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Towards novel multi-functional pillared nanostructures:
Effective intercalation of adamantylamine in graphene oxide and smectite clays

CHAPTER 3
Towards novel multi-functional pillared nanostructures:
effective intercalation of adamantylamine in graphene oxide
and smectite clays
Multi-functional pillared materials were synthesized by intercalation of cage-shaped
adamantylamine (ADMA) molecules into the interlayer space of graphite oxide (GO)
and aluminosilicate clays. The physicochemical and structural properties of these
hybrids, determined by XRD, FTIR, Raman, XPS and TEM show that they can serve as
tunable hydrophobic/hydrophilic and stereospecific nanotemplates. Thus in the
ADMA-pillared clay hybrid the phyllomorphous clay provides a hydrophilic
nanoenvironment where local hydrophobicity is modulated by the presence of ADMA
moieties. On the other hand, in ADMA-pillared GO hybrid, both aromatic rings of GO
sheets and ADMA molecules define a hydrophobic nanoenvironment where sp3-oxo
moieties (epoxy, hydroxyl and carboxyl groups) present on GO modulate
hydrophilicity.
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This chapter is based on the article: Towards novel multi-functional pillared nanostructures:
effective intercalation of adamantylamine in graphene oxide and smectite clays by K.
Spyrou*, G. Potsi*, E .K. Diamanti* et al., Advanced Functional Materials 37, (24) 5841-5850,
2014.
*K. Spyrou, G. Potsi and E. K. Diamanti have contributed to this work in equal manner.
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3.1. Introduction
Diamondoids have been extensively studied in recent years due to their successful
application in diverse fields of nano- and biotechnology[1] which rely on the physical
and chemical properties[2,

3, 4]

imparted by their unique (cage-like) structure of

tricyclic saturated hydrocarbons. Applications reported in the literature for these
“molecular diamonds” include their use as templates in nanotechnology, or as
molecular building blocks for the synthesis of novel catalysts,[5] high temperature
polymers,[6] or hybrid nanostructures.[7] In the pharmaceutical industry diamondoids
are employed in drug delivery and as drug targeting agents,[8] as well as in antiviral
drugs (influenza A)[9] and in the treatment of Parkinson and Alzheimer.[10] To further
extend the use of diamandoids, host/guest chemistry can help to tune or protect the
properties of these molecules. In this context, adamantylamine (ADMA), an
adamantane derivative with a covalently attached amino group, is expected to be an
ideal pillaring block to be incorporated in layered host materials such as
aluminosilicate clays or graphene oxide (GO), giving rise to new hybrid
multifunctional nanostructures.
Layered materials represent a diverse and largely untapped source of twodimensional (2D) nanosystems with high specific surface area and exceptional
physicochemical properties that are important for applications such as catalysis,
sensing, environmental remediation, biotechnology, and energy storage.[11, 12, 13, 14, 15,
16]

The nature of the environment between the 2D nanometer-sized sheets regulates

the topology of the intercalated molecules and affects possible supramolecular
rearrangements or reactions, such as self-assembling processes that are usually not
easily controlled in solution.[17, 18, 19, 20] Smectite clays and graphene oxide are two
archetypical layered materials; smectite clays are minerals consisting of
aluminosilicate nanoplatelets, with a unique combination of swelling, intercalation
and ion exchange properties that make them valuable nanostructures[21, 22, 23] for use
as catalysts,[24, 25] templates in organic synthesis,[26, 27] building blocks for composite
36
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materials,[17,

28, 29, 30, 31]

adsorbents of inorganic and/or organic pollutants,[32,

33]

as

active agents or excipients of medicinal products[34, 35] and as constituents of modified
drug delivery systems (MDDS)[36] in pharmaceutical industry. In most cases, the
intercalation process is a simple ion-exchange procedure between hydrated cations
present in the galleries of the clay and organic/or inorganic cation moieties. Unlike
the intercalation of graphite, that of smectite clays does not necessarily involve
charge transfer between the host and the guest species. On the other hand, graphite
oxide (GO) is an oxygen rich derivative of graphite decorated with hydroxyl, epoxy,
and carboxyl groups (sp3-oxo moieties).[37, 38, 39] These functional groups are created
by strong oxidation and distributed randomly on the basal planes and edges of the
GO sheets, generating aliphatic regions (sp3-carbon atoms). Due to the existence of
such hydrophilic moieties, GO presents similar properties as smectite clays in that it is
prone to swelling and intercalation. Both GO and intercalated GO are being
considered for numerous applications such as supercapacitors,[40] high mobility
transistors,[41] lithium batteries,[42] hydrogen storage, adsorption of organic
moieties[43] or the removal of pollutants (e.g. chlorophenols) from aqueous solutions;
recently they have also attracted interest regarding their potential use in biomedical
applications. GO has already been studied in drug delivery formulation and
bioanalysis[44, 45, 46, 47, 48, 49] as well as for its potential cytotoxic action.[50, 51] In contrast
to clays, the intercalation process of GO involves covalent bonding of guest molecules
to the oxygen-containing groups on the GO surfaces (nucleophilic substitution
reactions). It has been demonstrated that, under proper conditions, GO can be
exfoliated in water forming colloidal suspensions of single graphene oxide sheets.[52,
53]

