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Abstract

Halloysite nanotubes are widely used as a substrate for the controlled release of
various types of molecules in an increasing number of applications. In this work,
the interactions of halloysite silicic and aluminic surfaces with corrosion inhibitors
compounds, such as benzotriazole, 8-hydroxyquinoline, 2-mercaptobenzimidazole and
2-mercaptobenzothiazole, were investigated from a computational point of view. Two
new halloysite compounds with salicylaldoxime and quinaldic acid were designed. Here
we propose their synthesis, evaluate amounts of loading and analyse the adsorption

behaviour.



Introduction

One of the most active current research topics in metallurgic industry involves the design of
innovative compounds, which avoid the permeation of corrosive substances on metal man-
ufacts.1? In the past, the most common method was the use of Cr®* that, being toxic and
carcinogen, was banned in 2007 in Europe.?® It was therefore necessary to find less danger-
ous ways to protect metal surfaces. One of the best options has been the passivation of
desired areas by covering them with an organic inhibitor thin film. Polymers and sol-gel
coatings are commonly used, but their application is ineffective when small fractures are
present.? In this context, recent studies are aimed at the identification of composite materi-
als in which the corrosion inhibitor molecule is trapped in a matrix or substrate, so that it
can be released in a controlled way, giving a self-healing process.® The perfect passivation
anti-corrosion agent should form stable complex with the metal components as soon as they
come in contact. In this respect, organic compounds with nitrogen or sulfur atom or chelant
portion in their structure seem to be perfect candidates. For example, benzotriazole,® mer-
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captobenzothiazole,” mercaptobenzimidazole,® salicylaldoxime, 8-hydroxyquinoline,®
quinaldic acid! have shown high efficiency in inhibiting corrosion processes. They also tend
to enhance their performance when used as nanocomposite materials with an appropriate
substrate or encapsulad in a polymeric matrix. '213

Among the materials used as substrates, halloysite nanotubes (HNT) play a prominent
role thanks to their special chemical-physical properties.'416 It is suitable for industrial
application, since it is inexpensive but also environmental friendly and non-toxic.¢*® Hal-
loysite is a mineral belonging to the kaolinite family and it is present in nature mainly in
the form of nanoscrolls with characteristic sizes and properties that are dependent on the
deposit.1?2° From a stuctural point of view it is made up by a layer of tetrahedral silicon
connected to an octahedral aluminium layer which, during the spiralization process, under-

goes distortions whose nature and origin are still under discussion.??? Its particular tubular

form and surface chemistry allows targeted modifications and the inclusion of a wide range



of small molecules, as the organic corrosion inhibitors, for a slow and controlled release.?3 26

Lvov et al. developed nanocomposites in which benzotriazole (BT), 8-hydroxyquinoline
(IQ), mercaptobenzimidazole (MBI) and 2-mercaptobenzothiazole (MBT), trapped within
the halloysite nanotube lumen, were used as efficient corrosion inhibitors for bronze, steel,
copper and aluminum. 232728 The inclusion ensures that inhibitors are not washed away
neither react with other species before forming the complex with the metal to be preserved.
Morevoer, the release can be tuned by using nanotube end stoppers, so that small concen-
trations of anti-corrosives is required in order to create lasting protective films.2:3

In this work we focused on the adsorption process of organic corrosion inhibitors BT, 1Q),
MBI and MBT on halloysite surfaces. As stated before, their efficiency is well documented.
Nevertheless, there is no clear view on adsorption atomistic details and their correlation with
loading capacity. A computational study on these systems provides a better understanding
of these processes. Thus, adsorption geometries and energies were computed and the lead-
ing surface-adsorbate interactions evaluated. Acquired information were employed to design
two new halloysite nanocompounds: between common organic corrosion inhibitors, salicy-
laldoxime (SA) and quinaldic acid (QA) were identified as potential candidate. While a lot
of experimental data are available for most of the aforementioned molecules, there is no in-
formation on SA and QA loading capacity and their adsorbtion behaviour. These properties
were evaluated in this work by means of thermogravimetric analysis (which allows to deter-
mine the weight percentage of organic compounds adsorbed onto clay), UV-Vis Spectroscopy
and Differential Scanning Calorimetry. Moreover, the interpretation of the obtained results
provides useful information about the mechanism of adsorption of the two species related to

the adsorbate/substrate and adsorbate/adsorbate interactions.



Computational Details and Models

All calculations were performed at density functional theory level, by using the Gaussian
09 software.®! The MO6L metaGGA exchange-correlation functional®? was joined with the
Ahlrichs and co-workers valence double zeta plus polarization basis set for all calcula-
tions.3335 The MO6L functional allows to describe in a reliable way the dispersion inter-
actions in the study of molecular adsorption on surfaces; it was preferred to the M06-2X one
because it allows to efficiently exploit the resolution of identity approximation, helpful for
treating systems of large dimensions. The split valence plus polarization (VZP) basis set em-
ployed has the following contraction schemes: H (4slp)/[2slp]; C, O, N (7s4pld)/[3s2pld];
Al Si, S (10s7pld)/[4s3pld]. The auxiliary functions corresponding to VZP basis set were
used for RI approximation.

