal cd thc perpendicular oricntation nf hcnzoatc
anion s with rcspcct to thc LDH laycrs and location of water
Inolecules in thc intcrlaycr spacc I I .~ I.

Th ercforc a sct of initial 1l1odels with perpendicular orien ­
tation of thc lon g axis of thc gucs t anions with respect to thc
hydrotal c itf' laye rs and with various Inutual arrangcln cnts of
thc henzo att ril gs nf thc anions was crcatcd. Th e Inolecul cs
nf wat cr \vere si tua tcd in the space hctwcen thc OH groups nf
thc host layers and the phcnyl rings of the gu cst anions. Th e
charges \vere calculated hy thc Qcq 11lcthod (chargc cquilih­
riuln approa ch) . Thc Inininlization was can' ied out in univer­
sal ťarce {ielo . l 'he e lec trostatic energ y was calculateo hy the
Ewa ld sUln lnation Inethod 11-+I. and thc van dcr Waal s energy
was expressed hy Lcnnard--Jon es potcntial l 15 1. Th e minillliza­
tion n f the tota) crystaJ e nergy was caITied out hy a modifi ed

e\vton procedure accordi ng to thc foll owing strategy:
All the host layers wcre kcpt as rigid units during c ncrgy

1l1i nilnization, an d cell paraln eters c, a , and fi were variahl c . ft

enahled opti ll1ization of thc Inutual positi on of the host layers.
All atolni c position. in the inte rlayer space werc variabl e as
well .

The Ininiln ized In odels were sorted according to thc siln ilar­
ity of thc In easured and the calcula ted diffracti o n pattern. After

AL'IJ ciJ aInount Fonnula FoundJcalcu lated [(~I J

( g ) C H Weight loss

!J-Methy loenl olc 0 .204 lMgo.7()A lo.3()(O H )2 1 24. 12/24 .49 5.22/5.23 () 1.5/63.0

(C7 1-I] C0 2 )O.3()" H 20
1)-HrOlnobenloic 0 .30 ) lM go.óxA lo.32(OH )21 19.25/l9 .0A 3.97/3 .77 66.5/()9.0

(B rCó H4 C0 2 )0.32 ·H20
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Fl~ . 1 Thcnnogr:.lV itnctric curvcs nt thc jJ-hrotnobcn/ n:.lte (a ) and jJ-tneth y1­
hcn/oatť (h ) 1nt c rc a latť s .

the min irnization qucnch dvn.unics si rnulation w.» carricd out

In an VT sta tist ical cnsc111 hle (cO rl sta nt rl U111 bcr .1fato111 s. Ct)[1 ­
stant volu mc and tcmpcraturc ) at a tc rnpcraturc t)f ~ O() K. In thc

que nch dynarnics. pcriods of dy na rnic si mulario ns are follo wcd
hy a qu ench period in whic h thc struc ture is minim izcd . ť\ dy­

narnic ti rne step was 0.00 I ps und ) (),OOO stcp« nf dynaru ics

wcre carricd out . Aťtcr qucnch dynam ics thc srructurcs wcrc

minimizcd to ohtuin thc linul ..tructurc modcls .

4. Re .u lt . and di .cus 'ion

Carbo uatc ions are strong ly hcld in thc intcrlayc r region of
tg-AI- C:() , and cunnot bc rc placcd hy ether anions in neutral

or busic med ium . AI~o hcat ing oť Mg- 1 OJ in aqucous solu­
tion of corrcs ponding carboxy lic acid do cs not lcad to interen ­
lution in co ntras t to rcact ion wi th molccu lcs contai ning a "' O~ H

group , whic h can bc intcrcalatcd in thi s way I I( I. Thcrcforc
xi ug lc phasc produ cts werc prcparcd using so-callcd mc mory
c fťcc t s . i.c .. trcating a ca lc incd host powder with corrcsponding
acid so lution. Thc hydrothcrrnal conditions wcrc uscd to ohta in
pro ducrs with bct tcr dcvclopcd crystallitcs.

Thc compos itio n of thc intcrculatcs prcparcd wa s dctcrmined
usi ng EDX unalysis , c lcmc ntal anal ysis , and thcnuogravimc­
try. As can bc sec n fro m Tuhle I, thc Mg/Al rat io slightly
changcs du ring intcrcalation from 2/ I for the staring ho st to
ahout 2 .~'3 / I for thc intcrca latc conta ining p -1l1cth ylhcn zoatc
anio ns . Prohah ly a pa rt of alurninu m cat ions wa s d issolvcd dur­
ing hydrothe nna l trcat rncnt .