In this study, we report on the intercalation of adamantylamine (ADMA) into two
types of layered matrices, graphene oxide and smectite clay. Apart from the different
structural and geometrical characteristics (e.g. interlayer space) that might occur
using different matrices, and which in turn define stereospecific properties to the
final pillared structures, the choice of these two 2D-nanotemplates was also
37
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motivated by their ability to provide, in conjunction with the adamantane moieties,
diverse tunable hydrophobic or hydrophilic character (environment) in the final
hybrids. Thus, in ADMA-pillared clay hybrid, smectite clay provides a hydrophilic
nanoenvironment where local hydrophobicity is modulated by the presence of ADMA
moieties while in ADMA-pillared GO hybrid, both aromatic rings of GO sheets and
ADMA molecules define a hydrophobic nanoenvironment where oxygen-containing
groups present on GO modulate hydrophilicity. Since the incorporation of ADMA into
these layered materials opens the way to diverse applications in the chemical,
pharmaceutical and electronic (sensor) industry, we decided to perform also two
representative case studies of great importance in biomedicine and environmental
remediation, namely the use of these hybrid nanostructures as antiproliferative
agents in cells and effective adsorbents for the removal of organic pollutants from
aqueous solution.

3.2. Results and discussion
The smectite clay consists of octahedral alumina layers, each fused between two
tetrahedral silica layers. In the tetrahedral sheet Al+3 can replace Si+4 creating a
negative charge. Occasionally Fe+3 cations are also present in the tetrahedral lattice.
In the octahedral sheets negative charging may occur by substitution of Mg+2 for Al +3.
Fe+2 and Fe+3 may also part of the octahedral sheets. The negative charge of the
isomorphous substituents is compensated by hydrated cations (usually sodium)
present in the interlayer space. These charge balancing cations can be replaced with
water soluble organic or inorganic cationic species;[21,

22, 23]

this approach was

followed to intercalate ADMA in two different clay minerals, namely SWy-2
montmorillonite (product called SWy-2/ADMA) in the following) and a synthetic
trioctahedral hectorite, Laponite RD (product called Lap/ADMA). Initially the terminal
amine groups of adamantylamine had to be protonated to form a cationic
adamantane species. The intercalation of the positively charged adamantylamine,
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Scheme 3.1. Schematic representation of the intercalation process of adamantylamine, after
the protonation of the amine end groups, into the interlayer space of clay. The bold lines
represent the negatively charged clay platelets.

dispersed in aqueous solution, is achieved by ion-exchange according to the reaction.
The process is illustrated in Scheme 3.1:
Contrary to clay minerals, GO does not contain charge balancing cations, thus
intercalation is obtained by grafting to functional groups on the GO surface and/or
adsorption of molecules held between the basal planes by van der Waals
interactions. ADMA was intercalated in oxidized graphite as sketched in Scheme 3.2;
the product is called GO/ADMA in the following. When ADMA, dissolved in distilled
deionized water, was added to a water dispersion of GO an immediate flocculation of
GO particles was observed. This phenomenon is induced by the insertion of
adamantylamine in the GO galleries through covalent bonding via the amine
functionality of the adamantane derivative (see XPS data below). The amine end
groups interact via a ring opening reaction of the epoxide groups of GO.[52, 53, 54]
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Scheme 3.2. Schematic representation of the synthetic procedure of GO/ADMA.