The halloysite portion used in this modelling study has the stoichiometric formula Hyg Alo4SissO126
and is showed in Figure 1. It was cropped from a model halloysite nanotube, with a 5 nm
diameter, previously constructed and characterized computationally by means of density
functional tight binding theory.3¢ Hydrogen atoms were used to saturate the dangling bonds
originated from the cutting; we have already proved that this artefact does not affect the
general conclusion regarding the investigation of small molecules adsorption. As a a matter
of fact, the same computational model was adopted in a previous case, to which we refer for
its structural details.?” In order to stress the importance of a curved surface model we must
take into account that, according to our previous computational studies on the halloysite
nanotube,? the spiralization of the kaolinite sheet leads to an increase of 0.3 and 0.1A, in
the mean, of the distance between two opposite vertexes of the Si and Al surface hexago-
nal arrangements, respectively. The distortions, that are not negligible, could give rise to
slight differences on the molecules adsorption geometries, hence on interaction energies, if
compared with the adsorption process on a flat surface.

In this study, the adsorbate-halloysite interaction energies, AFE,4,, corrected for the basis
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set superposition error estimated by means of the counterpoise procedure,® were computed



as the difference between the energy of the whole aggregate and the energies of the isolated

constituents.

[Figure 1 about here.]

Materials and Experimental Methods

Materials

Quinaldic acid, salicylaldoxime and halloysite nanotubes with a specific gravity of 2.53 g cm ™3

and a specific surface area of 65 m? g~! are from Sigma-Aldrich (Milan, Italy). All chemicals
were used without further purification. The hybrid materials were prepared by mixing the
organic compound with the HNT water dispersion at room temperature. Afterwards, the
obtained dispersions were stirred magnetically overnight followed by sonication treatment
for 15 min and kept under vacuum 1 hour. The procedure was repeated two times to
maximise the loading of compounds. After centrifugation the supernatant was removed by

centrifugation. The so obtained compounds were dried in oven at 50°C.

Experimental Methods

Thermogravimetric Analysis (TGA): The experiments were done by using the Q5000 IR
(TA Instruments) under nitrogen flow (25 cm® min~!) by heating the samples from room
temperature to 700°C. Each sample (ca. 8 mg) was placed in a high temperature platinum
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pan and heated under a temperature ramp of 20°C min~". Loading was calculated by

applying the "rule of mixtures” according to the procedure in the literature.3?4°
Differential Scanning Calorimetry (DSC): The differential scanning calorimeter Ta In-
struments 2920 CE was used. The apparatus was calibrated with indium.*' The aluminium

pans were filled with ca. 6 mg of the compound. The measurements were carried out by

cooling the sample to -10°C at -10°C/min and heating from -10°C to 180°C at 10°C/min. The



baseline was subtracted according to the literature.? In order to construct the adsorbtion
isotherms, the solution were prepared by adding appropriate aliquots of the organic com-
pounds to the HN'T dispersion at room temperature. Afterwards, the obtained dispersions
were stirred magnetically overnight followed by sonication treatment for 15 min and kept
under vacuum by using continuously a vacuum pump for 1 hour. The procedure was re-
peated two times to ensure equilibration. After centrifugation the supernatant was removed.
The gathered supernatants were spectrophotometrically analyzed in order to construct the
adsorption isotherms. In particular the spectral absorbance of the aqueous solutions were
registered at 258 nm for Salicylaldoxime and at 320 nm for Quinaldic acid with a diode-
array Analytic Jena S600 spectrophotometer equipped with thermostated compartments for
1x1x5 cm cuvettes and an appropriate magnetic stirring apparatus. In order to study the
release kinetics a portion of both composites were placed in a quartz cuvette to register the
slow release of the active compounds from the composites. The release were followed for ca.

24 hours.

Discussion

Computational results

Self-healing materials are widely used and appreciated by industrial and scientific commu-
nities. In order to achieve the desired properties, one crucial point in smart material design
relies on the comprehension of the substrate-adsorbate interactions. Here we examine the
structure of the selected organic corrosion inhibitors and how they adsorb on silicic and
aluminic halloysite surfaces. The structure of the considered molecules can roughly be di-
vided in two portions: i) an interacting part containing O, S, N and H atoms, responsible
of hydrogen bonds formation and ii) an aromatic part, which can give rise to 7 interactions
with the surface.

As starting point for geometry optimization, parallel and perpendicular orientations, with



respect to the silicic or aluminic halloysite surface, were considered for all the investigated
anti-corrosion compounds. In the following, the term “parallel (perpendicular) orientation”
will be used also to indicate the optimized geometry of the system resulting from the cor-
responding starting point, even if the geomeries did not maintain the original orientations.
The adsorbates were initially located at the center of the halloysite model, both on silicic and
on aluminic surface. After geometry optimization, they retain positions largely distant from
the edges, confirming that the portion of nanotube employed is large enough to describe the
adsorption.

The most representative molecular conformations of 1Q, MBI, MBT, QA and SA were
taken into account, in order to see if effective interactions with halloysite surfaces can occur
with the retaining of the intramolecular hydrogen bond, where present. These conformations
are depicted in Figure 2, together with the atom numbering scheme used throughout and

their relative energies.
[Figure 2 about here.]

