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Abstract: Adsorptions of small amide molecules, acetamide (AA) and N-methyl-
acetamide (NMA) on the surface of kaolinite are investigated in this study. The focus is
on the basis set effects towards the stabilities and the interaction energies of the molecules
on the Al-O surface. With a fixed B3LYP functional, we increased the size of the basis
sets for the single-point calculations, to find the converged interaction energies and obtain
the relative stabilities. We found that, under the direct usage of Pople-type and Dunning’s
correlation consistent basis sets, it is not possible to achieve the pattern of convergence for
the interaction energies and the relative stabilities. Compared to the complete basis set
(CBS) extrapolation scheme, the double zeta basis sets deviated the most, in the range of
21 to 27%, while it is from 1 to 7% for the triple zeta basis sets. Based on the results, we
suggest using 6-311++G(2df,2pd) or cc-pVQZ for energy-related quantities. Compared to

AA, NMA attached more strongly by 0.5 eV on the surface of Al-O.
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= INTRODUCTION

Basis sets are the wavefunctions for individual
atoms. Its importance cannot be overstated as it forms the
basis of quantum chemical calculations. The
wavefunction of molecular systems is usually obtained
under the linear combination of atomic orbitals (LCAQO),
especially those density-based and ab initio calculations.
The accuracy of a wavefunction depends on the quality of
the basis sets [1-2]. Consensus stated that the larger the
basis set, the better the wavefunction [3]. With this
notion, calculations are usually performed at the largest
basis set that the computational resources can afford [4].
However, this does not guarantee that the basis set used is
adequate for the work being done. The better-quality
work is always the one where the calculation is supposed
to be calculated with the next higher basis set, which
infuses uncertainty into the results of the current work.

This brings to the topic of basis set convergence,
which is an aspect of calculations that needed to be
addressed [5-6]. The obtained values from calculations

with increasing sizes of basis sets will be stopped only

when the changes to the values are below a certain
threshold. A direct way to deal with the basis set
convergence is by systematically increasing the size of
the basis set and adding polarization and diffusion
functions [7]. However, the approach is not
straightforward as it is difficult to find basis sets that are
defined beyond a certain size, not to mention that the
calculations to be performed will need enormous
computer resources. Another approach is by using
extrapolation schemes, known as complete basis set
(CBS) [8-10]. Even though it is applied primarily to the
wavefunction-based method, complete basis set
calculations have also been used to extrapolate the
structural and frequencies at the limit of the DFT at the
B3LYP level [11-14]. However, the size of the systems
investigated consisted only of small molecules.
Conveniently, an online calculator has been set up to
calculate the extrapolated values from different schemes
[15]. CBS is also a well-known approach to overcome the
incompleteness of basis sets.

One of the important calculations in theoretical
work is to find the strength of an interaction between
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components. It is also used as a check on the stability of
systems. For example, the adsorption of molecules on
surfaces (e.g., graphene, boron nitride, metals, and clay).
Theoretical approaches used to study the interactions
include the cluster and periodic calculations, under a
variety of approximations, either quantum mechanical,
Monte Carlo, or force fields [16-18]. The interactions
between constituent molecules of a system have a few
names to them. Interaction energy (also known as the
adsorption energy) and binding energy have been used to
show the strength of the interaction between constituents
as Eq. (1). Using a supermolecular approach, the
interaction energy (Ein) and binding energy (Ey,) can be
calculated by:

Ejnt o By = Ecomplex AB ~ Emonomer A ~Emonomer B (1)

The difference between Ei,, and Ey;, is the way the
energies of the monomers are obtained. For Ei, the
energies of the monomers are “calculated at the same
positions of the nuclei as those in the total system”, while
for Epin, the nuclei of the monomers are at their optimal
positions [19-20]. However, some research papers do not
seem to separate clearly these two quantities.

Previously, adsorption of the amide molecules has
been performed [21-24]. However, the reported relative
stability for formamide (FA), acetamide (AA), N-
methylformamide (NMFA), and N-methylacetamide
(NMA) absorbed on the kaolinite surfaces have been
inconsistent with different basis sets [24], which may be
rectified by considering the basis sets effects. In this
project, we investigate the differences between the two
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systems in terms of interaction energy and relative
stability. The focus is on the adsorption of amide
molecules on kaolinite surfaces. Two smallest amide
AA and NMA were selected for the
investigations, as we would like to keep computational

molecules,

resources within a manageable range. Also, both
molecules were investigated in a previous report [24],
which enables comparisons to be made. We show that
the strength of the interaction between the kaolinite
surface and the amide molecules is dependent on the
basis sets used and found that one should not conclude
on the relative stability of an adsorption study based on
the results of a single basis set. Finally, we suggested basis
sets to be used for the investigation of interaction
energies and relative stability in amides absorbed on the
Al-O surface.