The success of the intercalation reaction can be proven by X-ray diffraction, which
allows estimating the interlayer spacing between GO or clay sheets. The XRD patterns
of GO/ADMA and SWy-2/ADMA are displayed in Figure 3.1. The insertion of
adamantylamine between the aluminosilicate and graphene oxide layers increases
the interlayer distance. More specifically, for intercalation in SWy-2 clay, the basal
d001-spacing, which is 12.4±0.3 Å in the initial montmorillonite clay, becomes 15.6±0.4
Å after the modification; this corresponds to an interlayer separation Δ = 15.6-9.6 = 6
Å, where 9.6 Å represents the thickness of a clay layer.[20] This value is in accordance
with the size of the adamantylamine molecule if we assume an orientation
perpendicular to the aluminosilicate platelets.[55] In the case of GO/ADMA, the 001
diffraction peak, centred at ~12o in pristine GO, shifts to lower angles corresponding
to a d001-spacing of 10.4±0.3 Å. Taking into account the thickness of a graphene oxide
layer (6.1 Å),[56] this corresponds to an interlayer separation Δ = 10.4 – 6.1 = 4.3 Å
occupied by the ADMA pillaring moieties. This value implies that the adamantane
derivative must adopt an inclined orientation in the GO interlayer space.[57, 58, 59]
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Figure 3.1. Comparison of the X-ray diffraction patterns of the hybrid pillared systems (A)
SWy-2/ADMA and (B) GO/ADMA with those of the pristine layered matrices (SWy-2 and GO).

The results for laponite (Figure 3.2) are similar to those for montmorillonite: the basal
d001-spacing, which is 12.0±0.3 Å in the initial laponite clay, becomes 15.5±0.4 Å after
the intercalation of adamantylamine; this corresponds to an interlayer separation of
15.5 Å - 9.6 Å = 5.9 Å. This value is in agreement with the size of the adamantylamine
molecule if we assume an orientation perpendicular to that of the aluminosilicate
platelets as sketched in Scheme 3.1.
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Figure 3.2. XRD patterns of the hybrid Lap/ADMA in comparison with pristine Laponite

An additional tool for the characterization of hybrid pillared materials is FTIR
spectroscopy, which can confirm the successful incorporation of the adamantane
derivative in the layered matrices. Figure 3.3 displays the FTIR spectra of SWy-2 and
GO before and after the intercalation process. In the case of SWy-2/ADMA, the
spectrum displays all the characteristic bands arising from aluminosilicate clay at 465
cm-1 (Si-O-Si and Si-O bending vibrations), 524 cm-1 (Si-O-Si bending), 778 cm-1 (Si-O
deformation), 797 cm-1 (Si-O and Si-O-Al stretching), 884 cm-1 (Al-Fe-OH
deformation), 918 cm-1 (Al-OH-Al bending), 1047 cm-1 (Si-O-Si stretching) and 1639
cm-1 (H2O bending).[60, 61] In addition, the presence of adamantylamine in the hybrid
material is revealed by the bands centred at 2863 cm-1 and 2921 cm-1 corresponding
to stretching vibrations of C-H, as well as by the peak at 1520 cm-1, due to N-H
vibrations.[19, 62] In the case of GO/ADMA the same peaks originating from the ADMA
molecules are also present in the spectrum, together with characteristic bands arising
from GO at 3410 cm-1 (hydroxyl stretching vibration of C-OH groups), 1621 cm-1 (C=O
stretching vibrations of the -COOH groups), 1396 cm-1 (O-H deformations of the C-OH
groups) and 1062 cm-1 (C-O stretching vibrations).[63]
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Figure 3.3. FTIR spectra of the hybrid pillared systems SWy-2/ADMA and GO/ADMA; the FTIR
spectra of pristine SWy-2 and GO are plotted for comparison.

The FTIR spectrum of Lap/ADMA shown in Figure 3.4 displays in addition to the
characteristic bands arising from the aluminosilicate clay a peak at approximately
1515 cm-1, due to N-H vibrations as well as the bands centred at 2863 cm-1 and
2921 cm-1 corresponding to stretching vibrations of C-H; this testifies to the
intercalation of the adamantylamine moieties in between the clay sheets.
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Figure 3.4. FTIR spectra of Lap/ADMA and pristine Laponite

In the case of GO/ADMA Raman measurements were performed as well and are
presented in Figure 3.5. Raman spectroscopy is widely used in the characterization of
carbon systems because it provides information about their structure. The Raman
spectrum of the graphite used as starting material includes the G peak at
approximately ~1580 cm-1, as well a very weak 2D band located at ~ 1353 cm-1,
caused by the tangential E2g in-plane vibration mode of the graphite lattice and
second order boundary phonons (A1g breathing mode) respectively.[64] The 2D band is
associated with defects leading to sp3 carbon atoms.[65] The GO sample exhibits
strong fluorescence and therefore its weak Raman spectrum could not be observed
when exciting at 532 nm. To overcome this problem, a sample obtained by deposition
of GO sheets on a gold substrate, as described elsewhere,[53] was used. After the
chemical oxidation of graphite the G band is broadened and shifted slightly to 1594
cm-1, while the D band at 1363 cm-1 becomes prominent due to defects created by
the attachment of oxygen-containing groups (sp3-oxo moieties) to the carbon basal
planes.[66] The degree of disorder in the carbon flakes can be expressed by the ratio
between intensities of the G and D bands. In the case of GO, the ID/IG ratio is 1.06
44