In the following, hydrogen bonds will be described by means of two geometrical parame-
ters: the H-bond distance (r, in Angstroms) and the XHY angle (a, in degrees), with XY =
O, N, S. To avoid redundancy in writing the short notation XHY (r,a) will be used through-
out, being the atom center belonging to the halloysitic system always on the right; a dash
on the left (right) of H will indicate wheter the halloysite surface acts as donor (acceptor)
of the H-bond. The notation XHY (ry,a;/r9,a2) will indicate a bridge hydrogen bond. Hy-
drogen bonds with distance larger than 3 A and XHY angle outside the 140-180° range were
considered as secondary interactions and, even though they could have some relevance in de-
termining the adsorption geometry, they will not be generally described in details. In order
to analize the results on the energetics of the adsorption, it will be enlightening to know that,
with the calculation method employed in this work, a BSSE-corrected interaction energy of
16.2 kJ mol~! was estimated for the benzene molecule adsorbed on the silicic surface, being

the interaction solely due to van der Waals contributions involving the 7 cloud.



The calculated interaction energies of the investigated compounds (in various conforma-
tions and orientations) with the halloysite silicic and aluminic surfaces are collected in Tables
1 and 2. These results will be discussed in the following sections, along with the adsorption

geometries.
[Table 1 about here.]

[Table 2 about here.]

Benzotriazole

Benzotriazole weakly interacts with silicic surface: adsorption energies of -23.2 and -20.4 kJ
mol~! for parallel and perpendicular orientations were estimated. The small energy difference
between the two adsorption geometries is likely due to a slight preference for a spreader van
der Waals 7 interaction in the former rather than a more directional H-bond with silicic
surface. Once adsorbed, BT is unable to form a strong hydrogen bond as donor, as suggested
by the interaction NH-O(2.854, 138) in parallel orientation, see Figure 3a. Perpendicular
BT does not form any H-bond with oxygen atoms from the surface. Its adsorption energy
could be ascribed to weak van der Waals interactions.

On aluminic layer, the parallel and perpendicular orientations of the adsorbate show the
same type of interactions: NH-O is the main one, with NH-O(1.734, 155) and NH-O(1.664,
167), respectively; a bridged H-bond is present in both orientations, with geometry No-
HO(2.120, 142/2.333, 143) and No-HO(2.199, 158/2.147, 152). Parallel and perpendicular
BT show adsorption energy AE, 4, of -59.5 and -62.3 kJ mol~!, respectively. This values are
fairly high for a molecule without any oxygen atoms. The small adsorption energy difference
between the two orientations is likely due to the presence of a better oriented and more
symmetric double H-bond in perpendicular case, showed in Figure 3b. In conclusion, the
results collected suggest that benzotriazole energetically prefers the adsorption on halloysite

inner lumen.



[Figure 3 about here.]

8-Hydroxyquinoline

The 8-hydroxyquinoline molecule has two chemical sites relevant for the adsorption process:
the piridinic nitrogen atom and the hydroxyl group. Two possible IQ conformations of
interest were identified: the first, IQa, is the one without the intramolecular hydrogen bond,
which in contrast is present in IQb. Isolated IQb is 36.2 kJ mol~! more stable than IQa.

On silicic surface, we computed AFE,q of -25.5 and -21.5 kJ mol~! for parallel and
perpendicular IQa and AE, 4 of -24.4 and -13.0 kJ mol~! for parallel and perpendicular IQb.
Like in BT case, in parallel orientation of both 1Qa and IQb the small adsorption energy is
due to the exclusive presence of van der Waals interactions. Conversely, perpendicular 1Qa
and IQb are able to form an H-bond with a surface oxygen, having geometry OH-O(2.111,
161) and OH-O(3.007, 163), respectively. The adsorption energy of IQa is nearly 60% larger
than that of IQb. Nevertheless, 1Qa is the less stable conformation in vacuum and its
formation from IQb would require more energy than that gained by adsorption, resulting in
an endoergic process. This would prevent IQa from being the the conformation present on
the halloysite silicic surface and therefore the direct adsorption of IQb in parallel orientation
(Figure 4a) is preferred.

On aluminic surface, AE,4 as large as -72.4 and -78.5 kJ mol~! were computed for
parallel and perpendicular IQa, and AFE,4 of -37.4 and -56.4 kJ mol™! for parallel and
perpendicular IQb. Actually, the optimized geometries of IQa in the two orientations are not
too different: 1Qa is always almost parallel to the surface and the interactions can be listed
as: a single H-bond OH-0O(1.928, 148) plus two double H-bonds O-HO(3.066, 146/2.060, 136)
and N-HO(2.730, 133/2.384, 139) for parallel IQa; two single H-bonds OH-O(1.747, 156),
O-HO(2.004, 136) plus a double H-bond N-HO(2.770, 149/2.167, 170) for perpendicular IQa.
The high adsorption energy values are due to the these extended H-bond network. Even if

parallel IQa has a further secondary interaction with the same hydrogen atom involved in



