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Despite extensive studies of the amino-functionalized silica surfaces, a comprehensive investigation of
the effects of configuration and hydrolysis of 3-aminopropyltriethoxysilan (APTES) molecules attached
onsilica has not been studied yet. Therefore, the methods of quantum mechanics were used for the study
of configuration and hydrolysis forms of APTES molecules attached on the surface. For this purpose, five
different categories based on the number of hydrolyzed ethoxy groups including 16 configurations were
designed and analyzed by the density functional theory (DFT) method. The steric hindrance as an effective

ig;’:g‘;;lctionanze d silica factor on the stability order was extracted from structural analysis. Other impressive parameters such
APTES as the effects of hydrogen bond and electron delocalization energy were obtained by using the atoms in
Hydrolyzed forms molecules (AIM) and natural bond orbitals (NBO) theories.

DFT Consequently, it was found that the stability of configurations was attributed to steric effects, hydrogen
NBO bond numbers and electron delocalization energy. The maximum stability was achieved when at least
AIM two of these parameters cooperate with each other.

© 2015 Elsevier Inc. All rights reserved.

1. Introduction

Nanoparticles have been intensively researched during the
last few decades. Due to their high surface to volume ratio, the
nanoparticles have unique properties than bulk materials [1]. Silica
nanoparticles (NPs) is perhaps one of the most studied materials in
nanoscience. This is due to the remarkable properties such as high
chemical and thermal stability and its possibility to be modified
by a wide range of functional groups [2]. Modification of silica sur-
faces with variety of functional groups such as thiol [3], amine [4,5],
phenyl [6] was performed with different kinds of organosilanes.
APTES is most frequently used as organosilane agent for prepa-
ration of amino-functionalized silica surfaces [7]. Aminosilylated
surfaces are widely used in biochemistry [8], catalyst technology
[9], analytical chemistry [10] and industries [11]. Functionalized
surfaces can be prepared in the gas or liquid phases [12]. But, the
modification of silica surfaces with different types of organosilanes
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is frequently achieved in liquid phase that includes the sol-gel,
aqueous and organic solvent methods [11]. APTES forms an inter-
nal zwitterion in water while anhydrous organic solvent produces
a uniform monolayer of APTES on the surface [13]. The presence of
small amount of water in anhydrous organic solvent, for example
toluene, has an important effect on the mechanism of molecular
layer formation and structure of the deposited layer of organosi-
lanes [14]. Silanization that is most frequently used to attach APTES
molecules on different silica surfaces begins with the hydrolysis of
ethoxy groups in APTES. This step catalyzes by the presence of water
molecules and leads to the formation of silanols. The condensation
of APTES silanols with silanol groups present on silica surface (sur-
face silanols) results in the formation of a monolayer of APTES via
siloxane bonds (Si—O—Si). In addition, there are other possible ways
forinteraction of APTES with surface silanols and/or adjacent APTES
via hydrogen bonding or electrostatic attraction. These interactions
reduce the number of available silanol groups on silica surface and
APTES for more formation of siloxane bond [15,16].

The attached APTES layer on silica surfaces have been charac-
terized by many techniques including Fourier transform infrared
spectroscopy (FTIR) [17], thermogravimetric analysis (TGA) [18],
CHN elemental analysis [4], and ellipsometry [ 19]. But, these meth-
ods are unable to determine the numbers of hydrolyzed ethoxy
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groups on the silica surfaces. Therefore, use of the quantum
mechanics methods can be useful for this purpose. Application of
computational chemistry cover an extremely wide range from pre-
dicting the structure, configuration stability, spectra (IR, NMR or
UV-vis) and reactivity of complicated molecules to understand-
ing the catalytic property of materials [20]. Quantum mechanics
calculations such as ab-initio [21], DFT [22] and combination
methods [23] were used as an extensive branch of computational
chemistry for determination of stability and surface adsorption
on silica surfaces [24]. Unfortunately, high accuracy quantum
mechanical methods cannot be used for the large molecules.
The ONIOM method which is originally developed by Morokuma
and coworkers [25] is among the modern proposals devoted
to tackle large molecular systems with quantum mechanical
methods.

