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Abstract Molecular modeling in combination with powder
X-ray diffraction (XRD) provided new information on the
organization of the interlayer space of Mg-Al layered
double hydroxide (LDH) containing intercalated porphyrin
anions [5,10,15,20-tetrakis(4-sulfonatophenyl)porphyrin
(TPPS)]. Anion-exchange and rehydration procedures were
used for the preparation of TPPS-containing LDH with an
Mg/Al molar ratio of 2. Molecular modeling was carried
out in the Cerius2 and Materials Studio modeling environ-
ment. Three types of models were created in order to
simulate the experimental XRD patterns of LDH interca-
lates with a TPPS loading of 70–80% with respect to the
theoretical anion exchange capacity (AEC). The models
represent single-phase systems with a 100% TPPS

loading in the interlayer space (Type 1) and models
represent the coexistence of two phases corresponding to
the total exchange from 75 to 92% (Type 2). To cover
other possible arrangements, models with the coexistence
of both TPPS and NO3

− anions in the same interlayer
space were calculated (Type 3). The models are described
and compared with experimental data. In all cases, guest
TPPS anions are tilted with respect to the hydroxide
layers, and are horizontally shifted to each other by up to
one-half of the TPPS diameter. According to the energy
characteristics and simulated XRD, the most probable
arrangement is of Type 2, where some layers are saturated
with TPPS anions and others are filled with original NO3

−

anions.
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Introduction

Layered double hydroxides (LDHs), known also as
hydrotalcite-like compounds or anionic clays, are layered
materials with a chemical composition represented by the
general formula MII

1�xMIII
x OHð Þ2

� �xþ
An�

x=n � yH2O
� �x�

where MII and MIII are divalent and trivalent metal cations,
An− is n-valent anion, y is the number of water molecules,
and x ranges usually between 0.20 and 0.33. The crystal
structure is similar to that of brucite, Mg(OH)2, where each
Mg2+ cation is octahedrally surrounded by six hydroxyl
groups and the adjacent octahedra share edges to form
infinite sheets. The sheets are stacked and held together by
non-bonded interactions. In the LDHs, the MII/MIII isomor-
phous substitution in the octahedral sites of hydroxide
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sheets results in a net positive charge that is compensated
by anionic species localized together with water molecules
in the interlayers.

A great number of LDHs with a variety of MII and
MIII cations in hydroxide layers and various interlayer
anions have been reported. These materials have a wide
range of applications, e.g., in polymer processing, hetero-
geneous catalysis, adsorption and decontamination pro-
cesses, or pharmacy [1–4]. LDHs are often used as host
structures for the loading of various organic anions. New
applications of organic/inorganic hybrid materials based
on intercalated LDHs have been proposed during the last
decade, including analytical chemistry, electrochemistry,
photochemistry (modified electrodes, sensors, etc.) [1, 5],
pharmaceutical and biomedical applications (drug carriers,
gene therapy) [2, 6, 7], or preparation of novel LDH/
polymer nanocomposites [2, 8, 9]. In research and
development of these hybrid materials, computer simu-
lations represent a useful tool for obtaining an insight into
the arrangement, properties, and dynamic behavior of
interlayer organic species [10].

Molecular simulations allow information to be
obtained about the structure and mutual interactions
among constituents, including energy characteristics.
Detailed descriptions of the interlayer structure, orienta-
tion and arrangement of interlayer species with respect to
inorganic layers, and the influence of interlayer water
molecules have been reported, e.g., citrate in LDH [11]
or amino acids, phenylalanine, and tyrosine in LDH and
montmorillonite [12]. Such simulations result in a more
precise description of intercalated products compared to
models based on stereochemistry and experimental data
[13], allowing better understanding of individual inter-
actions [14]. As the distribution and orientation of water
molecules in the interlayer space are important factors for
the resulting properties and arrangement of interlayer
anionic species, the presence of water molecules cannot
be neglected [10, 15, 16].

LDHs are characterized by relatively weak bonding
between interlayer anions and hydroxide sheets, and these
anions can be exchanged under suitable conditions. As
carbonate anions show high affinity to hydroxide sheets,
their replacement by anion exchange is very difficult.
Therefore, the synthesis of LDHs containing specific
interlayer anions requires carbonate- and CO2-free con-
ditions. By contrast, interlayer Cl− and NO3

− anions can be
exchanged easily, and the chloride and nitrate forms of
LDHs are often used as precursors in anion-exchange
reactions. An alternative procedure is the rehydration of
mixed oxides obtained by thermal decomposition of LDHs
containing volatile interlayer anions (e.g., CO3

2− or NO3
−).