H-bond with hydroxyl group, perpendicular IQa is a little bit more stabilized. In this case
the quality, and not the amount, of the interactions is discriminant in lowering the system
energy: H-bonds of perpendicular orientation are generally shorter and better oriented than
parallel ones. In parallel IQb the H atom from hydroxyl group cannot form H-bonds as donor,
thus only two H-bonds as acceptor from oxygen and nitrogen atom were revealed. This fact
is mirrored in the interaction energy, ca. 52% smaller with respect to IQa. Despite the
retaining of intramolecular H-bond, perpendicular IQb forms an extensive H-bond network
that lowers the system energy more than in parallel case: 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
interactions result in an interaction energy of ca. 66% stronger that that of the parallel IQb,
which is able to form only two H-bond as acceptor with the oxygen O-HO(2.063, 176) and
nitrogen atoms N-HO(2.416, 152). However, despite the stronger global interaction of IQa
with halloysite, if the energy for the IQb to IQa conversion is taken into account, the direct
adsorption of IQb (the most stable geometry is shown in Figure 4b) is again the preferred

choice, being the most exoergic process.

[Figure 4 about here.]

2-Mercaptobenzimidazole and 2-Mercaptobenzothiazole

Two conformations of MBI were considered, one in which the hydrogen atom of the SH group
is on the opposite side of the one linked to N; (MBIa) and another one in which they are on
the same side (MBIb). The latter is 10.9 kJ mol~' more stable than the former.

On silicic surface, AE,qs of -33.6 and -38.9 kJ mol~! for parallel and perpendicular MBla
and of -10.8 and -21.6 kJ mol~! for parallel and perpendicular MBIb have been calculated.
In the most stable geometry, MBla is placed parallel to the silicic surface with the center
of its imidazole moiety located just atop an oxygen atom, as showed in Figure 5a. On
inner halloysite surface, AE,q, are -67.6 and -92.5 kJ mol~! for parallel and perpendicular

MBIa. This last orientation of MBIa gives rise to a double N-HO(2.025, 172/2.453, 167)
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and a single SH-O(1.656, 178) and is the most stable form of 2-mercaptobenzimidazole on
halloysite (Figure 5b), while parallel MBIa forms one H-bond with its thiolic portion both
as donor, SH-O(1.867, 157), and as acceptor, S-HO(2.480, 146), and a further N-HO(2.205,
150). On the other hand, adsorption energies of -46.2 and -58.1 kJ mol~! were evaluated
for parallel and perpendicular orientations of MBIb. In parallel MBIb the thiolic hydrogen
atom points toward the center of the model, thus donor-acceptor interactions are no longer
possible. The only H atom available for the interaction is the nitrogen one, that forms
N-HO(2.267, 156). In perpendicular orientation, MBIb has lower adsorption energy than
MBIa: in this geometry MBIb forms two H-bonds, SH-O(2.037, 161) and NH-O(1.735, 175),
so a double H-bond as acceptor is replaced by a single H-bond as donor. The directional
H-bonding on aluminic surface appears therefore to be the driving force in the adsorption of 2-
mercaptobenzoimidazole. On both silicic and aluminic surfaces, the difference in interaction
energies overcome the small energy required for the conversion from MBIb to MBla, and the

MBIa form is energetically preferred when adsorbed.
[Figure 5 about here.]

In the two possible conformations of mercaptobenzothiazole (MBTa and MBTb), the
thiolic hydrogen atom points toward the nitrogen atom and toward the sulphur one, respec-
tively, being only +4.3 kJ mol~! the MBTa-MBTb energy difference.

Adsorption geometries of parallel and perpendicular MBT on silicic surface are very
similar to that of MBI. We observed long range interactions and calculated small AFE,44:
-26.8 and -30.8 kJ mol~! for parallel and perpendicular MBTa, and -21.7 and -21.0 kJ mol~*
in the MBTb case. There is no clear distinction between the two orientations when we look
at optimized geometries. Non-directional 7 interactions seem to be the major contributions
to the adsorption energies thus, very like mercaptobenzimidazole, MBT lies parallel to the
silicic surface (see Figure 6a).

On aluminic surface, AE,45 amount to -55.1 and -74.0 kJ mol~! for parallel and perpen-

dicular MBTa and to -44.6 and -38.9 kJ mol~! for parallel and perpendicular MBTb. Parallel
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MBT(a and b, in order) both form one weak H-bond involving the thiolic group, SH-O(1.834,
157) and SH-O(1.739, 167). Energy differences can be explained by considering the different
interactions as hydrogen bond acceptor. In MBTa a double N-HO(2.189, 160/2.665, 162)
exists, while in MBTb two separate H-bonds were revealed, one S-HO(2.442, 177) and one
N-HO(2.315, 143). Perpendicular MBT(a,b) lie in a similar manner on aluminic surface.
They both give rise to an H-bond as donor with thiolic portion: SH-O(1.669, 175) and SH-
O(1.819, 172), in order for MBTa and MBTb conformations. Nevertheless, their interaction
energies differ by 35.1 kJ mol~! in favour of MBTa. This is not surprising, since the H-bond
double acceptor is the nitrogen atom in MBTa and the sulfur one in MBTh. In details, per-
pendicular MBTa shows a N-HO(2.105, 175/2.649, 163), while MBTb has an S-HO(2.419,
152/2.626, 155). The most stable geometry of MBT on aluminic surface is showed in Figure
6b.

