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Abs tract

We pres ent the struc ture anal y sis of Mg2Al lay ered dou ble
hy drox ides in ter ca lated by fluvastatin an ions based on
pub lished ex per i men tal data and show the ad van tages of
mo lec u lar sim u la tion meth ods for de scrip tion of com plex
organo-clay hy brid ma te ri als. Mod els with dif fer ent ar -
range ments of in ter ca lated fluvastatin an ions, which fully
com pen sate the pos i tive charge of the LDH lay ers, were
cal cu lated. All pre sented mod els were ana lysed by cal cu -
lated XRD pat terns, basal spac ing, and free vol umes cal cu -
la tions to de scribe dif fer ent be hav iour and prop er ties
be tween in di vid ual mod els with dif fer ent ar range ment of
the fluvastatin an ions. Based on to tal en ergy val ues bilayer
and pseudobilayer mod els are pre ferred with re spect to
monolayer mod els. Cal cu lated re sults were thor oughly
com pared to pub lished ex per i men tal data and a de tail com -
par i son be tween ex per i men tal and cal cu la tion X-ray data is 
pre sented. It was shown that cal cu lated pat terns for
monolayer and bilayer ar range ment do not reach a good
agree ment with ex per i men tal dif frac tion data so as the
basal spac ings. In op po site of this cal cu lated XRD pat terns
proved a pseudobilayer ar range ment with mix ture of flat
and tilted po si tions of fluvastatin an ions in the interlayer
space as well as equal dis tri bu tion of wa ter mol e cules in the 
interlayer among fluvastatin an ions. 

In tro ducti on

Lay ered dou ble hy drox ides (LDHs), known also as an ionic 
clays, re cently at tract a great at ten tion due to their unique
prop er ties al low ing their mod i fi ca tions in var i ous branches 
of in dus trial or phar ma ceu ti cal ap pli ca tions. This can be
very well il lus trated by sev eral re cently pub lished re views
[1-5]. LDHs are lay ered ma te ri als with gen eral chem i cal
for mula [M1-x

IIMx
III(OH)2]

x+[A-n]x/n*mH2O, where MII rep -
re sents a di va lent metal cat ion (such as Zn, Ca, Mg, Ni, Fe), 
MIII rep re sents a tri va lent metal cat ion (such as Al, Cr, Fe,
Ga), A-n rep re sents an  ex change able interlayer an ion,
which com pen sate the charge of the lay ers, m is num ber of
moles of co-in ter ca lated wa ter mol e cules per for mula
weight of com pounds and x is the num ber of moles of tri va -
lent metal cat ion per for mula weight of com pounds.  The
LDH crys tal struc ture is based on M(OH)6 oc ta he dral units
which share edges in or der to build M(OH)2 brucite-like
lay ers. The interlayer space con tains an ionic spe cies com -
pen sat ing pos i tive charge of LDH struc ture and wa ter
molecules. 

Be cause of LDHs are biocompatible ma te ri als with hu -
man body it can be used as func tional car rier or de liv ery
sys tem for dif fer ent drugs. LDHs dem on strate per fect sta -
bil ity and ca pac ity to in ter ca late drug spe cies and pre serve

their du ra bil ity, sta bil ity, de crease ag ing, and pro tect some
parts of hu man bod ies against un de sir able in flu ence of
drugs in case of direct pharmacological action [6-8].

 A lot of dif fer ent or ganic spe cies have been in ter ca -
lated up to now into the interlayer space of LDHs, for ex -
am ple amino ac ids [9], DNA [10], an ti bi ot ics [11], anti- 
car dio vas cu lar drugs (statins) [12,13], etc. All these re sults
show the suit abil ity of the drug-LDH sys tems for hu man
body in com par i son with di rect ap pli ca tion of pure drugs.