During heating of Mg-Al-CO3 LDHs, interlayer water is
released below 200 °C [1]. The dehydroxylation of

hydroxide layers and the loss of interlayer carbonate take
place at higher temperatures (350–450 °C) followed by the
collapse of the layered crystal structure to Mg–Al mixed
oxides. These mixed oxides prepared at moderate calcina-
tion temperatures of 400–600 °C can be rehydrated in
water. The rehydration process results in the reconstruction
of the original layered structure, where compensating
anions are anions dissolved in solution. Both anion-
exchange and rehydration procedures can be used for
intercalation of the desired anionic species into the LDH
hosts.

The intercalation of intercalated porphyrin anions
has practical consequences as [5,10,15,20-tetrakis
(4-sulfonatophenyl)porphyrin (TPPS)] can be excited by
visible light, and the formed porphyrin triplet states
interact rapidly with oxygen molecules by energy
transfer leading to the formation of singlet oxygen 1O2.
Singlet oxygen is a highly reactive oxidation agent and it
is generally accepted that 1O2 [mostly O2(

1Δg)] is the
main cytotoxic species in photodynamic therapy of cancer
[17]. In our previous work, we described the structural and
photophysical properties of LDH powders and oriented
films with intercalated porphyrin sensitizers [5, 18]. We
have shown that the behavior of the porphyrin triplet state
in LDHs is similar to that in solution. The possibility of
fabricating LDH-based films, the reactivity, and short
lifetime of 1O2 suggest that these hybrids are suitable for
the construction of photoreactive surfaces, especially
those with bactericidal properties.

The present work focuses on Mg–Al LDH intercalated
with TPPS. The arrangement of similar structures was
studied using various experimental and calculation
techniques. For example, the basal spacing and the size
of guest dianions were compared using semi-empirical
molecular orbital calculations. The results revealed the
fact that guest anions act as a bridge between two
adjacent LDH layers, and the relationship between the
anion size (terephthalate, 2,6-naphthalenedisulfonate, 1,5-
naphthalenedisulfonate, and 2,7-naphthalenedisulfonate)
and interplanar spacing [19, 20]. In the case of tetrasulfo-
nated porphyrin intercalates, their perpendicular orienta-
tion with respect to the LDH layers was suggested [13,
21]. The shape of the porphyrin molecule is crucial
because static and dynamic optical properties change
consistently with the increase in the nonplanarity of the
porphyrin macrocycle. This nonplanarity can give rise to
polar excited states, affecting charge transfer processes. It
is noteworthy that a macroscopic dipole moment may
occur even when a distorted macrocycle is highly
symmetric, and even in the absence of central metal
effects [22]. All the above mentioned influences were
taken into consideration for TPPS characterization and
calculations.
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Experimental methods

Preparation of samples

The tetrasodium salts of TPPS (Aldrich, St. Louis, MO),
Mg(NO3)2∙6H2O, Al(NO3)3∙9H2O and NaOH (all Penta,
Prague, Czech Republic) were used as purchased.

Synthesis of Mg–Al LDH hosts

The hydrotalcite-like host in the nitrate form was
prepared by coprecipitation. Aqueous solution (450 ml)
of Mg and Al nitrates with an Mg/Al molar ratio of two
and a total metal ion concentration of 1.0 mol l−1 was
added at a flow rate of 7.5 ml min−1 to a 1,000 ml reactor
containing 200 ml distilled water. The flow rate of
simultaneously added 3 M NaOH was controlled to
maintain a pH value of 10.0±0.1. Carbonate-free distilled
water was used for dissolution of components and the
reaction was carried out under nitrogen to avoid any
contamination of the product with carbonate anions.
Coprecipitation proceeded under vigorous stirring at
75 °C and the resulting suspension was stirred for 1 h at
75 °C. The product was filtered off, washed several times
with carbonate-free distilled water, and dried at 60 °C. The
obtained product was denoted as Mg2Al–NO3 based on
the Mg/Al molar ratio of Mg and Al nitrates in the
solutions used.

