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Abstract

Halloysite nanotube (HNT) is an aluminosilicate arranged in a spiral shape,
made up of a silicon oxide on the outer and an aluminium hydroxide on
the inner surface. These two layers are bonded through oxygen atoms.
The different chemical environment of the two surfaces as well as their
Pne tuning possibility (e.g. by changing the pH value), the inexpensive-
ness and easy availability are at the basis of the halloysite wide range of
applications. As a matter of fact, the HNT nanocomposites are exploited
in drug carrier and delivery, polymer enhancement, sustained and con-
trolled release of species and self-healing materials, just to cite a few. In
the development of new technological materials, the comprehension of the
interaction between the substrate and the target molecules plays a crucial
role. So far the HNT nanomaterials are investigated by means of labora-
tory techniques that are unable of getting hints at atomistic level of detalil,
which in turn can be obtained from a computational study. At prst, this
was conducted by means of DFT approach on the pristine HNT, provid-
ing informations about the nanotube surfaces as well as its most stable
forms under different pH conditions. After the structural and energetic
aspects of the pure HNT was well-established, the computational design
on HNT nanocomposites for slow-released corrosion inhibitors took place
and then experimentally tested in a neutral pH environment. It was con-
cluded that the computational approach is a valuable tool in the HNT
composites material design. The next step of the investigation regarded
the interactions of water molecules on the HNT surfaces under different
pH conditions. The informations acquired allowed to set up the basis
for future HNT nanomaterial design on modibed surfaces and provided



informations about the HNT systems stability under different operative
conditions. Besides, it turns out that the stabilization provided by the
inter-arms water molecules to the HNT structure can be due to random
and small energy gains all over the nanotube surfaces and that the mod-
ibcation of one layer actually affects the water adsorption energetics on
the other one. The Pnal step of the computational investigation regarded
the creation of Slater-Koster parameters set for DFTB calculation. The
modus operandised for the parametrization process has a general validity,
namely it is applicable also to other type of materials. The new parame-
ters allow, in future studies, the usage in a DFTB calculation of species that
posses in their structure most of the element used in the HNT nanocom-
posite. The DFTB method will also guarantee the possibility of enlarging
the investigated model, making the future computational approaches able
to reproduce the adsorbate-adsorbate interactions as well as the structural
modibcations on the halloysite nanotube surfaces.
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Chapter 1
Halloysite nanotube

In the last decades, nanomaterials have been the subject of technological
investigation in a wide range of scientibc disciplines. Despite it is hard
to categorize all the different types of nanomaterials, they can be divided
into three major categories with respect to the number of dimensions (D)
that are not conbned in the nanoscale range (less than 100 nm). Thus 0-D
materials extend in all dimensions for less than 100 nm. The most com-
mon representatives of this class are the nanoparticles. 1-D materials have
one dimension that exceed the nanoscale range. The application of this
dePnition leads to the creation of needle-like structures, like a nanotube
or a nanoscroll. 2-D materials can have sheet-like shape, as nanolayers or
nanoblms. 3-D structures make up the bulk materials, which can some-
times posses nanocrystallite domains. In this work we focus only on some
type of the 2-D materials, the nanotubes.

In 1991 lijima discovered the carbon-nanotube. In 1994 and 1995 the
boron-nitride nanotubes were predicted and then discovered. Both of
these materials are ideally made of a single sheet of atom or couple of
atoms rolled up to form a tube. As a consequence the inner and outer part
of the structure are made up of the same elements. Still, there are some
nanotube that shows a different chemical environment on their inner and
outer layers. They are aluminosilicate arranged in a cilindric or spiral form
and the aforementioned feature has attracted the attention of the scientibc
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and industrial communities.

1.1 Nanotubular aluminosilicate

Clays with a hollow nanotubular structure are easy accessible and inex-
pensive materials. Among them there is the imogolite, Al ,SiO3(OH)4, a
single-walled hollow nanotube. Its inner layer is made up of -SiO 30H
groups while the outer layer has the chemical composition of the gibb-
site, AI(OH) 3. The imperfect lattice match between the orthosilicic and
the gibbsitic layers seems to be the cause of the structural curvature. In
particular the curvature has an optimal range that originates almost uni-
formly disperse nanotubes, with an inner lumen about 1 nm long. The
chrysotile, also known as white asbestos, is a phyllosilicate made up of sil-
icon oxide tetrahedra that share an apical oxygen atom with the octahedral
magnesium atom arranged as in the brucite mineral. The crysotile has the
stoichiometric formula Mg 3SibOs(OH) 4. Also in this case it appears that
the structural curvature is due to the lattice mismatch of the two layers.
As a matter of fact the magnesium oxide octahedron is bigger than the sil-
icon oxide tetrahedron. The chrysotile shows a spiral arrangements with
the silicic layer pointing towards the inner lumen that has a diameter of
about 10 nanometers. The spiral shape is also present in the halloysite
nanotube (HNT), which shows valuable characteristics and is going to be
extensively described in section 1.2.

1.1.1 Structural modibcations

The differences between the two layers on a clay material allow a selective
modibcation of one or both surfaces. This fact constitutes an effective and
powerful feature in terms of nanomaterial synthesis. Usually the superp-

cial charge of a clay can be tuned by operating at a certain pH. For example
the HNT aluminic layer shows a positive charge up to pH 8.5, while the

silicic surface carries a negative charge for pH values higher than 1.5. [1]
The superbcial characteristics can be chemically modibed in such a way
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that a peculiar request for a certain application can be satisbPed. Among
the most popular modibcations there are the cation centers substitution
and the anchoring of a different functional groups, just to cite some. For
example, the imogolite silicon atom has been substituted by the germa-
nium [2, 3] or aluminium by the iron. [4] And again, the imogolite surfaces
have been covered with alkyl, acyl or amino functional groups. [5D7 ] A
guite common superbcial modibcation to all the aluminosilicates is the
phosphorilation: the imogolite can be treated with octadecylphosphoric
acid in order to anchor long alkyl chains on the surface after the reaction
with the -AlOH groups. This way the nanotube aggregation is hindered
and nanocomposite with polymeric system can be easily achieved. [8]

Type of interactions

Clays are considered promising candidates in the creation of new nanocom-
posites because of their capacity of interacting with both organic and in-
organic species. [9, 10] The interaction between a clay system and other
chemical species can occur in three main ways: intercalation, adsorption
or inclusion.

¥ The intercalation can occur between the branches of the HNT spi-
ral or between the layers of the synthetic multi-walled imogolite. It
plays a crucial role in the water puribcation and it happens through
the interaction of the pollutant containing hydroxyl or amino groups
with the silicic HNT layer or via dipole-dipole interactions on both
surfaces. In the halloysite case, the phenomenon is associated with
the presence of water between the branches of the spiral. As a matter
of fact, the totally anhydrous halloysite does not show any intercala-
tion. [11]

¥ The adsorption can happen on both layers of a clay. The characteris-
tic features of the adsorption process are dependent on the nature of
the interacting species and on whether or not there is a charge on the
surfaces. The interactions are heavily inBuenced by the electrostatic
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potential generated from the charges but also from the geometrical
characteristic of the system. For example, the imogolite inner sur-
face can be made hydrophobic by tailoring methyl groups, while
the inner cavity remains hydrophilic. The so constructed methyl-
imogolite, Al »Si(CH3)O3(OH) 3 can be used in the absorption process
to remove hydrocarbons from humid vapours. [5] As a further ex-
ample, the clay surfaces can be modibed in order to synthesize or
deposit metallic nanoparticles on them. This feature is extremely
useful in environmental-friendly and low-cost heterogeneous catal-
ysis. As a matter of fact, it has been measured an enhanced catalytic
activity for the reduction of the 4-nitrophenol to 4-aminophenol on
composite of halloysite and silver nanoparticle prepared in situ. [12]

¥ The inclusion on the clay nanotubular systems occur via the diffu-
sion caused by a concentration gradient. In practice, the powdered
nanotube is placed in a solution with the specie that is going to be ad-
sorbed on the lumen. The solvent should be non-viscous and must
ensure the existence of stable and disperse colloids. Hence the most
used are water, acetone and ethanol. [13]

These three interaction methods ensure the applicability of the clay
nanocomposites in an wide range of belds. Still, among the different types
of aluminosilicate, the halloysite nanotube posses some peculiar features
that made it appreciated in both scientibPc and industrial communities.
Consequently, the halloysite nanotube is going to be the topic of the next
section.

1.2 Halloysite nanotube and its application

The halloysite is a clay material arranged in a nano-scroll shape with the
chemical formula Al ,Si205(OH)4. It is made up of an external layer of
silicon oxide and an internal one of aluminium hydroxide. The space be-

tween the spiral branches can be 7Aingstr ems or 10 Angstr ems when none
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or two water molecules are structurally involved, respectively. The rea-
sons that lead to the spiral shape are still under debate, even if few steps
were done in revealing this mystery. [14] The inner cavity does not have a
specibc dimension, its is around 15-100 nm. The walls nanotube thickness
depends on the number of winding, usually it is between 50 and 150 nm.
Basically, HNT morphology depends on the extraction site. [10, 15] The
halloysite inner lumen dimension can actually be tuned in order to en-
hance its loading capacity: in acidic solution the inner lumen is enlarged
and the HNT loading capacity is improved up to three times its normal
value. [16D18]

The easy availability and the cheap production cost make HNT one of
the most exploited aluminosilicate. Furthermore the halloysite is compati-
ble for biological applications, [1,19] differently from others clay materials.
As a matter of fact, the most popular raw polymers exploited in this peld
include species like chitosan, [20] alginate, [21, 22] pectin [23] and cellu-
lose. [24] As an alternative, the halloysite has proven to be a valid substrate
for many species of biological interest. A HNT particular advantage with
respect to others nanotubular system, e.g. carbon-nanotube, is that HNT
can be use just after washing and sterilization without the necessity of
further superbcial modibcations; [25, 26] moreover, anchoring functional
group on the HNT surface is a common practice to ensure the achieve-
ment of many biological tasks. Indeed the HNT composites can be used in
human tissue imaging [27] and as drug carrier and deliverer. [28D30] Alter-
natively nucleic acids and proteins can be attached onto the HNT surface
and the composites can be used as gene delivery agents. [31] Halloysite is
also a promising enhancer of the mechanical and structural characteristic
of bio-polymers used in aribcial scaffolds. [32]

Apart from the biological area, the HNT nanocomposites actively con-
tribute in other Pelds of scientibc, environmental and technological inter-
est. The HNT composites are also used in polymer science to enhance the
performance of the materials. [33] Even if dedicated procedure can be re-
quired for some particular cases, the preparation method of the HNT com-
posite with polymers can be roughly divided in four categories: [34, 35]
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¥ In situ polymerization: the HNT is disperse in a monomer solution,
then the latter interacts with the HNT surface, forming a uniform
suspension.

¥ Solution casting: the HNT is disperse in a polymer solution, then the
solvent is evaporated. The result is a heterogeneous mixture made
up by halloysite and polymer layers.

¥ Direct addition and extruder blending: the HNT is added directly
into the melted polymer, then the mixture is blended and extruded.
This approach guarantees an homogeneous distribution of the HNT
into a polymeric matrix.

¥ Deposition by layer: the HNT and the polymer are deposited layer
by layer. In this way can be achieved a controlled composition of the
Pnal product.

The enhancements in polymeric matrices, after the addition of HNT are
found in impact and tensile strength, elongation at break, glass transition
and crystallization temperatures, just to cite a few. [33,36D38]

The way of synthesis of others types of HNT composites depends on
the type of the application and has to be evaluated on a case by case sit-
uation, even if some of the aforementioned way for the HNT-polymers
composites can be used.

Another important HNT nanocomposites application is in the pollu-
tant removal Peld, as mentioned before. [39] Compared to other clay ma-
terials, e.g. kaolinite, the HNT nanotube shows a much higher surface
area. [40] Besides, the possibility of anchoring chemical species relevant
for the pollution removal task improves the global performance. [41] For
example the HNT/Cucurbit[8]uril nanocomposite is an effective agent in
hydrocarbons removal from both aqueous and vapour phases. [42]

Being a material with an elevated surface/area ratio, highly tunable
and inexpensive, the HNT is also a perfect candidate as support for ap-
plication in catalytic [43D45] and photocatalytic [46] Pelds. The list of the
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halloysite-base materials applications is extremely long and all the afore-
mentioned features contribute to enlarging this range more and more ev-
ery day.

1.2.1 HNT based self-healing materials

One of the most appreciated HNT characteristic is that the adsorbate re-
lease rate from the nanotube can be controlled. [36,47,48] The consequences
of this property on the applications range are, with no doubt, enormous.
A slow release over time allows to use less reagents for gaining the same
Pnal result, with less waste products. In this way the advantage are not
only in the economic sphere, but also reduce the stress for the environ-
ment. Furthermore in biological applications, like drug release, this fea-
ture can be used to improve the therapeutic index of a molecule with less
side effects. [49, 50]

Another practical advantage obtained through the released control is
the creation of self-healing materials. [13, 51] As a matter of fact, a self-
healing material is capable to restore by itself the damages provided by
external factors or by simply wear and tear. This task can be achieved in
different ways. A characteristic example is provided by the benzotriazole-
HNT nanocomposite for inhibiting the corrosion. The benzotriazole acts
as protecting agent by forming a monolayer on the surface of the metal.
[13,47,48,52] In case of damage, this protective layer can be broken. The
halloysite ensures a constant release of the benzotriazole over a long pe-
riod of time, providing the species able to restore the layer. The design of
self-healing material for corrosion inhibition is going to be the subject of
the chapter 4.

The halloysite nanotube is actually a versatile carrier and storage agent.
A further improvement comes with the usage of end-stoppers. Returning
to the benzotriazole-HNT nanocomposite, the process makes use of the
interaction between the benzotriazole and the copper present in solution
to form Cu-benzotriazole complexes at the end of the HNT. This way the
nanotube is actually sealed, but it can be opened after the reaction with
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ammonia. [53] The benzotriazole case is just a particular example of a wide
strategy applicable to other types of HNT nanocomposite.

1.3 Experimental characterization techniques

Halloysite nanomaterials are characterized by mean of several experimen-
tal techniques. The combination of the data acquired from them is able to
provide a complete picture regarding the properties of the HNT nanocom-
posites. Certainly, the evaluation of HNT nanomaterials specibc appli-
cation effectiveness sometimes needs specibc approach to be used. The
basic techniques used for the characterization of the HNT-nanocomposite
designed in chapter 4.1 are presented in the following.

1.3.1 Thermogravimetry

The thermogravimetric analysis (TGA) is a analytical approach that allows
to investigate the thermal behaviour of the hybrid materials. It is a well-
known technique and it is recurrently used in the characterization of poly-
meric nanocomposites [54D56] and functionalized nanoparticles. [57, 58]
The TGA data are collected by heating up the sample within a certain tem-
perature range at constant scanning rate, providing the dependence of the
mass loss, usually expressed as weight percentage (wt%), on temperature.
The so constructed curve is called thermogravimetric curve (TGC). Hence,
TGA is based on the analysis of the TGC of a desired material. It ensures
the quantitative determination of the nanomaterial composition by means
of several mathematical approaches. In other words, the TGA is capable
of providing an accurate estimation of a nanopatrticle surface functional-
ization efbciency.

In the HNT nanocomposites, the amount of the loaded material onto
the nanoclay surface is usually estimated via the rule of mixtures. This
technique makes use of the pure components TGC. In particular the con-
centration of the adsorbed species (Cs, expressed in wt%) that makes up
the hybrid material is determined by focusing on the wt% of degraded
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matter at 600 jC (MDggg). In mathematical terms, this can be expresses
through the formula:

MDGOOZ 100! (RMGO()! ML150) (1.1)

in which RM g is the wt% of residual matter at 600 jC and ML 15 is the
wit% of liquid matter content, in this case water. The latter contribution is
calculated as the mass loss at 150 jC, a temperature high enough to assume
that all the water molecules adsorbed on HNT surface are removed. Fur-
thermore, it can be assumed that the HNT interactions with the species
adsorbed on it do not have infBuence on the MD gpg of each component.
Hence, the degraded matter wt% at 600 jC for the HNT-composite with
the adsorbed species (MDspoHnTs) Can be written as:

MD 600HNTs = MD gooHnT + Cs @10 2(MDgoos! MDegount)  (1.2)

where MD goopnT @and MD goos are the degraded matter wt% at 600 jC of
the HNT and the adsorbed species, respectively. A successful protocol to
estimate the degree of functionalization in the HNT-composites consists
of the combination of equations 1.1 and 1.2. A source of error in the mass
determination is due to the buoyancy force reduction on increasing tem-
perature. This error is corrected thanks to the blank method. [59] In detail,
A thermogravimetric preliminary run is performed with an empty pan in
the same experimental conditions that are going to be used for the sam-
ples. Hence, the so obtained blank curve is subtracted from those of the
samples of interest. It is worth noting that surfactant loading amount even
below 1 wt% can be determined with this approach.

1.3.2 Spectroscopy

Spectroscopy embraces a very wide range of techniques based on the in-
teraction between matter and light. It is fundamental in many pPeld of
chemistry, including the study of nanoparticles chemically modibed and
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their adsorption ability in solution. Among the most popular techniques
used to investigate on HNT-nanomaterial there are the XRD, XPS, FTIR
and NMR. These techniques are capable of providing evidences on the na-
ture of the interaction that exists between the HNT and the adsorbates.
The informations on whether or not the functionalization happens are ac-
quired by comparing the spectra of the HNT-nanocomposite and those
of the pure components. For example the FTIR characteristic bands of
the functional groups show modibcation like shifting or are splitting on
the HNT-nanocomposite and so they are considered a useful hint for the
characterization. And again, another sign of interaction could come from
the NMR spectra, where the isotopical chemical shifting actually indicate
which site of the surface is bonded to the adsorbate. As a further exam-
ples, the XPS can determine the surface chemical composition while for
gaining information regarding the interlayer spacing the XRD techniques
can be used. In the end, the UV-vis spectroscopy can be used to investi-
gate the HNT ability of adsorbing a desired compound in aqueous media
through the creation of the adsorption isotherms. Moreover the UV-vis
spectroscopy is also exploited to evaluate the kinetic of release of the ad-
sorbed species from the HNT. This task is accomplished by collecting the
solution spectra in which is present the HNT-nanocomposite over time,
building then a release proble.

1.3.3 DSC

The heat Rux Differential Scanning Calorimetry (DSC) is a thermoanalyti-
cal technique based on the differences monitored in the heat Rux between
the sample and a reference during a programmed temperature variation.
In other words, the heat 3ux difference in a pan that contains the sample
and in another one that contains the reference is reported as a function of
the temperature. The reference can also be an empty pan, as long as it has
a known heat capacity within the selected temperature range. During a
DSC experiment, both the sample and reference pans are maintained at
the same temperature. This way, the amount of energy used to restore
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the thermal equilibrium between the two pans is a direct measure of the
heat produced or required for a process. The graph obtained from a DSC
experiment report in the abscissa the temperature of the pan and in ordi-
nate the heat 3ow. From this curve is it possible to calculate the transition
enthalpy by integrating the peak that corresponds to the transition. As a
matter of fact, a generic transition enthalpy, ! HprocessCan be expressed via
the equation:

! Hprocess: KA (1.3)

in which K is the instrument-dependent calorimetric constant, A is the
aforementioned area. This way it is possible to determine the enthalpy of
the Prst and second order phase transitions and their respective tempera-
tures from the position of the peaks.

All the techniques shows in the previous sections are powerful and
valuable tool in order to understand many aspects of interaction between
HNT and a target molecule. The isotherm models obtained via TGA pro-
vide precious hints regard the amount of loading. The kinetic analysis
conducted through spectroscopic techniques are determinant in evaluat-
ing the performance of a nanocomposite in time. The DSC experiments
are exploited to determine the thermodynamic aspect of the composites.
These are just few examples of what the aforementioned approaches can
do. Despite the numerous data acquirable from them, none of the previ-
ous techniques is able to provide or predict details at atomistic level as
a computational study, a feature highly desired in material design. The
computational approaches applicable on HNT nanocomposites are going
to be the topic of the next chapter.
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Chapter 2
The computational approach

The quantum chemistry is a branch of the physical-chemistry born in the
prst half of the XX century. It is based on the application of the quan-
tum mechanics to a chemical system. A quantum chemical investigation
is able to provide atomistic details for any type of system by just apply-
ing the rules dictated by the quantum physics. There are numerous types
of quantum-chemical approaches and choosing the most convenient one
is often a balance between computational cost and accuracy. In the next
sections the calculation methods used for computing the HNT interac-
tions with other chemical species are described. In order to better under-
stand the reasons behind these choices a brief theoretical introduction is
required.

2.1 The quantum-chemistry approach

The Hamiltonian operator M is the mathematical tool that determine the
temporal evolution of the system wavefunction " (X,t) through the time-
dependent Schredinger equation. " (X,t) is a complex function of the spa-
tial coordinates X and time t. According to the BornOs statistical interpre-
tation, its squared module is a real number that represent the probability
density for a given conbguration of system of N-particles at a given time.
The Hamiltonian operator corresponds to the sum of the kinetic T and

13
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potential V energy operators. The time-dependent Schredinger equation

" _, h "kt
M (X, t) = ! ST
provides the time evolution of wave function of a system characterized

by a Hamiltonian M. Dealing with the time-dependent Schr edinger equa-
tion is not always necessary in order to solve a chemical problem. In fact,
for system in which the potential is not a function of time, the (k1) is

expressed as:

(2.1)

M(k) = T(X)+ V() (2.2)

and the " (X, t) can be factorized as:

" (&, t) = #(X)S$ (1) (2.3)
The equation (2.1) becomes

"$ (1)

e @4

$(OTH () + $(OVH#(K) = | 2Ihi#(b<)

omitting the operator symbol for simplicity. Dividing both member of
(2.4) for $ (t)# (X) the left-hand side of the equation will depends only on
spatial coordinates while the right-hand one only on time. If a change in
the spatial coordinates occurs, the left-hand side will change as well, while
the second will be not affected at all, and vice-versa for a change in the time
coordinate. Thus the (2.4) condition can be fulblled only if the right-hand
side and the left-hand side are equal to the same constant, leading to:

1

s (THO0+ VE () = K (2.5)
h 1 $(t) _
IO (2.6)

The sum of operators in (2.5) corresponds to the already-known Hamilto-
nian, so K must be the energy of the system. Rearranging:



2.1. The quantum-chemistry approach 15

H# (%) = E# (X) (2.7)

which is the famous time-independent Schr edinger equation. The differ-
ential equation (2.6) admit as solution (up to a constant):

$ (t) — e! i2! Et/ h (2.8)

Finding an analytical solution for the equations (2.1) and (2.7) is the main
goal for every theoretical chemist.

The Pbrst steps in solving equation (2.7) were made from 1927 to 1930.
Douglas Rayner Hartree tried to solve (2.7) for a many-body system, ex-
pressing its global wave function as product ( Hartree productof monoelec-
tronic functions. [60] Unfortunately the HartreeOs formulation did not re-
spect the wave function antisymmetry principle as demonstrated by John
Clarke Slater and Vladimir Aleksandrovich Fock. [61,62] Thus, in the early
1930s, the wave function representation changed from Hartree productto
Slater determinantwhich respected the condition aforementioned. Finally,
the Hartree-Fock theory were born.