Thcrmogravi metric curves nf the intcrcalutes are g ivc n in
r :l ~ . I. Th c p- hro lllohc nzoa tc-co ntai ni ng intcrcal atc dccom­
poses in thrcc stcps . Thc tirst step corresponds to loss 0 1' inter­
laycr watcr: the obscrvcd wcig ht loss I '3 9t(J is in é.l good ag ree­
mcn t with the valuc ca lcula tcd fo r thc intercalate co ntaining on e
inte rlaycr watcr molccu le per for mula un it ( 12.89'(J) . Th e sccond
wcig ht loss is probably ca use d hy dch ydroxylation of hydro­
ta lcite laycrs . Thc observcd weight loss 8~J is lower than the
calculatcd (lne ( 12.89iJ) probab ly due to the fact that the d CCOlll ­

position J f intercalatcd anio ns starts hcfore thc dch ydrox ylati on
i: cOln pleted. Thc total wcig ht loss 66.50/0 is lowcr than thc cal-
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Fig . 2. Ex perinlen ta l X-ray diffraction panenl nf LDH-p -fll ethy lbenzoate and LDH-p-bromobenzoate intercalates.



Fig. 3. (a) Side view of the optilnized model of LDII-p -mt~thylhenz()ate interca­
late . (b) Top vlew of rnutual orientation of guests in the LDI-I-p-methy Ibenzoate
intercalate .

in cOln par ison to thc (O ( 3 ) one in the p -ll1ethylhenzoate inter­
cal ate . We also nbserved that hoth X-ray diffraction patterns
are strongly intluenced hy the position or the int erlayer wat er.
ln the case of p -ll1eth ylbenzoate the lncation nf int erlayer water
as shnw n in r i~ . ' a resuIts in a higher peak (O O 12) in COll1pa r­
iso n to the (O O 9) one . lť interlaye r water is freely di strihuted
be twee n the henzene rings and the hydrotal cite layers it leads
to gro wt h oť the peak (O O9) and to a di sagreclnent nf the rati n
nť (O ( 9) and (O O 12) in the calculated diťfraction pattern w ith
respect to the expe rilnental nne .

ln the c a .~ e of p -hroll1ohenzoate the inte ns ities ať (O () 9) and
(O O 12) reflexi on s reJn ain unchanged w hen chang ing location
of water 1110lecules in the interlayer space and the change oť wa­
ter mo lecu les location st rongl y affects the in tensity a f reflexion
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.J.2. M olecula r m odc ling

Th c cxpe rirncntal diffruction pattcrns nf thc intcrcalutcs with
labc lcd basa l rcll cxi on ... hown in Fit2 . ~ . cxhibit sharp basal rc­
ílec tio ns showi nu an ordcr in thc «-uxis dircction Thc hroud

L

nonbasal rc fl cctions churactcriz. inu thc 1.1)11 host tramcwork
L

show a cc rtai n disordcr of laycr stac king probahl y causcd hy
rurbostatic cffcc ts and hy inpcrfcct rcconstruction of thc hy­
drotalcitc layc rs, Du e to thi s fac t thc crystal structurcs of thc
intcrcala tcs cxhihi t a struc turc disordcr.

Th c mo lccula r mode ling revcalcd the struc turc disordcr
nf thc intercalates and led to a conc lusion about thc mutual
.irrungcmcnr of the gucs t an ion s in the intcrluycr spac c . Thc
<i dc and thc top vic ws of thc optimizcd structurc nf LDH-p··
mct hylbc nzoatc inrcrc alatc are show n in r · j .~ ~ ..; ~l ~ll ll l .; h. Wc
c.m sec that thc long uxis nf thc g ucs t anions in thc inter­
laycr spacc cxhi bit s a dcparture frorn the pcrpendicular ori cn ­
tatio n about ± 10 . and in rar c cascs 20' . Molccular dynamics
.howcd thar gucs : anio ns are not frccly di stributcd in thc in­
tcr lII ycr spacc hu t th "y tcnd to Il ock in rows wi th a certuin
dixordcr. I ' I ~ ;h shows that the ccnte rs nf phenyl rings are
I nt s itua tcd in the line but they exhihit a dcparture of 1.5 Á
ar max irnun from thc line co nnec ting ce ntc rs of t\VO identi ca l
phcnyl rings in the neig hhori ng cells. C alc ula tc d hasal spac ­
ing dca k' == 16.97Á i~ in good agrccme nt with thc experimenta)
has al spacing dexp == 16.96 Á .