Anion exchange

The LDH precursor Mg2Al–NO3 was dispersed in a
carbonate-free aqueous solution (400 ml) of TPPS
(0.001 M, pH 9 adjusted by 3 M NaOH). After mixing
the components, the suspension was sealed in a 500 ml
glass bottle under nitrogen and stirred for 6 days at 30 °C.
The intercalated product was filtered off, washed with
carbonate-free distilled water, and dried at 60 °C. The LDH
host/porphyrin molar ratio was adjusted to achieve 100%
loading with respect to the theoretical anion-exchange
capacity (AEC) using a 10% molar excess of porphyrin.
The product was denoted as Mg2Al/TPPS-AE.

Rehydration procedure

The LDH precursor Mg2Al–NO3 was heated for 4 h at
450 °C in air and then cooled in a desiccator to room
temperature. The Mg-Al mixed oxide obtained was
dispersed under nitrogen in 75 ml of a carbonate-free
aqueous solution of TPPS (0.001 M, pH 9 adjusted by 3 M
NaOH) and placed in a 100 ml Teflon-lined stainless steel
bomb. The rehydration reaction was carried out under
hydrothermal conditions at 120 °C and autogenous

pressure for 20 h. The rehydrated product was filtered
off, washed with carbonate-free distilled water, and dried
at 60 °C. The Mg–Al mixed oxide/porphyrin molar ratio
was adjusted to achieve 100% loading with respect to the
theoretical AEC of the resulting LDH, using a 10% molar
excess of TPPS. The sample obtained was labeled by
Mg2Al/TPPS-R.

Characterization of the products

The phase composition of the prepared products was
determined by powder X-ray diffraction (XRD) using a
Siemens D5005 diffractometer (Bruker AXS, Karlsruhe,
Germany) with Cu Kα radiation (λ=0.1542 nm, 40 kV,
30 mA, diffracted beam monochromator) in the 2θ range
(2–80°, step size 0.02°,10s/point). The qualitative analysis
was performed with the HighScore software package
(PANalytical, Almelo, the Netherlands, version 1.0d),
Diffrac-Plus software package (Bruker AXS, version 8.0),
and JCPDS PDF-2 database. The magnesium and alumi-
num content was determined by volumetric analysis after
dissolution of the samples in concentrated sulfuric acid. The
content of intercalated porphyrin was estimated using UV-
vis spectroscopy by measurement the absorption spectra of
solutions before and after the intercalation process on a
PerkinElmer Lambda 35 spectrometer. The content of
interlayer water was estimated using the thermal analysis
(simultaneous TGA/DSC/DTA QMS) on a NETZSCH
apparatus STA 409 coupled with a quadrupole mass
spectrometer Balzers QMG 420 (air atmosphere with a
flow rate of 75 ml/min, heating rate of 10 K/min, gaseous
products, i.e., 18-H2O

+, 44-CO2
+, and 46-NO2

+ were
continually monitored).

Molecular modeling

Molecular mechanics and classical molecular dynamics
[23] were carried out in the Cerius2 and Materials Studio
modeling environment [24]. The host framework of
Mg2Al–NO3 is a trilayered structure with a trigonal cell in
hexagonal axes. The space group is R-3m. The cell
parameters a=b=3.046 Å were determined from experi-
mental XRD patterns. The layer of the composition
[Mg32Al16(OH)96]

16+ with a total charge of +16 is
composed of 48 linked individual cells (lattice parameters:
A=18.276 Åand B=24.368 Å) with Al cations distributed
regularly on condition that the location of Al cations in
neighboring octahedra is excluded [25].

The basal spacing of the initial models was set to the mean
value obtained from the experimental XRD data (d003=
22.1 Å, see below). Porphyrin TPPS was built in the 3D-
Sketcher module [24]. Sazanovich et al. [22] reported a
geometry of porphyrin derivatives from a semiempirical
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point of view; the geometry and optical properties were
investigated by successive addition of ethyl substituents at
beta-pyrrole positions of free-base 5,10,15,20-tetraphenyl
porphyrin (TPP). Semiempirical calculations indicated that
the TPP molecule has a planar geometry. We started
calculations using various force fields (Universal, Dreiding,
Cff, Pcff) [26–30]. Porphyrin TPPS was built by the adding
of SO3

− groups at the p-positions of the phenyl rings, and the
optimized planar geometry of TPPS used for subsequent
calculations was obtained in the Dreiding force field
parameters, which were able to maintain the planar geom-
etry. The distance between two neighboring sulfur atoms of
SO3

− groups in TPPS is of 13.4 Å and the diagonal distance
between two sulfur atoms is 19.0 Å.