In the Born-Oppenheimer approximation, the Hamiltonian in equation
(2.7) associated to a molecule made up of M nuclei and N electrons is ex-
pressed in atomic units as:

| 1 N 2 zZn NN
H=1 é%" ! %%_+%%r_ (2.9)
i=1 i=1A=1"1A  j=1j>i'i]
1 N . . . . Z
were! 5 %" i2IS the i-th electron kinetic energy operator, rA is the Coulom-

i=1
bic attraction between the i-th electrons and the A-th nuclei at the rj5 dis-

tance, with Z, charge of the nucleus, X m is the Coulumbic repulsion the
i-th and j-th electron at the r;; distance. It is a useful solution express-
ing the " (%) as an antisymmetrized product of spinorbitals. These are a
combination of a spin and a spatial functions. The latter are called molec-
ular orbitals and are expressed as linear combinations of a set of known
functions, the basis-set. The bigger is the ensemble made up the basis set
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functions® the more accurate would be the bnal results. What makes un-
solvable the equation (2.7) for many-electron systems is the contribution
due to the instantaneous electrons repulsion. In the Hartree-Fock theory
one electron moves in the mean Peld created by the others and the wave
function is expressed as a single Slater determinant The best value of en-
ergy obtainable is generated when the basis-set is made up of inbnite func-
tions (Hartree-Fock limit, #7F). The Hartree-Fock equations, with a Pnite
basis-set, are solved trough an iteratively self-consistent approach. The
system energy computed this way is overestimated due to the fact that the
electrons are too often too close to each other. The energy bias from the
exact solution is a contribution called correlation energy Ecor-

Ecor = E! #1F (2.10)

Describing all the molecular system with a single Slater determinant is
certainly a restrictive approximation. A more accurate description is ex-
pressing the N electrons” as linear combination of all the unique N-order
Slater determinant that are build from a certain basis set. In case of an in-
Pnite basis set, the system energy will be the exact one. In the basis set ex-
panded subspace, this wave function accounts for the correlation energy
in the most accurate way. It is called Full Conbguration Interaction Wave
Function also known as Full-Cl. From a practical point of view, a Full-Cl
calculation is performed only for chemical species with few electrons and

a small basis set. Furthermore, for certain level of accuracy, analogous re-
sults can be obtained with methods derived from a Full-Cl or based on a
different wave function formulation, known as coupled-cluster method.

In the vast majority of the chemical investigations, the only methods ap-
plicable that takes into account to a certain extent the electron correlation
are those based on the density functional theory.

1Also the type of functions used is important. For example, if p-type functions (and
not just s-type one) are added to the hydrogen atom, the bond in H » will be described in
a more accurate way.
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2.2 The density functional theory

The density functional theory (DFT) is a high efpcient computational tech-
nique used to obtain information about a many-body system electronic
structure. The original paper for DFT was published in 1965. [63] At the
present day twelve DFT-related paper are in the top 100 cited list (two in
the top ten, [64, 65] both with more than 82,000 citations) The huge succes
of the DFT method is due to its balance between accuracy and time re-
quired for the calculation. The DFT accuracy generally lays between that
of the Hartree-Fock method and that of highly correlated approaches, with
the advantage of being extremely less computational demanding than the
latter methods.

The key idea of DFT is describing an N-electrons system through the
electron density $(r), which is a function of only three spatial variables.
The convenience from the previously described methods, which require
a 3N spatial variables plus N spin variables wave function, is suddenly
clear. The $(r) is:

$)= N " (X1, Ko, . Xn ) [2d%dKo.. Xy (2.11)

where &; # ;% (j = 2,...,N) stands for the the j-th electron composition
of the spatial and spin variables. The $(r) can be derived integrating the
" for all the spatial and spin coordinates of the electron 2,..,N and the
spin coordinate of the electron 1. The plausibility of this assumption is
guaranteed by the properties:

¥ The integral extended all over the space of $(r) is equal to the num-
ber of electrons;

¥ $(r) has maxima (cusps) at the nuclei positions R ;

¥ the electron density gradient around the nuclei provides information
on the nuclear charge Z

In other words, the ground state electron density carries all the infor-
mation needed for describing a molecular system in the Born-Oppenheimer
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approximation. In their brst theorem, Hohenberg and Kohn demonstrate

that the external potential to which an electron is subjected is a unique
functional of the electron density. [66] For a molecule not subjected to
external electric or magnetic belds, the external potential is the nuclei-
electrons attraction contribution and it determines uniquely the system

Hamiltonian. Thus the whole system is described by a unique functional

of $(r). The ground state system energy is then:

Eo[$] =  $(r)Vnedr + Fuk[9] (2.12)

where Ve is the nuclei-electrons attraction and Rk [$] is the Hohenberg-
Kohn functional. The latter term includes the kinetic energy T[$] and the
electron-electron repulsion functional Eee Fqk[$] is the big unknown in
the density functional theory. An eventual discovery of the Fyk[$] would
solve the poly-electron problem once and for all. Furthermore, Fyk[$]
would have a universal form, valid both for hydrogen atom and DNA.
The second Hohenberg and KohnOs theorem stated that the lowest energy
value is associated to Fyk [$] if $is the exact electron density of the ground
state. Unfortunately the shape of the functional is unknown, except for the
classic Coulombic electron-electron contribution to Eee

o SIS g g4 9] = A8]+ gl (2.13)

Eon=
T2 EP)

From now on J$] stand for the coulombic repulsion between electrons,
while E,¢[$] stands for the non-classic electron-electron contribution. Thus:

Frk[$] = T[$]+ J$] + Enci[9] (2.14)

The Kohn-Sham equations shed light into the development of a com-
putational method that satisfy the Hohenberg-Kohn theorems. [63] In the
Kohn-Sham approach the electron density is expressed in terms of one-
electron functions & called Kohn-Sham spin-orbitals:

N
$(r) = 9p|&(r)[? (2.15)

i=1
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The major contribution to the T[$] term into the equation (2.14) ac-
counts for the non-interacting electron kinetic energy:

.
Te= | %% & 2&d (2.16)
i=1

Thus, the E, contribution and Tc, which is the kinetic energy not in-
cluded into Ts, could be merged into a new functional, called exchange-
correlation functional, dePned as:

Exc[$] = Tc[$] + Encil$] (2.17)

The Exc[$] is the container of all the unknown terms in DFT. A good ap-
proximation of the Exc[$] functional could lead to a good solution. Ac-
cording to the second Hohenberg-KohnOs theorem, the equation (2.12) can
be minimized respect to the Kohn-Sham spin-orbitals. Thus the system
ground state energy Eg[$] is computable from the $(r) as sum of bve con-
tributes (including the nucleus-nucleus repulsion Eyny):

Eo[$] = Ts[$] + Ene[$] + J$] + Exc[$] + Enn (2.18)

In details, the known terms in (2.18) are:

ZA%(!
ENE[$] = Vne(!r)$(!r)dr =1 % Ar\'i(r)
i [
1 t t
J$] = > %E(Z)dfldfz (2.19)
1 ZpZB
E =2- 0
" 2A,B/92A 'AB

and the kinetic contribution for non-interacting electrons reported in eq.
(2.16).

From this point on, the procedure is analogous to the Hartree-Fock one:
it is a constrained minimization that must be solved iteratively in a self-
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consistent way. The Pnal set of equation are called Khon-Shanequations:
# " $

M
$(r2) dry,! %Z_A+ Vxclry) &(ry) = #&(ry)  (2.20)
2 A T1A

!1'||2+
2

the term in square bracket on the left is the Khon-Shanoperator %S and
because of the presence of$(r,) term, it depends on its own solutions.
The & can be expressed as linear combination of know functions, in an
analogous way of the basis-set in HF and highly correlated methods:

K
& = %oCiu(u (2.21)
u

In a more computational convenient form, the equation (2.21) and (2.20)
can be rearranged in:

K K
1S 0hcu(u = # %Gu( (2.22)
M H

il a DFT calculation the equation (2.22) must be solved. The unknown
term is the one involving Vxc(ry). The approximations made to estimate
this contribute to the system energy are a key point in DFT development
and they will be discussed in the following section.

2.2.1 Exchange-correlation functional approximations

The main disadvantage of the density functional theory is that the exchange-
correlation functional exact form is completely unknown. The only assur-
ance is that all the approximation in its description must obey to physics
constrains. In crafting a new approximation for Exc[$] the calibration has
a determinant role. Comparison with big database experimental values,
as G2/97 and G3/99, [67,68] are certainly a big hand of help in validating

a functional. The exchange-correlation contribution is functional depen-
dent from the electron density, as stated before. In details, this dependency
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could be expressed by the formula:
Exc[$] = $(r)#xc$(r)dr (2.23)

In (2.23) the energy density #yxc is the exchange-correlation potential,
which is always considered as a sum of individual exchange and correla-
tion contributions.

The main approximations can be categorized in three families:

¥ |ocal density approximation(LDA):
The model was proposed directly by Kohn and Sham. Here the #xc
value at the position r can be derived from the $ value at that point.
The system is treated as an hypothetical ideal and uniform electron
gas where negative charges move in a positive charges distribution.

¥ generalized gradient approximation (GGA) and meta-GGA:
Is an evolution of the previous point that allows the DFT application
to the molecular system and not only to the solid-state chemistry.
Here the electron density gradient is involved in the Exc[$] expres-
sion. It is included in the exchange contribution as an additional
term respect to LDA. [69]

A sy

BB = HLNSON+ e gy

(2.24)

An obvious improvement is including also the Laplacian operator in
the expression. This approximation is called meta-GGA because of
the extra term. The improvements respect to a regular GGA were
remarkable and meta-GGA functionals are the most exploited in a
DFT calculation. [70]

¥ hybrid functionals:
Hybrid functionals are based on the adiabatic connection formula,
formally written as: .
1
Exc = . E.d) (2.25)
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where ) is a parameter from 0 to 1. Its lowest value represents the
non classical energy for a non-interacting electrons system, thus the
only exact exchange contribution, obtainable from a Slater determi-
nant. Its higher value represents the sum of both exchange and corre-
lation contributions, an unknown term. One of the Prst solution was

to express Exc as sum of two terms: one half of Egcl and one half of
E%cl' In modern hybrid functionals more ad hoderms were added to
the exchange-correlation formula in order to match thermodynamics

values in the databases.

The hybrid functional B3LYP [65] is one of the most used and accepted
as reference by the scientibc community. Nevertheless the number of func-
tionals is huge and more of them are crafted to reproduce a desired prop-
erty. Some of them are excellent in enthalpy energy predictions, some oth-
ers in geometry optimization and so on. The analytic form of the exchange-
correlation contribute is shrouded in mystery. There is no certainty of get-
ting methodically closer to its exact form. The practical solution is using a
functional that is capable of reproducing some experimental or theoretical
values related to the chemical task.

2.2.2 The MO06-L functional

In this work the MO6-L functional is used. It was proposed by Zhao and
Truhlar in 2006 [71] and it is a meta-GGA type functional. The work car-
ried out in its development was remarkable. In its validation process, the
creators included 22 energetic databases for atomization, ionization and
electron afpnity, transition state barrier heights for both organic and in-
organic species, bond dissociation, proton afPnities for ! -system, excita-
tion for metal-atoms and non-covalent interaction. The latter point is a
key feature in evaluating the properties of nano-composite materials. [72]
The MO6-L functional proved to be an excellent candidate in evaluating a
system thermochemistry and kinetic and non-covalent interactions, vibra-
tional frequencies and bond lengths.These reasons led to the decision of
using M06-L funcional in the study of the interaction between halloysite
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and molecules of technological interest. It was preferred to the M-062x or
others hybrid funcionals based on meta-GGA because it allows to use the
resolution identity technique (RIDFT) for the evaluation of the integrals
needed. The RIDFT approach scales almost quadratically with respect to
the number of basis functions and helps to greatly reduce the computa-
tional cost when DFT is applied to large size systems. [73, 74] All the DFT
calculations afforded in the present investigations are performed with the
Gaussian09 software [75], and the valence double* plus polarization basis
set (VZP) created by Ahlrichs and co-workers [76] that has the following
contraction schemes: H (4s1p)/[2s1p]; C, O, N (7s4p1d)/[3s2pld]; Al, Si,
S (10s7pld)/[4s3pld]. The auxiliary functions corresponding to the VZP
basis set were used for Rl approximation. Furthermore, the basis set su-
perposition error (BSSE) [77] has been estimated through the counterpoise
procedure for every systems.

2.2.3 Molecular properties

One of the principal task of the computational chemistry is to optimize a
system geometry. At the beginning of the quantum chemistry era even

a simple small molecules geometry optimization was extremely compu-
tational demanding. Nowadays systems with hundreds of atoms can be
investigated without any problem. The progresses in informatics and the
developments of new and fast algorithms have allowed the application

of quantum chemistry to numerous scientibc pelds as bio-chemistry, ma-
terial science, nanotechnologies and so on. Part of this success has been
provided by the properties that a computational investigation is able to
determine.

According to the third principle of quantum mechanics, an observable
value can be extracted from the system wave function applying the cor-
responding operator. Nevertheless, molecular properties are usually cal-
culated by taking the derivative of the energy with respect to appropriate
variables. Normal mode frequencies and, by consequence, the thermody-
namic properties of formations are usually computed this way. The former
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are determined by taking the energy Hessian with respect to the nuclear
coordinates after that an equilibrium geometry is found. An equilibrium
geometry is the relative atomic position in which the nuclei are found in a
potential hypersurface minumum (PES) minimum. Global and local min-
ima debne the molecular equilibrium geometries, while saddle points de-
Pne transitional states. The general procedure to bnd stationary points in
the PES can be summarize in bve points:

=

. Alinitial guess for a possible equilibrium geometry is hypothesized;
2. The energy for this conformation is computed,;
3. The gradient respect to some coordinate are evaluated;

4. If the previous point gives a result higher of a given threshold, then
the system nuclei are moved in a direction that make the gradient
closer to zero, and return to point 2.

5. If the gradient is lower than a given threshold the optimized geom-
etry is obtained and normal mode of vibration must generally by
calculated in order to evaluate the nature of minimum or transition
state of the stationaty point obtained.

Different initial guesses could lead to different conformations. The de-
termination of the possible equilibrium geometries is called conformation
analysis.

2.3 Tight-binding DFT

DFT method was a huge step forward in the application of the quantum
chemistry to large molecular systems. DFT is not the the best approach for
every kind of chemical system, but its accuracy and availability made it a
powerful tool for a lot of purposes.

In the course of the years many Pelds of science converged into new
topics of interest. There in no more a clear barrier between chemistry,
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biochemistry and material science, as well as other scientibc areas. The
development of new nanomaterials, bio-interfaces, energy-conversion de-
vices and other new-born beld of science triggered the necessity to made
the investigated systems larger and larger. In this scenario the computa-
tional chemistry approaches struggles. Treating a huge and complex sys-
tem is a challenge even for DFT. A possible solution is using a less accurate
calculation method: among them the tight binding DFT (DFTB) approach
seems to be one of the most promising candidate. DFTB has been pro-
posed by Seifert in the 1980s and further developments has gone through
during 1990s [78D80] up to present days. The DFTB applications are nu-
merous: calculations on system with up to thousands of atoms, evalu-
ation of molecular and electronic properties, trends exploration and so
on. [81B87] The accuracy of DFTB could be compared to the one of DFT
with a minimum basis set, but DFTB is enormously faster. Its low compu-
tational cost is due to the fact that most of the time-expensive calculations
are included into pre-computed parameters. The good quality of some
recent sets of parameters ensure a reliable and fast results.

2.3.1 DFTB theory

The starting point in DFTB derivation is expressing the electron density,
previously reported in (2.11) in terms of the Kohn-Sham spin-orbitals and
their occupation number n;, as a sum of reference density plus a perturba-
tion ! $(r).

$(r) = %nig*(r&(r) = $olr) + ! $(r) (2.26)

The DFTB energy expression according to eq. (2.26), (2.19), (2.18) and
(2.16) and including the nuclei repulsion Eyny, is?

2For a more immediate readability = dr, = drg‘, &4 dr3, &(r) = &
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" ( " " & & )
E[$o+!$0]:%ni & !72+Vne+ &$O+!$+ch[$0+!$] &
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Vxcl[$o+ ! $[(So+ ! $)

+ Exc[$o+ ! $]+ Enn

(2.27)
This can be rearranged so rearranged
PP )
ElSo+ ! Sl = 0on & | 5+ Vnet 2 VxclSol &
| 1‘ &% + 1‘ &! $gq $
2 P 2 . o

I Vxel[$0l($0) ! Vxc[$o]! $+ Excl[$o+ ! $]+ Enn

(2.28)

Obtaining the & from (2.28) will require some approximations which are
a key point in DFTB development and will be discussed in the following
sections. The exchange-correlation energy in expanded in a Taylor series:

" %'E [$]&
Exc[$o+ ! $0] = Exc[$] + ?-($ ' $
W Of &$0
& 912
1 ““Excl] I $! &
2 "$E gee
m n n % &
L 18 E TPEclSl e I $ 8% $5&%
3! "$EE T g stese

(2.29)

The same approach could be applied to the DFT total energy formula
(2.18), leading to a result that resemble the (2.28):
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L " age )
ElSo+ ! Sl = 06 & | 5+ Vnet 2+ Vicl%ol &

1 & g8
| = 8—&$0! Vxc[$0]($0) + Exc[$o] + Enn
20 (2 . ) (2.30)
s 1 =1 + Excl8ly I $1 g%
2 I "$"§& S8
1" ed & v (e 4 488
"3 Toeisidy,ggest ® &1 ST

The truncations made on equation (2.30) debne different DFTB methods.
Truncating the expansion at the prst order results in the original formu-
lation of DFTB. [79, 88] Like in every Taylor series, adding higher order
terms improves the performance. DFTB2 [80] and DFTB3 [89] methods
evaluates also the second and third order terms in electron density pertur-
bation, respectively. DFTB and DFTB2 approaches will be described in the
following sections. In particular the DFTB2 will be used in the building of
the aluminosilicate nanotube model.

DFTB total energy

A fundamental component in a computational chemistry investigation is
choosing a proper basis-set. In DFTB case a minimum basis set is chosen
and it is expressed as linear combination of atomic orbitals:

&)= % % c.(plr! Ra) (2.31)
An A
where Rjp is the coordinate of the A nucleus, (, is the p-th basis function
centered in Ry and ¢; is its coefbcient in the linear combination dePning
the molecular orbital &. The equation (2.31) can be included into the prst
line of (2.30) obtaining the expression for the Hamiltonian dependent only
on the reference density EM°:
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ER%= 04N % % Yo CuiciHp: (2.32)
i  ABW A+ B
The Roman letter A and B are referred to nuclei, while the Greek letters p
and +to atomic orbitals.

The approximation for second line of the equation (2.30) was devel-
oped in 1898 by Foulkes. [90] He stated that those terms can be approxi-
mated as a sum of short-range two center potentials Viep ag and one center
terms as:

" 8Lll & "
[ % $rL$° + Exc[$0]!  Vxc[$o]$o+ Enn
12 (2.33)

( %Vrep,A[$0,A] + %%Vrep;AB[$O,A$O,B, ragl
A AB

where rpg is the nucleus-nucleus distance and $o a is the reference den-
sity of atom A. The atomic contribution % Vyepa[$0,4] Will be erased when

A
considering an energy difference. Thus the Eepis an DFTB calculation is
debned as:

1
Erep= 5 %0 Vrepas[$oa%08, ' AB] (2.34)
AB

The debnition of the repulsive pair-potential Vyep ag[$0,4%08. I Ag] iS ONe of
the most important part in the creation of atom-pair parameters for DFTB.

Eprre = % % %0 NiGuiCsiHY: + Erep (2.35)
i A B

At this point a few pieces of the puzzle are missing. The functions in equa-
tion (2.31) must satisfy the normalization constrain:

&r)&r)dr=1 )i (2.36)

The c,; coefpcients are obtained by taking the constrained derivative of
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(2.35), resulting in the following secular equations:

% Yo ci(HR: ! #Sw) = 0 (2.37)
B + B
where S, is the overlap matrix S = (5(+

The total energy in terms of # becomes:

Eprre = %ni#% + Erep (2.38)

At this point the procedure to make the DFTB approach operative can be
divided into three steps: the brst is the creation of a pseudoatom with
its own pseudopotential described by Slater-type orbitals, the second is
the calculation of Hy+ and S+ matrix elements and the third is the ptting
of the short-range repulsive potential. The Prst two points are described
below.

Slater type orbitals

In the following a more detailed description of the analytic functions that
appears into eq. (2.31) is given. These are written as atom-centered Slater-
type orbitals: )
Ir

()= % &, "e Yym,

n,, lp,my |I’|

(2.39)

in which n, mand | are the well-known principal, azimuthal and magnetic
quantum numbers and , is a pre-exponential factor that is referred to the
effective charge of the nucleus (being the nuclear charge partially shielded
by the electrons), estimated by SlaterOs rules. The coefbcients, can be

obtained according to the following equation for the pseudoatom:
% &

! % “+ Vpseudn) (1) = #pseuqu(u(k) (2.40)

where the pseudo-atomic potential Vpse dlr) is debned as:
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( JIn
Vpseud!r) = Vnellr) + Vo[$(r)] + Vxc[$(r)] + rL (2.41)

C

The exchange-correlation potential Vxc[$(r)] is approximated according
to the some functional (e.g. Ceperly-Alder [91] or PBE [92]) or Perdew-
Zunger parametrization, [93]) while the last term (r/ rc)N forces the wave
function to avoid areas far away from the nucleus, resulting in an electron
density that is compressed respect to the free atom. The best value for the
compression radius r¢ is around twice the covalent radius. The N param-
eter has a small inBuence on the Pnal results and its value lead to good
performance when is equal to 2. [79]

Hamiltonian and overlapping Matrix elements

There are two way of computing the Hamiltonian matrix elements. In the
Prst and older method an overlap of potential V[$pa]+ V[$opg] was used,
that can be expressed in Dirac notation as:

+
P *(ulT + VI$oal + VISopll(++ ifA %B

Hp= 0 ifA= B, %+ (2.42)
; #free atom if n= +

where the eigenvalue #f¢€ ao™ derives from (2.40) when there is no (r/ ro)™
term in the (2.41). The off-diagonal terms are neglected due to the two-
center approximation. The V[$, 4] term is an atomic Kohn-Sham potential
as reported in eq. (2.41) without the conPnement-radius additional term.
It includes the compressed density:

$0a = 90 (ulr)(plr) (2.43)
poA

The second method to compute H,+ elements is based on using density
rather than potential overlap:
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+
L *(ulT+ V[Soa + Sopll(++ ifA %B

Hp= 0 ifA= B, %+ (2.44)
? #ree atom if =+

Also in this case the conPnement radius extra term in the potential def-
inition is excluded. Nevertheless using the same conbPnement radius for
both (|, and $p 4 could be inconvenient. In practise the equation (2.40) is
solved with its own conbnement radius, rys = rc and then the equation
(2.43) is solved to determine the atomic density. In the end the equation
(2.40) is solved again for a density compression radius rgens The new pa-
rameter r,¢ is correlated to the Pauli-repulsion and it can be considered
as a basis-set choice in DFTB. Like the previous conbnement radiusr¢, a
good approximation for r,,s is twice the covalent radius value. Differently
rqenshas to be optimized and in general the best value is greater than r.
Now, the enormous gain in terms of calculation time enters the scene: the
Hamiltonian and overlap matrix elements can be precomputed and tabu-
lated. There is no need to perform the calculation every single time. On the
other hand different systems respond in a different manner. For periodic
crystals the potential overlap approximation made in (2.42) is better than
the density overlap approximation in (2.44) which in turn is more reliable
for molecular systems. In this work the density overlap approximation is
used.

Second order DFTB

Considering only the brst order term in the energy Taylor expansion (2.30)
is certainly not the best option. Actually, the second order term

" " ( n *
e@ -1 & 1 "Excl8l
2 r12 ||$n$& $0,$6&
becomes more and more important with the system size as well as its
charge-reorganization capacity. [94D96]

I $1 $& (2.45)
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In equation 2.45 the density Buctuation is written as sum of atomic contri-
butions:

1 $= 0p! $a (2.46)
A

In the debPnition of the atomic density Buctuations the expansion is trun-
cated the charge monopole term, neglecting all the possible charge multi-
pole interactions:

I $a (! gaRROY® (2.47)

Where the term ! ga is dePned as:
''da = da! Goa (2.48)

in which qg A is the valence electrons charge of the neutral atom, and gy is
the atom charge within the molecule:

da = %ni % % % cuic+iSu+ (2.49)
i W AB+ B
The amount of ! $, for the atom A is the charge transfer between atoms
in (2.48). Substituting (2.46) into (2.45) and assuming an exponential decay
with the coefbcient ' o of the spherical charge density

0 3
F |

2,¢|_ = 8—'Ae "Alr! Ral (250)

a distance-dependent charge-charge interaction functional - pg is dePned

E ( E = 20! da! Go- as 251)
2 AB

- A depends on the Hubbard parameters of centers A and B and on their
reciprocal distance. [80] The Hubbard parameter is the total energy second
derivative of a neutral atom with respect to the highest occupied atomic
orbital occupation number. For large distance between atoms A and B
it describes the pure Coulomb interaction of the partial charges ! ga and
I gg. When A = B, - pa represent the self repulsion according to the Hub-
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bard parameter U,:

- AA — UA (252)

The Hubbard parameter U can also be related to the chemical hardness
. hence to the difference between the bst ionization potential and the elec-
tron afbnity: Ua ( 1a! EAA ( 2. o. There is an inverse proportion rela-
tion between the Hubbard parameter U, and its covalent radius. [80] Thus,
the Hubbard parameters affect the electron-electron interaction through
- aa and the size of the atom through - pg.