In the present work, for the first time a theoretical calculation
on possible configurations of amino-functionalized silica surfaces
were performed by ONIOM method. For this purpose, a silica
surface was designed and silanol density for this surface was con-
sidered as 6 OH per nm2. Two APTES molecules were anchored
on it in the energetically favorable configuration. Additionally four
water molecules were placed on the top of surface for designing
the hydrolyzed configurations. Based on the number and position
of hydrolyzed ethoxy groups, 16 different configurations were con-
structed and optimized in the best available and applicable level
of theory. Finally, for better understanding of effective factors on
the stability order of configurations, the natural bond orbital (NBO)
[26] and atoms in molecules (AIM) [27] were performed on the
system.

2. Materials and methods

The first step in our calculation was the design of the silica
surface. It was modeled similar to other works [28,29]. Based on
Niinisto et al. study [30], the number of hydroxyl groups on the
surface (silanol groups) were dedicated to 6 groups. To make sim-
pler, in our calculation a mono layer surface was selected and the
inner sheets were replaced by frozen methyl groups to keep crys-
talline surface structure (Fig. 1). This structure was optimized at
the B3LYP/SDD level of theory and was considered as the initial
construction for further calculations.

After designing the initial surface, APTES molecules were added
on the surface to form the amino-functionalized silica surface.
Because of APTES molecule size and its steric hindrance, only
two molecules can be attached to 1nm?2of the surface. Our ini-
tial calculations revealed that the best position for these two
molecules was achieved by replacing the H3g and Hs, (Fig. 1). Since
four hydrolysable ethoxy groups were on the surface, four water
molecules were placed on it to simulate the hydrolyzed forms. The
proposed amino-functionalized silica surface included 153 atoms,
which was costly and time-consuming for high-level quantum
mechanical calculations. Hence, a two-layer ONIOM method [25]
was used for optimization the designed surface. Here 86 atoms
include four silanols, two functionalized silanols, two anchored
APTES groups and four water molecules were assigned to the high
layer, quantum mechanics (QM), and other 67 atoms were belonged
to the low layer, molecular mechanic (MM) (Fig. 2). The QM subunit
was optimized by the DFT methods via using the B3, Becke three
parameters [31], for exchange functional and PW91, Perdew-Wang
91 [32], for non-local correlation corrections with applying the
6-31 g (d) basis sets [33]. But the MM layer uses the universal force
filed (UFF) [34] for optimization. This initial amino-functionalized
silica called as 4-ethoxy that none of ethoxy groups is hydrolyzed.

As can be seen from Fig. 2, water molecules can hydrolyze the
attached groups in APTES. Depends on the number of hydrolysable

groups (e.g. OCH,CHj3), there are four hydrolyzed categories. If one
of the ethoxy groups is replaced by hydroxyl group, the 3-ethoxy
category will be formed. This reaction could be continued until all
of the ethoxy groups will be substituted and a fully hydrolyzed
surface will be produced. It is clear that the 2-ethoxy, 1-ethoxy
and 0-ethoxy categories are generated by progress the reaction
(Scheme 1). Each category has different forms depending on the
location of the hydrolyzed group. Since in 0-ethoxy and 4-ethoxy
categories all and none of ethoxy groups are hydrolyzed respec-
tively, they have only one form. In the 3-ethoxy classification, one
group is hydrolyzed and due to four possible hydrolysable pos-
itions, it has four different forms. There are similar conditions for
1-ethoxy that one unhydrolyzed ethoxy group could be existed
in the four various forms. Between these categories, the 2-ethoxy
has most forms, six forms, because of its two ethoxy groups are
hydrolyzed simultaneously. Therefore based on our calculations,
when the hydrolysis reaction is happened on the surface, 16 pos-
sible forms are existed per 1nm?2. The other forms (15) were
optimized at the same level of theory as 4-ethoxy form.