The number of water molecules and TPPS tetraanions
intercalated into the interlayers was determined by experi-
mental measurements. Based on thermogravimetry, we
estimated the water content to be 3.6–4.5 water molecules
per [Mg4Al2(OH)12]

2+ unit. Therefore, our models contained
four water molecules per [Mg4Al2(OH)12]

2+, which corre-
sponds to the reported amount of interlayer water in the LDH
precursor [3]. The analysis of TPPS solutions before and
after intercalation procedures indicated that the achieved
TPPS loading with respect to the theoretical AEC was
approximately 70–80% [5].

Costantino et al. [31] and Miyata [32] reported the
preparation and properties of LDHs containing various
loadings of organic anions in the interlayer space. They
showed that increasing the loading of organic anions in the
interlayer results in changes in the positions and intensities
of diffraction lines in powder XRD patterns. Since the
TPPS loading in investigated samples was up to about 80%
of AEC, we built three types of structure models. The aim
was to obtain the optimized geometries and, by comparing
the experimental and calculated X-ray diffraction patterns
of the models, to address the most probable porphyrin
orientations in real samples.

Type 1: The structure models have 100% TPPS loading in
the interlayer space. A set of models with various
orientations of guest porphyrin anions with
respect to each other and to the LDH layers was
created containing water molecules localized near
the LDH layers. The total composition of the
supercell was Mg96Al48(OH)288(TPPS)12∙96H2O.

Type 2: These models represent a coexistence of two
phases, with an overall TPPS loading of 75, 83,
and 92%. For this purpose, we created a super-
cell consisting of 12 hydroxide layers with 9, 10,
or 11 interlayers completely exchanged for TPPS
anions respectively, while the remaining inter-
layers contained original NO3

− anions. The d003
basal spacing of the nitrate LDH precursor was

set to the value of 8.77 Å. The cell parameters of
the investigated supercells were: A=18.276 Å,
B=24.368 Å; the C parameter depended on the
total TPPS loading. The total compositions and
C values of the supercells were as follows:
[Mg384Al192(OH)1152][(TPPS)36(NO3)48∙384
H2O] and C ¼ 9� 22:1þ 3� 8:77ð Þ ¼ 225:21 ),
[Mg384Al192(OH)1152][(TPPS)40(NO3)32∙384
H2O] and C ¼ 10� 22:1þ 2� 8:77ð Þ ¼ 238:54),
and [Mg384Al192(OH)1152][(TPPS)44 (NO3)16∙384
H2O] and C ¼ 11� 22:1þ 8:77ð Þ ¼ 251:87)
for supercells with a TPPS loading of 75, 83,
and 92 %, respectively. We created models with
various interlayer sequences, e.g., TPPS, NO3

-,
TPPS, TPPS, NO3

-, etc., and models representing
two segregated phases loaded with TPPS and
NO3

− (i.e., the sequences TPPS, TPPS,..., NO3
−,

NO3
−,...). In the latter case, the models consisted

of 9 and 10 successive interlayer regions with
TPPS and the remaining successive interlayers
were saturated by NO3

−. This corresponds to a
total TPPS loading of 75 and 83 %, respectively.

Type 3: The models suggest the coexistence of both TPPS
and NO3

− anions in each interlayer space. Thus,
the models corresponding to the total 75% TPPS
loading contained three TPPS tetraanions, and the
remaining positive layer charge was compensated
by four NO3

− anions. Models with various
orientations of TPPS anions with respect to each
other and to the hydroxide layers were created
and NO3

− anions were distributed randomly. The
composition of the final supercell was Mg96
Al48(OH)288(TPPS)9(NO3)12∙96H2O with the lat-
tice supercell parameters A=18.276 Å, B=
24.368 Å, and C ¼ 3� d003 ¼ 66:3).

To be able to describe all the atoms in the models
and the energy characteristics, the initial models were
minimized in the Universal force field. Charges were
calculated using the Qeq method (charge equilibrium
approach) [33], the electrostatic energy was calculated
using the Ewald summation method [34], and the van der
Waals energy was calculated using the Lennard-Jones
potential [35].