m EXPERIMENTAL SECTION
Materials

The Al-O kaolinite surface is modeled from the
crystal structure of kaolinite by Bish et al. [25]. Only the
octahedral surface is used as it can form stronger
interactions with adsorbates, as compared to the
tetrahedral [21,26], hence easier to obtain converged
structures. The final octahedral (001) surface cluster has
6 silicone atoms, 6 aluminum atoms, 36 oxygen atoms,
and 23 hydrogen atoms. For the initial positions of the
AA and NMA molecules, both vertical and horizontal
orientations of the amide molecules on the surface of the
Al-O are considered (the molecules are shown in Fig. 1).

Fig 1. The structures used in this investigation: (a) acetamide (AA), (b) N-methyl-acetamide (NMA), (c) model of Al-
O. Red sphere represents oxygen, blue represents the nitrogen, grey represents the silicon, peach represents the

aluminium. For clarity, in the subsequent figures, the closest surface to the AA and NMA is the Al-O surface
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Procedure

Geometry relaxations were performed at the basis 6-
31G* and 6-31G**, to gauge the effects of adding
polarization functions to the hydrogen atoms. Only the
hydrogen and the oxygen atoms closest to the amide
molecules are relaxed, together with the amide molecules.
All the quantum mechanical calculations in this work
were performed with the G09 suite of program [27], and
the analyses on the wavefunction by Multiwfn [28]. The
renderings of the figures in the work were done with
GaussView [29] and UCSF ChimeraX [30]. With the
geometry obtained at 6-31G*, and later re-optimized at 6-
31G**, single point calculations using larger size basis sets
were performed with split-valence (6-311++G** and 6-
311++G(2df,2pd)) and Dunning’s correlation-consistent
(cc-pVDZ, cc-pVTZ, and cc-pVQZ) basis sets. The
number of basis functions for the AA and NMA is shown
in Table 1. With 505 and 513 electrons in the system of
AA and NMA, respectively, the smallest number of the
basis functions is 884, while the largest is 3863.
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Using the B3LYP functional, we set out to find the
changes in the interaction energies of the attachment of
the amide molecules on the Al-O kaolinite surface.
B3LYP is omnipresent in the molecular studies, making
this level of theory a standard across many fields of
study. Semi-empirical dispersion corrections of GD3BJ
were included in the calculations of the interaction
energies. Eq. (1) is used in the calculations of the
strength of the interactions between adsorbates and Al-
O surface.

Table 1. Number of basis functions in the calculations

i System
Basis sets
AA NMA
6-31G* 884 903
6-31G** 968 993
6-311++G** 1436 1472
6-311++G(2df,2pd) 2284 2348
cc-pvVDZ 916 940
cc-pVTZ 2000 2058
cc-pvVQZ 3748 3863
AA1-K top view
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Fig 2. The initial and optimized structures of AAi-K ((a) to (c)) and NMAi-K ((d) to (f)) cluster I, wherei=1,2,3

m RESULTS AND DISCUSSION

The resultant geometries as relaxed using the
B3LYP/6-31G** method, which are shown in Fig. 2. The
atoms shown in spheres were relaxed, while the ones in
the wireframe were fixed. With the initial orientations of
either planar or vertical, the AA and NMA molecules were
found to always move to vertical or oblique orientations.
The preferred orientation common in all cases is where
the oxygen of the AA and NMA is directed toward the
surface of the Al-O. This orientation is similar to the
geometries obtained for water and acetic acid [26] and
formamide [21], and hydrogen bondings are observed.
For AA (Fig. 2(a) to (c)), the -NH; is found to be closer to
the surface, and -CHj; pointing up. For NMA, in Fig. 2(d),
the -NH-CH3 is found to be closer to the Al-O surface
than the —CHj side alone. This behavior changes in Fig.
2(e) and 2(f), where there is no significant difference
between the two side moieties as to which side is
preferable to the Al-O surface.

The distances between the atoms in AA and NMA
to Al-O are given in Tables 2 and 3. The 080 and 072
are the oxygens from AA and NMA, respectively. The
other oxygens in Tables 2 and 3 are the Al-O surface
oxygens, each attached to a hydrogen. These O-H are
relaxed. For the AA molecule, AA3 system has the
shortest and largest distances between O80 and the
hydrogen on the surface of Al-O (1.770 A with H33 and
3.066 A with H56), while the corresponding values for
AAl and AA2 systems are in between these two
extremes. For the NMA molecule, O72 has the shortest
distance with hydrogen at 1.765 A (in NMA3 system),
and the longest at 3.746 A (in NMAL1 system). Within
the three systems, NMA2 and NMA3 have the NMA
molecule closer to the surface of AI-O (in which their
average O72---H is shorter than in NMA1).