Th e side and thc top vicws of the structure 1110dcl of LDH-­
nrOllll)be nzoate interca lates are shown in I : I .~~ L I lll H ) ~h .

Wh ile the gues t an ions in the interlayer space of thc LDH-­
p - 1l1 e thy l b~ n zoate intercalate te nd to be si tuated in d isordered
rnws, the structure of LDH-p-hrolllobenzoate cxhihi ts a to­
ta l d isorientat ion of p-hrolnobenzoate anions in the intcrlayer
. pace . Thc higher ca lculated hasaJ spaci ng dca lc == 17 .40 Á is
.'Iightly h igher than experilnental bas al sp aci ng dexp == 17.19 Á
thar is caused by a high di sorie ntation oť guests in the struc turc
llh)de 1.

The cal 'ul ated X-ray diffraction patterns are shown in
I l ~ ~ ~ l I) d h. -r he hig her intensity a ť hasal retlectian with re­
spect to thc o thers in cOln parison to the experiln e ntal d i ťfraction

pattern is due to thc roughness oť the surface of the experiln e n­
tal salnple whi ch is not taken into account in the calculating
softwa re . The roughness oť the s urťace takes eťťect just by low
value~ nť d ifťract i on ang les and results in a dechn e of the inte n­
sit. u ť hasa1 retlection in the experimental diťťractian pattern .
ln the case oť p - hro lnobe nzaa t e intercalate the hig h re tlexia n a ť

hro lnine í.ltu lns resu lts in higher intensity a f the reftexion (O O6)

culated one (69.()~' ) . Thi s difťcrcncc could hl' causcd cithcr hy
thc faet that thc o xidation nf a rl' st nf carbon is not fu II y C0I11 ­

plcted or hy thc presence nf a sl11aII .unount of carbonatc anion.'
in thc int crlaycr spacc . -' .' thc Al/Br rario dctcrmincd hy EDX
is I ;' I. wc supposc that thc ~1I110unt nf cointcrca latcd carbonatc
anio ns is ncgligihlc . In thc casc nf thc P -Illcthylhcnznatc intcr­
ca latc , thc intcrla ycr w.ucr is rclca..cd in thc tir.. t step. but thc

dchydrox ylation nf thc luycr s and thc dccomposition of rhc in­
tc rca latcd anio ns cannot hl' di stinguishcd . Thc totul wc ight loss
IS in a good agrccmcnt w ith thc calculatcd valuc ( SCl' T.lhl\. ' I ).
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(() () 6) only and changing thc ir locution lcads to thc growrh nf
rhc pcak (O () 6) .

These obscrvations Icd to the conclusion thut in horh type:
of intcrcalatcs watcr molcculcs in thc intc rlaycr <pacc 11lUSt bc
conc cntratcd in two clcan-cut plancs adjuccnt to thc hydrotal ­
c ite layers coinciding with eGO groups . eoo groups nf
thc gucst anions are an chorcd to OH gruup« nf thc host laycr»
via clcctrostatic inrcructions and hydrogcn honos . Thc hydro ­
gen bonds are rcprcscn tcd hy thc brokcn lincs in thc ligurc.' ťor

ilIustration.

- Conclusions

Molccu lar modelin g cnah lcd us to invcstigutc thc struc ­
ture of thc inrcrlayc r spacc nf thc l.Dl-l -n-mcthylbcnzoatc
.md LDH-p-hroľnohcnzoatc inrcrcalutcs. i.c .. thc oricntation nf
gucst anio ns with respcct to thc host luycrs und thc charactcr oť

d isordcr of guest anion s. WhiIe in thc casc nf p-1l1cthylhcnzoatc
intcrcalatcs thc gucsts are locatcd in rows with a ccrtain dcgrcc
of d isordcr, thc guests in thc casc nf p-hrOll1ohcnloatc intcrca ­
la tex exhi bit a total disorientation in thc intcrlaycr spacc. Wc
ťo u nd the ro le of inte rlayc r water on thc X-ray diťfraction pat­
tcrn protilc and its c lca n-c ut locu tio n in thc intcr laycr .'pace .
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