Minimization was carried out in the Minimizer module
according to the following strategy: first, the minimization
of the models with 100% loading of TPPS in the interlayer
was carried out (Type 1) to obtain the optimized positions
of the guests with respect to the host layers. These
arrangements were later used in the models of Type 2.
LDH layers were kept as rigid units during the energy
minimization. The cell parameters c, α, and β were
variable, which allowed the mutual position of individual
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layers to be refined, and the calculations to be accelerated.
In the case of the Type 2 models, the cell parameters and
the atoms of the host layers, except for hydrogen atoms of
the OH groups were kept fixed during energy minimization.
All positions of atoms in the interlayer were variable. The
minimization strategy in the Type 3 models was the same as
in the case of Type 1. The geometry of the minimized
models was then refined by quench dynamics, a type of
dynamics simulation where new arrangements of the
interlayer space are generated. After a given number of
dynamics steps the structure model is minimized, allowing
elucidation of the dependence of the total crystal energy on
the arrangement of the species in the interlayer space and
their geometry. It helps to determine the most probable
interlayer arrangement. The dynamics simulations were
carried out in an NVT statistical ensemble (N = constant
number of atoms, V = constant volume, T = constant
temperature) at 300 K. One dynamic step was 0.001 ps and
70–100 ps of dynamics were carried out. During quench
dynamics, all positions of atoms in the interlayer space and
hydrogen atoms of the hydroxide OH groups were variable,
while the positions of the remaining atoms in the layers
were kept fixed. After that, the selected partially minimized
structures were minimized to obtain the final structure
models.

Results and discussion

Characterization of the prepared samples

Chemical analysis of the Mg2Al–NO3 precursor showed
that the Mg/Al molar ratio corresponds to that adjusted in
nitrate solutions used for coprecipitation. The chemical
formula Mg2.03Al1.00(OH)6.06(NO3)∙1.2H2O was deter-
mined from the results of chemical and thermal analysis.
In the powder XRD patterns of the coprecipitated Mg2Al–
NO3 sample, only a well-crystallized hydrotalcite-like
phase, as indicated by the hexagonal lattice of the
rhombohedral symmetry, was found (Fig. 1). The success-
ful intercalation of bulky porphyrin anions into the LDH
interlayer space was confirmed by a marked shift of the
basal (003) diffraction line towards lower diffraction
angles, i.e., the d003 value increased from 8.77 to 22.1 Å
for Mg2Al–NO3 and Mg2Al/TPPS-AE, respectively
(Fig. 1). Similarly, the other basal diffraction lines, e.g.,
(006), were shifted.

Rehydration of the calcined Mg2Al-NO3 precursor
resulted in the formation of the corresponding hydroxide
form (Mg2Al-OH). This phase of the chemical composition
Mg1.98Al1.00(OH)5.96(OH)∙mH2O is characterized by a d003
basal spacing of 7.63 Å. The intercalated phase with d003 of
21.4 Å together with the admixture of the Mg2Al-OH phase

were found in the samples rehydrated in porphyrin-
containing solutions (Fig. 1). The d003 value of the
intercalated phase was close to that determined for the
sample prepared by anion exchange. Evidently, during
the rehydration process hydroxide anions in the interlayer
space of the rehydrated product are substituted by porphy-
rin anions. The rehydrated samples exhibited slightly
lower TPPS loading (about 70%). The presence of the
parent nitrate LDH phase in Mg2Al/TPPS-R is in
accordance with the measured TPPS loading of 70 %
with respect to AEC.

Fig. 1 Powder X-ray diffraction (XRD) patterns of Mg-Al layered
double hydroxide (LDHs) intercalated with 5,10,15,20-tetrakis
(4-sulfonatophenyl)porphyrin (TPPS) by anion exchange (AE) and
rehydration (R) procedures: Mg2Al-NO3 coprecipitated sample for
anion exchange, Mg2Al-OH product obtained by rehydration of
calcined Mg2Al-NO3 sample in distilled water, Mg2Al/TPPS interca-
lated products obtained using concentration conditions for 100%
porphyrin loading with respect to the theoretical anion exchange
capacity (AEC)
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The orientation of porphyrin anions within the interlayer
space can be roughly estimated by comparing the interlayer
distance with the size of porphyrin molecules. Taking into
account the thickness of the hydroxide sheet (∼ 4.8 Å), the
interlayer distance corresponds to about 17 Å. The adjacent
sulfur atoms of TPPS are separated by about 13.4 Å and the
most remote oxygen atoms of the adjacent SO3