Towards novel multi-functional pillared nanostructures:
Effective intercalation of adamantylamine in graphene oxide and smectite clays

Intensity (a.u.)

D Band

G Band

GO/ADMA
GO

Graphite

1000

1200

1400

1600

-1

Raman Shift (cm )

Figure 3.5. Raman spectra of pristine graphite, GO and GO/ADMA excited at 532 nm.

pointing to the creation of sp3 domains in the oxidation treatment. After the
intercalation of the organic moieties that ratio remains almost the same. This gives
further support to the covalent bonding of the adamantane derivatives to the epoxy
groups on the GO surface since such a bonding does not decrease the number of
aromatic carbon-carbon bonds.
To verify the presence and integrity of the adamantylamine cycloalkanes within the
layered nanostructures, as well as to analyse the chemical environment of ADMA, we
employed X-ray photoelectron spectroscopy (XPS). The XPS spectrum of GO/ADMA
reveals in C1s core level region (Figure 3.6 left) the characteristic contribution of CC/C-H bonds of the GO lattice and of the adamantane cyclohexane ring centred at a
binding energy of 285.0 eV; these bonds contribute 54.3 % of the total carbon 1s
intensity. The peak at 286.3 eV is due to C-O/C-N bonds and represents 23.8 % of the
total carbon 1s intensity. Finally two components at 287.9 eV and 289.6 eV are
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Figure 3.6. XPS spectra of the C1s (left) and N1s (right) core level regions of the GO/ADMA
hybrid.

attributed to carbonyl (C=O) and carboxyl (O-C=O) groups respectively, which are
created on the basal planes and at the boarders of the carbon sheets by the acid
treatment. The N1s core level region of the XPS spectrum of GO/ADMA, plotted in
Figure 3.6 (right) exhibits two main peaks, located at 399.8 eV and 401.5 eV.
These peaks arise from the amine end groups of ADMA chemically grafted to the
epoxy groups of GO,[67,

68]

and from protonated amines ionically bonded to the

carboxylic acid anionic groups of GO,[69] respectively as is shown in Figure 3.7 where
the N1s XPS spectra of pristine GO and GO/ADMA, are compared. The spectrum of
GO/ADMA exhibits two main peaks, located at 399.8 eV and 401.5 eV in binding
energy. They arise from the amine end groups of ADMA chemically grafted to the
epoxy groups of GO[36] and from protonated amines ionically bonded to the
carboxylic acid anionic groups of GO, respectively. In fact, the corresponding
spectrum of pristine ADMA is deconvoluted into two photoelectron peaks, one at
400.1 eV, which is attributed to the amine groups of the organic molecule and a
second one at 401.5 eV due to protonated amines. After intercalation no amine peak
is found but a contribution typical of C-N-C bonds appears at 399.8 eV, indicating the
successful functionalization of ADMA in the GO galleries, while the protonated groups
remain at the same binding energy value.
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Figure 3.7. Comparison between the N1s core level photoemission spectra of
adamantylamine and GO/ADMA hybrid (on gold substrates)

XPS measurements were also performed for the SWy-2/ADMA hybrid system. The
survey spectra of SWy-2 and SWy-2/ADMA are shown in Figure 3.8. Characteristic
photoelectron and Auger peaks of O, Si, Al, and Mg are clearly distinguishable in the
spectrum of pristine montmorillonite clay. A small carbon peak appears, mainly due
to adventitious carbon always present on the outer surface of air-exposed[70,

71]

materials but also due to soil organic matter present in natural clay minerals.[70, 72]
After the insertion of ADMA a pronounced increase in the intensity of the carbon
signal points to the presence of adamantylamine inside the clay galleries.
Quantitatively, the incorporation of ADMA in the clay is determined by measuring the
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Figure 3.8. XPS survey spectra of the pristine montmorillonite clay, SWy-2, and the hybrid
obtained after intercalation of adamantylamine, SWy-2/ADMA.