At this point the only step left is the evaluation of the coefpcients ¢
with a procedure analogous to the one in (2.37)

0% 9% cii(Hus ! #S4) =0 (2.53)
B + B

with the Hamilton matrix elements debned as:
- yo 1 0
Hyr = Hys + 550 90! Ge(- act - o) (2.54)
C
Finally the DFTB2 total energy can be expressed as:

1
EPFTB2 = Opn#4 | > %! ds(da- Ba + da- AB) + Erep (2.55)
i AB

2.3.2 Creating the Slater-Konster parameters

The DFTB total energy expression certainly depends on the Taylor expan-
sion truncation of the eq. (2.30). Nevertheless the expression for DFTB
total energy can be represented as:

EPFTE = Eatt + Erep (2.56)

in which all the attractive contributions are inserted inside Egt and all the
repulsive ones in Erep. For the DFTB2, E5y Stands for the Prst two terms of
the (2.55) and Erep is dePned according to (2.34). While the procedure to
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obtain a reliable attractive energy contribution has been made clear in the

previous sections, the repulsive term is left to pure mathematical btting

tools. In fact, the value of Eepis estimated trough btting to reference data.
Thus, for a certain atom pair AB the repulsive potential is:

Viep = [Ef7(rag) ! Ear(ras)l+ Espirt (2.57)

ref

in which EQ?(rAB) Is the reference total energy value at some point rpg,
EZ2(rag) is the attractive contribute in the same position and the energy
shift Egpist is the difference between the value of the reference and DFTB
systems at a point where the repulsive potential is no longer considered
in the calculation, the cutoff radius rqyt. The cutoff radius is extremely
important in DFTB parametrization and its choice often requires some
adjustment to better bt the real system properties. As rule of thumb,
reut Initial value is shorter than the second neighbour distances. The so-
constructed repulsive potential has infBuence on atom pairs within a co-
valent bond radius, being bond angles and dihedral angles not affected.
The energy shift value can be chosen to match the reference atomization
energy for the atom pair AB. Unfortunately This way the repulsive contri-
bution will require an artibcial large gradient to match the zero value at
the cut-off distance. In this work the energy shift value is chosen to be the
difference between the reference and attractive-DFTB curves at the cut-off
value. It is worth noting that if AB reference structure is a non-diatomic
molecule than the reference and the pure attractive-DFTB energies must
be divided by the occurrences of the AB bond, e.g. C-H parametrization
from methane will need a division by 4.

Slater-Koster bles

The attractive and repulsive contributions are precomputed and stored in

a set of atom-pair parameters called Slater-Koster (SLAKO) bles. Those
Ples contain a list of the Hamilton and overlap integrals calculated at reg-
ular inter nuclear distances and the repulsive potential btting. In case of
homo-nuclear pair the SLAKO contains also the valence level energy, the
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spin-polarization factor and Hubbard parameters. A collection of SLAKO
bles is available online.® The attractive part of the existing SLAKOs is
usually built through some in-house non-published software as TWO-
CENT [89,97] and rlcao, created by Professor Seifert. The repulsive poten-
tial can be expressed via a polynomial btting or by a spline function. In the
last part of the SLAKOs there is a section with all the technical specibca-
tions as the author informations, code used to generate the attractive part,
the calculation method used to create the reference systems and the com-
patibility with other SLAKOs. The importance of this latter point has to be
stressed. DFTB parameters are generally not-transferable. SLAKOs mix-
ing is not possible for every published set of parameters. Moreover, the
ptting system could play a determinant role in the efpciency of the calcu-
lation. The choice of the cut-off and conbnement radius are usually made
to better bt the reference system data. Thus it is easy to run into sets of
SLAKOs created ad hodo reproduce some class of chemical systems. Even
if many attempts were made in order to automatize the parametrization
procedure, [98D100] it seems that the manual adjustment of some values
still covers a fundamental role in reproducing the real systems properties.

For examples, among the existing parameters, the 308 set was created
and calibrated in order to provide the best results for organic and biologi-
cal systems, [101D104] while themATSCI one was crafted to better describe
systems in material science simulations. In particular MATSCI SLAKOS can
be used in sytems that contain alumina and gibbsite, [105D107] imogolite
nanotubes, [108] zeolites, [105, 108] titania [109, 110] but also some more
organic materials such as COFs. [111]

In this section the discussion will be limited to using the already ex-
isting MATSCI SLAKOs to reproduce the halloysite mineral. The MATSCI
parameters have all the necessary atom pairs to create and characterize a
clay nano tubular system made of silicon, aluminium, oxygen and hydro-
gen. In chapter 6 the procedure for the attempt of creating a new set of
parameters will be described in details.

3https://www.dftb.org/parameters/download/
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2.4 Halloysite model construction

Halloysite nanotube is a clay material arranged in a spiral shape. Its ge-
ometric characteristics were presented in section 1 and they will be not
further discussed here, unless necessary. The main focus of this section is
the creation of a reliable periodic model of halloysite.

The structural and electronic properties of inorganic and organic nano-
tubes are subjects of numerous experimental and computational studies.
The HNT Prst modelling attempts was conducted on a single-walled nan-
otube through the DFTB method in 2010, [112] without the contribution of
the water molecules. The studies of the interaction between these species
and Rat clay materials as kaolinite and dickite were previously conducted.
[113D116] In 2012 the DFTB method was used to compute the structural,
mechanical and electronic properties of another nanotubular clay, the crysotile.
[117] Only in the 2015 the halloysite nanotube was modelled by Ferrante
& co. in both its hydrated and anhydrous forms. [118] A portion of one of
anhydrous models are going to be used in the next chapters. Hence a brief
summary of Dott. FerranteOs work is presented in the following.

The investigation was conducted through the DFTB method with the
MATSCI set of parameters. A crucial point in modelling a periodic solid
relies in the choice of an opportune supercell to be replicated. The HNTs
(7 and 10A) supercells must account for all the interactions that take place
between (at least) two branches of a spiral. In order to do so, the number
of atoms that made up the supercells goes from ca. 1100 to ca. 2000, for
the different HNTs systems. Their peculiar spiral arrangement was repro-
duced using an homemade program that generates a spiral lattice from
the cell coordinates of the kaolinite. A kaolinite sheet has been winded in
two different directions generating the model A-HNT and B-HNT. The cell
vector lengths among the winding axed was derived from the bulk kaoli-
nite and amount to 5.2 and 9.0 Al for the A and B HNT, respectively. Since
both the hydrated and anhydrous forms of the HNT were considered, a
total of four models were built and analysed. In the following chapters
only a portion of the HNT 7 Almodel is used. The supercell of the A-HNT
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Figure 2.1: Supercell of the HNT-7 Al

7Alis reported in Figure 2.1. When this element is replicated along an axis
perpendicular to the sheet plane, the whole HNT is reproduced.

The calculations on different chemical species adsorptions are not go-
ing to be conducted on the whole HNT replica, but on a little portion
tailored from it. In particular, a surface portion of the A-HNT 7 Awas
cropped and the dangling bonds were saturated with hydrogen atoms
(Figure 2.2a). In order to maintain the curvature, the silicon and alu-
minium atoms position at the edge of the model were kept bxed in the
geometry optimization procedure (Figure 2.2b). This way the central part
of the cropped model is representative of the HNT surface. Furthermore,
the cropped system can be treated at DFT level enhancing the accuracy
of the computational investigation. This approach was already tested in
a joint computational and experimental study of small organic molecules
adsorption on HNT with the only difference that in the present investiga-
tion the frozen atoms are the oxygen ones between the silicic and aluminic
layers. [119] In both oxygen or Si-Al Pxed atoms situation, the adsorption
of small organic molecule should not sensibly distort the HNT geometry.
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Figure 2.2: (a) Cropped model of Halloysite nanotube used for the adsorption studies
and (b) silicon and aluminium atoms kept bxed in order to reproduce the HNT curvature



Chapter 3
Halloysite structure

With respect to the other classes of nanotubes, the halloysite peculiarity is
to have a different chemical environment in its inner and outer surfaces.
This property is abundantly exploited in HNT-nanomaterial synthesis and
applications. For examples some molecules could prefer adsorption onto
the inner part of the nanotube because of the more convenient interaction
with the aluminic layer. Indeed, the selective adsorption is one of the rea-
son why someone would chose halloysite over other type of nanotubes
for certain applications. The HNT selectiveness can be further improved
when a chemical modibcation occurs on its surface by changing the pH
value. The different chemical environment leads to a different charge dis-
tribution over the HNT surfaces. In this optic, the analysis of the surface
electrostatic potential at different pH value will provide a useful tool in
the adsorption study of any chemical species. In the next sections a de-
scription of the energetics and the maps of electrostatic potential (MEP)
for HNT with various superbcial charges are presented.

3.1 Halloysite MEP and energetics at different
pH

Halloysite has a peculiar adsorption feature: from the experimental data it
is well known that negatively charged species prefer the adsorption on the

39
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inner surface, while the positively charged ones on the outer surface. This
behaviour suggests that the aluminic layer should be positively charged
and the silicic one vice versa. As stated before, numerous applications
rely on HNT selectivity, but the reasons behind that electronic discrimina-
tion are not so easy to derive. The attempts made so far are based on*-
potential and potentiometry data analysis. These experimental techniques
surely provide a detailed description of the HNT proton binding thermo-
dynamics, but some aspects are still left to know. Those studies are not
able to consider the single branch of the spiral, but only the whole HNT. In
other word, gaining atomistic detail on the HNT superpbcial charge is not
possible with the usual experimental techniques. In this context a compu-
tational approach is capable of providing the desired level of detail. The
information acquired allowed us to determine the molecular electrostatic
potential (MEP) and to establish a scale of the most stable form of HNT
when different superbcial charge are present on its surface.

In order to avoid redundancies in this section and the followings a
special nomenclature is settled for the differently charged HNT systems.
When a single proton is attached to a layer the system will take the la-
bel HNT(AIH) or HNT(SiH) for the silicic or aluminic layer protonation
respectively. The double protonation can occur in different layer, HNT-
(AIHSIH), or the same layer, HNT(AIH 5) or HNT(SIH »). In order to iden-
tify the relative position of two protons the system will be labelled in
an organic-chemistry like way, referring to the oxygen atoms hexagon on
top of both surfaces. Thus the double protonated systems will be named
HNT(AI-H »,x), where x is -ortho (-0), meta (-m) or para (-p). The same
criteria are adopted for the silicic layer.

A negative charge on aluminic layer is achieved through a single, dou-
ble o triple proton removal, the short system name will be HNT(AI ™)
where n is the superbcial charge. The creation of a negative charge on the
silicic layer is not so intuitive and its genesis pass through a silanol forma-
tion, so its label is HNT(SIOH). Further details will be better presented in
the section 3.1.3. A dipole can occurs when the Al layer carries a negative
charge and the Si one is positively charged or vice versa. In the former
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case we will referred to the system with the short name HNT(Al ' SiH), in
the latter case HNT(AIHSIOH). Finally, the system with a negative charge

of both HNT surfaces is named HNT(Al ! SiOH). A brief summary is pre-

sented for the sake of clarity:

1. HNT - uncharged HNT
2. HNT(AIH) - H * on Al layer
3. HNT(SiH) - H * on Si layer

4. HNT(AIH ,,0) - two H* on Al layer in ortho position (same for -m
and -p)

5. HNT(SiH »,0) -two H * on Si layer in ortho position (same for -m and
-p)

6. HNT(AI ™) - n-times deprotonated Al layer
7. HNT(SiOH) - negative charged Si layer
8. HNT(Al' SiH) - brst type of dipole on HNT
9. HNT(AIHSIOH) - second type of dipole on HNT
10. HNT(AIHSIH) - both Al and Si layers positively charged

11. HNT(Al' SiOH) - both Al and Si layers negatively charged

In the following the main geometric and energetic characteristic of all
of all systems will be presented, as well as a brief description of their MEP.

3.1.1 Uncharged halloysite MEP and structure

LetOs start describing the easiest situation: the uncharged halloysite. Here
the aluminic layer has the hydroxyl group ! AIOH that points towards the
inner lumen and the silicic layer has siloxane group ! Si! O! Si! facing
outside. In this section and the following the model used is the cropped
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Figure 3.1: HNT silicic and aluminic surfaces portion.

portion derived in section 2.4 and the software used are Gaussian09 for all
the calculations and xcrystalden for the visualization of the MEPs. On the
inner layer, the Al-O distances goes from 1.89 to 1.93Al and the O-H bond
are from 0.96 to 0.97Al long. The hydrogen atom of the hydroxyl group
in -p between each other looking toward the same direction. On the silicic
layer the Si-O distances are in the range 1.65-1.66A. The portion of the
HNT cropped surface is presented in Figure 3.1. The energy of this system
is taken as reference.

The uncharged surface MEP shows a negative potential on the silicic
surface and a positive one on the Al-OH layer, as expected from the exper-
imental data. An isocontour map reporting the MEP of uncharged HNT is
shown in Figure 3.2.

3.1.2 Positively charged surfaces

The HNT protonation and de-protonation behaviour were studied at dif-
ferent ionic strength into the pH range 2-11. [120] According to Bretti &
co-workers at pH value 2 both layer are protonated. From pH 2 to pH 6.5
the silicic surface undergoes into deprotonation process and after the last
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Figure 3.2: MEP of halloysite nanotube, the values are reported in atomic units.

point it reaches its lowest possible negative charge. The aluminic layer is
protonated up to pH 6 and then its deprotonation process is infduenced by
the ionic strength. At pH 8 the Al layer protonated hydroxyl group are the
22.1%. This percentage increases with the ionic strength. Those data were
extremely useful in comprehending the thermodynamic of proton binding

to HNT surfaces. Nevertheless the whole picture is still missing. Indeed,
those data were collected from two separate systems that represent the
two different layers. In our model both surfaces are considered together
and the only approximations are those made in section 2.4. In this section
the protonation of the halloysite is treated.

Adding a proton on aluminic layer rather than on silicic is only slightly
discriminated from the energetic point of view, being the brst process just
-18.1 kJ mol 1 more exoergic than the second. On HNT(AIH) the proton is
attached to the hydroxyl group while on HNT(SiH) to the oxygen between
the two silicon atoms. Slices of the systems MEP are shown in Figure 3.3

From a geometrical point of view, both HNT(AIH) and HNT(SiH) un-
dergoes similar modibcations, but less pronounced for the silic layer (Fig-
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Figure 3.3: MEP of (a) HNT(SiH) and (b) HNT(AIH), the values are reported in atomic
units.

ure 3.4). The two bonds Si-O and Al-O next to the attachment site are
respectively +0.168/0.176 Aland 0.268A/0.300 Allonger respect to the un-
charged HNT. The others -OH groups on the Al layer orient their hy-
drogen atom as far away as possible from the perturbation. The energy
released after the protonation of Si and Al layer is -983.5 and -1001.6 kJ
mol' 1, respectively.

At extremely low pH value a second proton can be attached to the
HNT surfaces. It could end up in three different positions and generate
HNT(AIH »,ortho) -m or -p or their silicic analogous. As it can be easily
foreseen the most stable geometries are HNT(AIH ,p) and HNT(SiH »,p).
Thus those two system conformations will be discussed here. The energy
gap between HNT(AIH ,,p) and HNT(SiH »,p) is more pronounced that the
one between the single protoneted system: HNT(AIH ,,p) is -49.1 kJ mol 1
more stable than HNT(SiH 2,p). The aluminic layer double protonation en-
ergy is also closer (92.2%) to the sum of two single protonations, while, on
the silicic surface this percentage decreases at 91.1%. This higher percent-
age is the prelude of what happens in the system geometry: when a second
proton is added there is no appreciable changes is the HNT structure but
the elongation of Al-O and Si-O bonds of +0.288/0.306 and +0.156/0.172
Alrespect to HNT(AIH) and HNT(SiH) respectively. It is worth noting that
in the former system the second proton does not inBuence the geometry
of the brst. While in HNT(SiH »,,p) the new H* moves the brst so that both
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Figure 3.4: (a) HNT(SiH) and (b) HNT(AIH) geometries.

of them look toward opposite direction (Figure 3.5).

This geometry difference could be the reason of the higher stability
of HNT(AIH »,p) over HNT(SiH ,,p). Looking at the two systems MEPs
(Figure 3.6) it is clear that the former has the chance to better delocalize
the extra positive charge. HNT(AIH »,p) and HNT(SiH »,p) protonation en-
ergy are -839.1 kJ mol 1 and -808.2 kJ mol 1 with respect to the mono-
protonated system and -1840.7 and -1791.6 kJ mdl! with respect to the
uncharged HNT.

3.1.3 Negatively charged surfaces

The creation of a negative charge on the aluminic surface can be easily
reached through removing a proton. The Al-O bonds that insist on the de-
protonated group shorten themselves by 0.096 and 0.104Al. The remaining
hydroxyl group point toward the negative charge. This behaviour is just
the opposite of the one encountered in HNT(AIH).

As anticipated in section 3.1 the creation of a negative charge on Si
surface is not so straightforward as a simple proton removal (because there
is no proton to remove). A possible path include the formation of silanols
via water molecules (WM) reaction on surface, following the scheme:
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Figure 3.5: (2) HNT(SiH 2,p) and (b) HNT(AIH »,p) geometries.

Figure 3.6: (a) HNT(SiH »,p) and (b) HNT(AIH ,,p) MEPs. The energies are reported in
atomic units.
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Figure 3.7: (@) HNT(SiOH) and (b) HNT(AIl ' ) geometries

1. HNT-(O-Si-O-Si-O-)-HNT + H 50 -
HNT-(O-Si-O-H)-HNT + HNT-(HO-Si-O-)-HNT

2. HNT-(HO-Si-O-)-HNT - HNT-(HO-Si* ' O-)-HNT

3. HNT-(HO-Si* ' O-)-HNT +H ,0 -
HNT-(HO-Si-OH) + (! O-)-HNT +H *

In the step (1) a WM hydrolyses itself on silicic surface, generating
two Si-OH groups. One Si-O bond on the inner layer breaks and rotate
exposing the -Si* moiety towards the surface (2) where it reacts with a
further WM (3). This process generates three Si-OH on the surface, a neg-
ative charge on an inner oxygen atom and a proton which could eventu-
ally be moved away from the system. The geometries of HNT(SiOH) and
HNT(Al ' ) are reported in Figure 3.7.

The energy required for a negative charge formation is 1374.9 kJ mol' 1
and 1358.8 kJ mol 1 for aluminic and silicic surface respectively. From
a pure energetic point of view, it is slightly preferred that the negative
charge is carried by the silicic surface. Likely the positive charge case, also
here the perturbation affects the layer not directly involved, moving all the
MEP to lower values (Figure 3.8).
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Figure 3.8: MEP of negatively charge halloysite surfaces, the values are reported in
atomic units. MEP of (a) the silicic surface with the silanolic group, and (b) aluminic
layer de-protonated.

In particular the HNT(SiOH) negative charge inf3uences the opposite
layer less than HNT(AI ' ) does. The formation of a negative charge on a
silanolic surface generates a larger asymmetry in the electrostatic potential
than the chemical modibcation seen so far. Still, HNT(SiOH) formation is
more stable than HNT(AI ! ), even without the possibility of spread the
negative charge all over the HNT structure.

A second and a third deprotonation were studied on aluminic layer,
while we could not Pnd stable systems where the silic surface releases
more than a proton. HNT(AIl 2 ) creation requires further 1654.3 kJ mol' 1
respect to the mono-negatively charged system and HNT(AI 2 ) others
1854.4 kJ mol 1 respect to HNT(AIl 2 ). Their geometries are reported in
Figure 3.9. The Al-OH groups subsequently de-protonated in HNT(Al 2')
and HNT(AI 3 ) reacts in the same way than HNT(Al ' ): they shorten
themselves by -0.184A1 and 0.144 Al the Prst and by -0.135 Al and -0.148Al
the second.

These system MEPs is just full with negative electrostatic potential, as
they are supposed to be (Figure 3.10).

3.1.4 Dipole on HNT surface

Looking at the different electrostatic potential distribution on the two HNT
layers one question should come naturally: how much energy is needed
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Figure 3.9: (@) HNT(AI 2 )and (b) HNT(AI 3 ) geometries.
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Figure 3.10: (@) HNT(AI 2 )and (b) HNT(AI 3 ) MEPs. The energies are reported in atomic
units.
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Figure 3.11: (a) HNT(Al ' SiH,ipso) and (b) HNT(AIHSIOH,p) geometries.

to generate a dipole along those surfaces? Considering the data from the
previous sections, there are two possible ways to create a charge sepa-
ration: The brst is making the Al surface negative and the Si one pos-
itive, named HNT(Al ' SiH). The second is the other way around, named
HNT(AIHSIOH). The former is not by far less stable than the latter. The en-
ergies required to create a dipole are 226.0 and 202.6 kJ mdl? respectively.
A negative charge is better carried by the silicic layer, as well as a positive
charge on from the gibbsitic surface. There are four possible negative-
positive charge reciprocal positions respect to the oxygen atoms hexagon,
the usual -0, -m and -p plus the one referring to the same position, called
-ipso (-i). The one chosen for HNT(AI ' SiH) is the most stable: the -i con-
Pguration. The second dipole geometry, known as HNT(AIHSIOH,p), is
the only one that preserves the HNT structure. As a matter of fact, in
all the other cases a relevant number of Al-O bonds on gibbsitic layer are
broken and the model collapses. Since the only conbguration treated will
be HNT(AI ' SiH,i) and HNT(AIHSIOH,p), the sufbx after the comma is
no longer necessary and will be suppressed. From a geometrical point of
view the system response to a charge separation on one layer is basically
the same as if there is no opposite charge on the other (3.11).

In HNT(AI ' SiH) and HNT(AIHSIOH) MEPs (Figure 3.12) it can be
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Figure 3.12: MEP HNT surfaces with a dipole, the values are reported in atomic units.
MEP of (a) HNT(Al * SiH, and (b) HNT(AIHSIOH).

seen that the major stability of the former could be ascribed to a better
charge delocalization ability of both positive and negative layers.

3.1.5 Positive or negative charge on both HNT sides

In the previous section the systems with an opposite charge on the HNT
surface are introduced, while here a description on HNT surfaces with
same charge is presented. Such systems could exist when the pH envi-
ronment is debnitely acidic or alkaline. The doubly protonated system
HNT(AIHSIH) formation releases -1793.7 kJ mol' 1, while the doubly neg-
atively charged system HNT(AIl ' SiOH) requires +2927.8 kJ mol 1. Those
two values can be compared to the sum of the protonation on both iso-
lated HNT layer or to the sum of HNT(SiOH) and HNT(Al '), in order
to verify that the presence of a charge could discourage the formation
of another one of the same sign. HNT(AIHSIH) provides the 90% of the
sum HNT(AIH) and HNT(SiH). The 107% of the sum of HNT(SiOH) and
HNT(Al ' ) is required for HNT(AI ' SiOH) formation. Thus it seems that
the presence of a charge of the same sign on one layer does inBuence the
other layer from an energetically point of view. Nevertheless, the geom-
etry of HNT(AIHSiH) and HNT(Al ! SiOH) are not so different respect to
those without the modibcation on the other layer (Figure 3.13).

The systems MEPs (Figure 3.14) reRect their nature: HNT(AIHSIH) has
a very high positive electrostatic potential all over its structure, as well as
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Figure 3.13: (a) HNT(AIHSiH) and (b) HNT(Al ' SiOH) geometries.

HNT(AIl ' SiOH) a very high negative one.

Actually a doubly positive and doubly negative HNT systems were
already introduced as HNT(AIH »,,p) and its silicic analogous as well as
HNT(Al 2 ). A detailed description of the more energetically convenient
surface charging path will be presented in the next section.