− groups are
about 16.3 Å away. In addition, water molecules forming
organized sheets close to the polar hydroxide surfaces
contribute to the measured basal spacing [36]. The
proportions indicate that two adjacent sulfonate groups of
porphyrin anions interact with a hydroxide sheet via the
hydroxyl groups of the positively charged sites. The
opposite hydroxide sheet compensates for two remaining
sulfonate groups. We have carried out the molecular
modeling calculations using the parameters of the prepared
LDH phases. The agreement between measured and
calculated XRD diffraction lines of simulated systems
allows for obtaining detailed information on the orientation
of porphyrin moieties with respect to the hydroxide sheets,
on the structure of porphyrin anions upon interaction with
hydroxide sheets, and on the relative stability of the phase
with mixed intercalated anions (i.e., Type 3). The results
obtained are discussed below in more detail.

Molecular modeling

Molecular simulations combined with XRD resulted in a
potential arrangement of the guest anions in the interlayer
space and provided insights into the energy characteristics
and location of water molecules. The calculated powder
XRD patterns of the models representing one phase and the
models representing the coexistence of two phases are
described and compared with the experimental measure-
ments in Fig. 2. The LDH basal diffraction lines were
present at intervals of 2θ from 3 to 25°. Because the XRD
module used does not take into account the roughness and
bending of the hydroxide layers (the LDH layers were kept
as rigid bodies), the calculated XRD patterns exhibit lower
relative intensities of diffraction lines in comparison with
the measured lines.

Single-phase models (Type 1 and Type 3)

Before discussing the XRD diffraction patterns, we will
address possible horizontal arrangements of TPPS anions in
the interlayer space. Calculations were performed for both
Type 1 and Type 3 models. We present the three most
different arrangements. The top views of the linked cells of
Type 3 are presented in Figs. 3, 4, and 5. The arrangement
A in Fig. 3 is characterized by the following features: (1)
the porphyrin moieties tend to be parallel to each other with
approximately ±10° variability; (2) the porphyrin moieties

are horizontally shifted by about 6 Å, i.e., approximately
one-half of the TPPS anion size; and (3) the arrangement of
TPPS anions in the interlayer space is disordered. The
alternative arrangement B (Fig. 4) shows that (1) guest
TPPS anions are more ordered than in A, (2) TPPS are
arranged in rows following the [110] crystallographic
direction, and (3) the guest anions are parallel and
horizontally shifted similar to arrangement A (about 6 Å).
Arrangement C (Fig. 5) has disordered rows of guest anions
with variations in the mutual horizontal shift equal to about
one-fourth of the TPPS anion size (4 Å). In all cases the
remaining positive charges are compensated by NO3

−

located near the hydroxide layers. The sublimation energies
per single interlayer are given in Table 1. The energy
characteristics, i.e., electrostatic and van der Waals inter-
actions, and the total energies differ only slightly (<1%).
Therefore, all three arrangements can be adoptedwith the same
probability, and a combination in which each interlayer was
filled with the different arrangement in the sequence A, B and
C was used for subsequent calculations. In the case of Type 1
models, the sublimation energy values per one interlayer differ
in the range of 9% and therefore the arrangement A in Fig. 3 is
more probable than those in Figs. 4 and 5. The powder XRD
patterns of the Type 3 model are similar to experimental data
(Fig. 2, traces a and b).

The calculated XRD patterns of Type 1 are characterized
by five sharp basal diffraction lines (003), (006), (009),
(0012) and (0015) in the 2θ interval from 3 to 25° (Fig. 2b)
and match the measured patterns. The corresponding side
view of the interlayer arrangement of porphyrin anions in
the Mg2Al-lattice with a d003 basal spacing of 22.2 Å is
shown in Fig. 6a. The guest anions are not arranged
perpendicularly with respect to the hydroxide sheets. The

Fig. 2 Powder XRD patterns of Mg2Al/TPPS-AE: comparison of
experimental (a, impurity is labeled by *) and calculated XRD for
single-phase (Type 1 and Type 3; b) and two-phase models (Type 2)
with 92 (c), 83 (d) and 75% (e) exchange
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tilted angle measured between the host layer and tangent of
the pyrrole units ranges from 53 to 63°. For comparison,
Fig. 6b shows an example of the arrangement of the Type 3
model containing the single phase with 75% TPPS loading.
Here, the porphyrin units are tilted less from the layer
normal due to a lower concentration of TPPS, and the angle
between the host layer and porphyrin planes ranges from 68
to 71°.