ratio between the carbon 1s and the silicon 2p core level photoemission intensities
before and after the intercalation process. The C1s / Si2p intensity ratio increased
from 1.42±0.06 before the incorporation of adamantylamine to 2.79±0.11 after the
introduction of ADMA, as shown in Figure 3.9.
The presence of the amine terminal groups on adamantane is deduced from the N1s
photoelectron spectrum shown in Figure 3.10. More specifically the N1s core level
spectrum is deconvoluted into two peaks, one located at 401.5 eV due to the
protonated amines of adamantine molecules intercalated into the SWy-2 galleries
(64.3 % of the total N1s intensity) and one centred at 399.5 eV attributed to nonprotonated amine groups (35.7 % of the total N1s intensity) of adamantane that
interacts through hydrogen and van der Waals bonding with the aluminosilicate
surfaces and/or other intercalated adamantane molecules.

48

Towards novel multi-functional pillared nanostructures:
Effective intercalation of adamantylamine in graphene oxide and smectite clays

Figure 3.9. Comparison between the C1s and Si2p core level regions of the XPS spectra of
pristine montmorillonite clay, SWy-2, and of the hybrid obtained after intercalation of
adamantylamine, SWy-2/ADMA. The ratios between the C1s and the Si2p spectral intensities
are indicated.

Figure 3.10. XPS spectrum of the N1s core level region of SWy-2/ADMA.
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To estimate the amount of adamantylamine introduced in GO and in clay,
thermogravimetric (TGA) and differential thermal analysis (DTA) measurements were
performed on the two pillared hybrids as well as on the pristine materials. Based on
these data, the weight loss observed in the temperature range 280–400 °C, which
originates from the combustion of the amino groups of adamantylamine,[73, 74] was
calculated to be equal to 8 and 4 wt% for GO/ADMA and SWy-2/ADMA, respectively.
Moreover, in the case of SWy-2/ADMA, between 400 °C and 700 °C another weight
loss of 8.5 wt%, due to combustion of the cycloalkane of adamantylamine, is
observed. Based on these weight losses, we estimate that the amount of intercalated
adamantylamine in the SWy-2/ADMA hybrid corresponds to ~12.5 wt%. In the case of
GO/ADMA the second weight loss cannot be distinguished from the combustion of
the graphene oxide layers, which takes place in this same temperature range.
In more detail the thermogravimetric (TGA) and differential thermal analysis (DTA) of
pure graphite, graphene oxide, and the two composite nanostructures are displayed
in Figures 3.11 a, b and c. The DTA curve of graphite (top left) exhibits an exothermic
peak at 700 oC due to the combustion of carbon layers, while in the case of graphene
oxide we have the presence of two exothermic peaks centred at 250 °C and 500 °C,
which correspond to a 30 wt% and a 50 wt% weight loss, respectively. These peaks
are attributed to the removal of oxygen-containing functional groups, created after
the acid treatment of graphite (first peak), and to carbon combustion (second
peak).[52] In the case of GO/ADMA, the DTA curve exhibits one exothermic peak at
~201 °C with 30 wt% weight loss, ascribed to the removal of oxygen-containing
functional groups, while the combustion of the carbon layers appears at 540 °C. The
weight loss observed in the temperature range 280–400 °C originates from the
combustion of the amino groups of adamantylamine and represents ~8 wt% of the
total mass of the material.
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Thermogravimetric (TGA) and differential thermal analysis (DTA) of Lap/ADMA are
displayed in Figure 3.12b. In the thermogravimetric analysis of this hybrid system we
observe at 100 °C a weight loss of about 6.5 wt%, corresponding to the removal of
physisorbed water. Above 100 °C and up to 400 °C a weight loss of 12 wt% due to the
calcination of the amino groups of adamantylamine can be seen. Finally, between
400 °C and 750 °C another weight loss of 8 wt% is observed, which is due to
combustion of the cycloalkane of adamantylamine. The two thermogravimetric
weight losses between that range (400 °C and 750 °C) are probably due to
adamantylamine molecules which reside with different orientation in the interlayer
space of the laponite clay.
Undeniable proof for the successful intercalation of ADMA in the interlayer space of
the montmorillonite clay mineral comes from the High-Resolution Transmission
Electron Microscopy images. Figure 3.13 shows HRTEM images of the SWy-2/ADMA
hybrid system. From the TEM image of ADMA-intercalated SWy-2 at low
magnification (Figure 3.13a) the inter sheet separation can be estimated, while the
high degree of stacking of the clay platelets is also confirmed. The basal spacing is
measured to be approximately 1.5 nm in agreement with the XRD findings.
Moreover, in the TEM image at higher magnification shown at Figure 3.13 b, as well
as in the zoomed-in image shown in Figure 3.13 d, intercalated ADMA layers
(indicated by yellow arrows) can be recognized between clay layers, which are
composed of an octahedral layer (pink arrow) sandwiched between two tetrahedral
layers (blue arrows), as expected for a 2:1 layered silicate like montmorillonite (an
octahedral alumina layer fused between two tetrahedral silica layers).
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Figure 3.12. DTA and TGA curves of (a) SWy-2/ADMA and (b) DTA and TGA curves of
Lap/ADMA.