3.2 HNT superbcial charge versus system energy

This section is a brief summary of the previous 3.1.1, 3.1.2, 3.1.3, 3.1.4, and
3.1.5 ones. Here an energy vs superbcial charge trend will be described
and a graphical representation is depicted (Figure 3.15). In a low pH en-
vironment the most likely protonated side would be the alluminic one.
The silicic layer is 18.1 kJ mol 1 less stable. At very low pH value the
preferred option is to doubly protonate the aluminic layer over protonate
both layers or over HNT(Si,H 2,p) system generation. The difference be-
tween the prst and the second is -47.0 kJ mol 1. Thus it is plausible that
once a proton is added on an aluminic surface, also a second would follow,
at very low pH. The difference between HNT(Si,H »,p) and HNT(AIHSIH)
system is -2.1 kJ mol 1 in favour of the latter. Thus, if the Prst proton
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Figure 3.14: (a) HNT(AIHSIH) and (b) HNT(Al ' SiOH) MEPs.Energies are reported in
atomic units.

goes on the silicic side, there will be no clear preference on further pro-
tonate the silicic or aluminic layer. In a nearly neutral environment it
could be present an uncharged HNT or a HNT with a dipole on it. In
the latter case, the best option is to make the silicic layer negatively and
the aluminic one positively charged. The opposite conbguration is 23.4 kJ
mol' 1 less energetically favoured. Raising the pH value, a net negative
charge could be generated. The silicic layer better handles that possibility,
while the aluminic one requires further 16.1 kJ mol ' ! to the same pur-
pose. Both the dipole and negatively charge conbguration are not clearly
separated from each other from an energetic point of view, and also the
gap between HNT(AIl ' SiH) and HNT(AIHSIOH) is bigger than the one
between HNT(AI ! ) and HNT(SiOH). Thus, generating a negative charge
from a dipole conbguration, removing the extra proton, will slightly re-
verse the stability order of the negatively charge conbguration. Starting
from HNT(AIl ' SiH) and ending in HNT(AIl ') is 7.3 kJ mol 1 more con-
venient than the process from HNT(AIHSIOH) to HNT(SiOH). At more
alkaline environment the best option is that both layers carry one negative
charge each.
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Chapter 4
Corrosion inhibitors

Halloysite nano-material synthesis could occur in different chemical envi-
ronments, as reported in section 1. The HNT loading capacity optimiza-
tion occurs when the pH is properly tuned allowing to exploit the HNT
ability of enlarging its cavity or changing interspacing layer distances.
These modibcations derive from a different HNT surface charge distri-
bution in halloysite possible structures. A full characterization of the hal-
loysite structures has been presented in the previous chapter. With this in-
formations in mind, a smart HNT nano-material design can be conducted.
In this chapter is presented the modus operandi to generate two new ef-
fective corrosion inhibitors (Cl) and HNT nano-composites under neutral
pH condition. The brst part of the chapter is dedicated to a brief descrip-
tion of Cl object of this study. Then in the second and third parts the actual
material design is described in detail and experimentally characterized.

4.1 Corrosion inhibitors and halloysite

The corrosion is a process that convert a metal into its more chemically-
stable form. It is a process that can occurs naturally or after the metal
exposure to an oxidizing agent such as oxygen. The reaction between the
metal and the oxidizing agent leads to metal oxide, hydroxide or sulbde,

in general. The practical consequence is the alteration of the material elec-
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trochemical and structural properties. The corrosion process causes many
losses in almost all industrial applications but also consumer goods and
basically every metal object exposed to an oxidation agent. Finding a solu-
tion to this issue is not only related to some restricted pelds but it is matter
of interest for an uncountable number of applications. In the course of the
technological development, several different methods have been used to
prevent the corrosion and they can be roughly divided in four groups:

¥ Cathodic inhibition
¥ Anodic inhibition
¥ Inhibition by removing the oxidizing agent via chemical reaction

¥ Inhibition by forming an organic thin-Plm on metal surface.

The cathodic and anodic inhibitions are based on the electrochemi-
cal properties of the metal that is needed to be protected from corrosion.
Some of the most used inhibitors of this type are found to be toxic or non
environmental-friendly, like Cr ©*.[121] In the third approach the oxidiz-
ing agent is removed by the environment via a chemical reaction. For
example the oxygen can be removed via the reaction:

N2H4+02 - 2H20+N2

Unfortunately, also the hydrazine is found to be toxic and its use was
dramatically reduced over the year. The last approach is based on the cre-
ation of a physical barrier between the metal and the environment via an
organic molecule thin PIm. It is easy to understand why this last method
has acquired more and more importance: the number of organic molecules
able to interact with a metal surface and form an organic PIm is enor-
mous. Hence the adaptivity of this method for different metal surfaces
is the key of its success. On the other hand, a thin-PIm does not last for-
ever and in the course of the year further improvements have been to be
done. As a matter of fact, small fracture can occur on the thin PIm and
on metal surface also with normal wear and tear of the material. In this
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case the inhibition loses is effectiveness. [122] In this context, recent stud-
ies are aimed at the creation of composite materials in which the active
molecule is trapped in a substrate so that it can be released in a controlled
way. The Pnal result would be a self-healing process for inhibiting the cor-
rosion in a longer period. [123] Halloysite nanotube can be considered a
valid substrate thank to its peculiar chemical-physical properties, its non-
expensiveness but also because it is environmental-friendly and for the
possibility of tuning the adsorbate release with end-stoppers, as already
reported in chapter 1. HNT nanocomposites with corrosion inhibitors are
going to be the topic of this chapter. From a chemical point of view, the or-
ganic molecule that will create the thin PIm should form a stable complex
as soon as it comes in contact with the metal. Thus, organic species that
contain a chelating portion, nitrogen or sulfur atoms in their structures are
suppose to be good candidate for the creation of the HNT composite.

In this work the attention is focused on six corrosion inhibitor for the
protection of various metal surfaces: 1,2,3-Benzotriazole (BT), 8-Hydroxy-
quinoline (1Q), 2-Mercaptobenzimidazole (MBI), 2-Mercaptobenzothiazole
(MBT),

Quinaldic acid (QA) and Salicylaldoxime (SA). The HNT composites of
the Pbrst four molecules are well known in literature, while the last two
HNT-CIs composites are going to be designed in the course of this chap-
ter.

The benzotriazole effectiveness as corrosion inhibitors is known since
early 700s [124] and continuously exploited until the present days. Its ap-
plications regards copper, steel and aluminium 2024 surfaces corrosion in-
hibition both with or without the halloysite nanotube as nanocontainer.
[13, 125D129] 8-Hydroxyquinoline is also well known as alluminum 2024
protective agent as well as steel and copper. [127,130D132] Mercaptobenz-
imidazole and 2-Mercaptobenzothiazole, as well as BT, have been subject
of interesting studies regarding the controlled release from HNT in or-
der to prevent the damage from corrosion of ASTM A366 steel, [129] for
copper and aluminium. [127,128, 133] In the end, quinaldic adic and saly-
cylaldoxime are found to be active in aluminium passivation. [130, 131]



58 Chapter 4. Corrosion inhibitors

This is only part of the actual range of applications of these small or-
ganic molecules in corrosion science. In an optic of a sustainable and
environmental-friendly technological development it is fundamental to
use less chemical products as possible in order to produce less waste.
Surely the self-healing material philosophy is in agreement with this con-
strain. For a proper self-healing smart material design two requirement
are better to be fulblled. The brst is that the single components alone
should work properly for the purpose they need to pursue. The second
is that the interaction of the two components with each other should be
fully characterized and understood before proceeding. At this point, ev-
erything is prepared for going deep into the latter point and trying to de-
sign some new and effective anti-corrosion HNT nanocomposites.

4.2 Computational design of HNT self-healing
materials

The halloysite nanotubes act as a carrier in a self-healing material for in-
hibiting the corrosion process. Therefore, the comprehension of the sub-
strate-adsorbate interaction is certainly a crucial point in the nanocom-
posites development. The selected organic corrosion inhibitors BT, 1Q,
MBI, and MBT have been introduced in section 4.1. In the following their
structures and the way they adsorb on inner and outer halloysite surfaces
are described. The collected data for these four molecules generate the
benchmark for understanding the relation between structure and adsorp-
tion properties in HNT nanocomposites. The informations will be used
to suggest other two promising candidates for corrosion inhibitors HNT
nanomaterials, the quinaldic acid and the salicylaldoxime.

The structure of all the considered molecules can be divided in two
sites of chemical interest. The Prst portion is the interactive site that con-
tains H, N, O and S atoms, responsible for the hydrogen bond (H-bond)
formation. The second portion is an aromatic part that could leadto ! in-
teractions with the silicic or aluminic surfaces. Parallel and perpendicular
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orientations respect to the silicic or aluminic layer have been considered
as starting point for the six selected Cls. If a system changes its orientation
during the geometry optimization, it will be still named after its original
orientation. The central portion of the cluster model described in the pre-
vious section 2.4 is used as Oactive siteO of HNT in both inner and outer
layer adsorption. The corrosion inhibitors retain position abundantly dis-
tant from the edges. Therefore the portion of the model chosen is large
enough to describe the adsorption process. The selected Cls have differ-
ent molecular conformations due to intra-molecular H-bond possibility.

In order to verify if the intra-molecular interactions can be maintained or
have a determinant role, all the conformations shown in Figure 4.1 have
been taken into account in the adsorption energy estimation.

The hydrogen bonds that occur between the substrate and the adsor-
bate are described according to two geometrical parameters: the H-bond
distance (r, in A) and the X 1Y angle (a, in degrees) where X and Y can be
N, O or S atoms. For the sake of clarity the short notation XHY (r,a) will be
used in all the adsorption geometries descriptions. The atom that belong
to the HNT is placed always on the right. A dash on the left or on the
right of the H discriminates if the HNT surface act as donor or acceptor of
the H-bond, respectively. The notation XHY(r1,al/r2,a2) is used referring
to a bridge H-bond of the same nature. Distances shorter than 3 Al or an-
gle in 140-180j range are the characteristic of the hydrogen bonds that are
considered relevant for the Cls adsorption. All the other H-bonds are con-
sidered secondary interactions and will not be described in details, unless
necessary. The adsorption energies are computed as difference between
the whole HNT-CI aggregate and its isolated constituents, according to the
DFT calculation specibcations reported in section 2.2.2. An assessment of
the pure ! interaction with the silicic surface has been made considering
BSSE-corrected adsorption energy value of the benzene molecule which
is -16.2 kJ mol 1. Its energy contribution derives only from the van der
Waals interaction involving the ! cloud.

The adsorption energies computed for BT, 1Q, MBI, MBT, QA and SA
on silicic and aluminic surfaces are reported in Tables 4.1 and 4.2, respec-
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Figure 4.1: The corrosion inhibitors conformations considered in this work are shown
with their energy different respect to the most stable form. Energies are expressed in kJ
mol' 1. Reprinted with permission from R. Rozza, N. Armata, G. Lazzara, F. Parisi, and
F. Ferrante, OHalloysite nanotubes and metal corrosion inhibitors: a computational and
experimental studyO The Journal of Physical Chemistry C, vol. 97, pp. 119-124, 20109.
Copyright 2019 American Chemical Society.
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Table 4.1: The BSSE-corrected interaction energies of the selected corrosion inhibitors ad-
sorbed on the halloysite silicic surface. Letters a, b and ¢ are the labels for molecular con-
formations; pl and pp indicate the parallel or perpendicular orientation of the molecule
with respect to surface in the starting geometry.

| Eggs/ kI mol ' T

a b c

pl BT I 23.2

pp BT 1 20.4

pl1Q 1255 1244

pp 1Q 1215 1130

pl MBI 1 33.6 ! 10.8

ppMBI 1389 ! 216

plMBT ! 26.8 ! 21.7

pp MBT ! 30.8 ! 21.0

pl QA 1 26.6 ! 316 ! 283
pp QA 1222 1118 ! 16.6
pl SA 1282 ! 26.2

pp SA 1 23.0 ! 13.0

tively. A more detailed description regarding the energetics and the ad-
sorption geometries of the most stable conbgurations are presented in the
following sections. All the adsorption geometries not included in this
chapter can be found in Appendix A.

4.2.1 Benzotriazole

Benzotriazole interaction energy with the silicic surface is modest: -23.2
and -20.4 kJ mol 1 for parallel and perpendicular orientation, respectively.
The spreader Van der Waals! interaction seems to be more energetically
convenient than the more directional H-bond in perpendicular orienta-
tion on silicic surface, lowering the former system adsorption energy. On
the aluminic layer both parallel and perpendicular BT orientations show
an H-bond as donor with respectively NH-O(1.734, 155) and NH-O(1.664,
167). Another common features is the presence of a bridge H-bond interac-
tion in both orientation: for parallel and perpendicular BT, N2-HO(2.120,
142/2.333, 143) and N2-HO(2.199, 158/2.147, 152). One the inner layer the
adsorption energies are -59.5 and -62.3 kJ mdl 1, in the same order as be-
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Table 4.2: The BSSE-corrected interaction energies of the selected corrosion inhibitors
adsorbed on the halloysite aluminic surface. Letters a, b and c are the labels for molec-
ular conformations; pl and pp indicate the parallel or perpendicular orientation of the
molecule with respect to surface in the starting geometry.

I Epgs/ kI mol 71

a b C

pl BT I 59.5

pp BT 1 62.3

pl1Q 1724 1374

pp 1Q 1 785 156.4

pl MBI | 67.6 ! 46.2

pp MBI 1925 1581

pl MBT 1 551 1446
ppMBT | 74.0 | 38.9

pl QA 199.0 1698 ! 779
pp QA 180.0 !76.4 !99.0
pl SA 1 1101 ! 54.1

pp SA 1 117.3 ! 69.9

fore. A better oriented and more symmetric double H-bond in perpendic-
ular case (Figure 4.2) could be responsible for the small energy difference
in the adsorption energies on the HNT inner lumen.

4.2.2 8-Hydroxyquinoline

The 8-hydroxyquinoline molecule posses two different chemical sites to
interact via H-bond with the HNT surface: the piridinic nitrogen atom and
the hydroxyl group. As shown in Figure 4.1, two 1Q possible conforma-
tion have been identibed as adsorbate: IQa is the brst and does not have
the intramolecular H-bond and 1Qb is the second in which it is present.
In isolated form, the latter is 36.2 kJ mol' 1 more stable than the former.
On the silicic surface the computed adsorption energy for IQa are -25.5
and -21.5 kJ mol ! and for IQb are -24.4 and -13.0 kJ mol ! respectively
for parallel and perpendicular orientations. Parallel IQa and b exclusively
perform only van der Waals ! interactions with the surface. Hence, the
measured adsorption energy is small, like in the BT case. Differently, per-
pendicular 1Qa and IQb can form an H-bond with the superbcial hydrogen
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Figure 4.2: Most stable adsorption geometries for BT on silicic (a) and aluminic (b) sur-
faces.

atom, with the geometry specibcations OH-O(2.111, 161) and OH-0O(3.007,
163), respectively. 1Qa adsorption energy is nearly 60% larger than the
IQb one. It is worth noting that IQa formation from the most stable (in
vacuum) 1Qb requires more energy than that obtained by the adsorption
process. Thus IQa adsorption on HNT is energetically less favoured that
IQb, looking at the bigger picture. Thus, parallel IQb adsorption is the
species that can be found on the HNT silicic surface (4.3a). On the inner
lumen parallel and perpendicular IQa provide -72.4 and -78.5 kJ mol ' 1
and 1Qb -37.4 and -56.4 kJ mol 1, in the same order. Actually, the opti-
mized geometries of IQa are quite similar in both orientations. 1Qa ge-
ometry optimization ends up almost parallel to the surface, no matter the
original orientation. Although there are some slightly differences: paral-
lel IQa has a single H-bond OH-0(1.928, 148) plus two double H-bonds
0-HO(3.066, 146/2.060, 136) and N-HO(2.730, 133/ 2.384, 139); perpen-
dicular IQa shows two single H-bonds OH-O(1.747, 156) and O-HO(2.004,
136) plus a double H-bond N-HO(2.770, 149/2.167, 170). Respect to the
silicic layer (but also in general) the high adsorption layer are ascribable to
the extended H-bond networks. Perpendicular IQa is a little bit more sta-
bilized that the parallel version, even if the latter has an extra secondary
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Figure 4.3: Most stable adsorption geometries for 1Q on silicic (a) and aluminic (b) sur-
faces.

interaction with the same hydrogen atom involved in the H-bond with

the hydroxyl group. Not the amount, but the quality of the interactions
has determined a lower system energy: the H-bond of the perpendicular
IQa are shorter and better oriented than the ones present in the parallel
orientation. Moving to the other molecular conformation, in the parallel
IQb geometry the hydrogen atom from the hydroxyl group is not able to
form H-bonds as donor. Hence only two H-bond as acceptor have been
detected as O-HO(2.064, 176) and N-HO(2.415, 152). This fact has con-
sequence on the interaction energies. In fact, IQb adsorption energies is
about 52% smaller that the corresponding 1Qa. Perpendicular 1Qb forms
an extensive H-bond network that lowers the system energy more than in
parallel case, even with retaining of intramolecular H-bond: a double N-
HO(2.321, 157/2.430, 143), a further double O-HO(2.238, 154/2.496, 150),
and a single OH-O(1.662, 147). These H-bond are responsible for an inter-
action energy about 66% stronger than that of the parallel IQb. In details,
the latter is able to form only two H-bond as acceptor with the oxygen
0O-HO(2.063, 176) and nitrogen atoms N-HO(2.416, 152). The inner lumen
adsorption geometries are reported in Figure 4.3b.

From the data collected so far, The perpendicular IQa has the stronger
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global interaction with the HNT inner lumen. However it must be taken
into account the conversion energy required from moving from the most
stable (in the vacuum) IQb to 1Qa. With this latter energy contribution the
direct adsorption of 1Qb is the most preferred choice, since it is the most
exoergic process.

4.2.3 2-Mercaptobenzimidazole and
2-Mercaptobenzothiazole

2-Mercaptobenzimidazole and 2-Mercaptobenzothiazole are treated in a
single section, since they are quite similar from a structural point of view.

In this way the different contribution from an H-bond generated by a -NH
group or by a sulphur atom can be better underlined. Two conformations
of MBI have been considered, in the pbrst the hydrogen atom of the -SH
group is on the opposite side of the one linked to N1 (MBla) and in the sec-
ond they are on the same side (MBIb). The former is 10.9 kJ mo! 1 less sta-
ble than the latter. The measured adsorption energies on the silicic surface
are -33.6 and -38.9 kJ mdl ! for parallel and perpendicular MBla and -10.8
and -21.6 kJ mol 1 for parallel and perpendicular MBIb. During its geme-
try optimization perpendicular MBla ends up in parallel position with the
central portion of its imidazole mojety just above the superbcial oxygen
atom, as shown in Figure 4.4a. On the aluminic layer, the adsorption ener-
gies for parallel and perpendicular MBla are -67.6 and -92.5 kJ mol' 1. The
perpendicular MBla performs a double N-HO(2.025,172/2.453, 167) and
a single SH-O(1.656, 178). These interactions made perpendicular MBla
the most stable form of 2-mercaptobenzimidazole on halloysite inner lu-
men (4.4b). Parallel MBla has in total two H-bond with its thiolic por-
tion, one as donor, SH-O(1.867, 157), and another as acceptor, S-HO(2.480,
146), and a further N-HO(2.205, 150). Regarding the other molecular con-
Pguration, the MBIb measured adsorption energies are -46.2 and -58.1 kJ
mol' 1 respectively for parallel and perpendicular orientation. in the for-
mer the thiolic hydrogen atom point toward the center of the HNT, hence
its donor-acceptor interactions are no longer possible. The only interac-
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Figure 4.4: Most stable adsorption geometries for MBI on silicic (a) and aluminic (b)
surfaces.

tion achievable is the one from the nitrogen, that acts as acceptor in N-
HO(2.267, 156). In perpendicular orientation, MBIb has lower adsorption
energy than MBla. In the former the double H-bond as acceptor from
the nitrogen atom is replaced by a single H-bond as donor from the -NH
group. Hence the measured interactions are SH-O(2.037, 161) and NH-
O(1.735, 175). Therefore, the directional H-bonding on aluminic surface
appears to be the driving force in the adsorption of MBI. On both silicic
and aluminic surfaces the difference in interaction energies overcomes the
small energy contribution required for the conversion from MBIb to MBla.
In the end, the MBla molecular conbguration is the best option for adsorp-
tion on HNT.

Mercaptobenzothiazole has two possible conformations that differs from
each other for the position of the thiolic hydrogen atom. In MBTa the -SH
group points toward the nitrogen atom while in MBTb toward the sulphur
one. The energy difference is 4.3 kJ mol 1 in favour of the latter. Parallel
and perpendicular MBT adsorption energies on silicic surface are quite
similar to those of MBI. Their geometry on halloysite involve long-range
interactions and generate small ! E,4s: in order for parallel and perpen-
dicular MBTa -26.8 and -30.8 kJ mol 1, and -21.7 and -21.0 kJ mol ! in
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the MBTb conformation. Looking at the optimized geometries, there is
no clear distinction between the two orientations. Like what happened
on MBI, the non-directional ! interactions are supposed to be the major
contribution to the adsorption energies. MBT just lies parallel to the sili-
cic surface (4.5a). The adsorptions on inner lumen seen s so far have a
bigger ! E;gs and MBT is not an exception. In fact for parallel and perpen-
dicular MBTa adsorption energies are -55.1 and -74.0 kJ mol 1 and in the
MBTb conformation are -44.6 and -38.9 kJ mol 1. In order for the a and
b conformation, parallel and perpendicular MBT both form one weak H-
bond involving the thiolic group, SH-O(1.834, 157) and SH-O(1.739, 167).
The explanation for their energy difference can be found in the different
interaction as H-bond acceptor. In fact, MBTa has a double N-HO(2.189,
160/2.665, 162) while MBTb has two separate H.bond, one S-HO(2.442,
177) and the other N-HO(2.315, 143). In both the molecular conbguration
the MBT lie in a similar way on the HNT inner layer. MBTa and MBTB
have a H-bond as donor with thiolic portion, SH-O(1.669, 175) and SH-
0(1.819, 172) respectively. Nevertheless the adsorption energy of the brst
is 35.1 kJ mol 1 more stable than the second. The reason can be ascribed
at the H-bond double acceptor atom. In MBTa the nitrogen atom is in-
volved in this type of interaction while the interested atom is the sulfur
one. In details, perpendicular MBTa has a N-HO(2.105, 175/2.649, 163)
and the MBTb has an S-HO(2.419, 152/2.626, 155). The MBT most sta-
ble adsorption geometry on the aluminic layer are shown in Figure 4.5b.
Also in the MBT case the energy difference between the two conformation
can be overcome by the adsorption energy. Thus the MBTa adsorption is
debnitely the most exoergic process.

4.2.4 Quinaldic acid

The quinaldic acid molecules has two chemical relevant site for the interac-
tion with HNT surfaces: the brst is the nitrogen atom in the piridinic por-

tion and the second is the carboxylic group in ortho position respect to the
heteroatom. The carboxylic group and the nitrogen atom can interact via
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Figure 4.5: Most stable adsorption geometries for MBT on silicic (a) and aluminic (b)
surfaces.

an intramolecular H-bond. The identibed possible conformation are three:
QAa, where there is no intramolecular bond and the C | O moiety point on
the same side of the nitrogen atom, QAb, where the -OH group point to-
ward the nitrogen atom, generating an intramolecular H-bond, and QAc
in which the -OH group does not generate the H-bond since it is oriented
in the opposite direction of the nitrogen atom. In the vacuum the QAb con-
formation is the most stable among the three, as one could easily imagine.
In second position for stability there is QAc(+15.9 kJ mol ' 1) and at last
position, but not by far, QAa(+23.0 kJ mol ! 1). The quinaldic acid does not
interact strongly with the silic surface. The main energetic contribution in
parallel geometry adsorption for all the QA conformations are the van der
Waals interactions. In fact the H-bond measured specibcations are far out-
side the angular range: in details they are H-OH(2.387, 117), H-OH(2.687,
99), and H-OH(2.467, 107) for parallel a, b, and c respectively. In absence
of directional interaction, the three adsorption energies are quite similar to
each other: in order for QAa, QAb, and QAc they are -26.6, -31.6, and -28.3
kJ mol' 1. The retaining of the intramolecular H-bond in QAb is more en-
ergetically favoured than breaking it for trying to using the -OH as H-bond
linker with the HNT surface. The conformation energy difference makes
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Figure 4.6: Most stable adsorption geometries for QA on silicic (a) and aluminic (b) sur-
faces.