In this pa per, we pres ent a struc tural de scrip tion and
prop er ties of Mg2Al-LDHs in ter ca lated with fluvastatin
an ions de ter mined by clas si cal mo lec u lar sim u la tion meth -
ods based on pre vi ously pub lished ex per i men tal data
(XRD, chem i cal anal y sis, thermogravimetry, FTIR, TEM,
AFM) [13]. Fluvastatin drug, be longs to class of statins, is
used to re duce un de sir able cho les terol in the blood stream.
This drug in hib its 3-hydroxymethylglututaryl coenzyme A
reductase, which de creases cho les terol biosynthesis [14].
Sev eral stud ies pre sented car dio vas cu lar ben e fits of
statins, which are as so ci ated with their anti-inflammatory
effects, for example [15]. 

Op po site of this, statins (in cluded fluvastatin) can
cause tox ic ity and ad verse ef fects on hu man bod ies [16].
The conformational changes sig nif i cantly af fect their sol u -
bil ity in aque ous so lu tion and time of re leas ing. Hence, the
use of LDHs as car ri ers of fluvastatin drug is pos si ble way
how to op ti mize and in crease its chem i cal sta bil ity, du ra -
bil ity, ag ing, and bioavailability dur ing med i ca tion [17].
More over, phar ma ceu ti cally ac cept able statins should be
used as novel antimicrobials [18].

In this study, we fo cus on meth ods al low ing us to de -
scribe struc tural prop er ties like guest ar range ment, po si -
tion, mu tual ori en ta tion, in ter ac tion of guests, and
inter ac tions with lay ers [19]. The pre sented cal cu lated
struc tural re sults bring more in sight on ex per i men tal data
[13] and also con sider re sults from [12] where XRD pat -
terns and basal spac ings are di rectly com pared for sim i lar
statin drug (pravastatin). More over, sim u la tions al low us to 
ob tain new ad di tional de tailed in for ma tion about struc tural
ar range ment of all spe cies in the interlayer space. This con -
firms po ten tial use ful ness and ap pli ca bil ity of the cal cu la -
tion meth ods for solv ing of complex materials as LDHs
intercalated with organic molecules. 

1. Si mu lati on methods

All sim u la tions were per formed us ing Forcite mod ule in
the Ma te ri als Stu dio soft ware pack age [20]. This mod ule is
used to pre dict the struc ture, in ter ac tions, and en er getic
prop er ties of LDH-fluvastatin mod els.
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1.1 Ini tial mo del con structi on

Prim i tive unit cell of Mg2Al-LDH struc ture was cre ated
with fol low ing cell pa ram e ters for Mg2Al struc ture: a = b =

3.0460 C, c = 22.7720 C, a = b = 90°, g = 120°, R3m space

group [21]. A 5a ´ 9b ´ 1c supercell of Mg2Al LDH was
built for sub se quent cal cu la tions. The ra tio be tween Mg:Al
in the frame work was 2:1.  Mg at oms were not ran domly
dis trib uted in the layer, but based on [22] in hon ey comb ar -
range ment, see Fig.1.  Each layer con sisted of 15 Al and 30
Mg at oms. Charges were cal cu lated by QEq method [23]
for each LDH layer and its charge com pen sat ing drug an -
ions sep a rately in or der to keep the whole struc ture neu tral.
For com pu ta tional pur poses space group of super cell was
changed to P1 but changes of crys tal lo graphic axes re lated
to sym me try were con strained.

The model of fluvastatin mol e cule was build ac cord ing
to for mula C24H26FNO4 and its sys tem atic for mula
(E,3R,5S)-7-[3-(4-fluorophenyl)-1-propan-2-ylindol-2-yl]
-3,5-dihydroxyhept-6-enoic acid. Sub se quently, the
fluvastatin an ion was cre ated by re mov ing hy dro gen atom
from car boxyl group, var i ous con for ma tions of fluvastatin
were op ti mized and the se lected model with the min i mum
en ergy was used as suit able in ter ca late, see Fig. 2. Charges
of fluvastatin an ion were cal cu lated by the QEq method.