Figure 3.13. (a) TEM image of ADMA-intercalated SWy-2 at low magnification. Basal spacing
is measured to be approximately 1.5 nm, consistent with the XRD measurement. (b) TEM
image at higher magnification, with a zoomed-in image shown in (d). Intercalated ADMA
layer (indicated by yellow arrows) can be recognized between clay layers which are
composed (c) of tetrahedral layer (blue arrow) plus octahedral layer (pink arrow) plus
tetrahedral layer (blue arrow).
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Nitrogen adsorption-desorption measurements at 77K (-196.14 oC) were performed
on both GO/ADMA and SWy-2/ADMA in order to reveal the creation of pillared
structures. Table 3.1 reports the specific-surface-areas obtained through BET analysis
(SBET) for the pristine layered matrices, GO and SWy-2, and for the corresponding
pillared hybrid nanostructures. The specific surface area of pure GO (~ 9 m2 g-1) is
small, indicating that N2 can only adsorb on the external surfaces of GO and reduced
GO while the interlayer space of GO is inaccessible. However, for the GO/ADMA
hybrid the specific surface area is four times larger (37 m2 g-1) than for GO, supporting
the hypothesis that adamantylamine acts as pillaring species. In fact, this result
implies that nitrogen adsorbs not only on the external surface but also in the pores
created by the ADMA pillars. The results were more pronounced in the case of the
montmorillonite hybrid, which showed a significantly increased BET surface area (135
m2 g-1) compared to pristine montmorillonite clay.

Table 3.1. Specific surface area values for GO and SWy-2 and final hybrids GO/ADMA and
SWy-2/ADMA.

Specific Surface Area (SBET)
(m2g-1)
GO

9

GO/ADMA

37

SWy-2

65

SWy-2/ADMA

135
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In view of possible applications for these new pillared hybrids, we tested whether
SWy-2/ADMA and GO/ADMA are capable of adsorbing organic pollutants (phenol
derivatives) from solution. In Figure 3.14 the adsorption isotherms of 2.4.6trichlorophenol (TCP), 2.4-dichlorophenol (DCP) and pentachlorophenol (PCP), in the
starting material (SWy-2) and in the SWY-2/ADMA hybrid are shown. The adsorption
isotherms present a plateau at increased chlorophenol:clay ratios which defines the
maximum adsorption capacity of the material, listed in Table 3.2. As evident from the
isotherms, TCP and DCP phenols adsorb in the interlayer space of the pristine clay as
well as in the pores of SWy-2/ADMA, while the adsorption of PCP remained zero in all
cases.

Figure 3.14. (A) Langmuir adsorption isotherms of 2,4-DCP on pristine SWy-2 clay (n) and
SWy-2/ADMA (p), (B) Adsorption isotherms of 2,4,6-TCP on pristine SWy-2 clay (£) and
SWy-2/ADMA (r), (C) Adsorption isotherms of PCP on pristine SWy-2 clay (S) and
SWy-2/ADMA ( ).
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Table 3.2. Maximum adsorption capacity for chlorophenol [mM per mg] by SWy-2
montmorillonite clay, GO and their derivatives SWy-2/ADMA and GO/ADMA.