QADb the most stable adsorption geometry. In perpendicular orientation
the computed adsorption energies are -22.2, -11.8, and -16.8 kJ mol* re-
spectively for a,b and c conformation. The QAb does not interact using
its -OH portion with the HNT, but its C | O group. In fact, this moiety
generates an H-bond as acceptor with the HNT interlayer, O- HO ;(2.791,
131). The other two conbguration forms H-bond both as donor and ac-
ceptor. In order for QAa and QAc the acceptor H-bonds are OH-O(1.924,
162) and OH-O(1.876, 165). H-bond as donor involves the HNT interlayer,
0-HO;(1.979, 159) and O-HQG (2.271, 153). The difference in adsorption
energies between these two conformation could be ascribable to the facts
that QAa van der Waals interactions are a little bit more extended than
the ones from QAc. Sitill, on silicic surface the most stable system is the
parallel QAb (4.6a).

The carboxylic functional group and the piridinic hydrogen atom in
the quinaldic acid structure have the potentiality to raise the interactions
number on the inner HNT surface. In fact on the aluminic layer QA is
able to form an extended H-bond network in its adsorption geometry con-
Pgurations. Moreover, the aromatic portion participate in lowering the
systems energies via van der Waals interactions when parallel adsorption
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geometries takes place. For parallel QAa, QAb and QAc the computed
adsorption energies are -99.0, -69.8, and -77.9 kJ mbIt. All of them partic-
ipate with their nitrogen atom in a H-bond as acceptor: N-HO(2.316, 147),
N-HO(2.179, 154/2.980, 150), and N-HO(2.519, 142) in the same order. The
presence of the carboxylic group ensures also the presence of H-bond both
as donor and acceptor: for QAa, OH-O(1.879, 153), and O-HO(1.773, 162);
for QAb, O-HO(1.949, 156), OH-O(1.2.478, 128), and O-HO(2.056, 142)
with the hydroxyl group outside the central ring; for QAc, OH-O(1.771,
146), and O-HO(2.026, 153). The stability order for parallel adsorption is
QAa > QAb > QAc, considering the difference in conformation energy.
Perpendicular orientation adsorption energies are -80.0, -76.4 and -99.0 kJ
mol' 1 respectively for a,b and ¢ conbguration. For QAb and QAc the op-
timization of a perpendicular geometry ends with an almost parallel one.
QAD has H-bond interaction as acceptor with its -OH group, O-HO(2.026,
150), and with its CI O group, O-HO(2.092, 161/2.114, 158). QAc per-
forms two H-bonds as acceptor O-HO(1.963, 152) and N-HO(2.201, 149)
plus one OH-O(1.711, 153). The adsorption geometry of perpendicular
QAa is the only one which can be effectively debPned in this way. In de-
tail, three H-bond can be observed a OH-O(1.562, 175) and a double O-
HO(1.942, 164/2.090, 154). This latter interaction counterbalances the ab-
sence of the secondary nitrogen H-bond which is present on the other con-
Pgurations. Hence the measured! ,4sis similar to the parallel case. The
energy difference in QAa parallel and perpendicular orientation are likely
due to distribution of the H-bond. In perpendicular orientation we ob-
served a double H-bond as acceptor with the C| O portion and a single as
donor with the -OH portion. In parallel orientation all of the three H-bond
sites are involved with one of the acceptor H-bond that moves from the
carboxylic oxygen to the piridinic nitrogen. These events make the paral-
lel QAa more stable than the perpendicular analogues. The stability order
between orientation is inverted in the QAc case: the perpendicular is more
stable than the parallel. That is due to the fact that in perpendicular ori-
entation the acceptor H-bond distance with the nitrogen atom is shorter
and the whole molecule is better oriented. From the comparison between
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QAc and QADb, it seems that the the interaction with the -OH aluminic por-
tion is more favourite than retaining the intramolecular H-bond. Hence,
in the perpendicular orientation an inversion in the stability order can be
observed when the contribution of the conformation energy difference is
involved: in the end QAa is less stable than QAb. The most stable exoergic
process is the one that involves the perpendicular adsorption of QAc on
halloysite inner layer (Figure 4.6b).

4.2.5 Salicylaldoxime

The salicylaldoxime molecule has two chemical group capable of forming
hydrogen bond with the surface, the oxime group (RH)! Cl N! OH and
the phenolic portion. The presence of an intramolecular H-bond discrim-
inate two different conbguration. The Pbrst is SAa, in which it is absent,
and the second is SAb in which the H-bond lowers the system energy by
-42.6 kJ mol 1. The latter shows only one H-bond with the surface both in
parallel and perpendicular orientation, OH-O(2.390, 115)(secondary) and
OH-0O(2.058, 147), respectively. The adsorption energy are quite modest:
-26.2 and -13.0 kJ mdl 1, in the same order. The exoergicity is a little bit
more pronounced in parallel and perpendicular SAa conbguration: -28.2
and -23.0 kJ mol 1. The parallel SAa forms a double secondary donor
H-bond with its phenolic portion while perpendicular SAa forms a dou-
ble H-bond with its oxime portion with two different oxygen atoms of
the surface: OH-O(2.196, 145/ 2.591, 146). It seems that more extended
I interaction in parallel geometry leads to a major energy gain respect to
the directional H-bond in the perpendicular orientation. Still, comparing

a and b conbgurations, the contribution of the H-bond with the surface
lower the system energy more than its retaining as intramolecular inter-
action. These argumentation are valid only if the mere adsorption is con-
sidered. Looking at the bigger picture, the conversion energy for QAD to
QAa is bigger than their adsorption energy difference. Besides, if this con-
tribution is taken into account the SAa ! ,4sbecomes positive (+14.4 and
+19.6 kJ mol ! for parallel and perpendicular orientation, respectively).
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Hence, the only possible adsorption process is the one involving the SAb
conformation, and parallel SAb adsorption is the most exoergic process on
silicic surface (Figure 4.7a). Looking at the mere adsorption process, the
stability order is the same also in aluminic surface: the SAa conformation
gives rise to the more exoergic process. The computed! .4 for parallel
and perpendicular orientation of SAb are -54.1 and -69.9 kJ mol' * while
those of SAa are -110.1 and -117.3 kJ mélL, in the same order. This big
difference in adsorption energies between the two surfaces is due to the
particular SA structure. In the HNT inner layer this molecule is able to
generate a larger number of H-bonds of both donor and acceptor nature.
This argumentation is also valid for explaining the difference between the
two SA conformations on the aluminic layer. The more atom are available
to interact with the surface, the more the system adsorption energy will be
lowered. In SAb the intramolecular bond prevents the using of all the SA
functional group to interact with the HNT surface. On the contrary, SAa is
able to fully exploit its functional group to have as much H-bond as pos-
sible. On the aluminic layer parallel and perpendicular SAb converge into
similar geometries. The only appreciable difference is a closer intramolec-
ular H-bond distance in perpendicular orientation and the presence of a
donor-acceptor double H-bond with the aldoxime portion in parallel ori-
entation. The former interaction is the cause of the more pronounced sta-
bility of perpendicular SAb than its parallel version. The intramolecular
interaction is preferred over the creation of a further H-bond with the sur-
face. In details, parallel SAa has one H-bond as donor with its oxime moi-
ety OoxH-0(1.804, 163), one O-HO(1.868, 165) and a further donor H-bond
with its phenolic portion O ,,-HO(1.952, 162). Perpendicular SAa has an
OoxH-0(1.798, 158), plus a O-HO(2.603, 173). SAb parallel and perpendic-
ular orientation present similar adsorption geometries as well. In parallel
and perpendicular orientation there are: two H-bonds as donor, one with
the oxime portion, O oxH-O(1.705, 158) and QxH-O(1.712, 159) and an-
other with the phenolic part O ,,H-O(1.618, 161) and Q,,H-O(1.617, 160).
A further H-bond involving the nitrogen atom as donor is present for both
orientations: N-HO(2.157, 156) and N-HO(2.100, 157) for parallel and per-
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Figure 4.7: Most stable adsorption geometries for SA on silicic (a) and aluminic (b) sur-
faces.

pendicular SAb respectively. In the energy contribution for the conversion
from the most stable form of SA is taken into account, the parallel and
perpendicular SAa adsorption energies became -67.5 and -74.4 kJ mdl*.
Even considering this energetic contribute, the stability order remains un-
changed and the SAb perpendicular conformation is still the most stable
conbguration on HNT inner lumen (Figure 4.7Db).

4.3 Experimental analysis

Computational results suggest that composites based on QA and SA with
HNT could be efbcient as carrier for anticorrosion agent. Nevertheless,
conbrmation from experimental analysis are required in order to enforce
this hypothesis.

4.3.1 Thermogravimetric analysis

The thermogravimetric curves shown in Figure 4.8 has been normalized
at 150 j for the adsorbed water. This procedure ensures the proper visual-
ization of the organic compounds different loading amount.
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Figure 4.8: Thermogravimetric curves for pristine HNT (red), QA/HNT (blue), and
SA/HNT(green). Reprinted with permission from R. Rozza, N. Armata, G. Lazzara, F.
Parisi, and F. Ferrante, OHalloysite nanotubes and metal corrosion inhibitors: a computa-
tional and experimental studyO The Journal of Physical Chemistry C, vol. 97, pp. 119-124,
2019. Copyright 2019 American Chemical Society.
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TGA curves for HNTs presents a multistep mass loss caused by a dif-
ferent type of bound water and by the dehydroxylation on the alumina
surface that occurs at larger temperature. These features have been deeply
discussed in literature. [134] The loading amount of corrosion inhibitors on
the HNTs nanocpomposites has been estimated on the residuals at 700 {C
by using the rule of mixtures. [135] The thermograms have show a loading
equal to 0.6 wt% and 4.8 wt% for SA and QA, respectively. These data sug-
gest the formation of different adsorption modes for the two corrosion in-
hibitors, according to the geometrical calculations performed by Cavallaro
et al. [57] In particular the salicylaldoxime molecule is believed to form a
monolayer on HNT surface, while the quinaldic acid should arrange in
a multilayer array. Thus, the huge different loading amount between SA
and QA (eight times bigger) has found a valid explanation. Besides, the
QA multilayer formation means also that the intermolecular afbnity play
a fundamental role in term of loading amount. In order to conPrm this
assumption a more detailed investigation has been carried out. Differ-
ential scanning calorimetry and UV-vis spectroscopy analysis have been
performed.

4.3.2 Differential Scanning Calorimetry

Stronger intermolecular interaction must have consequence on the melting
temperature of a solid and its corresponding melting enthalpy. In this op-
tic DSC measurement were conducted on the two pure corrosion inhibitor
SA and QA (Figure 4.9).

The measured melting temperature (T ) are 59.5 and 159.5 ;C respec-
tively for SA and QA. Analogous discrepancies are found in the corre-
sponding melting enthalpy which are 133 and 192 J g' 1 in the previous
order. This data conbrms that QA has stronger intermolecular interac-
tion. Moreover both HNT-Cls nanocomposites has shown a profound
crystallinity decrease. In particular the HNT-QA mixture has a melting
enthalpy equal to 1.04 J d 1. Thus the QA residual crystallinity is about
11% from the whole contribute of the pure QA. Besides the HNT/SA
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Figure 4.9: Differential scanning calorimetry curves for pure QA (a) and SA (b) and their
composites with HNT. Reprinted with permission from R. Rozza, N. Armata, G. Lazzara,
F. Parisi, and F. Ferrante, OHalloysite nanotubes and metal corrosion inhibitors: a com-
putational and experimental studyO The Journal of Physical Chemistry C, vol. 97, pp.
119-124, 2019. Copyright 2019 American Chemical Society.

does not provide any detectable signal because of the negligible residual
cristallinity. With this in mind, one can argue that the interaction with the
HNT surfaces affects the organic substance crystallinity. Only the system
capable of creating a multilayer adsorption pattern (QA) a residual crys-
tallinity is retained. On the other and, in the previous section the computa-
tional analysis has suggested that the adsorption has a profound effect on
the conformation of the QA and SA. The inuence on the intramolecular
hydrogen bond has consequence also on the the crystallization/melting
process.

4.3.3 UV-vis Spectroscopy

The different adsorption behaviour of the two corrosion inhibitors has
been conbrmed by building the adsorption isotherms (Figure 4.10) at 25
iC. Here the adsorbed organic component amount at the equilibrium in-
side the HNT (Cs, mg g' 1) is plotted as a function of the equilibrium con-
centration in solution (C ¢, g dm' 3).
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Figure 4.10: Adsorption isotherms of QA (in blue) and SA (in red) onto HNT. Symbols de-
note experimental data; lines correspond to the bt by Freundlich model. Reprinted with
permission from R. Rozza, N. Armata, G. Lazzara, F. Parisi, and F. Ferrante, OHalloysite
nanotubes and metal corrosion inhibitors: a computational and experimental studyO The
Journal of Physical Chemistry C, vol. 97, pp. 119-124, 2019. Copyright 2019 American
Chemical Society.
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Table 4.3: Sorption Parameters of the Freundlich Model for the Adsorption Isotherms of
QA and SA onto HNT

QA SA

Kel 1204+ 09 4.4+05
n 215+ 0.09 3.0+ 0.5
R2 0.987 0.904

According to the TGA results, the amount of quinaldic acid adsorbed
onto HNT is much higher than that of salicylaldoxime. In the UV-vis anal-
ysis on HNT nanocomposites, the Freundlich isotherm has been found to
be the most reliable in reproducing the experimental data for both QA
and SA. Notably, the model accounts for intermolecular interactions be-
tween adsorbates [136] and implies heterogeneity of adsorption sites in-
cluding the formation of multi-layers arrangements. [137D141] The Fre-
undlich isotherm can be described by the equation 4.1

Cs= KgCY/M (4.1)

in which K ¢ is the Freundlich adsorption coefpcient or capacity factor
that represents the clay adsorption capacity, and n is a dimensionless ad-
sorption intensity constant, which is a measure of the adsorption intensity.
The obtained btting parameters are reported in Table 4.3.

The different units of measure in the adsorption capacity value K ¢
makes them not rigorously comparable with eachother. [142] Still, the very
signibcant differences observed in the Kgs and in the adsorption isotherms
shown in Figure 4.10 conbrm the hypothesis of stronger solute/solute in-
teractions. As a consequence the formation of a multilayer is certainly
favoured. On the other hand, the values of the intensity factor ( n) are
comparable for the two species. Hence this is an clue of a very simi-
lar HNT/solute interactions. In other words, the different percentage of
loaded amount obtained from TGA measurements can be attributed to
the strong effect of the intermolecular interactions. These are more signif-

1Ke is expressed inmg ¢ 1 (dm3g! HV/n
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Figure 4.11: Kinetics of SA (in red) and QA (in blue) released from SA/HNT and
QA/HNT. Reprinted with permission from R. Rozza, N. Armata, G. Lazzara, F. Parisi,
and F. Ferrante, OHalloysite nanotubes and metal corrosion inhibitors: a computational
and experimental studyO The Journal of Physical Chemistry C, vol. 97, pp. 119-124, 20109.
Copyright 2019 American Chemical Society.

icant for the quinaldic acid, because of its higher polarity. In the end there

is still something that must be evaluated: the ability of the corrosion in-

hibitors to be released from the HNTs nanocompounds. In order to fulbl

this purpose, release kinetics experiments for both composites (SA/HNT
and QA/HNT) have been conducted. A certain amount of composites

was placed in water and adsorption spectra were registered as a function
of time, as shown in Figure 4.11.

The diagram clearly shows a prompt release of the compounds from
the HNTs in the Prst 2 h. After this period of time, there is a net difference
in the release velocity of the two composites. After 10 h, the amount of
released SA from SA-HNT is about 90% and just 20% of has been released
from QA-HNT. This large difference can be explained by taking into ac-
count that the drug release for QA-HNT is likely due to the intermolecu-
lar interaction between QA molecules breakage. In this optic, the SA-HNT
composite weaker interactions between the Cl and HNT have to be con-
sidered. Moreover, these argumentation agrees with the previous Pndings
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that the SA adsorbs in HNT via a monolayer formation, while QA achieve

a multilayer arrangement into HNT. Considering the evidenced collected
so far, in both cases the selected molecules from the computational inves-
tigation are surely suitable candidate in generating effective HNTs anti-
corrosion nanocomposites.

4.3.4 Experimental details

In this section the material and instrument specibcation used in the previ-
ous experimental analysis are described.

Materials

Quinaldic acid, salicylaldoxime used are from Sigma-Aldrich (Milan, Italy)
as well as the halloysite nanotubes. The latter has a specibc gravity of 2.53
g cm' 3 and a specibc surface area of 65 A g' 1. All chemicals were used
without further puribcation. The hybrid materials were prepared by mix-
ing the organic compound with the HNT water dispersion at room tem-
perature. The so obtained dispersions were magnetically stirred overnight.
The next step was the sonication treatment for 15 min and kept under
vacuum 1 h. The procedure was repeated twice to maximize the HNT-
nanocompound loading. After centrifugation the supernatant was removed
by centrifugation. In the end, the obtained compounds were dried in oven
at 50 ;C.

Experimental methods

Thermogravimetric AnalysisThe experiments were done by using the Q5000
IR (TA Instruments) under nitrogen Bow (25 cm 3 min' 1) by heating the
samples from room temperature to 700 jC. Each sample (of about 8 mg)
was placed in a high temperature platinum pan and heated under a tem-

perature ramp of 20 {C min' 1. The loading capacity was calculated by
applying the Orule of mixturesO according to the procedure in the litera-

ture. [143,144]Differential scanning calorimetry (DSCY.he differential scan-
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ning calorimeter Ta Instruments 2920 CE was used. The apparatus was
calibrated with indium. [145] The aluminium pans were Plled with about

6 mg of the compound. The measurements were carried out by cooling the
sample to -10 {C at -10 jC min' 1 and heating from -10 to 180 iC at 10 C
min' 1. The baseline was subtracted according to the procedure reported
in literature. [146] The solutions for the adsorption isotherms construc-
tions were prepared by adding appropriate aliquots of the organic com-
pounds to the HNT dispersion at room temperature. The so obtained dis-
persions were magnetically stirred overnight. Then they were subjected to
a sonication treatment for 15 min and kept under vacuum by using a con-
tinuously vacuum pump for 1 h. The procedure was repeated twice to en-
sure that the system are in their equilibrium conditions. After centrifuga-
tion the supernatant was removed. The gathered supernatants were spec-
trophotometrically analysed for the adsorption isotherms construction. In
particular, the spectral absorbance of the aqueous solutions were regis-
tered at 258 nm for SA and at 320 nm for QA with a diode-array Analytic
Jena S600 spectrophotometer equipped with thermostated compartments
for1! 1! 5cm cuvettes and an appropriate magnetic stirring apparatus.
For the release kinetic analysis, a portion of both composites were placed
in a quartz cuvette and their slow release from the HNT nanopomposite
were registered. The release were followed for about 24 h.

4.4 Brief conclusions

The model used allows to investigate small organic molecules adsorp-
tion by means of density functional theory. The clues provided by this
approach make us better understand the interactions that characterize a
good active species for the creation of HNT nanocomposites. These data
has been determinant in suggesting other molecules capable of generate
self-healing material for corrosion inhibition. In total six organic corrosion
inhibitors have been analysed. It turns out that all of them prefer to be ad-
sorbed on the HNT inner lumen to better interact via multiple hydrogen
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bonds. An important component for the adsorption energy estimation is
the energy conversion from a corrosion inhibitor intramolecular H-bond
to HNT-adsorbate interaction, when the same functional group is used
for both purposes. In general a major stability in vacuum is due to the
presence of an intramolecular H-bond, but on HNT surfaces this means a
diminishing of the available functional group to create H-bond. The extra
stability provided by this interaction could inBuence the Cls adsorption
process. For example the 1Q molecule is adsorbed in its most stable form
in vacuum rather than in its most stable form on HNT. On the contrary the
two new suggested compounds, QA and SA, showed a so large adsorp-
tion energy that the conformation conversion energy is easily overcome in
favour of an extended H-bond network formation.

The halloysite outer layer does not benebt from the stability provided
by the H-bond interaction. In fact the adsorption energy on the silicic
surface is mainly due to the weak dispersion forces. An experimental
study has been conducted on the two promising candidates QA and SA.
Their computed adsorption energy on the inner surface are respectively
-83.1 and -74.4 kJ mol 1, considering the conformations conversion en-
ergy contribution. Despite the fact that they differs only for 8.7 kJ mol ' 1,
their amount of loading measured via TGA analysis is totally different
for the two HNT-nanocomposite. In particular QA loading is six times
bigger than the SA one. DSC measurements and the Freundlich bt of UV-
Vis adsorption isotherms reveal the mystery behind these difference. The
quinaldic acid adsorbs on halloysite Al surface by forming multiple layer,
while SA forms a monolayer. Using a larger model would be worthwile in
future computational studies. In this way the adsorption of two molecules
(and so the intramolecular interactions) could be better investigated as
well as the interaction between the adsorbate and the HNT interlayer.



Chapter 5
Water adsorption

In the previous chapter the adsorption of small organic molecules on the
HNT surface was investigated. The collected data proved that the model
used is reliable enough to be employed in a smart material design, on a
neutral halloysite surface. On the other hand, the modibcation of the HNT
superbcial charge is fundamental in numerous applications as well as the
adsorption of molecules on modibed halloysite. The characterization of
the HNT in presence of different structural and electrical modibcation has
already taken place in chapter 3. In this chapter is going to be described
the adsorption process on all the system surfaces presented in chapter 3 of
one of the simplest, but also more important and ubiquitarious specie: the
water molecule.

5.1 Water adsorption

The water molecule (WM) has a fundamental role in the halloysite nan-
otube structure. [147] It is enough to think that HNT exists in form of

halloysite-7 Al or halloysite-10 Al and this difference is based on the adsorp-
tion of none or two water molecules on its surface. Besides, the HNT
faces different chemical environment during the synthesis of its nanocom-
posites. For example, the pH value is usually determinant in tuning the

amount of loading of certain species. The complete understanding of the

83
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WM adsorption on differently charged HNT is a matter of basic and es-
sential importance, and is the topic of this chapter.

The computational method is the same as the one exploited in the pre-
vious chapter: the system are investigated via the density functional the-
ory with the functional M0O6-L and the VZP basis set. All the adsorption
energies are corrected for the basis set superposition error. The geometry
optimization starts with the water molecules placed at the center of the
surface. In this way the number of interactions with oxygen and hydro-
gen atoms is maximized. In case of charged surfaces, the water molecule
is placed near the structural modibcation. As already seen in chapter 3,
multiple protonation on silicic or aluminic layer as well as the relative po-
sition of the hydroxyl group or oxygen atoms, are differentiated via an
organic-type nomenclature sufpx -ortho (-0), -meta (-m) and -para (-p), re-
ferring to the oxygen hexagonal pattern on each HNT layer. In the end, the
only doubly protonate HNT surface used is the one in -para conbguration,
since it has proven to be the most stable for both the aluminic and silicic
layer. The brst optimized adsorption geometry is used as starting point
for a subsequent adsorption.

The water molecules interact via H-bond with the HNT surfaces. The
eventual presence of a superbcial charge adds the charge-dipole interac-
tions. In this work we use the same notation to describe both of them. In
particular the distances (r) will be expressed in Angstr ems and the angles
(a) in degree, according to the scheme XHY(r,a). H-bond as donor or as
acceptor are represented as XH-Y or X-HY, respectively. The left side of
the notation is referred to the water molecule, the right side to the sur-
face. The donor-acceptor behaviour between WMs themselves will be ex-
plicated when needed. Multiple interactions of the same nature will be
delimited by a O/O as XHY(r1,al/ r2,a2). The interactions described have
an R< 3.0Aland a 140j < A < 180j, all the other will be considered as
secondary and will be discussed only if needed.