For increasing the accuracy of energy results, the single point
energy calculations were performed at the level of B3PW91:6-
311++G(d, p: UFF). Furthermore, the solvent effects was considered
by SCRF = CPCM (solvent = hexane) keyword which performs a PCM
calculation [35] using the CPCM polarizable conductor calculation
model [36]. All calculations were performed by using Gaussian 09
program package [37].

Finally, the nature of effective surface interactions in the most
stable configurations was realized with NBO and AIM analyses. For
this purpose, the most stable form of each category was selected
and additional inspections were done on them. NBO analysis has
been used with the purpose of understanding and describing elec-
tron delocalization and hydrogen bond (HB). Delocalization of
electron density between occupied Lewis type and unoccupied
non-Lewis orbitals corresponds to a stabilizing donor-acceptor
interaction. The energy of these interactions can be computed by
the NBO calculations, which come from the second order pertur-
bation theory. In addition, the type and strength of the hydrogen
bonds can be determined from charge transfers (CT) between
involved NBO orbitals and their energies. Also AIM theory as a pow-
erful method are applied for investigation the molecule’s structure
and bonding. This theory is based on topological analysis of the elec-
tron charge density (p). Electron density properties at bond critical
point (BCP) are used for description of bond formation in AIM the-
ory. Two most important parameters in this theory are bond critical
point charge density (ppcp) and the Laplacian of charge density
(v2 ppep), which are used for description of the strength and type
of bond. For a localized bond, covalent bond, the pgcp and v2ppcp
have positive and negative values respectively while for a delocal-
ized bond, such as hydrogen bonds, both of them are positive with
lower values [38].

The NBO calculations were carried out on the B3PW91/6-
311++G (d, p) level of theory in hexane environment by using the
NBO package included in Gaussian 09 program [39]. Moreover, the
electron density and the type of existing bond on the surface of dif-
ferent forms were investigated by AIM theory by means of AIM All
2010 program package [40]. It is mentioned that the QM level was
used for AIM and NBO computations.

3. Results and discussion
3.1. Structural and energy analysis
As it was mentioned, the starting structure for our purpose was

the 4-etoxhy form which its surface was not hydrolyzed (Fig. 3).
Due to the positional similarity of 1, 3 and 5 surface silanols and
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Fig. 1. The optimized silica surface structure from (a) top and (b) side view. In the side view, the outer and inner layers are revealed obviously. Hsg and H3, are demonstrated
as the proper positions for the substitution of APTES groups. The oxygen, carbon, silicon and hydrogen atoms are shown as red, gray, green and white color, respectively. (For
interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

steric hindrances between 2, 4 and 6 situations, the best config-
uration for locating APTES molecules was on the surface silanols
of 1 and 4. The structural analysis shows that the orientation of
the surface silanols, attached APTES and water molecules optimize
the repulsion and attraction forces on the silica surface. It seems
that the most important interactions on the functionalized silica
surface are HBs and spatial interactions. The depth investigation of
optimized surface shows that the surface silanols, ethoxy groups
and amine groups have high potential to form HB with each other
and water molecules. Assigned bond length in Table 3, between
mentioned groups, are in the range of HB. Apparently, orientations
of water molecules are such that the maximum numbers of HBs are
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formed. We guess that another HB could be formed between amine
group of APTES, and oxygen atom of Sils.

Besides HBs, the steric hindrances of bulky ethoxy groups play
an important role in the arrangement of functional groups on the
silica surface. Ethoxy groups exert repulsive force that leads to ori-
ent away each other and the surface. This causes that the angles
of surface siloxane bonds turn from bent to linear for decreasing
the repulsive forces. Due to the changes in the angle, the amine
groups of attached APTES molecules can interact with the surface
(Fig. 3b). It is expected, when the hydrolysis is occurred and a
smaller hydroxyl group is replaced, the steric effects decrease and
the orientation of attached APTES molecules alter too.
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Scheme 1. Schematic representation of five possible categories of amino-functionalized silica surface. 4-ethoxy category has one form, 3-ethoxy and 1-ethoxy have four

forms, while the 2-ethoxy and 0-ethoxy have six and one forms, respectively.
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Table 1
Relative energy of different forms for amino-functionalized silica surface in
kcal mol~". The 4-ethoxy surface was selected as the reference configuration.