Analogously to the MBI case, adsorption of MBTa is the most exoergic process on both

surfaces, considering the low energy difference for MBTb to MBTa conversion.

[Figure 6 about here.]

Quinaldic acid

Quinaldic acid has two chemically relevant sites: the piridinic portion and the carboxylic
group in ortho position with respect to the heteroatom. An intramolecular H-bond can exist
between nitrogen atom and carboxylic OH. Three possible conformations of interest were
identified: in the first, QAa, there is no intramolecular H-bond and the C=0O group points
on the same side of N atom; in the second, QAb, there is the intramolecular H-bond, so the
-OH portion looks towards N atom; the third, QAc, is similar to QAb but the -OH moiety
points away from N atom (no intramolecular H-bond). QADb is the most stable conformation,
followed by QAc (+15.9 kJ mol™!) and QAa (+23.0 kJ mol™).

Quinaldic acid weakly interacts with silicic surface. In parallel orientation, the main con-

tributions for all three conformations reside in van der Waals interactions, since the H-bonds
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geometric parameters are well outside the appropriate angular ranges: they are H-OH(2.387,
117), H-OH(2.687, 99) and H-OH(2.467, 107) for parallel a, b and ¢ conformations, respec-
tively. As expected in absence of a peculiar interaction, the adsorption energies are small
and comparable with each other: -26.6, -31.6 and -28.3 kJ mol~! for QAa, QAb and QAc.
Retaining the intramolecular H-bond in QA adsorption geometry is more advantageous than
forming H-bond with silicic surface, i.e. the energy difference between QQAb and the other
two conformations makes parallel QAb the most stable adsorption geometry. Calculated
adsorption energies for perpendicular QA are -22.2, -11.8 and -16.8 kJ mol~! for a, b and ¢
conformations, respectively. It appears clear that the loss of the main interaction in QAb,
which forms a weak H-bond as acceptor with the hydrogen from halloysite interlayer, with
O-HO;(2.791, 131), raises the system energy. QAa and QAc form H-bonds both as donor
and acceptor: as donor OH-O(1.924, 162) and OH-O(1.876, 165) were found for QQAa and
QAc, respectively; as acceptor, the hydrogen from interlayer is involved, being O-HO;;(1.979,
159) and O-HO;;(2.271, 153) for QAa and QAc, respectively. Adsorption energies differences
for a and ¢ conformations may be due to more extended van der Waals interactions from the
remaining part of the adsorbate in QAa with respect to QAc. Therefore, on silicic surface
parallel QAb shows the highest interaction energy (Figure 7a).

As found for all the systems investigated in this work, stronger adsorption energies were
calculated on aluminic surface. Thanks to the carboxylic functional group and the nitrogen
atom in the piridinic ring, QA is able to form several H-bonds with halloysite. The van der
Waals interactions involving the aromatic portion help the purpose of lowering the system
energy, especially when parallel adsorption geometries are considered. Interaction energies
of -99.0, -69.8 and -77.9 kJ mol~! were found for parallel QA in a, b and ¢ conformations,
respectively. All of them have the chance to form H-bond as acceptor with the nitrogen atom:
these are described as N-HO(2.316, 147), N-HO(2.179, 154/2.980, 150)) and N-HO(2.519,
142) for QAa, QAb and QAc. Additionally, the three conformations give rise to H-bonds

by acting both as donor and acceptor involving the O-containing moieties. In details, for
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QAa: N-HO(2.316, 147), OH-O(1.879, 153) and O-HO(1.773, 162); for QAb O-HO(1.949,
156), OH-0(1.2.478, 128) and O-HO(2.056, 142) with HO outside the central ring; for QAc:
N-HO(2.519, 142), OH-O(1.771, 146) and O-HO(2.026, 153). Considering the differences in
conformation energy, the final adsorption esoergicity order is QAa > QAb > QAc for parallel
geometries.

Perpendicular orientation of QA on aluminic surface results in AFE,45 of -80.0, -76.4 and
-99.0 kJ mol~! for a, b and ¢ conformations, respectively. Optimization of a perpendicular
starting geometry ends with an almost parallel one for QA(b,c). In details: QAb forms O-
HO(2.026, 150) and a further double H-bond as acceptor with its -C=0 portion, O-HO(2.092,
161/2.114, 158); QAc forms OH-O(1.711, 153), O-HO(1.963, 152) and a further N-HO(2.201,
149). QAa is the only one with a nearly perpendicular equilibrium geometry. It gives raise
to a OH-O(1.562, 175) and a double O-HO(1.942, 164/2.090, 154). This latter interaction
counterbalances the loss of the secondary nitrogen H-bond interaction (too distant from
surface). As a consequence the AFE, s is similar to the parallel case. Energy differences
respect to the latter in QAb are likely due to the double H-bond: it involves the nitrogen
atom in parallel QA (while oxygen atom forms a single H-bond) and the oxygen atom in
perpendicular QA (while nitrogen atom is not involved in forming any bond). In QAc case,
the adsorption energies of the perpendicular orientation is higher than that of parallel one:
the energy minimum is reached by involving a closer interaction with the nitrogen atom.
Comparing the results for QAc and QAb, it seems that the retaining of intramolecular
H-bond is less favourable with respect to the interaction with -OH aluminic portion. In
perpendicular conformation, therefore, an inversion in the stability order is observed when
conformation energy differences are considered: QAa results less stable than QAb but the
perpendicular adsorption of QAc (with the geometry showed in figure 7b) gives raise to the

most exoergic process.