The relative energy of repulsive interactions between
TPPS anions is of 343±13 kcal mol−1 per TPPS, and
between TPPS and NO3

− is of 347±17 kcal mol−1 per
TPPS (Type 3). In addition, the attractive interactions
between TPPS anions and the layers are 1,844±
63 kcal mol−1 per TPPS. The attractive interactions
between TPPS anions and the layers in Type 1 models are
1,842±63 kcal mol−1 per TPPS. However, the models differ

in the repulsive energy between the guest anions as this
energy is about two times higher than in the case of Type 3.
Evidently, this is because of the closer distance between
TPPS moieties (ca. 5 Å) than in the Type 3 model (i.e.,
6–8 Å). The higher repulsive interactions of the guests
explain the differences between the tilted angles of the TPPS
planes. The powder XRD patterns of the two models are very
similar; therefore, only one XRD is shown in Fig. 2.

Two-phase models (Type 2)

The powder XRD patterns of the Type 2 model containing
the interlayers saturated either with NO3

− (L-NO3) or with
TPPS (L-TPPS) anions are compared with those of the
single-phase models in Fig. 2. The effect of the increasing
total loading with TPPS anions on the XRD profiles is

Fig. 3 Top view of linked
cells describing a disordered
arrangement of TPPS anions
(Arrangement A)

Fig. 4 Top view of an
ordered arrangement of TPPS
anions into the rows
that follow the [1 1 0] direction
(Arrangement B)
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evident. The calculated XRD patterns belong to the models
containing a fully saturated part, with TPPS segregated
from the non-exchanged part containing NO3

−. The
sequences with random alternation of individual interlayers
(e.g.,...,TPPS, NO3

-, TPPS, TPPS, NO3
-,...) exhibit consid-

erable differences from the measured XRD patterns.
Therefore, we have focused predominantly on consecutive
sequences with a various number of individual interlayers
(e.g.,...TPPS, TPPS, NO3

-, NO3
-,...).

In all cases, the powder XRD patterns are characterized
by a sharp and intensive (003) diffraction line at 2θ ranging
from 3.9 to 4.1° depending on the calculated model. These
2θ values correspond to the basal spacing values ranging
from 21.7 to 22.8 Å, and are quite similar to the
experimental value of 22.1 Å. The presence of non-
exchanged LDH interlayers causes a splitting of the
diffraction lines due to a mixing of the interlayers
(L-TPPS, L-NO3) on the nanometer scale. This is especial-
ly obvious for the diffraction lines around 8° and 12°,
which are labeled as (0 0 6) and (0 0 9) in the single-phase
models, respectively. In the case of Type 2 (75%), the
supercell with 12 interlayers containing 9 L-TPPS and 3 L-
NO3 interlayers leads to the splitting of the diffraction line
(0 0 6) into two at 2θ of 7.9 and 8.3°. Similarly, the line

(0 0 9) splits into two at 11.8 and 12.2°. The splitting of
(0 0 3) line (2θ=4.3°) also occurs. The model Type 2 (83%)
(10 L-TPPS+2 L-NO3) is characterized by the central line
with 2θ of 8.2° that is close to the (0 0 6) line of the single-
phase models and by two symmetrically localized peaks.
The line at 2θ=11.9° is surrounded by a weak line at 12.2°.
The line with 2θ of 4.1° exhibits the additional contribution
of lines at 3.3 and 3.7°. On the contrary, there is no
influence of the non–exchanged layer in the Type 2 (92%)
composed of 11 L-TPPS and 1 L- NO3

− on the positions of
the lines at 2θ of 8.1 and 12.0°. These are very similar to
the (0 0 6) and (0 0 9) lines of the single-phase models. The
intensive diffraction line at 3.9 is accompanied by the low
intensity peaks at 3.2 and 3.5° similarly to Type 2 (83%).

Summing up, the presence of two phases can contribute
to the broadening of the diffraction lines. If we compare the
calculated XRD patterns, it is clear that both single-phase
(i.e., Type 1 and Type 3) and two-phase (i.e., Type 2)
models are possible. The observed broadening in the
experimental XRD lines is determined by the low crystal-
linity of the samples that is a typical feature of coprecipi-
tated LDHs composed of Mg and Al, thus overlapping the
possible split of the diffraction lines. Since the structural
calculated models are perfectly periodic, the broadening of
the peaks is not observed in the calculated patterns.