Category Form Relative energy
4-ethoxy 4-ethoxy 0.00
3-ethoxy1 -8.4
3-ethoxy2 -0.8
3-ethoxy 3-ethoxy3 -7.0
3-ethoxy4 -134
2-ethoxy1 -84
2-ethoxy2 -15.3
2-ethoxy3 -21.2
2-ethoxy 2-ethoxy4 -7.8
2-ethoxy5 -17.3
2-ethoxy6 -19.1
1-ethoxy1 -22.8
1-ethoxy2 -304
1-ethoxy 1-ethoxy3 ~132
1-ethoxy4 -15.4
0-ethoxy 0-ethoxy -18.6

When the hydrolysis reaction is happened and one ethoxy
group is replaced with hydroxyl group, different configurations
of 3-ethoxy surface are formed. If the OEt; is hydrolyzed, the 3-
ethoxy1 will be made and 3-ethoxy2, 3-ethoxy3 and 3-ethoxy4
forms are produced by hydrolysis of ethoxy groups OEt,, OEt3, OEty,
respectively. Fig. 4 shows the optimized structures of these forms.
Comparison these structures with 4-ethoxy indicates that the type
of interactions is similar with three forms of 3-ethoxy except where
the substitution is occurred. Because of this exchange, the strain on
the surface is decreased and configurations become more stable,
which can see from Table 1. However, the story of 3-ethoxy4 is dif-
ferent. In this form, the Wstransfers to the hydrolyzed location and
causes to form a HB network (Fig. 4, 3-ethoxy4). [t appears that this
additional factor leads to an extra stability, about two times, for this
form with respect to other forms in this category (see Table 1).

There are different positions for hydrolysis of second group.
Therefore, the numbers of the forms for 2-ethoxy are more than
other categories. In 2-ethoxy1, geminal ethoxy molecules are
replaced by two hydroxyl groups while for the 2-ethoxy2 the
exchanged groups are vicinal ethoxy groups namely OEt; and OEts.
Additionally, against substitution of ethoxy groups led to 2-ethoxy3
form. The same procedure was used for designing the three other
forms for this category (Fig. 5). Structural analysis confirms that
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Fig. 2. Bi-layer structure for amino-functionalized silica surface. The high and low
layers are shown as ball and bond type and wireframe, respectively. The nitrogen
atoms are displayed as blue ball.

the number of HB has important role in the order of stability for
these forms. The number of HBs is estimated 8 for 2-ethoxy1 and
2-ethoxy4 forms while it is nine for 2-ethoxy2. It appears that this
disparity leads to the more stability of 2-ethoxy2 with respect to
2-ethoxy1 and 2-ethoxy4 forms. In the more stable configurations
in this category in addition to existence of 10 (2-ethoxy5 and 2-
ethoxy6 forms) and 11 (2-ethoxy3) HBs, a HB network is shaped
on the surface. Table 1 illustrates that with exchanging the second
ethoxy group the relative energies of this category decline. This
stems from the fact that this substituting increases the number of
HB and decreases the steric effects.

By hydrolysis reaction progress and replacing of third ethoxy
group, 1-ethoxy category is formed. Nomenclature of this category
forms is done based on unhydrolyzed ethoxy position. Four opti-
mized configurations of this group are displayed in Fig. 6. Deep
analysis of optimized structure indicates that an extensive HB net-
work take places in the 1-ethoxy1 and 2 configurations. Butin other
forms, the position of functional groups on the surfaces is such that
the HB network could not be formed. Because of this dissimilarity,
an energy difference is created between them (Table 1).