Chlorophenol SWy-2

SWy-2/ADMA

GO

GO/ADMA

2,4-DCP

20×10-4

27×10-4

0

32×10-4

2,4,6-TCP

2×10-4

15×10-4

0

1.3×10-4

PCP

0

0

0

0

From Table 3.2 one notices the adsorption of the various phenols followed a
consistent trend for all materials.
The uptake of DCP was significantly higher than for TCP. Strikingly the adsorption of
PCP remained zero in all cases; the adamantylamine-intercalated clay showed an
improved adsorption capacity with respect to that of the pristine clay. Indeed, SWy2/ADMA adsorbed significantly higher amounts of DCP for all concentrations of
added phenol and showed a 40 % enhanced uptake compared to the pristine clay at
the highest phenol concentrations, see Table 3.2. SWy-2/ADMA also adsorbed almost
eight times more TCP than the SWy-2. Comparing the three types of chlorophenol we
conclude that the higher adsorption of DCP than of TCP as well as the negligible
adsorption of PCP could be explained by the molecular size of the three phenols
(stereospecific trapping): TCP and PCP are larger so they might block the pores of the
pillared hybrid and thereby hamper the adsorption of further molecules (see physical
model below).
Figure 3.15 presents the adsorption isotherms for TCP, DCP and PCP by GO/ADMA
and by pristine GO. GO appears to adsorb none of the chlorophenols, whereas
GO/ADMA adsorbs selectively only DCP while the adsorption of TCP and of PCP was
minimal.
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Figure 3.15. Adsorption isotherms of 2,4-DCP on pristine GO (n) and on GO/ADMA (£); of
2,4,6-TCP on pristine GO () and on GO/ADMA (l); of PCP on pristine GO (r) and on
GO/ADMA().

Table 3.3. Molecular volume (Å3) chemical structure and space filling surface of different
phenols and of ADMA (calculated with ChemDraw7.0)
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The observed differences in the uptake of PCP, 2,4,6-TCP and 2,4-DCP can be
attributed to the difference in the molecular size of the phenols. As illustrated in
Table 3.3, the molecular volumes are 60.3 Å3 for DCP, 67.9 Å3 for TCP and 83.2 Å3 for
PCP. Thus, the more bulky PCP is adsorbed less by the pillared clay and not at all by
GO/ADMA, while DCP seems to be able to penetrate (stereospecific trapping) in the
interlayer space of both SWy-2/ADMA and GO/ADMA. This can be explained if we
take into account the change in the interlayer space as deduced from XRD (Figure
3.1). The interlayer distance of the pristine SWy-2 clay is 2.8 Å and becomes 6.0 Å in
SWy-2/ADMA. On the other hand, the interlayer distance in pristine GO is 1.3 Å,
which is much smaller than that of the pristine SWy-2 clay, and becomes 4.3 Å after
modification with adamantylamine. Despite this increase, only DCP can be
accommodated GO/ADMA and this results in the observed significant adsorption of
DCP in contrast to TCP and PCP (selective/stereospecific adsorption).
Another possible future application of the pillared layered nanostructures is their use
as cytotoxic agents. We chose laponite and intercalated laponite for these tests
because this synthetic clay with small platelet size is used in pharmaceutical industry
as drug carrier.[75] Nevertheless, there is a gap in knowledge concerning Laponite’s in
vitro antiproliferative activity. Thus, the present study evaluated the in vitro cytotoxic
activity of adamantylamine, laponite and of the intercalated laponite, Lap/ADMA,
against a cancer cell line (A549) and a normal one (MRC-5). Parallel to Lap/ADMA we
also tested the cytotoxic behaviour of GO and GO/ADMA. The IC50 (μg/mL) values for
cell proliferation (MTT assay) after 48 hs of treatment with adamantane hybrids and
pristine materials are shown in Table 3.4 for A549 and MRC-5 cells and schematically
presented in Figure 3.16. The IC50 values of ADMA, Lap and Lap/ADMA for A549 cells
were 122±13.7 μg/mL, 205±20.7 μg/mL and 91±5.0 μg/mL. It is noteworthy that Lap
and Lap/ADMA exhibited cytotoxic activity on MRC-5 cells (normal cells) in
concentration higher than 250 μg/mL (288±41.8 μg/mL and 307±32.2 μg/mL for Lap
and Lap/ADMA, respectively). The IC50 (μg/mL) values for cell proliferation (MTT
assay) after 48 hs of treatment with GO and GO/ADMA for A549 cells were 259±48
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μg/mL and 192±27.6 μg/mL, respectively, whereas GO and GO/ADMA exhibit
cytotoxic action on normal cells (MRC-5) in concentration higher than 400 μg/mL (IC50
values for MRC-5 cells were 1480±39.6 μg/mL and 425±52.6 μg/mL for GO and
GO/ADMA, respectively). What we observe is that Lap, Lap/ADMA, GO, GO/ADMA
and ADMA exhibited antiproliferative activity against A549 cells. The control wells,
containing different volumes of sterilized water (solvent) equal to volumes of the
solutions added to the test wells, did not present any cytotoxicity against both cell
lines (data not presented here). All substances, except ADMA, exhibited a mild
cytotoxic activity on MRC-5 cells, with IC50 values being higher than 250 μg/mL and
among all, Lap/ADMA is the most cytotoxic agent against the cancer cell line. In
addition, Lap/ADMA showed a significantly higher cytotoxicity (p<0.05) compared to
that of laponite (starting material) and adamantylamine against A459 cells. Similarly
there is a statistically significant difference between cell lines treated with GO and
GO/ADMA (p<0.05). Also GO/ADMA showed a lower cytotoxicity (p<0.05) compared
with GO.