[Figure 7 about here.]
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Salicylaldoxime

The salicylaldoxime molecule has an oxime group (RH)-C=N-OH and a phenolic group both
able to form hydrogen bonds with the surfaces. As regards the two relevant conformations,
the absence of the intramolecular H-bond in SAa makes it +42.6 kJ mol~! less stable than
SAD.

On silicic surface, parallel and perpendicular SAb show only a H-bond with a surface oxy-
gen atom, OH-0(2.390, 115), to be considered as secondary interaction, and OH-O(2.058,
147), respectively. Computed adsorption energies are -26.2 and -13.0 kJ mol~*. On the other
hand, parallel SAa forms a double H-bond as donor with its phenolic group, both identi-
fiable as secondary interactions, while perpendicular SAa forms a double H-bond with its
oxime portion using two different oxygen atoms of the surface: OH-O(2.196, 145/2.591, 146).
Calculated adsorption energies are -28.2 and -23.0 kJ mol~! for parallel and perpendicular
SAa. For parallel geometry, the spreader 7 interactions leads to a more pronounced energy
gain with respect to the exclusive directional H-bond ones of the perpendicular configura-
tion. Nevertheless, looking at the mere adsorption process, the H-bond interaction with
silicic surface is more energetically advantageous than the retention of the intramolecular
one. This fact would lead the parallel SAa conformation to be the most stable adsorption
geometry. The stability order is reversed when the energy difference between the SAa and
SADb conformations is considered. In this case, SAa adsorption energy turns from negative to
positive (+14.4 and +19.6 kJ mol~! for parallel and perpendicular SAa). Thus energy gain
from adsorption on silicic surface is not enough to overcome the one required for the con-
formation change. The most stable adsorption geometry (parallel SAb) is showed in Figure
8a.

On aluminic surface, salicylaldoxime shows a much more pronounced adsorption energy.
As a matter of fact, AE,4s values of -54.1 and -69.9 kJ mol~! for parallel and perpendicular
SADb and of -110.1 and -117.3 kJ mol~! for parallel and perpendicular SAa were estimated.

This energy difference between the two surfaces is due to the particular salicylaldoxime
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structure: on the aluminic layer, the SA forms a larger number of H-bond both as donor
and acceptor. A similar argumentation is the key to understand the difference between
a and b conformations. In the latter, the intramolecular H-bond deprives SA of a further
interaction, thus inhibiting the adsorbate to maximize the number of surface binding. On the
inner surface, parallel and perpendicular SAb converge into similar adsorption geometries.
They differ only for the presence of one donor-acceptor double H-bond (aldoxime portion) in
parallel orientation and a closer intramolecular H-bond in perpendicular orientation. This
latter interaction stabilizes SAb more than a further H-bond as acceptor with surface, thus
perpendicular SAb shows a larger adsorption energy. In details, parallel SAb gives rise to one
OozimeH-O(1.804, 163), plus one O-HO(1.868, 165) and a further Opygrozyi-HO(1.952, 162);
at variance, perpendicular SAb forms O,zimeH-O(1.798, 158), plus a O-HO(2.603, 173).
Like the SAb case, also parallel and perpendicular SAa show similar adsorption geome-
tries (the most stable is reported in Figure 8b). Listed in order, there are two H-bonds as
donor: one with aldoxime portion OH-O(1.705, 158) and OH-O(1.712, 159) and another with
hydroxyl portion OH-O(1.618, 161) and OH-O(1.617, 160); they also present N-HO(2.157,
156) and N-HO(2.100, 157) bindings. Unlike the adsorption process on silic surface, herein
the stability order remains unaffected even considering conformation energy difference. Par-
allel and perpendicular SAa adsorption energies turn into -67.5 and -74.4 kJ mol~! if the

energy for conformation change is taken into account.

[Figure 8 about here.]

Experimental results

Computational results suggest that composites based on QA and SA with HNT could be
efficient as carrier for anti-corrosion agent. Nevertheless, confirmation from experimental

analysis are required in order to enforce this hypothesis.
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Thermogravimetric Analysis

The thermogravimetric curves showed in Figure 9 were normalized at 150°C for the adsorbed
water to visualize the different loadings of the organic compounds. TGA curves for HNTs
presents multistep mass loss due to different kind of bound water and dehydroxylation on
the alumina surface at larger temperature. These features have been deeply discussed in
literature.43 The amount of corrosion inhibitors loaded on the HNTs was estimated on the
residuals at 700°C by using the rule of mixtures.** The thermograms show 0.6 wt% of
loading for SA and 4.8 wt% for QA. According to the geometrical calculations performed by
Cavallaro et al.*> these data suggest just a monolayer formation on HNT surface for the SA
and a multilayer for QA. In this case, the loading efficiencies of the QA on the HNT is eight
times bigger that SA ones. The intermolecular affinity of the QA molecules with themselves
respect to the affinity of SA ones could play a fundamental role in adsorption process. In

order to confirm this hypothesis, DSC analysis and UV-Vis Spectroscopy were performed.