In order to avoid redundancy the structure on which the water adsorp-
tion takes place will follow a schemes inspired to the one described in
section 3.1:
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¥ W ,-Surf for regular HNT

¥ W -Surf-Pn,Pc for protonated HNT

¥ W,-AlE for negatively charged aluminic layer
¥ W ,-SiOH for negatively charged silicic layer

¥ W,-Surf-Al' SiH for negatively charged aluminic layer and positively
charged silicic one

¥ W ,-Surf-AIHSIOH for negatively charged silicic layer and positively
charged aluminic one

¥ W ,-Surf-AIHSIH for both surfaces protonated

¥ W,-Surf-Al' SiOH for both surfaces with a negative charge

where W, is the number of adsorbed water molecules (n=1,2), -Surf is the
surface where the process happens (Al or Si), -Pn is the proton number
added to the surface, -Pc is the proton conbguration (-0, -m, -p), E- indi-
cates the negative charge on the aluminic layer, -SiOH indicates that there
is a negative charge on silicic layer in presence of silanols, -AIHSiH indi-
cates the presence of one proton added for each side of the HNT and b-
nally -Al ' SiOH indicates the presence of a negative charge on both layer.
W-Surf-Al'* SiH and W -Surf-AIHSIOH is the notation for the adsorption
on one surface (Si or Al) in presence of the two different types of dipole.
The unnecessary symbols will be omitted. For example, single water ad-
sorption on aluminium layer is simply labelled as W-Al. Double water
adsorption on -para doubly protonated silicic layer is W »-Si-H,,p. The
nomenclature reported in section 3.1 is not going to be abandoned. In fact
it will continue to be used in reference to the HNT structure, when needed.
The measured adsorption energies are reported in Table 5.1. Some ad-
sorption geometries on silicic layer involve the formation of the specie
H30* on surface. The counterpoise calculation needs a clear geometri-
cal separation between the two fragments that made up the adduct. This
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Table 5.1: The BSSE-corrected interaction energies of one or two water molecule on the
halloysite surface with various superbcial charge. The systems where H ;0%

| Epgs/ kI mol ' 1

Surface Single H,0O Double H ,0
Al | 52.2 1 36.9
Si (intercalated) 1 16.0 I 25.7
Si (superbcial) 1111 I 35.0
Al-H l 69.9 | 54.1
Si-H I 129.7* l 41.0
Al-H ,,p | 66.9 | 65.7
Si-Ho,p | 78.6 | 185.7*
Al | 75.5 | 59.2
Al2 l 110.9 | 72.7
Al3 1 93.5 1 114.1
SiOH | 60.4 | 35.1
Al-Al' ! SiH 1 78.1 | 495
Si-Al' SiH | 130.3* | 45.6
Al-AIHSIOH | 74.6 | 27.6
Si-AIHSIOH ! 60.8 1 36.9
Al-AIHSIH | 75.4 | 46.7
Si-AIHSIH | 164.6* | 59.1
Al-Al ! SiOH ! 80.5 | 83.2
Si-Al' SiOH | 114.3* l 33.9

issue is related to the fact that in these systems the water molecule rip off

a proton from the halloysite and the discrimination between the two frag-
ments are no longer so sharp as in aregular case. In Table 5.1 these systems
are marked with an asterisk (*).

5.2 Adsorption on silicic layer

There are two adsorption geometries on silicic layer: one is on the surface,
the other involves an hydroxyl group from the inner layer. In other word

the latter has a water molecule intercalated between the HNT layers. The
computed interaction energies are -11.1 and -16.0 kJ mol 1, for the brst
and second geometry respectively. The intercalated WM on W-Si has an
0-HO(1.948, 167) with the inner layer and two secondary interactions as
donor OH-0(2.037, 132); (2.016, 130), (Figure 5.1a). This molecule moves
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Figure 5.1: Adsorption geometries for one (a) or two (b) water molecule on the silicic
surface in the OintercalatedO conbguration.

from an intercalated position to a superbcial one in presence of a second
WM, (Figure 5.1b). Now the brst WM has a double donor interaction with
the surface OH-O(2.361, 153/ 2.160,159) and an acceptor H-Bond with the
second WM, O-HO(1.808,165), in place of the interaction with the inner
layer. The second WM interacts with silicon at a distance of an oxygen-
silicon bond 2.165 Al long and stands almost parallel to the surface. The
energy gain in W ,-Si is -25.7 kJ mol 1, which is more pronounced than
W-Si.

The other adsorption mode for the WM in W-Si is entirely on the sur-
face. The geometry for this W-Si conbguration (Figure 5.2a) involves two
donor H-bonds with oxygen atoms that are in -para position to each other,
OH-0 (2.170, 164/ 2.385, 157). Adding a second a second WM leads to
a geometry similar but not identical to the previously described W »-Si,
reported in Figure 5.2b. Now the brst WM performs a three-way donor H-
bond, including another superpcial oxygen atom OH-H(2.108, 166/ 2.694,
149/2.951, 155), plus the already-known acceptor H-bond from the second
WM 0O-HO(1.790, 163). The interaction distance with the silicon atom of
the latter is slightly longer than the previous case, 2.175 Al. Still, the second
WM lies parallel to the surface. W ,-Si adsorption energy in lower than the
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Figure 5.2: Adsorption geometries for one (a) or two (b) water molecule on the silicic
surface in the OsuperbcialO conbguration.

previous W »-Si, -35.0 kJ mol 1. This is probably due to the presence of the
extra donor H-bond from the brst WM.

In conclusion, on silicic surface the water adsorption is a slightly exoer-
gic process, for both the conbgurations. It is worth noting that the forma-
tion of a Si-Oyater interactions happens only in presence of (at least) two
WM. Beside that, the second WM adsorption is more exoergical than the
prst one. This way the WM single adsorption promotes a double adsorp-
tion.

5.2.1 Adsorption on positively charge silicic layer

The presence of the H on W-Si-H system does not allow the WM to inter-
act with the inner HNT layer. The W-Si-H adsorption energy is -129.7 kJ
mol' 1. The WM extirpates the proton from the surface and adopts a three-
fold-H-bond bridge OH-O(1.622, 168.8/ 1.719, 175.8/ 1.775, 172.1), shown
in Figure 5.3a. In a more acidic environment, the WM in W-Si-H ,,p does
not form H 30" and it loses the third interaction whit the superbcial oxy-
gen atom. As result only one H-bond as acceptor O-OH(1.476, 171.0) and
one as donor OH-O(2.007, 160.2) are revealed (Figure 5.3c). The energy
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gain is -78.6 kJ mol 1.

It appears clear that the formation of the species H30™ is far more con-
venient than simple H-bonds. When a second WM is added to the pre-
vious systems the formation of H 30" takes place in both scenarios. In
W,-Si-H one of the three donor H-bond with the surface is turned into
one with the WM of the same nature OH-O(1.528, 178.4), while the other
two are OH-O(1.772, 174.3/ 2.239, 163.0) (Figure 5.3b). The adsorption en-
ergy is -41.0 kJ mol 1. The decrease in the! ,4srespect to W-Si-H conbrms
the hypothesis that the interaction of H 30* with the surface is far more
favourable than with another WM. As a matter of fact, the adsorption ge-
ometry of W »-Si-H»,p shows two H 30* s on two different adsorption sites
(Figure 5.3d). Two three-fold-H-bond bridges are observed: OH-O(1.706,
169.4/ 1.815, 172.8/ 1.677, 173.5) and OH-O(1.583, 167.7/ 1.729, 174.6/
1.790, 172.2). The measured adsorption energy is -185.7 kJ mof, which is
a value higher both than the one from W-Si-H ,,p and W-Si-H. The reason
is easy to understand in the latter case. It is considered an energetically
more convenient adsorption geometry conformation the one that include
an interaction with the surface rather than with a WM. The extra energy
gain respect to W-Si-H founds explanation in an more extended charge
spreading over the silicic layer.

5.2.2 Adsorption on negatively charge silicic layer

The formation of a negative charge on a silicic surface is described in
section 3.1.3. When WM is added the system lowers its energy of -60.4
kJ mol' 1. It forms an acceptor H-bond with the silanol group SiOH, O-
HO(1.756, 160.7), and two as donor with the superpcial oxygen atom OH-
0(1.971, 164.0/ 2.136, 131.0), in which the second is a secondary inter-
action (Figure 5.4a). A second WM adsorption releases further -35.1 kJ
mol' 1. The already present WM does not change too much its adsorp-
tion geometry, with one acceptor and two donor H-bonds O-HO(1.769,
170.4) and OH-0O(2.052, 149.9/ 2.010, 163.8). Also the second WM shows
the same number and type of interactions. It has one H-bond as accep-
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Figure 5.3: Adsorption geometries for one (a) or two (b) WM on the HNT(SiH) surface
and one (c) or two (b) WM on the HNT(SiH »,p) surface.



5.3. Adsorption on aluminic layer 91

Figure 5.4: Adsorption geometries for one (a) or two (b) water molecule on the
HNT(SiOH) surface.

tor with the -SiOH group O-HO(1.997, 145.5) and two as donor: one with
the brst WM OH-0(2.169, 144.2) and the other with a superbcial oxygen
atom OH-0O(2.046, 152.6). This geometry is reported in Figure 5.4b. De-
spite the same number and type of interactions are added in W-SiOH and
W,-SiOH, the latter has a lower adsorption energy with respect to the for-
mer. Moving from W-SIiOH to W ,-SiOH, the only appreciable difference
in the brst WM adsorption geometry is the increasing of the H-bond angle
with the -SiOH group. This fact cannot explain the energy difference on
its own. A possible explanation is that the H-bond between WMs is less
convenient than the one between WM and the surface, also in presence of
a negative charge.

5.3 Adsorption on aluminic layer

On aluminic surface there is only one adsorption geometry. Unlike what

happens in silicic layer, here there is no space for intercalation, due to
the presence of the hydroxyl group. The measured adsorption energies
are -52.2 and -36.9 kJ mdl ! for W-Al and W ,-Al. In the Prst system the
WM forms one H-bond as donor with the surface OH-O(1.770, 157.0) and
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Figure 5.5: Adsorption geometries for one (a) or two (b) water molecule on the aluminic
surface.

one as acceptor O-HO(1.986, 146.7) plus a secondary H-bond as acceptor
0-HO(2.000, 135.9). The hydrogen atom not involved in the surface in-
teractions face the inner part of the nanotube (Figure 5.5a). In W»-Al the
Prst WM loses its secondary acceptor H-bond, remaining with only one H-
bond as acceptor and one as donor O-HO(1.886, 146.5) and OH-O(1.808A,
161.6). The second WM has one H-bond as acceptor with the superpcial
-OH group previously involved in the secondary interaction in W-Al, O-
HO(1.874, 150.2), and one H-bond as donor with the surface OH-0O(1.930,
160.6). The second WM hydrogen atom that does not participate in any in-
teraction lays parallel to the surface. The optimized geometry is reported

in Figure 5.5b. The energy gain in W,-Al is around 71% respect to W-Al.
The trend is opposite to the one measured in the silicic surface, where W-Si
releases less energy than W-Si.

5.3.1 Adsorption on positively charged aluminic surface

The W-AI-H adsorption energy is -69.9 kJ mol' 1. Despite the difference
with the uncharged W-Al, the adsorption geometry (Figure 5.6a) is not so
different: a donor H-bond OH-O(1.768, 154.5) and an acceptor one from
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the protonated -OH group O-HO(1.672, 148.8). The more pronounced en-
ergy gain is obviously due to the latter interaction. Also in W »-Al-H the
adsorption geometry (Figure 5.6b) is similar to the W »-Al one. The second
WM stays in front of the brst one and it interacts with the uncharged -OH
group. The adsorption on two different sites is preferred over an H-bond
extended network creation. The second WM behaves as if it is the only
one on the surface. W»-Al-H adsorption energy conbrms this hypothesis:
-54.1 kJ mol 1 is very similar to the energy computed in W-Al. InW »-Al-
H the brst WM forms an acceptor H-bond with the protonated -OH group
0O-HO(1.702, 146.7) and one as donor OH-O(1.768, 154.8), like W-Al-H sce-
nario. Also the second WM has an acceptor-donor interaction with the
surface O-HO(1.971, 139.4) and OH-O(1.791, 155.8), but with regular hy-
droxyl group. Both of the WMs keep the hydrogen atom not involved in
the H-bond perpendicular to the surface. Unlike the silicic layer, the sur-
face is not able to donate its proton to the WM. Thus there is no H 30
formation on aluminic layer. In a more acidic environment, the WM in
W-AI-H ,,p system seems to be immune to the other proton presence. As
a matter of fact, this system shows similar ! .4 -66.9 kJ mol 1, and geom-
etry of W-Al-H: one acceptor and one donor H-bond, O-HO(1.719, 148.0)
and OH-O(1.788, 147.6). This system geometry is shown in Figure 5.6c.
When a second WM is added to W-AI-H ,,p, an H-bond network takes
place, involving the non protonated adjacent ring (Figure 5.6d). The brst
WM has the a donor H-bond OH-0O(1.932, 146.5) and one as acceptor O-
HO(1.655, 157.2) for the protonated -OH group. The seocond WM has one
acceptor (from the brst WM) and a donor H-bond, O-HO(2.402, 149.6) and
OH-O(1.765, 156.3). The computed adsorption energy for W-Al-H »,p is
-65.7 kJ mol 1.

5.3.2 Adsorption on negatively charged aluminic surface

The proton removed from the HNT aluminic layer is one that facing the
center of the Al-O ring. Despite the presence of a coordinative unsatu-
ration, the surface has not the strength to remove a proton from H 20 in
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Figure 5.6: Adsorption geometries for one (a) or two (b) WM on the HNT(AIH) surface
and one (c) or two (b) WM on the HNT(AIH 5,p) surface.
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W-Al' . Thus the WM has a donor-acceptor H-bond bridge with the depro-
tonated hydroxyl group, O-HO(1.796, 152.0) and OH-O(1.525, 165.9) and
a further acceptor OH-O(1.999, 140.7). When a second WM is adsorbed,
the geometry of the brst one is not changing so much: we observe the
same donor-acceptor H-bond bridge O-HO(1.780, 154.9) and OH-O(1.527,
166.3) and a secondary OH-O(2.175, 139.1), while the other WM performs
a double donor and a single acceptor H-bond with a different -OH group,
OH-0O(1.891, 149.3/ 2.063, 146.9) and O-HO(2.000, 146.8). The adsorption
geometries for W-Al'' and W-Al' are reported in Figure 5.7a and b. The
measured adsorption energies are -75.5 kJ mol  and -59.2 kJ mol 1 for
W-Al' and W,-Al' | respectively. The interaction with the charged site
rather than a neutral one releases more energy, as it is suppose to be. Nev-
ertheless, the second WM geometry with its triple H-bond ensures a good
energy gain, more pronounced than the one computed in the simple W-A.

Removing a further proton from HNT aluminic layer leads to an ad-
sorption energy of -110.9 and -72.7 kJ mol 1 for W-Al 2 and W,-Al?%
respectively. The major entity of W-Al 2 respect to W-Al' can be due
to the interaction of the WM with two deprotonated groups in place of
only one. In particular there are two donor H-bonds, O-HO(1.796, 152.0/
1.525, 165.9) with the negatively charged hydroxyl groups and one accep-
tor H-bond with the -OH group in -meta position, O-HO(1.598, 176.0).
In W,-AlZ the brst WM retains its previously interactions, OH-O(1.689,
162.4);(1.654, 162.2) and O-HO(1.622, 177.0). The second WM acts as H-
bond donor toward the brst WM, OH-O(2.301, 147.3), and the surface,
OH-0O(1.822, 159.2) and it acts also as H-bond acceptor from a superpb-
cial hydroxyl group, O-HO(1.960, 151.0). The optimized adsorption ge-
ometries for W-Al 2 and W,-Al? are shown in Figure 5.7c-d. The for-
mation of such complex H-bond network remarkably lowers the system
energy. In HNT(AI ¥ ) surface the adsorption energy for one and two
water molecules are respectively -93.5 and -114.1 kJ mdl L. The higher
| .45 Of W-Al 3 with respect W-Al 2 is ascribable to the missing interac-
tion with the third deprotonated hydroxyl group, which in turn becomes
a charge-dipole repulsion factor (Figure 5.7¢e). The two donor H-bonds are
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Figure 5.7: Adsorption geometries for one (a,c,e) or two (b,d,f) WM on the HNT(Al '),
HNT(Al 2 ) and HNT(AI 3 ) surfaces respectively.
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OH-0(1.825, 164.0/ 1.883, 159.5). On the contrary, the third deprotonated
group interacts with the second WM in W »-Al® and increase the adsorp-
tion strength (Figure 5.7f). All the three superpbcial negative charges create
charge-dipole interactions: the Prst WM patrticipates in a donor H-bond
with two of them, OH-O(1.850, 158.5/ 1.692, 170.0), and the second WM
with the last OH-O(1.702,162.2). The remaining interactions are those be-
tween WMs, O-HO(1.819, 163.1) where the brst WM acts as acceptor, and
a further acceptor H-bond performed by the second WM with the surface
0O-HO(1.764, 159.4).

5.4 InfBuence of a charge on the opposite HNT
layer

Something is worth to be remembered from the chapter 3. A chemical
modibcation that create a superbcial charge on one site of the halloysite
affects also the other one. This is clearly shown in the maps of electrostatic
potential of basically all the charged system. Hence a question comes nat-
ural: can a superbcial modibcation on one site of the halloysite affect the
adsorption on the other one as well? In order to answer this question, the
optimized geometries computed for the uncharged systems and reported
in sections 5.2 and 5.3 have been modibed creating a charge on the oppo-
site layer. E.g, a proton on the aluminic surface has been added to W-Si
for evaluating the inRuence on the WM adsorption on a silicic layer with

a positive charge on the aluminic surface. The same procedure has been
adopted for a negative charge. In the outer HNT surface the adsorption
geometries are almost identical to those found in the uncharged HNT. That
is, the distances and angles of equilibrium between the WM and HNT re-
main almost unchanged. An analogous consideration is not extendible
also to a energetic point of view. As a matter of fact, the adsorption en-
ergies, reported in Table 5.2, are slightly inBuenced by the charge on the
opposite layer. The modibcations are indicated adding a O- Modibed sur-
faceO portion to the notation.
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Table 5.2: The BSSE-corrected interaction energies of one or two water molecule on the
halloysite surface in which a charge modibcation is introduced on the opposite site of the
adsorption layer. The adsorption energies for the system with a positive charge modib-
cation are shown in green, while the systems with a negative charge is reported in blue.

I Epgs/ kI mol 71

Surface Single H,0O Double H ,0
Al 1 52.2 I 36.9
Al-(SiH) 1 44,7 I 36.9
Al-(SiOH) ! 66.3 I 54.9
Si (intercalated) 1 16.0 I 25.7
Si (intercalated)-(AIH) 1 25.8 1214
Si (intercalated)-(Al' )  13.9 I 24.3
Si (superbcial) 1111 I 35.0
Si (superbcial)-(AlIH) 16.8 I 445
Si (superbcial)-(Al' ) | 16.4 | 30.4

The orientation of the WM on HNT plays a prominent role. If the per-
turbation on the opposite layer has a sign opposite of the dipole on WM,
then the system energies are lowered. This is the case of the adsorption on
the silicic layer of one water molecule. In the intercalated geometries, the
WM dipole positive end aims at the inner layer, in order to interact with
the hydroxyl group. Thus a positive charge al the Al layer lowers the sys-
tem energy, while deprotonating the opposite layer causes a small desta-
bilization. The opposite situation occurs in the single water adsorption
on the surface, in which the WM is twisted with respect to the previous
case. In the adsorption of two WMs on silicic surface the perturbations
suffered by the H-bond are negligible in the geometry reached starting
from an intercalated position, probably due to the presence of Si-O inter-
action. A slightly different situation occurs when the second WM is added
to the superbcial conbguration. In this case, the Si-O distance elongates
(by 0.0614) or shortens (by 0.064 A)) itself respectively when a proton is re-
moved or added to the aluminic layer, while the other H-bond parameters
do not change signibcantly. In the adsorption of the second WM on the
silicic layer of HNT(AIH) the brst WM moves from a situation in which its
dipole positive portion points toward the aluminic charged surface, to a
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more convenient orientation. The Si-O distance shortening and the latter
factor contribute to lowering the system energy.

In the aluminic layer, the water molecule dipole lays almost parallel
to the surface. Thus the inBuence of a charge is not as predictable as in
the adsorption on the silicic surface. In particular the single WM adsorp-
tion on the inner HNT layer on HNT(SiOH) system has a lower ! j4s€en-
ergy than the one on HNT. Despite the adsorption geometries look very
similar to each other, on the negatively charged surface the WM H-bonds
are debnitely better oriented. All the H-bond distances are shorter, plus
one secondary donor H-bond is promoted to regular H-bond: in detail
0-HO(1.946,164.5/ 1.959, 155.4) and OH-O(1.667, 156.7). The perturba-
tion allows the WM to get closer to the HNT aluminic surface, lowering
the system energy. In the case of a double WM adsorption on the un-
charged HNT, the second WM OstealsO the secondary H-bond as donor
from the Prst and to create a regular H-bond of the same nature with the
second WM. In that conbguration, both WMs have a donor-acceptor H-
bond bridge with the surface, even if they are differently oriented. The
negative charge on the silicic layer forces the second WM to change its ori-
entation on the HNT surfaces by making the second WM dipole look in
the same direction as the brst WM (Figure 5.8).

In this way the brst WM maintains its donor-acceptor bridge with the
surface, O-OH(1.954, 147.4) and OH-0O(1.831, 166.6). The second WM ac-
quires a further H-bond as acceptor involving another hydroxyl group,
0O-HO(2.094, 155.1/1.924, 165.9), while the one used in W-Al as donor H-
bond provider becomes an H-bond acceptor, OH-O(1.682/ 159.8). From
an energetic point of view, the single WM adsorption on HNT(SiH) alu-
minic layer shows an opposite trend respect to the HNT(SIiOH) case, as it
is suppose to be. While the specibcations of the H-bonds as acceptor (both
primary and secondary) from the surface are not so different, the H-bond
as donor is 0.05A longer. This discriminates a higher (not by much) inter-
action energy. Adding a second WM to the previous system restores the
geometry of the uncharged system and so the energy.
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Figure 5.8: Adsorption geometries for one two water molecules on the aluminic layer of
HNT(SiOH)

5.5 Adsorption on HNT surface in presence of a
dipole

There are two possible ways to form a dipole on HNT, as reported in sec-
tion 3.1.4. When the negative charge is carried by the aluminum layer and
the positive one by the silicic surface, the adsorption geometries for both
one and two WM on both sides of HNT do not change so much from the
ones presented in absence of dipole. In fact, W-Al-Al' SiH adsorption ge-
ometry (Figure 5.9a) has an acceptor-donor H-bond bridge that involves
the deprotonated -OH group, O-HO(1.777, 154.2) and OH-0O(1.533, 165.8),
with a ! 445 0f -78.1 kJ mol 1. In W-Si-Al' SiH the species H;O" is gen-
erated on surface and it forms three donor H-bond OH-O(1.637, 169.4/
1.731, 172.6/ 1.725; 176.5), as reported in Figure 5.9c. The 445is -130.0 kJ
mol' 1. When a second WM is added the on Al negatively charge layer, the
acceptor-donor H-bond bridge is still observed (Figure 5.9b), O-HO(1.770,
156.5) and OH-O(1.551, 167.0) and the second WM forms one acceptor H-
bond with the former, O-HO(2.302, 129.0). In turn, the second WM forms
a further acceptor-donor H-bond bridge with the -OH group in -ortho po-
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sition from the deprotonation site, O-HO(1.954, 153.5) and OH-0O(1.805,
161.2). Despite the geometry is quite similar, the energy gain is slightly
lower than W ,-Al-; -49.5 kJ mol' 1. On the silicic surface, W»-Si-Al' SiH
adsorption geometry (Figure 5.9d) has two donor H-bond from H 307,
OH-0(1.691, 173.9/ 1.743, 171.2), which forms a further H-bond as donor
with the second WM, OH-0O(1.457, 176.2). The second WM forms an H-
bond with the surface OH-O(1.830, 153.7). This latter interaction is the
difference between W,-Si-Al' SiH and W »-Si-H from a geometrical point
of view. Nevertheless the energy gain is similar to the one measured on
absence of dipole: -45.6 kJ mol 1.