Figure 3.16. IC50 (μg/mL) values of ADMA, Lap/ADMA and GO/ADMA on A549 and MRC-5
cells, compared with pristine laponite clay (Lap) and GO.
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Table 3.4. IC50 values (μg/mL) of ADMA, Lap, Lap/ADMA, GO and GO/ADMA on A459 and
MRC-5 cells.

IC50 (μg/mL)

A549

MRC-5

ADMA

122 ± 13.7

149 ± 38.6

Lap

205 ± 20.7*

288 ± 41.8

Lap/ADMA

91 ± 5.0*,a

307 ± 32.2

GO

259 ± 48*

480 ± 39.6

GO/ADMA

192 ± 27.6*

425 ± 52.6

*Significant difference between cell lines; aSignificant difference between Lap and
Lap/ADMA; p < 0.05. Data are presented as mean ± σ (where σ is the standard
deviation).

3.3. Conclusions
We successfully achieved the intercalation of adamantylamine into the interlayer
space of layered host materials, namely graphite oxide, montmorillonite and laponite
clay. X-ray diffraction measurements demonstrated the successful intercalation of
adamantylamine into all three host matrixes. In the case of montmorillonite an
undeniable proof for the successful intercalation comes from TEM images. X-ray
photoelectron spectroscopy, FTIR spectroscopy as well as thermogravimetric and
differential thermal analysis illustrated the type of interactions between the host
materials and the intercalated molecules as well as informing on the intercalation
yield. Porosimetry measurements revealed that pillared structures were created and
gave the specific surface area of the hybrid nanostructures. The hybrid nanomaterial
obtained by intercalation of adamantylamine into montmorillonite clay is capable of
adsorbing significant quantities of organic pollutants, which entails a significant
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potential for environmental remediation. GO/ADMA showed a stereospecificitydetermined, selective DCP uptake. Finally the hybrid nanostructures obtained by
intercalation of adamantylamine into laponite clay and graphene oxide were
investigated for their cytotoxicity against one cancer cell line and one normal cell line.
The findings revealed that Lap/ADMA and GO/ADMA presented improved cytotoxic
activity on A549 cells, whilst the cytotoxicity towards MRC-5 cells (normal cells) is
maintained or only slightly increased as compared to Lap and GO, respectively.
Possibly, these combinations act synergistically by combining two different molecular
pathways, leading to higher cytotoxicity. Further biological investigation is needed to
elucidate the roles of Lap, GO, ADMA and their combinations on cancer and normal
cell lines. We established a controllable and reproducible method for the synthesis of
multi-functional materials with potential for exploitation in the fields of
environmental remediation and biomedical applications.
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Appendix
Adsorption of chlorophenols
The left panel of Figure S9 presents UV-Vis spectra for 2,4,6-TCP and 2,4-DCP and
PCP. Quantification of the chlorophenols was done using the peak at 280 nm for 2,4DCP, the peak at 290 nm for 2,4,6-TCP and the one at 210 nm for PCP, as marked by
arrows. By comparing these UV-Vis spectra for solutions with known phenol
concentrations with the corresponding spectra recorded after adsorption on pristine
SWy-2 and on the two types of SWy-2/ADMA hybrids – see examples in the right
panel of Figure S1 - we could calculate the concentration of chlorophenol adsorbed in
each case and compile the adsorption isotherms.

Figure S1. Left panel: UV-Vis spectra of 20 μM 2.4.6-trichlorophenol (TCP, red curve), 2.4dichlorophenol (DCP, black curve) and pentachlorophenol (PCP, green curve) in MetOH:H2O
70:30 v/v. The arrows mark the peaks used for quantitative analysis of adsorption. Right
panel: UV-vis spectra of 2.4.6-trichlorophenol (TCP) and 2.4-dichlorophenol (DCP) adsorbed
on SWy-2/ ADMA prepared with 1.5 and 3.0 CEC).
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Table S1. Molecular volume (Å3) Chemical structure and space filling surface of different
phenols (calculated with ChemDraw7.0)
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