The last possible form for our surface is the 0-ethoxy state thatall
ethoxy groups are hydrolyzed in APTES molecules. Our calculations

Fig. 3. (a) Top view of the optimized structure of 4-ethoxy form. The surface silanol groups, water molecules and ethoxy groups in APTES; and APTES, are detected as Sil; to
Silg, W1 to W4 and EtO; to EtO4, respectively. (b) Angles of Si—O—Si are displayed in degree in side view. The distance between functional groups and surface are presented

with arrow.
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Fig. 4. Optimized structures of 3-ethoxy category forms. HB network in the 3-ethoxy4 form is displayed as dash lines. W5 stands for water molecule NO.3.

show that unlike other forms, the amine group of the APTES, in
this form is orientated away from silica surface. As a result the HB
between this group and the Silsdoes not form. It seems that with
the hydrolysis of all ethoxy groups the steric effects on the surface
reduce and two siloxane angles become more bent. Therefore, two
new HBs are formed, which did not exist on the other forms (Fig. 7).

3.2. Evaluation of effective parameters in stability order

After analysis of optimized structures, it is necessary to evaluate
the efficient causes of different relative energies. Therefore, herein
five forms including the most stable configure of each category
were selected for more investigations.

As it was mentioned, the first factor that can be concluded from
structural analysis was the steric hindrance. The detailed analy-
sis of relative energies indicates that there is a proper relation
between the energy and the numbers of hydrolyzed ethoxy (HEtO)
groups (Table 2). As Fig. 8a shows the relative energy decreases
with increasing the number of HEtO groups from 4-ethoxy to 1-
ethoxy. It seems that the replacing of bulky ethoxy groups with
smaller hydroxyl groups during the hydrolysis reaction decreases
the steric hindrances and increases the stability. But in the case of
0-ethoxy, the stability decreases despite above procedure that this
inconsistency may be due to the effect of other factors.

The second effective factor is HB which was briefly discussed.
In the previous section, it was evaluated from bond length analy-
sis that is not a very valid viewpoint (Table 3). Therefore here, the
NBO and AIM methodologies were used for examination and certi-
fication of HB role in stability (their figures are given in supporting

information). The charge transfer energies between involved atoms
in HB are displayed in Table 3. The location and strength of HBs
were determined for each configuration. The obtained NBO HBs
that is resulted from charge transfer positions and their energies
arereported in Table 2. Comparison of the bond length analysis and
NBO HB numbers show an approximate matching between them.

A more accurate and acceptable tool, AIM calculations, was used
for examination the type and position of surface HBs. Topological
analysis of five stable configurations are reported in Table 3. The
positive values for both of pgcp and v2 ppcp certificate the existence
of HBs on the surface. AIM methodology completely characterized
all predicted HBs in the structural analysis section. Numbers and
positions of AIM HBs in 4-ethoxy and 3-ethoxy4 surface are iden-
tical with NBO analysis but they are different in other forms. The
results of Table 3 show that in the 2-ethoxy3, 1-ethoxy2 and 0-
ethoxy forms the Og;g can be contributed as donor atom in new HBs
while this does not observe in NBO outcomes (see Table 2). Deep
investigation of AIM results displays that there are a good rela-
tion between AIM HBs and relative energy. Fig. 8b shows that with
increasing the number of AIM HBs the relative energy decreases.
This significant outcome approves our guess about the important
role of hydrogen bond in the stability order. The more stability
of 1-ethoxy2 despite possessing the same number of HBs with
2-ethoxy3 can be explained by the less steric hindrances.

As it was stated in the structural analysis section, in addition
of mentioned factors, the existence of HB network on the surface
can affect the stability order too. The HB network leads to electron
sharing on the system, increasing the available orbitals for elec-
trons and subsequently decreasing the energy level of system. The



26

Table 2

S. Hozhabr Araghi et al. / Journal of Molecular Graphics and Modelling 59 (2015) 21-30

__ 2-ethoxy5 ::‘\"; -

Fig. 5. Optimized structures of 2-ethoxy forms. The HB network in the 2-ethoxy3, 5 and 6 forms is observable.

Relative and delocalization energies (kcal mol~1), numbers of HEtO groups, and numbers of HBs from bond length analysis, NBO and AIM methodology.