As for the O-H on the Al-O surface, the distances
for the three systems are between 0.963 and 0.977 A for
AA, and between 0.961 and 0.976 A for NMA. These
values, using B3LYP/6-31G**, do not deviate much from
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Table 2. The distances between atoms in the relaxed
structure for AA systems

Selected atom pairs Distances in systems (A)

Atom1 Atom2 AAl AA2 AA3
080 H33 1.792  1.835 1.770
080 H45 1.902 1.992 1.798
080 H56 2976 2.848  3.066
080 He61 2.062 1.772 1920
04 H14 0.975 0.973 0.976
012 H13 0.975 0.972  0.972
017 H18 0.972  0.965 0.969
023 H45 0.972  0.965 0.969
024 H33 0977 0970 0.972
027 H28 0.972  0.968 0.970
036 H37 0974 0971 0.970
040 H56 0.968 0.965 0.964
048 H49 0.974 0.970 0.968
O51 H57 0965 0.964 0.963
060 Hel 0.971 0.976  0.967
063 Ho4 0974 0.971 0.970

the O-H bond lengths reported in the adsorption of urea
on kaolinite, but underestimated the experimental values
from Bish [25]. This observation shows that the impact on
the O-H bond length of the cluster for the adsorption of
AA and NMA is similar to that of urea, possibly due to the
similar fashion in AA and NMA react to the Al-O surface.
The distance of oxygen from AA to the hydrogen on
the kaolinite surface, as reported by Song et al. [24] ranged
from 1.906 to 2.305 A, using B3LYP/6-31G*. In the same
report, for the case of NMA, Song et al. [24] obtained
1.807 to 2.983 A. Using a larger basis set (6-31G**) does
produce a shorter and larger distance between the
adsorbate and the surface. As the difference between the
reported results [24] and this report in obtaining
geometry is the polarization function added to hydrogen
(6-31G* versus 6-31G**), it is interesting to check the
effects on the larger basis sets on the geometrical
relaxations. The result (Tables 2 and 3) where NMA
moved closer to the kaolinite surface compared to AA,
agrees with the result reported by Song et al. [24].
Further analysis of the depth of the molecules being
absorbed on the Al-O surface was done by calculating the
distance of O80 and O72 to the centroid of the seven
aluminum atoms. This centroid was chosen because the

1003

Table 3. The distances between atoms in the relaxed
structure for NMA systems

Selected atom pairs  Distances in systems (A)

Atom1l Atom2 NMAl NMA2 NMA3
072 H33 1.860 1.785 1.765
072 H45 3.746 1.960 1.955
072 H56 1.899 2.823 2.955
072 Hel 2.425 1.785 1.890
04 H14 0.975 0.968 0.976
012 H13 0.976 0.975 0.975
017 H18 0.966 0.968 0.967
023 H45 0.961 0.966 0.965
024 H33 0.968 0.971 0.972
027 H28 0.967 0.969 0.970
036 H37 0.971 0.970 0.970
040 H56 0.974 0.965 0.965
048 HA49 0.968 - 0.968
051 H57 0.962 0.964 0.962
060 Hel 0.967 0.976 0.971
063 Ho4 0.969 0.970 0.970

aluminum atoms are the closest fixed atoms to the O80
or O72. It was found that AA3 and NMA2 are closest to
the centroid, which means the two systems penetrated
further than the other systems studied. NMA1 is
displaced the furthest, compared to NMA2 and NMA3.
The values are shown in Table 4.

For the stability, the relative energy (the difference
in energy between the most stable to the other systems)
is used. The relative energy gives insight into how strong
the whole system is. While the total energy of the systems
increases as the basis set increases in size (double zeta,
triple zeta, quadruple zeta, and adding diffuse functions,
as in Table 1), as required in the variational principle, the
energies of the components also followed this trend: the

Table 4. Distance of the closest oxygen of AA (080) and
NMA (072) to the centroid of the kaolinite cluster