Another possible dipole conformation on HNT surface can be achieved
when a proton is attached on the aluminic layer of the system HNT(SiOH),
previously described in section 3.1.3. Respect to the prst dipole formation
scenario, here there are some differences in water adsorption geometries.
The ! jgscomputed from W-AI-AIHSIOH is slightly lower than the W-AI-

H one: -74.6 kJ mol 1. The reason of such discrepancies is ascribable to a
more symmetrical adsorption geometry of the WM on the aluminic layer.
While on W-AI-H the WM interacts as H-bond donor with the protons in
-ortho and -meta, here a double H-bond as donor with both -ortho -OH
groups is present (Figure 5.10a), OH-O(1.950, 142.9/ 1.992, 143.1). The
WM also has an acceptor H-bond from the protonated -OH group, O-
HO(1.579, 157.3). Unlike what happens on aluminic layer, on the silicic
one the adsorption geometry and energy are similar to the W-SiOH one.
The! ,4sis almost identical: -60.8 kJ mol' 1. The computed interactions are
two donor H-bonds toward the surface and one as acceptor for the silano-

lic group, OH-O(1.970, 162.1/ 2.117, 160.0) and O-HO(1.747, 160.4), as re-
ported in Figure 5.10c). Adding a second WM on alluminic surface leads to

an energy gain of 27.6 k mof 1. The brst WM keeps its geometry with one
acceptor H-bond from the protonated -OH and a double donor H-bond,
0-HO(1.734, 150.3) and OH-O(1.770, 157.8/ 1.993, 145.1). The second WM
has one as donor and two as acceptor H-bond, OH-O(2.095, 147.3) and
0-HO(2.097, 142.3/ 2.074, 159.7). This systems geometry is reported in
Figure 5.10b. In the silicic surface a second WM does not change so much
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Figure 5.9: Adsorption geometries for one (a,c) or two (b,d) WM on the HNT(Al ' SiH)
surface on the aluminic and silicic layer, respectively.
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the adsorption geometry of the prst, as well (Figure 5.10d). The already

present WM forms two H-bonds as donor OH-O(1.988, 164.5/ 2.069, 147.5)

and one as acceptor from the -SiOH group O-HO(1.755, 170.5). The second
WM forms a donor H-bond with the brst one, OH-O(2.181, 141.9), an ac-

ceptor with another superpcial -SiOH group, O-HO(1.997, 143.7) and one

as donor with the superbcial oxygen atom OH-O(2.067, 150.1). The ad-
sorption energy is -36.9 kJ mol' 1.

5.6 Adsorption on both silicic and aluminic sur-
faces positively charged

Unlike what is reported on previous section, on Al layer the modibca-
tions on the silicic surface do not affects heavily the single WM adsorption
geometries on the aluminic site. In fact, W-AI-AIHSiH shows an acceptor-
donor H-bond bridge, O-HO(1.631, 155.0) and OH-O(1.836, 149.9), as in
the already known W-AI-H system (Figure 5.11a). The measured ! gqsiS
-75.4 kJ mol 1. The same prediction is not applicable to W »-Al-AIHSIH.
Here the WM interacts with the already present species rather than with
the surface (as in W»-Al-H, Figure 5.11b). In detail, the bPrst WM has
the usual acceptor-donor H-bond bridge, O-HO(1.550, 157.9) and OH-
0(1.942, 144.3), plus a donor H-bond with the second WM OH-O(1.770,
176.8). The adsorption energy is less pronounced with respect to the W5-
Al-H one: -46.7 kJ mol' 1. This data conbrms that the interaction with
the surface is preferred over the one between water molecules. When the
single and double water adsorptions happen on silicic surface the geome-
tries (Figure 5.11c and d) are quite similar to W-Si-H and W »-Si-H, but the
| .qs are lower: -164.6 and -59.1 kJ mol ! respectively for W-Si-AIHSiH
and W,-Si-AIHSIH. The reason for such differences could lie in a different
distribution of the electrostatic potential, as reported in section 3.1.5, but
also in a H-bond angle more close to 180j in W-Si-AIHSIH respect to W-
Si-H and a shorter H-bond distances in W »-Si-AlHSIiH respect to W »-Si-H.
In detail, the H 30* species generated in the former system has the usual
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Figure 5.10: Adsorption geometries for one (a,c) or two (b,d) WM on the HNT(AIHSIOH)
surface on the aluminic and silicic layer, respectively.
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three donor H-bond OH-O(1.618, 168.5/1.710 171.0/ 1.828, 171.1). In W-
Si-AlHSIH the protonated WM performs only two H-bond as donor with

the surface OH-O(1.694, 170.5/ 1.732, 175.6), and another one with the sec-
ond WM, OH-0(1.481, 175.0). In turn, the second WM has a donor H-bond
with the surface OH-O(1.966, 142.3).

5.7 Adsorption on both silicic and aluminic sur-
faces negatively charged

W-AI-Al ' SiOH adopts a geometry similar to W-Al ! (Figure 5.12a). It can
be found an acceptor-donor H-bond bridge involving the deprotonated
hydroxyl group, O-HO(1.867, 146.2) and OH-O(1.612, 166.1). The com-
puted adsorption energy is similar to the aforementioned system: -80.5 kJ
mol' 1. In W,-Al-Al ' SiOH the brst WM acceptor H-bond is downgraded
to secondary interaction and the donor one is OH-O(1.581, 171.8). The sec-
ond WM has a donor H-bond interaction with the Prst one OH-0O(2.218,
163.0) and with the oxygen atom in -meta position respect to the deproto-
nated group, OH-O(1.899, 158.5), plus an acceptor H-bond with the one in
-ortho position O-HO(1.854, 160.4). The computed ! ,4sis -83.2 kJ mol 1
and the optimized geometry is reported in Figure 5.12b. For both W-AI-
Al' SiOH and W»-Al-Al ! SiOH the adsorption energies are lower than the
ones computed in W-Al' and W»-Al' , despite their geometries are similar
to the system where there is no negative charge on silicic surface. On the
opposite HNT layer the geometric and energetic differences between W-Si-
Al' SiOH or W ,-Si-Al' SiOH with the simpler adsorption on HNT(SiOH)
system are more pronounced (Figure 5.12¢ and d). In W-Si-Al' -SiOH the
WM is able to interact with two silanolic groups. It forms an acceptor
H-bond with one of them O-HO(1.796, 164.1), in an analogous way to
W-SIiOH. The second silanolic H-bond has a donor nature, OH-O(1.825,
168.7). A further H-bond as donor with an oxygen atom bonded to two
silicon ones is added to the silanolic interaction, OH-O(2.306, 159.2). The
ability to involve a two -SiOH groups (and not just one like in W-SiOH)
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Figure 5.11: Adsorption geometries for one (a,c) or two (b,d) WM on the HNT(AIHSIH)
surface on the aluminic and silicic layer, respectively.
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lowers the system energy to -114.3 kJ mol 1. In W5-Si-Al' SiOH the brst
WM adsorption mode is similar to W-Si-Al ' SiOH. Two donor H-bonds
are present, one with the oxygen atom linked to two silicon ones, OH-
0(2.151, 162.7), and the other toward a silanolic group O-OH(1.814, 170.0).
The acceptor H-bond with the -SiOH portion is O-HO(1.915, 162.7). The
second WM only has a single donor H-bond with the brst one OH-O(1.977,
177.6). The adsorption energy is -33.9 kJ mal 1, a value compatible with
the ones observed when the second WM interacts with just the already
present one.

5.8 Brief conclusions

The adsorption of one or two water molecule on halloysite different struc-
tures has been investigated. The behaviour of such a small molecule is,
in some cases, totally different from the one observed for the corrosion in-
hibitors. Despite the greater hydrogen bonds number reached in the alu-
minic layer, there in no guarantee that the inner layer adsorption would
be preferred over the outer one. In particular, the formation of the H 30
species on a positively charged silicic surfaces lowers the system energy
in a way that the analogous aluminic version can not reach, even with the
most widespread H-bond network. A representative example is provided
by W,-SiH,,p and W,-AlH ,,p. In the former the formation of H 30" oc-
curs twice on two separate sites, while in the latter there is an extended
H-bond network. The measured adsorption energies differs for 120 kJ mol
' 1in favour of W ,-SiH,,p. The gap is reduced for the single WM adsorp-
tion on these systems. But also in a milder acidic environment, in which
the plausible HNT structure are HNT(SiH) and HNT(AIH), a single WM
rather adsorbs on the silicic layer. When a second WM is added energy
gain provided by W »-AlH is slightly more pronounced that W »-SiH. Nev-
ertheless the sum of the energy gain of both W-SiH and W ,-SiH is still
more negative than the sum of W-AIH and W »-AlH. Thus, considering
the whole double adsorption process, it can be concluded that the adsorp-



108 Chapter 5. Water adsorption

Figure 5.12: Adsorption geometries for one (a,c) or two (b,d) WM on the HNT(Al ! SiOH)
surface on the aluminic and silicic layer, respectively.
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tion on a positively charge HNT surface rather occur on the silic layer.
Analogous argumentation could explain the stability order in the single
protonation on both layer, in HNT(AIHSIH) system. On a neutral HNT
surface the stability trend starts to change. The aluminic layer shows a
more pronounced ! ,q4sfor both single and double WM adsorptions than
the silicic one. And the same happens also for the negative charged sys-
tems HNT(SiOH) and HNT(AI ' ). The energy gain provided by the hydro-
gen bond and H-bond network on the inner surface ensures more stability
than the one provided by the outer layer. Unfortunately, this trend is no
longer reliable on a halloysite surface that carries more negative charges
or in presence of a dipole. To be fair, a Pxed point is that the H 30* forma-
tion lowers the system energy, e.g. on HNT(AI ! SiH) dipole conbguration.
But beyond that, the stability order has to be evaluated on a case-by-case
assessment. An important conclusion from the analysis of a single and
double adsorption must be empathized: a water molecule prefers to in-
teract with the surface rather than with another WM. The energy released
when the second WM interact directly with the HNT is bigger than the one
released when it interacts with an already-adsorbed WM. Extending this
argument to a wider halloysite nanotube portion it could be found that a
larger number of water molecules could be arranged all over the surface,
rather than interacting with each other.

This facts lead to the hypotheses that the stability provided by the wa-
ter molecule in the halloysite structure could be ascribable to random and
small energy gain all over the nanotube rather than specibc interaction on
a single site. Last but not least, in section 5.4 it has been evidenced that a
charge on the opposite layer of the WM adsorption site could inBuence the
process in some cases. This phenomenon could actually have a fundamen-
tal part in the interlayer spacing tuning that occurs in acidic and alkaline
environment. In order to conbPrm these hypothesis an investigation on
a bigger system is required. The investigation conducted on the cluster
model based on the density-functional theory has been useful to under-
stand the atomistic detail that lead the water molecule adsorption and to
provide a information on the preferential adsorption site. The systems
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investigated could also be the starting point to carried out further investi-
gations on smart materials design, when their synthesis require different
chemical environment than the uncharged HNT exploited in chapter 4.



Chapter 6
DFTB parametrization

The tight binding density functional (DFTB) theory method is a conve-
nient approach when systems are formed by large molecules or a large
number of small molecules, and it substitutes the semiempirical methods
based on Hartree-Fock theory. DFTB characteristics made it also a valid
alternative to perform molecular dynamics simulations.

The theoretical details of the DFTB approach have been presented in
section 2.3.1. The crucial pointin a DFTB calculation is choosing the proper
set of Slater-Koster parameters (sections 2.3.2 and 2.3.2). Dedicated set of
SLAKOs exist for some applications, as the 30B (and its extensions) and
the MATSCI sets. The former is committed to the studies on organic and bi-
ological molecules since it includes the parameters for the most recurrent
elements in this beld. The latter is applied to material science. As a matter
of fact it has already been encountered in section 2.4 for the construction
of periodic models of the halloysite nanotube. [108]

The models above have been able to reproduce the geometrical and
structural HNT features, and a portion cropped from this periodic nan-
otube has been used to investigate adsorbate-substrate interactions useful
in designing smart HNT nanomaterials. In the conclusion of chapter 4, it
has been proposed that further investigations on a bigger model should
be a path to follow in future studies, in order to analysing the adsorbate-
adsorbate interactions that can be important in the HNT-nanocomposites.

111
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In this optic the DFTB capacity of treating systems with a large number
of atoms is certainly an added value. Unfortunately none of the existing
SLAKO sets include the elements needed for the study of the interaction
between HNT-nanocomposites and organic species that contain nitrogen
or sulphur atoms that are abundantly present in HNT hybrid nanomateri-
als. The 3B set does not have neither the aluminium nor silicon SLAKOs,
and the MATSCI misses all the terms for the sulphur atom and the SLAKO
for AI-N and N-Al atom pairs. The solution could be both expanding the
former or the latter set. Since the MATSCI parameters have already been
used in the creation of the HNT model it was chosen to enlarge this set,
including the sulphur-related, Al-N and N-Al SLAKOs and those of H, C,
N, O, Al and Si elements. The DFTB parametrization was conducted in
Cardiff University working in Stefano LeoniOs group.

6.1 DFTB parametrization

As reported in section 2.3.2, the SLAKO Pbles can be be roughly divided
in two parts: one for the attractive and one for the repulsive energetic
contribution. For the MATScCI set, the former are derived through the rlcao
software and stored into a grid at the beginning of the SLAKO, while the
repulsive part of the SLAKO is expressed both via a spline or a polynomial
ptting. Thus in order to proper extend the MATSCI set, rlcaoand a btting
procedure for at least one of the two aforementioned methods is required.

The brst step in DFTB parametrization is the creation of the attractive
part. This task consists in reproducing the Hamiltonian and overlap inte-
grals values for every distances reported in the existing MATSCI SLAKOs.
While for the sulphur-related Slater-Koster Ples, it is required a proper
tuning of the conPnement radius in order to better reproduce the proper-
ties of the selected btting system (FS). The second step in the parametriza-
tion process is the btting procedure itself. In order to do so, the same FSs
as the ones present in the existing SLAKOs are needed to be used. The
sulphur-related SLAKO btting systems have been chosen coherently with
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the existing FSs of the others atom-pairs Slater-Koster bles, and these will
be better described in the following sections. The FSs are reported in the
supporting information at the end of every SLAKOs. In principle, the best
parametrization occurs when the investigated system and the FSs are the
same. Thus in order to reproduce the HNT nanotube model, a btting sys-
tem of the whole nanotube would be required. Of course this is not a smart
and desirable way to proceed. There is an important consideration that
has to be made when the FSs are chosen. The error on the parametrization
of one SLAKO is affected by the errors of all the SLAKOs in its FS. In this
optic, the FSs chosen inMATSsCI set are made up of the minimum number
of atoms needed to reproduce a bond in a stable molecule. There are some
exceptions to this rule that can be found in the MATSCI documentation at
the end of each ble.

6.1.1 Repulsive potential btting

Fitting the repulsive potential needs one or more molecular properties to
be used as reference, like equilibrium distance, dissociation energies or
reaction enthalpy. In our case the chosen molecular property is a curve
representing the system energy in function of the bond distance of the
atom pairs that is being parametrized. In details, the btting procedure
used consist of the following points:

1. create a temporary SLAKO with rlcaosoftware in which only the at-
tractive contribution energy is present

2. use this temporary SLAKO to generate the bond distance vs system
energy curve for the desired atom-pair in a DFTB calculation

3. generate the same curve with a reference calculation method that
includes the repulsion contribution

4. bt the DFTB curve and the reference curve via polynomial btting or
a spline

5. compare the two curves
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With respect to the pure MATSCI set, some variations were made. In
this work the software used for creating the reference curve is Gaussian09,
unlike the MATsScI SLAKOs where deMon was used. Another difference
is the basis set and the functional for FSs calculations. In MATSCI the basis
set and functional chosen are DZVP and PBE respectively, while in this
work the cc-pVTZ basis set and the B3LYP functional are used. The ricao
specibcations for creating the attractive potential grid remains the same as
in the MATSCI parameters. In particular the conbnement radius values are
kept as similar as possible respect to the original SLAKOs. The Hamilto-
nial and overlap integral grid is created with the aim of reproducing the
MATSCI one.

Another important difference is the way in which the repulsive con-
tributions are evaluated. In particular, the spline creation tool is a home-
made software originally provided by Dr. B &lint Aradi from the Bremen
University. As a consequence the repulsive potential cutoff values (r cut, as
debned in section 2.3.2) are not necessarily the same as the ones chosen
in MATSCI parameters. Hence, even if the attractive part is kept almost
pristine respect to the original SLAKOs, their repulsive parts are totally
different. In other words, the addition of the sulphur and sulphur-related
Slater-Koster bles as well as Al-N and N-Al SLAKOs requires the creation
of a new and coherent set of parameters, even if the attractive part is actu-
ally the same as the original MATSCI set.

In this work a particular relevance was given to the selection method
of the right spline cutoff values. In order not to groping in the dark and
proceeding systematically, it was created a spline optimization tool for
searching the best cutoff value in an automated way. In particular, differ-
ent splines were generated varying the r ¢yt values in specibc ranges that
depend on the atom pairs. The curves of the system energy versus the
bond distance for the DFTB calculations were created from these different
cutoff values and compared to the reference DFT curve.

For all the aforementioned reasons the following parametrization pro-
cedure is not just an extension of the MATSCI set. The purpose of the in-
vestigation reported in this chapter was to create a set of SLAKO and to
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provide a modus operandio further improve the parametrization proce-
dure. The DFTB calculations in this chapter are performed thought the
software DFTB+. [148]

6.1.2 H-H Slater-Koster ble

The creation of the modibed and extended MATSCI (me-MATSCI) parame-
ters starts with the hydrogen-hydrogen Slater-Koster ble. This particular
SLAKO plays a crucial role in the creation of all the others SLAKOs. As
pointed out in the previous section, the errors made on the H-H atom pair
are going to affect all the others btting systems. Since most of the FSs have
at least one hydrogen atom in their structure, if this parameter is clumsily
created, the whole set will result compromise.

The attractive grid of the H-H pair SLAKO is the same as the original
MATSCI. After the spline r ¢yt optimization process, the repulsive potential
cutoff value is set at 2.400Al. The me-MATScI and reference DFT curves of
the system energy in function of nuclear distance are reported in Figure
6.1. In the same Figure is presented a comparison between the existing
parameter MATSCI and 30B. The reference DFT curve was shifted at the
same energy level of the me-mMATsCI and 30B ones, while the curves ob-
tained with the DFTB different parameters are kept pristine. The shifting
of the DFT reference curve will be used also in the visualization of the
others SLAKOs parametrization.

Some important informations can be derived from this comparison.

1. the repulsive potential formulation has a key role in tuning the shape
of the curve and the energy values before the spline cutoff radius.

2. the equilibrium distance is also affected by the spline formulation
(not so much in this particular case, more in others)

3. the energy value after the r¢y; does not depend on the repulsive po-
tential, but only from the attractive part
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Figure 6.1: Curve of Energy in function of the internuclear distance in H , molecule. In
violet the reference curve, in green the curve obtained with the me- MATSCI parameters,
in light blue the one obtained with the 3 0B parameter set and in orange the curve for the
pure MATSCI SLAKOs.
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4. the me-MATSCI equilibrium energy minimum for the H 5, molecule is
really close to the 308 one

The last point is indicative of the fact that the repulsive potential for-
mulation is actually a discriminant component of the energy curve value
near the equilibrium position. In fact, even if the 3 0B and the me-MATSCI
SLAKOs have a totally different attractive part, the me- MATSCI spline for-
mulation allows to obtain an energy curve comparable to the 3 0B one. On
the contrary, the me-MATSCI energy curve behaviour after the r ¢yt value
is identical to the pure MATscCI. Furthermore, in the region before the r ¢t
value, the reference H, molecule energy curve has a trend that is different
from both the 3 0B and pure MATSCI and very similar to the me- MATSCI
one. These featurescob make the latter SLAKO an improvement respect
to both the already existing H-H parameters. Nevertheless gaining only
one good SLAKO is just a little quantum of solace. In order to creating a
full set, all the Slater-Koster bles have to provide good results in the ap-
plication on more complex systems. With this informations in mind, the
parametrization can proceed with more atom pairs whose reference sys-
tem is made up of diatomic o triatomic molecule.

6.2 SLAKO with diatomic and triatomic
molecules as reference systems

Uncharged and stable diatomic and triatomic molecules exist for a large
number of atom pairs also at room temperature. In the me- MATSCI para-
metrization the guiding line is to use molecules with less atom as possible
as reference btting system, in order to minimize the errors due to using
more SLAKO than the ones necessary to describe a bond. Naturally, this
assumption can be a source of error itself, being the chemical bond in the
real system often hardly comparable to the one in the FSs. Still, choosing as
FS a diatomic or triatomic molecule allows a faster parameters optimiza-
tion and locks out possible source or errors. Eventually this can be used
as a starting point to further improve the repulsive potential pbtting, for
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example with multiple FS structures as references. This latter observation
is going to be a topic of future investigations.

The diatomic species used as btting system for the me-MATSCI parametriza-
tionare O, No, S, P,, Sb, CO, AIP, AIN, NO, PN SO and SN, the triatomic
one are CS and SiS,. While for the diatomic species the curve that has to
be btted corresponds to the energy variation with the internuclear dis-
tance, in the triatomic molecules the procedure is slightly different. Rep-
resenting the triatomic molecule with the generic formula AB,, the two
bonds A-B are incremented by the same amount at the same time. Then
the energy values are divided by two and reported in graph as a func-
tion of the A-B distance. This method guarantee the isolation of the single
energetic contribution due to an A-B bond. The procedure just described
(with the opportune variations) is going to be adopted also in more com-
plex reference systems like Al(OH) 3 for the Al-O parametrization. The
curve presented to evaluate the goodness of the procedure is referred to
the whole FS and not just the parametrized bond.

As an examples in Figures 6.2 the energy curve for the diatomic mole-
cules N, and O, are presented. The curves for all the others atom pairs
can be found in Appendix B.

The btting on diatomic and triatomic species is in good agreement with
the reference system. But a particular case needs further attention: the S-S
and sulphur-related SLAKOs, and it will be the argument of the section
6.5. The best cutoff value for the SLAKO in this section are reported in
Table 6.1.

Itis worth noting thatthe r ¢ is usually shorter than the sum of van der
Waals radii of the atom pair. Besides, during the parametrization process
it appears clear that, if the r ¢yt is forced to be an higher or lower value as it
is supposed to be, great deviations from the reference curve are registered
not only in the modibPed SLAKO, but also in all the others connected to it.
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Figure 6.2: Curve of Energy in function of the internuclear distance in (&) N , and (b) O»
molecules. In blue the reference curve, in green the curve obtained with the me- MATSCI
parameters.
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Table 6.1: Cutoff values for the me- MATSCI SLAKOS

Atom pair reut(A)  Atom pair reut (A)

Al-Al 3.100 C-C 2.800
Al-Cand C-Al 3,500 C-HandH-C 2.300
Al-Hand H-Al  2.300 C-Nand N-C 1.940
Al-Nand N-Al 2380 C-OandO-C 2.450
Al-Oand O-Al 2.220 C-PandP-C 3.250
Al-P and P-Al 2340 C-SandS-C 2.600
Al-S and S-Al 3.000 C-Siand Si-C 3.380
Al-Siand Si-Al  3.700

H-H 2.400 N-N 2.540
H-N and N-H 2.330 N-Oand O-N 2.420
H-O and O-H 1.950 N-PandP-N 2.690
H-P and P-H 2.480 N-SandS-N 2.640
H-S and S-H 2.740 N-SiandSi-N  2.200
H-Si and Si-H 2.780

0-0 1.879 P-P 2.880
O-P and P-O 3.490 P-SandS-P 3.300
O-Sans S-O 2.600 P-Siand Si-P 3.600
O-Siand Si-O 2.000

S-S 3.060 Si-Si 2.140

S-Siand Si-S 2.500
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6.3 Hydrogen atom pairs with other element

As stated in the previous sections, the SLAKOs containing an hydrogen
atom as member of the pair have a key role in DFTB parametrization. The
choice of the convenient FSs are rather easy. Hence, the molecules used as
reference are AlH3, CH4, NH 3, H,0, PH3, SH, and SiH4. The parametriza-
tion of these SLAKO usually proceeds in good agreement with the FS en-
ergy curve. Unfortunately, there are some exceptions: the Al-H and Si-H
atom pairs (Figure 6.3).

In AIH 3 the the equilibrium bond distance computed with the DFTB
method is 1.100 Al while in the reference DFT calculation 1.340 Al and the
curvature is more pronounced in the DFTB system. In SiH 4 the equilib-
rium distance is quite accurate (1.520 and 1.490A! in DFTB and DFT cal-
culation respectively) but the curve is not smooth in the region before the
equilibrium. These errors are probably due to the necessity of adjusting
the conPnement and the cutoff radii of the silicon and aluminum atoms in
order have a better match with the btting system curves.