While the comparison of calculated and experimental
XRD patterns cannot give an explicit distinction between
single- and two-phase models, the values of sublimation
energy offer solid arguments. We compared the total
sublimation energy of the single-phase model [12-layered
supercell with a mixture of 3 TPPS and 4 NO3

− anions in
each interlayer space (Type 3) with that of the two-phase
model having the same TPPS loading (Type 2; 75%)]. The
total sublimation energies for the Type 3 and Type 2 (75%)
models are −46,780 kcal mol−1 and −116,960 kcal mol−1,

Fig. 5 Top view of an arrange-
ment of TPPS anions into the
rows that follow the [1 0 0]
direction (Arrangement C)

Table 1 Sublimation energy characteristics (van der Waals (vdW) and
electrostatic interactions and their sum per TPPS) of three arrange-
ments of the guests for the Type 3 model

Arrangement Etotal/ kcal/
mol

vdW/ kcal/
mol

Electrostatic/ kcal/
mol

A -1,258 -38 -1,220

B -1,232 -37 -1,195

C -1,209 -39 -1,170
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respectively. This indicates that the Type 2 model is more
favorable than mixed anions in interlayers. Based on these
arguments we suggest that the partial exchange of original
anions in real samples leads to consecutively arranged
interlayers filled with TPPS anions followed by others
containing only original NO3

− anions.

Geometry of TPPS anions

In general, the original flat moiety of TPPS anions (Fig. 7a)
changes during dynamics simulations depending on the
mutual arrangement of the guest anions, their location in
the interlayer space, and the angle of tilt with respect to the
host layers. There is continuous variation between two
limited cases: the porphyrin moieties remain nearly planar,
with small deviations from the original planar geometry
(Fig. 7b), or are settled into the saddle conformation
(Fig. 7c). In both cases, the phenyl rings with SO3

− groups
do not exhibit any significant bending or twisting with
respect to the original porphyrin geometry. The models
containing deviated guest anions in the interlayer space
exhibit slightly different total energy when compared with
the models based on nearly planar TPPS structure. Thus,
from an energy point of view, the original planar geometry
of TPPS anions might deviate after porphyrin interactions
with the hydroxide sheets within the interlayer space. The
water molecules are located near the hydroxide layers. In
the presence of a lower concentration of TPPS (Type 3), a
small amount of water (five molecules per supercell) can be
located between the porhyrin cores and can interact with the
pyrrols via hydrogen bonds. In the case of full saturation

with TPPS anions, water molecules are located near the
hydroxide layers.

Conclusions

Molecular simulations were used to describe the arrange-
ment of the interlayer space of Mg-Al LDH intercalated

Fig 7a–c Geometry of TPPS. Original flat moiety (a) and two limited
cases in the interlayer space obtained by molecular simulations—
nearly planar geometry (b) and TPPS in the saddle conformation (c)

Fig. 6 Side view of the interlayer space in the Mg2Al-lattice of Type 1 (a) and of Type 3 with NO3
− anions located near LDH layers (b). Blue

lines Hydrogen bonds
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with TPPS anions. The calculations were performed for
three types of structure models: (1) the complete saturation
of the interlayer space by TPPS (Type 1), (2) two–phase
models where a part of the interlayers was consecutively
saturated with TPPS anions followed by the interlayers
containing NO3

− anions (Type 2), and finally (3) mixed
TPPS and non-exchanged NO3

− anions in the same
interlayer space (Type 3). The tilted angle of TPPS anions
was slightly affected by the TPPS concentration in the
interlayer. In the Type 1 and Type 3 models, the tilted angle
ranged from 53 to 63° and from 67 to 71°, respectively. In
all cases, TPPS anions were horizontally shifted by up to
one-half of the TPPS diameter. The powder XRD patterns
are very similar for Type 1 and Type 3 and are
characterized by sharp basal diffraction lines, while Type
2 exhibits splitting of the diffraction lines depending on the
saturation of the supercell by TPPS anions. This splitting
can cause broadening of the diffraction lines. The compar-
ison of sublimation energy characteristics of Type 2 and
Type 3 models with 75% saturation by TPPS (i.e., the value
close to the experimental loading) revealed that the Type 3
model is energetically less favorable. Hence, we suggest
that the most probable arrangement of interlayers in
partially exchanged samples is of Type 2, with consecutive
interlayers saturated by TPPS anions and the remaining
interlayers containing NO3

− anions.
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