System  Distance of O80 or O72 to centroid (A)
AAl 3.024
AA2 3.038
AA3 2.913

NMA1 3.573

NMA2 2.903

NMA3 2.954
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energy of kaolinite model and the amides increased with
the basis sets. This observation applies to the Pople and
Dunning’s correlation-consistent basis sets. In Table 5,
the relative energy shows that AA1 and NMA2 are the
most stable systems. This observation is valid across the
basis sets and the extrapolated values. Using the relative
energy as a stability indicator, for acetamide, the ranking
has it that AA1 is the most stable, followed by AA3 and
AA2: AA1 > AA3 > AA2. For NMA, the stability has the
order of NMA2 > NMA3 > NMAI. Hence, based on the
relative energy, AA1 is the most stable system, while for
the larger amide, NMA2 is the most stable system. As the
orientation of the amides to the surface of kaolinite are all
in a similar fashion (vertical or oblique), the lowest
stability of AA2 and NMAL1 can be attributed to the lack
of penetration onto the surface of kaolinite, as mentioned
in the optimized geometries.

To obtain the strength of the interaction between the
components, the interaction energies are sought by using
Eq. (1). The interaction energies are tabulated in Table 6.
For the interaction energy of the AA-kaolinite systems,
the strongest interaction is AA3 for the basis 6-31G** to
cc-pVQZ, except for cc-pVDZ. However, although the
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total energies and the energies of the components
increased as the basis sets becomes larger, the interaction
energies are not always increasing accordingly. This is
observed in the NMA-kaolinite systems: it increased in
NMAI1 and fluctuated in NMA2. But for the other
systems, it decreased and is believed to converge to a
constant value. The fluctuation in the interaction energy
might be due to the non-uniform decrease in the total
energy as the basis sets became larger.

As in the relative stability, CBS extrapolation has
also been performed on the interaction energies.
Referring to header CBS in Table 6, among the AA-
kaolinite systems, AA3 possesses the strongest
interaction, which is the same pattern observed for other
basis sets (Pople’s and Dunning’s, except for cc-pVDZ).
For AA3, the extrapolated value of -1.77 eV agrees well
with the values obtained from triple-zeta and above basis
sets (in Pople and Dunnings’ basis sets), where the
percentage difference from those values ranges from 1 to
7%. In comparison, the interaction energy for AA3, of 6-
31G** and cc-pVDZ (the double zeta basis sets used in
this study) deviated 21 and 27% respectively from those

CBS values. Our CBS values are higher than the values

Table 5. Relative energy based on the total energy between the systems. The system with the most negative total energy

is taken as the reference energy. The unit of the energy is eV

6-31G™ 6-311++G**  6-311++G(2df,2pd) cc-pVDZ cc-pVTIZ cc-pVQZ CBS (exp)
(geom. opt.)
AAl 0.00 0.00 0.00 0.00 0.00 0.00 0.00
AA2 0.94 1.09 1.15 1.10 1.15 1.59 1.93
AA3 0.11 0.13 0.11 0.07 0.10 0.11 0.12
NMA1 1.20 1.35 1.16 1.78 1.68 0.91 0.26
NMA2 0.00 0.00 0.00 0.00 0.00 0.00 0.00
NMA3 0.36 0.33 0.02 0.13 0.03 0.03 0.05

Table 6. Interaction energy of the AA and NMA from using Eq. (1). The unit of the energy is eV

6-31G™ 6-311++G**  6-311++G(2df2pd) cc-pVDZ cc-pVIZ cc-pVQZ CBS (exp)
(geom. opt.)
AAl -1.93 -1.70 -1.63 -1.94 -1.66 -1.60 -1.58
AA2 -1.82 -1.59 -1.52 -2.25 -1.55 -1.07 -0.78
AA3 -2.14 -1.89 -1.81 -2.15 -1.84 -1.78 -1.77
NMA1 -1.27 -1.09 -1.02 —-0.48 -0.54 -1.76 -2.76
NMA2 -2.82 -2.59 -2.27 —-2.61 -1.70 -2.27 -2.73
NMA3 -1.98 -1.74 -1.67 -1.99 -1.69 -1.62 -1.60
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shown by Song et al. [24] for the AA-kaolinite, in which
their value is 0.39 eV. However, the magnitude of the
interaction obtained here agree with the other hydrogen-
bonded systems, for example, in the systems involving
water molecule [31]. For the NMA-kaolinite systems, the
fluctuations in the interaction energy from cc-pVDZ, cc-
pVTZ, and cc-pVQZ render the CBS extrapolated values
unreliable. Furthermore, the distance of O72 to the
centroid for NMAL is the furthest of the three positions,
hence the interaction should not be the highest. The only
trend that is acceptable is for NMA3, in which the CBS
extrapolated value of -1.60 eV makes the interaction
energy at 6-311++G(2df,2pd) 4% higher (-1.67 eV versus
-1.60 eV). The comparison of CBS extrapolation and 6-
311++G(2df,2pd) of AA2 is to be neglected, on the
argument that the cc-pVDZ, cc-pVTZ and cc-pVQZ
deviated too much from those of Pople basis sets. As can
be seen from Table 6, the interaction energies from 6-
311++G(2df,2pd) are all overestimated from the CBS
extrapolated values, between 2.5 to 4.2%. Thus, the CBS
extrapolated values for NMA2 should be lower by no
more than 5% of -2.27 eV, making it still the highest
interaction energy, agreeing with the distance of oxygen
to the centroid in Table 4.