Se ries of ini tial mod els with var i ous po si tions and ori -
en ta tions of fluvastatin an ions in the interlayer of LDH
with fo cus on monolayer, sug gested in [13], bilayer sug -
gested for sim i lar statin drug pravastatin in [12], and later
pseudobilayer ar range ment were built and op ti mized see
ex am ple in Fig. 3. For non-spher i cal an ions, es pe cially for
the an ions con tain ing long chains, a lot of var i ous ar range -
ments in the interlayer space are avail able, namely for ex -
am ple, a monolayer/bilayer ar range ment or their combi -
na tion, par al lel (flat) or tilted ori en ta tion of guest with re -
spect to the LDH lay ers. Due to the size of fluvastatin an ion 
and pub lished ex per i men tal re sults we as sumed, based on
the set of op ti mized mod els, that the fluvastatin an ions will
be prob a bly in tilted (al most per pen dic u lar) bilayer ar -
range ment into LDH gal ler ies to reach agree ment with ex -
per i men tal data. In op po site of this, basal spac ing of

cal cu lated re sults for bilayer ar range ment was higher than
ex per i men tal. Other tested and op ti mized models, es pe -
cially monolayer ar range ments of fluvastatin an ions in the
interlayer space, did not reach a suf fi cient agree ment with
pub lished ex per i men tal data, which were used for ver i fi ca -
tion of cal cu lated re sults. So, we fo cused for the ar range -
ment with com bined po si tions of fluvastatin anions in the
interlayer of LDH and set of initial models was created and
calculated as pseudobilayer arrangement.

The amount of in ter ca lated spe cies was taken from ex -
per i men tal re sults pub lished in [13]. Mod els with dif fer ent
ar range ment of fluvastatin an ions in the interlayer space of
LDH as well as dif fer ent amount of wa ter mol e cules in the
interlayer were cre ated and tested to reach the best fit with
experiments.
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Fig ure 1. Poly he dron dis play style of hon ey comb ar range ment of at oms in Mg2Al-LDH layer, Mg atom is green, Al is pink, O is red
and H is white.

Fig ure 2. Op ti mized model of the fluvastatin an ion with its di men -
sion. O is red, H is white, C is grey, N is blue, F is light blue.



1.2 Pa ra me t ri zati on and si mu lati on stra te gy  

The Mg2-LDH model was built with the d003 basal spac ing
based on ex per i men tally ob tained val ues [12] for Mg2Al
d003 = 31.3 C for sim i lar drug an ion from statin group –
pravastatin and also based on sug ges tion from [12] that in
[13] was XRD mea sured from 5° 2-theta an gle so there is a
pos si bil ity of miss ing the first (003) dif frac tion peak.
Fluvastatin were placed into the interlayer space of LDH in
the amount de rived from chem i cal el e men tal anal y sis in
[13] and whole model was op ti mized. Num ber of wa ter
mol e cules placed into the LDH gal ler ies of one supercell
cor re spond with weight wa ter loss (2 - 4 % for Mg2Al) ob -
tained ex per i men tally from thermogravimetry mea sure -
ments [13]. In our mod els that means 30 and 60 wa ter
mol e cules per model supercell (10 and 20 per one inter -
layer).

The ge om e try op ti mi za tion of ini tial mod els was car -
ried out us ing Uni ver sal Force Field (UFF) [24], the elec -
tro static en ergy was cal cu lated by Ewald sum ma tion
method [25], and van der Waals en ergy was cal cu lated us -
ing cu bic spline with cut-off dis tance of 15.0 C. The
charges were cal cu lated by QEq method ex cept charges of
wa ter mol e cules. Charges from SPC/E model [26] were
used for wa ter mol e cules. The host lay ers were kept as rigid 
units, all atomic po si tions in the interlayer space were vari -
able, c pa ram e ter of the supercell was vari able, and other
supercell pa ram e ters were fixed.

The quench mo lec u lar dy namic al low ing ge om e try op -
ti mi za tion af ter de fined num ber of steps was done for se -
lec tion of new pos si ble ini tial mod els prom is ing the best
agree ment with ex per i ments. LDH lay ers were kept fixed
and all spe cies in the interlayer space were with out con -
straints. The MD was car ried out in an NVE sta tis ti cal en -
sem ble (N - con stant num ber of at oms, V - con stant
vol ume, E - con stant en ergy) at 298 K to ob tain a new se -
ries of op ti mized mod els. One dy namic step was set to
0.1 fs and dynamic calculations last in total 10 ps. 