[Figure 9 about here.]

Differential Scanning Calorimetry

From DSC measurements (Figure 10), melting temperature (T,,) of 59.5°C and 159.5°C were
obtained for SA and QA, respectively. The corresponding enthalpy of melting for SA and QA
are 133 and 192 J g1, respectively, showing stronger intermolecular interactions occurring
in QA. As far as the HNT loaded systems, a straightforward decrease of crystallinity is
observed in both composites. In particular, the HNT/QA mixture shows a melting enthalpy
of only 1.04 J/g indicating a residual crystallinity of ca. 11% among the all QA mass in
the composite. Moreover, the HNT/SA composite did not give any detectable signal due
to a negligible residual crystallinity. On this basis one can argue that the interaction with
the HN'T surface disturbs the crystallization of the organic substances and that only for the
system featuring a multilayer adsorption (QA) a residual crystallinity is observed. On the

other hand the computational analysis suggested that the adsorption has a profound effect
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on the stable conformation of QA and SA with large influence on intramolecular hydrogen

bonding, that likely also influences the crystallization/melting process.

[Figure 10 about here.]

UV-Vis Spectroscopy

The different adsorption behaviour of the two species was confirmed by constructing the ad-
sorption isotherms (Figure 11) at 25°C, where the equilibrium amount of organic component
adsorbed onto the clay (C,, mg g~!) is plotted as a function of the equilibrium concentration
in solution (C,, g dm™ ). It is clearly evidenced that, according to TGA results, the amount

of QA adsorbed onto HNT is much higher than that of SA.
[Figure 11 about here.]

Among the different models, the Freundlich isotherm revealed as the most reliable in
reproducing the experimental data for both QA and SA. Notably, the model accounts for
intermolecular interactions between adsorbates?® and implies heterogeneity of adsorption
sites and/or formation of multilayers.4™>? The Freundlich isotherm, is described by the
equation:

Cy = KpCM/m

where K is the Freundlich adsorption coefficient or capacity factor, which represents the
adsorption capacity of the clay, and n is a dimensionless adsorption intensity constant, which

is a measure of the adsorption intensity. The obtained fitting parameters are collected in

Table 3.
[Table 3 about here.]

Even if the use of different units makes the obtained values of the adsorption capacity Kg

not rigorously comparable,®® the very significant differences observed in the K and in the
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adsorption isotherms shown in Figure 11 confirms the hypothesis of stronger solute/solute
interactions, which favour the formation of multilayers. On the other hand, the values of
the intensity factor (n) are comparable for the two species, thus indicating very similar
clay /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 inter-
actions, which are more significant for the quinaldic acid, due to its higher polarity.

As regards the ability of the corrosion inhibitors to be released from the HN'T's compounds
and delivered to their site of action we performed release kinetics experiments for both
composites (SA/HNT and QA/HNT). A certain amount of composites was placed in water
and adsorption spectra were registered as function of time as shown in Figure 12. The
diagram clearly shows a prompt release of the compounds from the HNTs in the first 2 hours.
Afterwards a net difference in the release velocity is visible between the two composites.
After 10 hours, while ca. 90% of the payload is released for SA/HNT, just 20% of the loaded
compound is released for QA /HNT. This large difference can be interpreted by considering
that the drug release for QA/HNT is likely due to the breakage of the interactions between
drugs molecules (QA-QA interaction). As regards SA/HNT composite weaker interactions
between HN'T and SA have to be taken into account. Furthermore, these explanations are in
agreement with our finding that a monolayer of SA is adsorbed on the Halloysite in SA/HNT
and multilayers of QA on the QA/HNT. According to these results, in both cases HNTs can

be considered suitable carriers of these active species.

[Figure 12 about here.]

Conclusion

The adsorption geometries and energetics of six molecules, effective as metal corrosion in-
hibitors, on the silicic and aluminic surfaces of a halloysite nanotube model was investigated

by means of density functional theory. Based on the calculated interaction energies, all in-

19



vestigated molecules largely prefer to adsorb in the inner cavity surface of the nanotube, by
exploiting the possibility of forming a stable network of hydrogen bonds.

When more than one different conformations can exist in vacuo, calculations performed
on Al surface showed different behaviours for the involved species. In particular, I1Q would
adsorb sensibly stronger if the intramolecular H-bond is broken, but the energy required
for this process makes the most stable conformation to be adsorbed preferentially. On the
other hand, the adsorption of QA occurs with the loss of the intramolecular H-bond and
the same fate is shared by SA, even considering the huge energy difference between its
two conformations: the breaking of intramolecular H-bond allows SA to form a very strong
interaction network with the surface. Finally, in the MBI and MBT cases, where there is
no intramolecular H-bond and the energy difference between the two conformations is small,
the less stable form is the one with the stronger interaction; this because the SH group can
participate as H-donor.