Taking CBS as the more accurate energy (with a few
exceptions in the values as discussed in the preceding
paragraph) in our current calculation, it is found that 6-
311++G(2df,2pd)
produced interaction energies closer to CBS extrapolated

and cc-pVQZ have consistently

values, as compared to other basis sets. For the size of the
systems considered in this study, the wall time for the
double-zeta basis sets completion is mostly under 2 h,
while for triple zeta in the range of 8 h to 4d, and the
largest basis is roughly doubled that of triple zeta. Hence,
if permissible, for future energetic calculations on amide
adsorption, these two basis sets can be used, if the
application of CBS scheme is not possible. Keep in mind
that the interaction energy obtained will still be
overestimation over the CBS extrapolated values. Larger
basis sets, for example, cc-pV5Z or 6-311G++G(3df,3pd)
would require larger memory requirements, rather than
processing power. For geometry optimization of
molecular clusters involving kaolinite, it is suggested to
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use triple-zeta basis sets [32]. As to the contradictory
result reported before this, by comparing the strongest
interaction energy of NMA- and AA-kaolinite, the CBS
values shown in Table 6 generally show that NMA-
kaolinite attaches more strongly to kaolinite than AA-
kaolinite. Using the highest interaction energy at 6-
311++G(2df,2pd) (-2.76 eV for NMA and -1.77 eV for
AA), the difference in interaction energy is 0.45 eV.
Further analysis of the interactions between the
amide molecules and the kaolinite surface is based on the
electron density p at the bond critical point (BCP), as
suggested by Emamian et al. [33]. The suggested formula
of binding energy (BE), mentioned in Eq. (2), enables
finding the contribution of hydrogen bonding to the
interactions. The BCPs are calculated from the Multiwfn
[28], and an example of the locations of BCPs from the
Multiwfn is shown in Fig. 3. It was found that the
electron densities at BCPs are insensitive to the basis sets
used, whence only the hydrogen bonding energy using
the largest basis sets is shown in Table 7.
BE ~ —223.08 x p(rBCP)+0.7423 (2)

Fig 3. Locations of BCPs of hydrogen bonding between
acetamide and Al-O surface. The figure is obtained
using VMD [34].

Table 7. The binding energy (BE) of hydrogen bonding

System BE (eV)
AAl -1.14
AA2 -1.03
AA3 -1.20

NMAI1 -0.66

NMA2 -1.06

NMA3 -0.96
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As shown in Table 7, the hydrogen bonding to the
interactions agrees with the distance to the centroid in
Table 4. The shorter the distance, the higher the hydrogen
bonding strength. The hydrogen bonding strengths in AA
and NMA are similar (in the range -0.96 to -1.20 eV)
when the distances are similar (2.90 to 3.04 A). The lowest
value at -0.66 eV is due to the large distance to the
centroid. Compared to the reliable CBS values in Table 6,
the hydrogen bonding is seen as a major component in
the interaction energy and is important in stabilizing the
system. The residue of the interaction energy might be
due to the van der Waals or the dispersion energy.

m CONCLUSION

The basis sets effects were studied systematically in
our investigations of the adsorption of two simple amide
molecules, acetamide and N-methyl-acetamide, on the
Al-O surface of kaolinite. Although the decreasing
pattern is obtained, using three basis sets in increasing size
does not provide the convergence of the energies, be it
with Pople or Dunning’s basis sets. With the CBS
extrapolation scheme, the extrapolated values are also
needed to be assessed carefully, as the magnitude of
increase in energy does not follow the increase in basis
sets. Thus, comparison to the other basis of similar sizes
is necessary to gauge the final extrapolated values. Even
though the CBS value provides the limit of a functional at
the basis set limit, in the case where it is not applicable, we
found that the use of 6-311++G(2df,2pd) or cc-pVQZ is a
good choice in studying the energetic components, with a
certain degree of overestimation in magnitude. Finally,
between AA and NMA, NMA is more strongly attached
to the Al-O surface.
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