2. Re sults and dis cus si on

Sev eral se ries of ini tial mod els with var i ous ar range ments
and ori en ta tions of fluvastatin an ions were cre ated and op -
ti mized as Mg2Al-LDH in ter ca late and com pared with
avail able pub lished ex per i men tal re sults in [13] and [12].
Based on ex per i men tal data, due to lower crystallinity of
Mg2Al-LDH sam ples and due to amount of fluvastatin an -
ions which fully com pen sate layer charge we pres ent only

mod els with the high est num ber of fluvastatin an ions
mostly from monolayer to bilayer ar range ment. Cal cu la -
tion re sults from all tested ge om e try optimizations and MD
showed that fluvastatin an ions formed a pseudobilayer ar -
range ment in LDH gal ler ies see Fig. 4. Monolayer ar range -
ment was also cal cu lated and the re sults showed that
fluvastatin an ions had ten dency to be an chored by COO-

group to one LDH layer and the op po site part of chain had
ten dency to be di rected to the op po site LDH layer by F
atom. Fluvastatin an ions were mostly tilted in monolayer
ar range ments and more over, basal spac ing did not cor re -
spond with ex per i men tally ob tained basal spac ing [13]
even when we con sider that (003) basal re flec tion in [13] is
(006) ac cord ing to [12]. More over, cal cu lated to tal en ergy
of monolayer ar range ments was higher than for bilayer and 
pseudobilayer mod els. We can con clude that in all cal cu -
lated mod els fluvastatin an ions do not pre fer monolayer ar -
range ment in the interlayer space.

In bilayer and pseudobilayer ar range ments sev eral
fluvastatin an ions were an chored by their COO- groups di -
rectly to one LDH layer and sev eral di rectly to sec ond
layer. The part of fluvastatin an ion mol e cule rep re sented
by F atom had ten dency to be an chored to the same LDH
layer like COO- group. This ar range ment limit con nec tion
of all fluvastatin an ions close to LDH layer and sev eral of
them re main in the mid dle of interlayer with ac tive edges
ori ented to LDH lay ers, see pseudobilayer ar range ment in
Fig. 4c. De spite of this small amount of fluvastatin an ions
re main trapped in the mid dle due to steric hin drances cre -
ates pseudobilayer ar range ment. In our cal cu la tions mod -
els with bilayer ar range ment do not fully agree with
ex per i men tal X-ray data but this ar range ment is only with
about 5 % dif fer ence en er get i cally pre ferred with re spect to 
pseudobilayer ar range ment.

Let’s com pare cal cu lated X-ray dif frac tion pat tern with 
avail able ex per i men tal data pub lished in Panda [13] for
Mg2Al LDH in ter ca lated with fluvastatin. Sam ples prep a -
ra tion took 24 hours un der 65 °C un der in ert at mo sphere.
Based on pub lished data, al though low mo lar con cen tra tion 
0.017 mol/L was used high con cen tra tion of fluvastatin an -
ions in the interlayer space of Mg2Al was reached. When
we look at these ex per i men tal dif frac tion pat terns we can
see sharp and thin re flec tion peaks for these 24 hours pre -
pared in ter ca lates. Mo lec u lar sim u la tions have an ad van -
tage that re sul tant mod els can be ana lysed by cal cu lated
X-ray dif frac tion pat terns which can be di rectly com pared
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Fig ure 3. Ini tial mod els of Mg2Al-LDH in ter ca lated with fluvastatin an ions a) bilayer ar range ment, b) monolayer ar range ment, c)
pseudobilayer ar range ment. View along a axis, Mg atom is green, Al is pink in LDH layer, O is red, H is white, C is grey, N is blue, F is
light blue in the interlayer.