6.4 SLAKO with small molecule as reference sys-
tem

In this category are included all the others FSs and SLAKOSs, except for
the sulphur-related term that will be described in the next section. The
molecules chosen as reference have in their structure at least one bond
between the atom pair that is subject to parametrization. For atom pair
capable of single or double bonding with each other (e.g. N-N and C-
C) only the single bond is parametrized. This choice will probably hin-
ders the adaptability of the me- MATSCI to certain systems where multiple
bonds are present and will require caution in their application. Further
evaluations are going to be made in section 6.6. On the other hand, the
C-H and N-H SLAKO are able to reproduce the curvature of the FSs both
in its shape and equilibrium position. During the parametrization proce-
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Figure 6.3: Curve of Energy in function of the internuclear distance (a) Al-Hin AIH 3 and
(b) Si-H in SiH 4 molecules. In blue the reference curve, in green the curve obtained with
the me-MATSCI parameters.
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Table 6.2: Reference systems with more than three atoms used in the me-mMATsCI SLAKOs
parametrization.

Atom pair Reference structure
Al-Al H SAI-AIH
Al-C and C-Al H ,AI-CH 3
Al-O and O-Al Al(OH) 3
Al-S and S-Al H »AI-SH
Al-Si and Si-Al H 2AI-SiH 3
c-C H3C-CH3
C-N and N-C H 3C-NH»
C-P and P-C H3C-PH,
C-Siand Si-C H3C-SiH3
N-Si and Si-N H »N-SiH 3
O-P and P-O P(OH)3
O-Siand Si-O H3Si-O-SiH3
P-S and S-P HP-SH
P-Si and Si-P HP-SiH3

dure, the only bonds subject to variation are the ones that are going to be
parametrized, while all the others remain bxed at the position established
by the reference structure. The molecular species chosen as btting system
as well as their energy curves are reported respectively in Table 6.2 and
Appendix B.

Most of the DFTB calculations show a very good agreement with their
reference systems. Nevertheless there is still room for improvement. A
recurrent anomaly is the behaviour of the system after the cutoff radius,
this is the case of Al-S, C-N, and Si-N atom pairs. In the brst two cases the
trend after the r ¢yt IS not smooth, while in the latter case it seem that the
DFTB method overestimates the system energy. Another two atom-pairs
have shown not a particularly good btting results with their reference sys-
tems, and both of them involved the aluminium element: Al-Si and Al-Al.

In the former the equilibrium distance of the reference system computed
at DFTB level is in good agreement with the DFT calculation, but after this
point the system energy is systematically overestimated, the E(r) curves
for these atom pair are reported in the Appendix B. The curve for the Al-
Al parametrization system is unable to reproduce the curvature and will
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require further adjustment in the future. The reasons behind this failure of
the Al-Al atom pair could probably lie in using just one structure as refer-
ence. In fact, in pure MATSCI set also the dimer Al is exploited to create
the repulsive potential. In me- MATSCI case, using the dimer as FS results
in an even worst SLAKO performance.

6.5 Sulphur-related SLAKOs

The sulphur atom and its related atom-pairs are not yet included in the
MATSCI set. Sulphur-containing molecules are present in numerous nano-
composite and even the sulphur element can have a structural and deter-
minant role in a wide range of materials. Hence, it appears clear that the
creation of a SLAKO set that includes this element and its related pairs
among the most popular already present in MATSCI set, could result a
valuable idea to extend the DFTB calculation method to a wider number
of systems.

The brst step in the parametrization of this element is the S-S SLAKO
creation. In order to do so, a btting system must be chosen, as usual. The
most representative solid sulphur allotropic formisthe S g structure, which
is arranged in a ring shape. Unfortunately the construction of the energy
curve respect to the variation of any S-S bond is limited to a very short
range of existence, since it was found that the ring structure allows only
slight geometrical perturbations. Hence the diatomic molecule S , was cho-
sen as FS and the repulsive potential cutoff radius was set at 3.06A (Figure
6.4a).

The agreement with the FS is good enough regarding the equilibrium
position and the distances shorter than this point. For internuclear dis-
tances longer than the cutoff radius the energy computed with the me-
MATSCI is systematically underestimated respect to the FS. In particular
the DFTB calculation energy data reach a plateaux, while the reference
DFT ones keep rising. This behaviour is not unusual and it is already
seen in Hy parametrization. Low-entity differences with respect to the
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Figure 6.4: Curve of Energy in function of the internuclear distance (a) S-Sin S, (b) S-H
in SH2, (c) S-Cin CS$ and (d) S-O in SO. In blue the reference curve, in green the curve
obtained with the me- MATSCI parameters.
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reference curve are observed in the region between the equilibrium dis-
tance and r¢y:. This fact leads to the possibility of obtaining a even better
S-S SLAKO after some improvements, in future developments. The at-
tractive part was build in the analogous way of all the previous SLAKOs.
The best r.yt was chosen according to the systematic optimization pro-
cedure described in section 6.1.1. In particular the energy scan was cre-
ated for 150 rc¢ starting from 1.5 Al to 4.5 Al Hence the other way to
further improve this SLAKO performance should relies in changing the
attractive part. Unfortunately, once it is changed also the attractive part
in all the other sulphur-containing SLAKOs will be affected, due to the
way in which the rlcaosoftware create these contributions. Furthermore,
the energy curves generated with the S-H, S-O ad S-C (Figure 6.4b,c and
d, respectively) SLAKOs are considerably in very good agreement with
their own btting systems. Hence it seems that performance of the S-S
parametrization has reached its limit. The remaining SLAKOs S-Al, S-N,
S-P and S-Si are shown in Figure 6.5.

The Prst of this list has already been discussed in the previous section.
Its low performance could be also addressed to an amendable Al-Al pa-
rameter as reported before. All the others SLAKOs are in good agreement
with their btting system, especially at distances shorter than the selected
cutoff radius. These data suggest that the S-S SLAKO is built with a sat-
isfactory balance between its conPnement and cutoff radii. As a matter of
fact, the attempts made with different conbnement radius in S-S SLAKO
lead to a bad parametrization for all the sulphur-related terms. There is
small room for improvement for the sulphur-related SLAKOs, but the ma-
jor reason for the failures should be addressed to a more wide error dis-
tribution of low entities, rather than a single SLAKO parametrization. For
example, the cutoff radii of the elements involved frequently in the btting
system structures, like oxygen and hydrogen related terms, could need
further adjustment in order to reach a better performance of the whole
me-MATSCI set.
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Figure 6.5: Curve of Energy in function of the internuclear distance (a) S-Alin H »Al-SH,
(b) S-Nin SN, (¢) S-P in H,P-SH and (d) S-Si in Si$. In blue the reference curve, in green
the curve obtained with the me- MATSCI parameters.
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6.6 Brief conclusions

A full set of Slater-Koster bles is created by means of ricaosoftware. The
SLAKO repulsive potential is btted through a spline that is built apply-
ing an in-house optimization tool in order to bPnd the best cutoff value
in an automatic way. In particular, the SLAKOs attractive contributions
are chosen to be the same as the ones in thewATscI set that have been
proved their effectiveness in several material science applications. On the
other hand, the bttings of the repulsive contributions are expressed with
a different splines formulations respect to the MATSCI set. In addition the
sulphur atom and its related terms are not present in the MATSCI set, but
they are included in the new SLAKOs as well as those of H, C, N, O, Al and
Si elements. These facts imply that the new set of parameters is a modibed
and extended version of the MATSCI one, thus it was called me-MATSCI.

Thanks to the application of the spline cutoff optimization tool, once
the attractive part is dePned, the parametrization procedure can be con-
ducted in a fast but also meticulous way. A good agreement between the
DFTB calculations and the reference DFT ones is reached for most of the
analysed systems. The failures can be addressed to three possible sources
of error. A wrong choice of the conPnement radius could debnitely af-
fect the parametrization of all the SLAKOs related to a certain element.
The guarantee of not being stumbled into this error is provided by the
fact that the attractive part of the SLAKOs are the same as the already
tested MATSCI. The problem could arise for the sulphur-related SLAKOs.
In this case the goodness of the cutoff radii choice is proved by regular and
smooth behaviour of energy curve generated both by the S-S and sulphur-
related SLAKOs.

A second source of error could lie into a non convenient choice of the
cutoff radii of the elements that constitute the btting system. There could
be the necessity of tuning the cutoff value of some recurrent element-pair
in the btting system (e.g. the H-H atom pair) in order to better bt the whole
set of parameter. The third source of error is related to the btting proce-
dure itself and cannot be easily controlled. As a matter of fact, the DFTB



6.6. Brief conclusions 129

parametrization process is based on bPnding the best conPnement radius
for the attractive contribution and the best cutoff radii for the repulsive
potential. Focusing on the last point, Pnding this best value for a certain
SLAKO does not automatically imply that this is the best for describing
every chemical environment in which that atom pair could be found. The
rcut Value is chosen in order to better reproduce the properties of the pbtting
systems. In this optic the third and major source of error lies in a restricted
number of FS per SLAKO. For example, if two elements are capable of
forming multiple bond, it will be appropriate using at least as many FSs
as the type of bonding (e.g. C-H should require at least three reference
structures).
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Chapter 7
General conclusions

The halloysite nanotube is a clay material abundantly exploited for both
scientibc and industrial applications thanks to a variety of chemical-physical
peculiarities. The main difference from the others nanotube is that the
HNT possesses a different chemical environment in its inner and outer
layer. This leads to the possibility of discriminating the preferential site
of adsorption of certain species on the HNT layers. From the point of
view of the nanomaterial synthesis, this simple property by itself should
be enough to justify the signibcant role of the HNT as substrate for a wide
range of applications. In addition the properties of HNT layers modiped
by changing the pH.

The structural characterization and the substrate-adsorbate interactions
are not detectable with the ordinary laboratory techniques at an atomistic
level. Still, a profound knowledge of the structural modibcation after a
change in the pH could be determinant in HNT applications as well as
the understanding of leading factors of the substrate-adsorbate interac-
tions could be an enormous added value in the synthesis of new HNT
nanocomposites.

The computational investigation of the halloysite nanotube structural
forms in different pH took place onto a portion cropped from a periodic
HNT model obtained via a DFTB calculation. The cropped model was
chemically modibed by creating different superbcial charges. The ener-
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getic aspects of these processes were evaluated and the informations col-
lected allowed to determine the stability order and the HNT structures
when some charges are present on their layers.

It turns out that the preferred protonated site in an acidic chemical en-
vironment is the aluminic surface which is slightly more stable than the
silicic counterpart. At pH value even lower, three possible scenarios could
occur: a double protonation on aluminic or silicic layer and a single pro-
tonation on both the HNT surfaces. The double protonated aluminic layer
system is the most energetically favoured among the three. The double
protonated silicic layer occupies the second position in the stability order,
being slightly more stable than the system in with both layers are proto-
nated once. In other words, in case that the brst protonation occurs on the
alluminic layer in a mild acid environment, the second protonation will
follow on the same side if the pH is lowered. On the other hand, in the
case where the brst proton was attached on the silicic side at mild acidic
pH, the second protonation can occur both on silicic or alluminic layer,
with very similar energetic aspects, in strong acidic environment.

The most stable system in which there are opposite charges on the
HNT surface shows a potivite charge on the aluminic layer and a nega-
tive charge on the silicic layer. The negative charge formation happens via
the creation of silanolic group after the reaction of the surface with water
molecules. The other dipole conbguration sees the HNT layers carrying a
charge of opposite sign with respect to the aforementioned system.

In a mild alkaline environment a negative charge could be present on
one HNT layer and this phenomenon occurs most likely on the silicic layer
via a silalo formation rather than with a deprotonation of the aluminic
layer. Keep raising the pH value, a double negative charge is better han-
dle by the HNT system sharing the extra charge on both surfaces. Further-
more, An important element found during the structural HNT investiga-
tion is that the charge carried by one layer affects also the other one.

Once the structural investigation has been completed, the study of the
interaction of molecules of technological interest with the halloysite nan-
otube started with the adsorption of corrosion inhibitors. The selected
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species contains in their structure both an aromatic and a chelant por-
tion. Hence their HNT-nanocomposite analysis could provide useful in-
formation not only on this specibc HNT-nanocomposite class, but also
the composite of those molecules that contain at least one of the afore-
mentioned chemical group. In particular the investigation conducted was
aimed at the design of self-healing HNT-nanomaterials for corrosion inhi-
bition. Six Cl molecules were selected; among them, 1,2,3-Benzotriazole,
8-Hydroxyquinoline, 2-Mercaptobenzimidazole, 2-Mercaptobenzothiazole
have already proven to be efbcient species to create HNT-nanocomposite
useful in corrosion inhibition. After the observation of these Cls interac-
tion with the HNT, other two Cls were proposed as possible candidates,
the Quinaldic Acid and Salicylaldoxime. All of the Cls prefer the adsorp-
tion on the HNT inner lumen because of the hydrogen bond networks
generated by their chelant portion with the aluminic surface. The selected
corrosion inhibitors have different conformation due to the presence of
intra-molecular bond. Thus, the conversion from the most stable Cl geom-
etry in the void to the most stable Cl adsorption geometry has been taken
into account. The adsorption on the silicic layer does not reap the benebts
of the hydrogen bond energetic contribution. As a result the adsorption
energy on this layer are due only to the weak dispersion forces.

In order to conbrm the hypothesis derived from the computational
investigation, an experimental study on the Quinaldic Acid/HNT and
Salicylaldoxime/HNT nanocomposites were conducted. The computed
adsorption energies for QA and SA were respectively -83.1 and -74.4 kJ
mol' 1, considering the energy contribution for the conformation conver-
sion. Notwithstanding the small difference in the ! ,45between the two
Cls-HNT composites, the TGA analysis reveals that the QA loading ca-
pacity is six times bigger than the SA one. The explanations behind this
phenomenon was provided by DSC analysis and the Freundlich bt of UV-
Vis adsorption isotherms: The SA adsorbs on the HNT inner lumen by
forming a monolayer, while the QA is able to create a multiple-layer ar-
rangement. The data collected conbrm that the computational study con-
ducted of the HNT model is a valuable tool in a HNT nanomaterial design,
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capable of providing useful information regard the substrate-adsorbate in-
teractions that lead to stable and efpcient HNT nanocomposites.

Moving forward, the modibcation of the halloysite surface via pH chan-
ges is a process exploited in numerous HNT-nanomaterial synthesis. In
this scenario the molecules of interest are required to interact with charged
HNT surface in presence of water. Furthermore two water molecules pro-
vide structural stability to HNT-10 Al In this optic the investigation on
the adsorption of two WMs on HNT surface lay the groundwork for any
other study on HNT-nanocomposite synthesized at non-neutral pH envi-
ronment.

The WM does not have a preferential layer of adsorption valid for ev-
ery HNT structure. In low pH solutions the WMs adsorption better occurs
on the HNT outer layer. As a matter of fact, the formation of the H ;0%
species on the positively charged silicic layer make the system in which it
is present far more stable than their analogous version on alumininc layer.
In neutral pH environment this latter surface show a more pronounced ad-
sorption energies due to the stabilization provided by the hydrogen bonds.
Raising the pH value or in presence of a dipole, the stability order has to be
determined on a case-by case basis. A recurrent event is recorded during
the investigation: the second WM rather adsorbs on the surface instead
of interacting with the already-present WM, even when there is no inter-
molecular interactions between the two water molecules. These facts let
speculate on the possibility that the stability provided by the WM to the
HNT structures is due to a large number of small and random interac-
tions rather than a specibc one on a single site. In the end the effect of a
charge of the opposite layer on the adsorbed WM has been investigated.
It turns out that this phenomenon could actually provoke some impor-
tant changes in the WM adsorption energy and hence could be also the
reason behind the tuning capacity of the HNT inner lumen and interlayer
spacing that occurs in different pH environment. Still, in order to conbrm
this hypothesis, calculation on a bigger model is required. Another rea-
son why it is worthwhile using a bigger model relies in the evaluation of
the adsorbate molecules interactions with themselves that actually play a



135

determinant role in HNT material design, as seen in the HNT-Cls nano-
materials case. Unfortunately the DFT method is not capable of providing
the desired informations on a system larger that the model used without
being extremely computational demanding. The most promising alterna-
tive is the DFTB method that has been already exploited for the construc-
tion of the periodic HNT models along with the MATscI SLAKOs. The
crucial point in a DFTB calculation is chosing the right set of parameters.
The MATSCI set does not include the AI-N and N-Al terms as well as all
the sulphur related SLAKOs. Crafting a set of parameter was the topic
of the project conducted at Cardiff University working in Stefano LeoniOs
group. In particular the MATSCI set was modibPed and extended in order
to include the aforementioned missing terms. The attractive energy con-
tributions remain the same both in the MATscCI and in the new me- MATSCI
sets. The best cutoff values for the repulsive potential are found thanks to
the application of a spline in-house optimization tool. This solution is part
of a tailored made parametrization process capable of providing a new set
of parameters in a fast but also meticulous way. As a matter of fact, the
comparison between the system chosen as reference and the DFTB calcu-
lation performed with the me- MATSCI proved that the two methods are in
good agreement with each other and that, in some cases, the application
of the me-MATSCI set provides better results than the already existing pa-
rameters. The spline optimization tool can be further modibed to include
multiple btting systems as references of the repulsive potential, enhancing
even more the performance shown by the me-MATSscCI setin future studies.
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Appendix A

Corrosion Inhibitors Appendix

In this Appendix are shown the adsorption geometries of those corrosion
inhibitors conbgurations not included in chapter 4. The conbgurations
and the H-bond specibcations are labelled in the same way presented in
chapter 4 and schematically reported in the bPgures captions. The surface
in which the adsorptions take place are pointed out with a dash O-O fol-
lowed by OsilicicO or OaluminicO.
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Figure A.1: (a) pl IQa - Silicic, (b) pp 1Qa - Silicic; OH-O(2.111, 161), (c) pp IQb - silicic;
OH-0(3.007, 163), (d) pl IQa - aluminic; OH-O(1.928, 148), O-HO(3.066, 146/2.060, 136),
N-HO(2.730, 133/2.384, 139), (e) pp IQa -aluminic; OH-O(1.747, 156), O-HO(2.004, 136),
H-bond N-HO(2.770, 149/2.167, 170) and (f) pl 1Qb - aluminic; O-HO(2.063, 176), N-
HO(2.416, 152).
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Figure A.2: (a) pl MBIa - silicic, (b) pl MBIb - silicic; NH-O(2.626,146), SH-O(1.500,
161), (c) pp MBIb - silicic, (d) pl MBla - aluminic; N-HO(2.205,150), SH-O(1.867, 157),
S-HO(2.480, 146), (e) pl MBIb - aluminic; N-HO(2.267, 156) and (f) pp MBIb - aluminic;
NH-0(1.735, 175), SH-O(2.037, 161).
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Figure A.3: (a) pl MBTa - silicic, (b) pl MBTb - silicic, (c) pp MBTb - silicic, (d) pl MBTa

- aluminic; N-HO(2.189, 160/2.665, 162), SH-O(1.834, 157), (e) pl MBTb - aluminic; N-
HO(2.315, 143), S-HO(2.442, 177), SH-O(1.739, 167) and (f) pp MBTb - aluminic; SH-
0(1.819, 172), S-HO(2.419, 152/2.626, 155).
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Figure A.4: (a) pl QAa - silicic; H-OH(2.387, 117), (b) pl QAc - silicic; H-OH(2.467, 107),
with an oxygen atom outside the central ring, (c) pp QAa - silicic; OH-0O(1.924, 162), O-

HQIl(1.979, 159), (d) pp QADb - silicic; O-HO ;(2.791, 131) and (e) pp QAc - silicic; OH-
0(1.876, 165), O- HQ (2.271, 153).
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Figure A.5: (a) pl QAa - aluminic; N-HO(2.316, 147), OH-O(1.879, 153), O-HO(1.773,

162), (b) pl QAb - aluminic; N-HO(2.179, 150), O-HO(1.949, 156), O-HO(2.478, 128), N-
HO(2.179, 154/2.980, 150), O-HO(2.056, 142) with HO outside the central ring, (c) pl QAc

- aluminic; N-HO(2.519, 142), OH-O(1.771, 146), O-HO(2.026, 153), (d) pp QAa - aluminic;

OH-0(1.562, 175), O-HO(1.942, 164/2.090, 154), (e) pp QAb - aluminic; O-HO(2.026, 150),
0-HO(2.092, 161/2.114, 158).
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Figure A.6: (a) pl SAa - silicic; OH-O(2.330, 128/2.958, 133), (b) pp SAa - silicic; OH-
0(2.196, 145/2.591, 146), (c) pp SAb - silicic; OH-O(2.058, 147), (d) pp SAa - aluminic;
Ooximd1-O(1.705, 158), QydroxyiH-O(1.618, 161), N-HO(2.157, 156), (e) pp SAb - aluminic;
Ooximd1-0(1.804, 163), Qxime HO(1.868, 165), QydroxyrHO(1.952, 162), (f) pp SAb - alu-
minic; O gximd1-O(1.798, 158), O-HO(2.603, 173).



146 Appendix A. Corrosion Inhibitors Appendix



Appendix B

DFTB Appendix

In this Appendix are shown the curves of the reference systems energy (in
atomic units) as a function of the parametrizing bond distance (in  Angstr ems).
In the graphs the abscissa and ordinate unit measurements are omitted.
The systems used as reference for the target atom pair parametrizations
are reported in the following table.
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Appendix B. DFTB Appendix

Table B.1: Reference systems with more than three atoms used in the me-MATSCI
SLAKOs parametrization.

Atom pair Reference structure  Atom pair Reference structure
Al-Al H 2AI-AIH » C-Pand P-C H3C-PH>»
Al-C and C-Al H »AI-CH 3 P-H and H-P PH 3
Al-H and H-Al AlH 3 P-N and NP PN
Al-N and N-Al AIN P-O and O-P P(OH) 3
Al-O and O-Al AI(OH) 3 P-P P

Al-P and P-Al AlP P-S and S-P H,P-SH
Al-S and S-Al H >Al-SH S-Cand C-S CS
Al-Si and Si-Al H 5AI-SiH 3 S-H and H-S SH,
C-C H3C-CH3 S-N ans N-S SN
C-Hand H-C CH 4 S-O and O-S SO
C-Nand N-C H 3C-NH S-S S
C-Oand O-C Cco Si-C and C-Si H3C-SiH3
H-H H> Si-H and H-Si SiH4
N-H and H-N NH 3 Si-N and N-Si H >2N-SiH 3
N-N N > Si-O and O-Si H3Si-O-SiH3
N-O and O-N NO Si-P and P-Si H ,P-SiH3
O-H and H-O H! 20 Si-S and S-Si Sig
0-0 O, Si-Si Sh

Figure B.1: Parametrization curves for the atom pairs (a) Al-Al, (b) Al-C and C-Al, (c)
Al-H and H-Al, (d) Al-N and N-Al.
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Figure B.2: Parametrization curves for the atom pairs (a) Al-O, (b) Al-P and P-Al, (c) Al-S
and S-Al, (d) Al-Si and Si-All.

Figure B.3: Parametrization curves for the atom pairs (a) C-C, (b) C-H and H-C, (c) C-N
and N-C, (d) C-O and O-C.
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Figure B.4: Parametrization curves for the atom pairs (a) H-H, (b) N-H and H-N, (c) N-N,
(d) N-O and O-N.

Figure B.5: Parametrization curves for the atom pairs (a) O-H and H-O, (b) O-O, (c) P-C
and C-P, (d) P-H and H-P.
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Figure B.6: Parametrization curves for the atom pairs (a) P-N and N-P, (b) P-O and O-P,
(c) P-P, (d) P-S and S-P.

Figure B.7: Parametrization curves for the atom pairs (a) S-C and C-S, (b) S-H and H-S,
(c) S-N and N-S, (d) S-O and O-S.
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Figure B.8: Parametrization curves for the atom pairs (a) S-S, (b) Si-C and C-Si, (c) Si-H
and H-Si, (d) Si-N and N-Si.

Figure B.9: Parametrization curves for the atom pairs (a) Si-O and O-Si, (b) Si-P and P-Si,
(c) Si-S and S-Si, (d) Si-Si.
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