On the outer surface, the formation of H-bonds is hindered by steric repulsion or by
the large energy difference between conformation with and without intramolecular hydrogen
bond. As a result, all the investigate molecules adopt a parallel orientation with respect to
the silicic surface, with an adsorption energy which, being of the order of the one calculated
for benzene, is mainly due to weak dispersion forces. Sligthly larger adsorption energies are
shown by MBI and MBT, likely due to an enanched interaction of the five-member ring with
the surface.

The formation of aggregates between salicylaldoxime and quinaldic with HNT acid was
characterized by thermogravimetric analysis and UV-VIS spectroscopy. The calculated net
exoergicity (taking into account adsorption energy and conformational change energy) for
QA and SA is -83.1 and -74.4 kJ mol !, respectively. This small difference hardly justifies the
fact that, according to TGA experiment, QA loads in HNT with a much higher percentage.
This evidence can be explained instead by considering that QA adsorbs on halloysite Al

surface by forming multiple layer, this being in agreement with intermolecular interactions
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that are stronger in QA than in SA, as results from DSC measurements and the Freundlich
fit of UV-VIS adsorption isotherms.

Using different, larger models would be worthwile in future computational studies. This
would allow the investigation of the adsorption of two or more molecules on the halloysite

surface and their interactions with its interlayer.
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Table 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
conformations; pl and pp indicate the parallel or perpendicular orientation of the molecule
with respect to surface in the starting geometry.

AFE,qs [ kJ mol~!

a b c
pl BT —23.2
pp BT —20.4
pl IQ —25.5 =244
pp 1Q —-21.5 —-13.0

pl MBI  —33.6 -—10.8
pp MBI  —38.9 —216
pl MBT 268 —21.7
pp MBT -30.8 -21.0

pl QA —26.6 —31.6 —28.3
pp QA —222 —11.8 -16.6
pl SA —28.2 —26.2
pp SA —-23.0 -13.0
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Table 2: The BSSE-corrected interaction energies of the selected corrosion inhibitors ad-
sorbed on the halloysite aluminic surface. Letters a, b and ¢ are the labels for molecular
conformations; pl and pp indicate the parallel or perpendicular orientation of the molecule
with respect to surface in the starting geometry.

AFE,qs [ kJ mol~!

a b c
pl BT —59.5
pp BT —62.3
pl 1IQ —-724 374
pp 1Q —78.5 —56.4
pl MBI —67.6 —46.2

pp MBI  —925 —58.1
pl MBT  —55.1 —44.6
pp MBT —74.0 —38.9

pl QA -99.0 —-69.8 -—77.9
pp QA —-80.0 —-76.4 —99.0
pl SA —110.1 —54.1
pp SA —117.3 —69.9
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Table 3: Sorption parameters of the Freundlich model for the adsorption isotherms of QA
and SA onto HNT clay. Kp is expressed in mg g~ (dm?® g=!)/".

QA SA

Kr 204+£0.9 4.4+£0.5
n 2.15+£0.09 3.0+0.5
R2 0.987 0.904
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Figure 1: The HygAly4SinyO196 portion of halloysite nanotube used for adsorption studies.
Atom colors are: white for H, red for O, yellow for Si and light blue for Al
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Figure 2: The considered conformations for the corrosion inhibitors investigated in this work.
Reported energies (in kJ mol™!) are referred to the most stable form.
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Figure 3: The adsorption geometry of the benzotriazole molecule on (a) silicic and (b)
aluminic surface [H-bonds parameters: NH-O(1.664, 167), No-HO(2.199, 158/2.147, 152)] of
the halloysite model.
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Figure 4: The adsorption geometry of the 8-hydroxyquinoline molecule on (a) silicic and
(b) aluminic surface [H-bonds parameters: OH-O(1.662, 147), O-HO(2.238, 154/2.496, 150),
N-HO(2.321, 157/2.430, 143)] of the halloysite model.

34



Figure 5: The adsorption geometry of the 2-mercaptobenzimidazole molecule on (a) silicic
and (b) aluminic surface [H-bond parameters: N-HO(2.025, 172/2.453, 167), SH-O(1.656,
178)] of the halloysite model.
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Figure 6: The adsorption geometry of the 2-mercaptobenzothiazole molecule on (a) silicic
and (b) aluminic surface [H-bond parameters: N-HO(2.105, 175/2.649, 163), SH-O(1.669,
175)] of the halloysite model.
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Figure 7: The adsorption geometry of the quinaldic acid molecule on (a) silicic and (b)
aluminic surface [H-bond parameters: OH-O(1.711, 153), O-HO(1.963, 152), N-HO(2.201,
149)] of the halloysite model.
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Figure 8: The adsorption geometry of the salicylaldoxime molecule on (a) silicic and (b)
aluminic surface [H-bond parameters: OH-O(1.712, 159), OH-O(1.617, 160), N-HO(2.100,
157)] of the halloysite model.
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Figure 9: Thermogravimetric curves for pristine HNT, QA/HNT and SA/HNT.
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Figure 11: Adsorption isotherms of QA and SA onto HNT. Symbols denote experimental
points; lines correspond to the fit by Freundlich model.
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Figure 12: Kinetics of salicylaldoxime and quinaldic acid released from SA/HNT and
QA/HNT.
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