with ex per i men tal pat terns. When we com pared basal
peaks of X-ray dif frac tion data pub lished in [13], when we
con sider (003) basal re flec tion be low 5° 2-theta an gle as
sug gested in [12], with our cal cu lated X-ray dif frac tion
data we ob tained very good agree ment in basal peaks for
the first seven basal peaks of the cal cu lated pseudobilayer
model pre sented in this pa per. For this rea son XRD pat -
terns of in ter ca lated LDH by fluvastatin an ions were cal cu -

lated for bilayer, pseudobilayer and monolayer ar range -
ment in the interlayer space. Di rect com par i son of these
three cal cu lated pat terns for Mg2Al LDH with fluvastatin
an ions is shown in Fig. 5. The com par i son be tween cal cu -
lated basal spac ings for in di vid ual cal cu lated ar range ments 
and ex per i men tal d006 values published in [13] is given in
Table 1.
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Fig ure 4. Op ti mized mod els of Mg2Al-LDH in ter ca lated with fluvastatin an ions a) only wa ter mol e cules are vis i ble, b) all mol e cules in
the interlayer are vis i ble, F at oms high lighted, H-bridges dis played by blue-dashed lines c) only se lected fluvastatin an ions are vis i ble.
View along a axis, Mg atom is green, Al is pink in LDH layer, O is red, H is white, C is grey, N is blue, and F is light blue in the
interlayer.

a)                                                                                                     b)                                                                     c)

Fig ure 5. Cal cu lated XRD pat terns of Mg2AL-LDH in ter ca lated with fluvastatin an ions for monolayer, pseudobilayer and bilayer ar -
range ment.
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As it is shown in Ta ble 1 the best agree ment be tween
pub lished and cal cu lated basal spac ing for Mg2Al-LDH
with fluvastatin an ion is pseudobilayer ar range ment (but
the first peak there is in fact the sec ond or der of dif frac tion
as sug gested in [12]) de spite a bit higher to tal en ergy. Cal -
cu lated val ues of basal spac ing of mod els with bilayer or
monolayer ar range ment are higher or lower and do not
agree with ex per i men tally determined basal spacings. 

Based on TGA mea sure ments we in cluded re lated
amount of wa ter mol e cules into in ter ca late. We tested ad di -
tion of 30 and 60 wa ter mol e cules per one model, which
cor re sponds to 2-4 % weight wa ter loss in [13]. Based on
cal cu la tion re sults we can say that there is no spe cial ar -
range ment of wa ter mol e cules in the interlayer space of
LDH but all wa ter mol e cules are ac ci den tally spread be -
tween LDH lay ers. We can see slight ten dency for pres ence 
of wa ter mol e cules in the mid dle of interlayer be cause of
most of wa ter is ex pelled from LDH lay ers due to pres ence
of ac tive sites of fluvastatin how it is seen in Fig. 4a. We
can ex pect that wa ter mol e cules pre fer to oc cupy the free
vol ume in in ter ca late, which also plays ma jor role in ion
ex change dur ing drug re lease pro cess. This be hav iour can
be char ac ter ized by cal cu la tion of free atom vol ume, which 
can be de scribed by Con nolly sur faces [27]. The Con nolly
sur faces are de ter mined by mov ing a probe sphere over the
van der Waals sur faces, and then the Con nolly sur face is at
the bound ary be tween this probe and the at oms rep re sented 

by their van der Waals ra dii. In our case the ra dius of Con -
nolly probe is 1 C and Con nolly sur faces are dis played by
grey col our on outer sphere and blue col our rep re sents in -
ner sur faces, see Fig. 6. In fact, those sur faces are a part of
the van der Waals sur faces of mol e cule that is ac ces si ble to
a sol vent. For LDH in ter ca lates with monolayer, bilayer
and pseudobilayer ar range ment with out wa ter mol e cules,
the free vol ume is 2923 C3, 9777 C3, and 7717 C3 re spec -
tively. As we can see, free vol ume for monolayer show
very com pressed ar range ment of fluvastatin an ions to -
gether with dif fer ence in basal spac ing and high to tal en -
ergy we can con clude that this ar range ment is not
pre ferred. Bilayer ar range ment has higher free vol ume al -
low ing for ex am ple higher ab sorp tion of wa ter mol e cules
but basal spac ing is not pre ferred like in the case of
monolayer. Free vol ume of pseudobilayer ar range ment al -
lows ab sorp tion of wa ter mol e cules and it seems as rea son -
able com pro mise for re sul tant model with the best
agree ment with ex per i men tal basal spac ing and value of to -
tal en ergy from cal cu la tion point of view.