Category Relative energy HEtO Bond length analysis HB NBO HB AIM HB Electron delocalization energy
4-ethoxy 0 0 7 7 7 968.2
3-ethoxy4 -13.4 1 9 9 9 1003.2
2-ethoxy3 -21.2 2 11 10 11 1003.7
1-ethoxy2 -30.4 3 11 10 11 1042.9
0-ethoxy -18.6 4 10 9 10 985.2
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J J !

Fig. 6. Configuration structures of 1-ethoxy category that are optimized at the same level. The HB network is obvious in the 1-ethoxy1 and 2 forms.

amount of electron sharing is determined from the electron delo- also like the two other causes plays an important role in stability
calization energy in NBO results. For five selected configurations, order.

the NBO results were extracted and reported in Table 2. As it is evi- As a general conclusion based on given all above, it can be
dent, the most stable forms have the most delocalization in their inferred that the configuration stability in amino-functionalized
surface. The minimum delocalization is related to 4-ethoxy sur- silica surfaces is affected by three parameters including the steric

face with an unstable form. Therefore, the electron delocalization hindrance, the numbers of HBs and the electron delocalization

a. b.

Fig. 7. (a) Two new HBs in the 0-ethoxy form are displayed as red dash lines. (b) Bending of siloxane angles is shown. (For interpretation of the references to color in this
figure legend, the reader is referred to the web version of this article.)
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Fig. 8. Relation between relative energy and number of (a) HEtO groups and (b) HBs (from AIM methodology and bond length analysis). Stability increases with increasing
of both of them.

Table 3
The calculated HB lengths (A), charge transfer energies (kcal mol-1) and topological parameters for surface interactions of 4-ethoxy, 3-ethoxy4, 2-ethoxy3, 1-ethoxy2 and
0-ethoxy.

Category Involved orbitals Bond length Charge transfer Topological parameter
O—H AE PBcp v2 pcp
LP (Oggt1) — 0 (OHw1) 2.0 6.79 0.025 0.088
LP (Oggt2) — 0* (OHwz) 1.9 8.29 0.029 0.104
LP (Oggt3) — 0* (OHws) 1.9 6.98 0.026 0.094
4-ethoxy LP (O1w4) — 0* (OHg;2) 1.8 14.17 0.032 0.101
LP (Ow4) — 0* (OHg;ji3) 24 1.08 0.008 0.027
LP (Oggt4) — 0* (OHwa4) 1.8 13.26 0.035 0.116
LP (Osj3) — 0* (NHapres2) 2.2 1.10 0.014 0.049
LP (Oggt1) — 0* (OHw1) 2.0 6.20 0.024 0.085
LP (Oggt2) — 0* (OHw2) 1.8 11.51 0.034 0.119
LP (Owz)— 0* (OHw3) 1.8 16.97 0.038 0.125
LP (Ows)— o* (OHy) 1.6 31.17 0.055 0.143
3-ethoxy4 LP (Oogt3) — 0* (OHws) 2.1 2.19 0.017 0.063
LP (Oona) — 0* (OHEton4) 1.7 22.50 0.042 0.138
LP (O1gtona) — 0™ (OHgj2) 1.9 8.42 0.026 0.081
LP (O2gtona) — 0 (OHs;i3) 2.1 3.58 0.019 0.063
LP (Osj3) — 0* (NHapres2) 2.3 1.03 0.013 0.044
LP (Oon1) — 0* (OHEton1) 1.9 9.02 0.028 0.102
LP (Ogton1) — 0 (OHs;je) 1.8 16.37 0.038 0.117
LP (Oogt2) — 0* (OHwz) 1.8 12.36 0.034 0.118
LP (Osjjs) — 0 (OHy) 24 - 0.011 0.036
LP (Owz)— 0* (OHws) 1.8 16.18 0.036 0.120
2-ethoxy3 LP (Ows)— o* (OHy) 1.6 29.61 0.054 0.142
LP (Ookt3) — 0 (OHws) 2.1 2.31 0.018 0.064
LP (Oona) — 0* (OHEton4) 1.7 22.62 0.043 0.138
LP (O1gtona) — 0 (OHs;j2) 1.9 8.70 0.026 0.083
LP (O2gtona) — 0 (OHg;13) 2.1 5.09 0.019 0.062
LP (Osj3) — 0* (NHapres2 ) 2.3 0.97 0.013 0.044
LP (Oon1) — 0 (OHEton1) 1.8 13.89 0.034 0.121
LP (Ogton1) — 0™ (OHsjg) 1.7 25.97 0.051 0.140
LP (Ogtons) — 0™ (OHg;s) 1.8 13.86 0.033 0.109
LP (Oons) — 0* (OHgton3) 1.9 11.00 0.028 0.097
LP (Osji6) — 0™ (OHwz2) 1.7 - 0.047 0.144
1-ethoxy2 LP (O1w2) — 0* (OH3) 1.8 12.78 0.034 0.114
LP (O2w2) — 0* (OH4) 1.9 10.09 0.029 0.102
LP (Oona) — 0* (OHEton4) 1.8 18.84 0.038 0.130
LP (O1gtona) — 0 (OHsj2) 1.9 11.45 0.031 0.098
LP (O2gtona) — 0°* (OHs;i3) 2.2 2.93 0.014 0.047
LP (Osj3) — 0* (NHapres2) 2.3 0.65 0.011 0.036
LP (Oon1) — 0* (OHEton1) 1.9 8.97 0.027 0.102
LP (Ogton1) — 0 (OHs;je) 1.7 22.63 0.048 0.132
LP (Oonz2) — 0™ (OHgton2) 1.9 6.57 0.025 0.097
LP (Osjg) — 0* (OHons) 2.1 - 0.016 0.057
0-ethoxy LP (Oons) — 0* (OHEton3) 1.9 9.26 0.026 0.091
LP (Ogons) — 0 (OHs;js) 1.8 17.07 0.038 0.125
LP (Osijz) — 0 (OHona) 2.1 0.61 0.019 0.068
LP (Oona) — 0* (OHEton4) 1.8 13.94 0.034 0.118
LP (O1gtona) — 0 (OHs;j2) 1.9 8.24 0.026 0.085

LP (Oagco114) — 0 (OHsii3 ) 2.1 5.00 0.019 0.062
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energy. The 4-ethoxy configuration with maximum steric effects
and minimum HBs and electron delocalization energy is the most
unstable form. Comparison of other configurations indicates that
the domination of two effective parameters leads to configuration
stability. Therefore, higher stability of 0-ethoxy with respect to 3-
ethoxy 4 arises from the domination of steric hindrance and HB
effects than the electron delocalization energy. Similarly, 2-ethoxy
3 is more stable than 0-ethoxy because of its higher HB and electron
delocalization energy. However, it seems that the electron delocal-
ization energy and steric effect factors are more effective than HBs
number for 1-ethoxy 2 such that with having the less steric hin-
drance and higher electron delocalization energy is more stable
than 2-ethoxy 3.

4. Conclusion

Five categories including 16 configurations of 1nm? amino-
functionalized silica surfaces were designed and a DFT: UFF
approach has been applied for determination of their stability
order. The structural analysis of configurations has shown that the
relative energies vary depending on the numbers and positions
of hydrolyzed ethoxy groups in attached APTES molecules. The 4-
ethoxy and 1-ethoxy 2 with highest and lowest relative energies
were the most unstable and stable configurations, respectively.
Based on geometrical investigations with hydrolysis of ethoxy
groups and decreasing of steric effects, the stability was increased.
Moreover, AIM and NBO tools confirmed our prediction about the
role of HB in the stability order that can be inferred from bond
length analysis. Besides, the electron delocalization on the surface
was determined as an effective factor in configurational stability
from NBO results. Finally, we reached the conclusion that the stabil-
ity order was a function of steric effects, HBs numbers and electron
delocalization. None of these parameters was individually affected
the stability. It means that at least cooperation of two of these fac-
tors is required to change the relative energy and determine the
configuration stability.
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