Based on the cal cu la tion re sults we sup pose that the po -
si tions of wa ter mol e cules are equally spread in the
interlayer space of LDH and are con nected by hy dro gen
bonds with Fluvastatin an ions see Fig. 4. Op po site of this
hy dro gen bond in ter ac tions play cru cial role in de scrip tion
of mu tual in ter ac tions among fluvastatin an ions and LDH
lay ers as we can see from Fig. 4b, where hy dro gen bonds

Mg2Al-LDH

Type of flu va sta tin ar ran ge ment
d003(si mu lati on)

[C]

d006(si mu lati on)
[C]

d006(ex pe ri men tal)
[C], [13]*

To tal ener gy

[kcal/mol]

Mo no layer 27.8 13.9 15.5 -9284

Bi layer 33.5 16.8 15.5 -11474

Pseu do bi layer 31.8 15.9 15.5 -10963

Pseu do bi layer with 30 wa ter mo -
le cules

31.8 15.9 15.5 -9281

Pseu do bi layer with 60 wa ter mo -
le cules

31.8 15.9 15.5 -9916

Ta ble 1. Com par i son of cal cu lated and ex per i men tal basal spac ing for in ter ca lated LDH with fluvastatin anions.

*ex per i men tal d006-spac ing for Mg2Al-LDH is 15.5 C, marked as d003 in pub li ca tion

Fig ure 6. Con nolly sur faces for pseudobilayer ar range ment of Mg2Al-LDH in ter ca lated with fluvastatin an ion and 30 wa ter mol e -
cules per supercell.
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are pre sented by dashed light blue lines. Var i ous pos si ble
def i ni tions and de scrip tions of hy dro gen bond can be
found in lit er a ture for ex am ple [28]. The fol low ing hy dro -
gen bond def i ni tion was used based on [20, 29]: the hy dro -
gen bond is con sid ered to ex ist if the ac cep tor - hy dro gen
dis tance was lower than 2.5 C (rAH < 2.5 C) and also the ac -

cep tor– hydrogen–do nor an gle was higher than 90° (qAHD

> 90°).

3. Conclu si ons

In sum mary, mo lec u lar sim u la tions have been used to ex -
plore struc ture and prop er ties of Mg2Al-LDH in ter ca lated
with var i ous ar range ments of fluvastatin an ions. We stud -
ied sev eral dif fer ent ori en ta tions of interlayer spe cies and
var i ous amount of wa ter mol e cules. Mod els, X-ray dif frac -
tion pat terns, basal spac ing, and Con nolly sur faces were
cal cu lated from op ti mized mod els and com pared with ex -
per i men tal data. The re sults of the mo lec u lar sim u la tions
showed that op ti mal ar range ment of fluvastin an ions is
pseudobilayer ar range ment with tilted and par tially flat po -
si tions of the fluvastatin an ions with re spect to LDH lay ers
and this model shows the best fit with ex per i men tal basal
spac ing and is en er get i cally pref er a ble with re spect to
monolayer ar range ment. The tilted or nearly flat ar range -
ment in the mid dle of interlayer is caused by mu tual elec -
tro static re pul sions be tween fluvastatin an ions. We
sup pose that elec tro static re pul sions and hy dro gen bond in -
ter ac tions play im por tant role in wa ter-fluvastatin,
fluvastatin-LDH and wa ter-LDH in ter ac tions. Cal cu lated
re sults very well cor re spond with pre vi ously pub lished ex -
per i men tal re sults and im prove them by ad di tion of new in -
for ma tion about basal spac ing re lated to lower 2 theta
an gles. Based on the pre sented re sults we can see the ef fec -
tive ness and use ful ness of mo lec u lar sim u la tion meth ods
for struc tural anal y sis and prop er ties de scrip tion of the in -
ter ca lated ma te ri als.
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