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Abstract Different computational models were used and
screened to find a rational way in selecting the appropriate
functional silane monomer for the best molecular imprinted
xerogel (MIX) formulation. Several functional silane mono-
mers were used and allowed to react with a template model,
tetracycline (TC). The resulting template-monomer complex
molecules were first optimized and their interaction energies
(IEs) were calculated using different computational methods
such as semi-empirical methods, ab-initio methods, density
functional theory (DFT) methods and solvent model method.
The formulations used for calculation were also prepared and
their performance in binding with TC was determined using
tritium labeled sample. Results showed that the rankings of
the different formulations varied with the different computa-
tional methods. However, rankings of the IEs of the xerogels
are similar to that of the imprinting factor (IF) when HF and
B3LYP at SV(P) and SVP basis set levels were used. The best
imprinted xerogel, allyltriethoxysilane (AtEOS) ranked first in
ten out of the 26 computational models that were screened and
at all computational methods at tetramer system.
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Introduction

Molecular imprinting is a technology that allows the creation
of polymeric materials with predetermined specificity. The
resulting molecularly imprinted polymers (MIPs) exhibit dual
characteristics of stability and robustness of synthetic poly-
mers and recognition capabilities of biological receptors.
These materials have been used in the separation sciences

[1], sensor design [2], drug design [3] and catalysis [4]. It
has also been used as sorbents in solid phase extraction (SPE)
in complex sample analysis [5–7].

In general, the synthesis of MIP can be summarized as
follows. First, the template and the functional monomer are
mixed to form a complex in prepolymerization. The initiator
and the crosslinker reagent is then added into the mixture and
polymerization is carried out in the presence of heat or by
UV treatment. Removal of the template after polymerization
results in the formation of cavities which are complementary
in both size and functionality with the target analyte. The
success of molecular imprinting depends on the choice of the
functional monomer used in the synthesis of MIP. It is crucial
to know the interactions involved in the template-monomer
complex. Optimizations are usually done using different
formulations containing various functional monomers or in
a trial-and-error fashion. This is time consuming and some-
times the ideal polymer is not obtained right away.

One approach that was adapted in order to better under-
stand the intermolecular interactions during molecular
imprinting is by using computational modeling for the ratio-
nal design of the MIPs. The recent increase in computing
power and the concurrent establishment of new and improved
softwares has made the use of simulations based upon math-
ematical descriptions possible. Computer-aided design of
MIP, which has emerged for several years, is now widely
used.

The earliest attempt in using a computational approach
was performed by Nicholls [8] who studied thermodynamic
considerations of MIP recognition. Takeuchi et al. [9] then
used Monte-Carlo-based technique to estimate the best pos-
sible complex structure based on the functional monomer-
template conformation before polymerization. The Piletsky
group used a virtual library of functional monomers to screen
against the template molecules. The best monomer for the
template was selected by comparing the binding energies of
each virtual pair of monomer and template [10–13].
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The Pavel group utilized state-of-the-art computational
tools to achieve an understanding of intermolecular interac-
tions in molecular systems that are employed in the imprint-
ing of theophylline and its derivatives and chemical warfare
agents into complex and monomeric systems [14–16].
Another research group developed a general strategy based
on density functional theory (DFT) for the rational design of
MIPs that permits the selection of the functional monomer
and polymerization solvent [17, 18]. This method made use
of the stabilization energies of the prepolymerization adducts
between a selected template and different functional mono-
mers and the effect of the polymerization solvent.

There are other studies which used the DFT to study the
relationship between a template molecule and functional
monomers [19, 20]. There are also studies which made use
of the semi-empirical approach [21, 22]. The Regan group
used Hyperchem to elucidate nature of non-covalent interac-
tions present during the formation of the pre-polymerization
complex [23] and to analyze whether or not it is possible to
predict how well a given MIP will perform under set condi-
tions [24] while another research group studied the molecular
level properties of MIP using MMFF94 force field [25–27].
For the sol–gel based sorbents, Azenha et al. [28] applied the
molecular modeling using the template-monomer interaction
to predict the properties of the resulting molecular imprinted
xerogels (MIX).

Although there is no general consensus of which compu-
tational model is most effective in determining the properties
of the resulting MIP/MIX, the computational approach can
help as a guide in determining the right functional monomers
for a given template. The computational approach is a fast
and no-reagent-consuming way to prepare the MIP/MIX.
This can improve the trial and error approach commonly
used by reducing both the expenses involved in preparing
different formulations and the time utilized in determining
the best formulation of sol–gel imprinted materials.

In this paper, several computational models were used to
determine the IE of a model template, tetracycline, with
different functional silane monomers. The main objective
of this study is to screen computational models of different
theoretical levels and to determine if there is a computational
model that can correlate or predict the best functional silane
monomer in terms of high selectivity and rebinding capacity.

Computational details

The summary on the use of computational models of different
levels is shown in Fig. 1. Calculations were performed using
Spartan [29] and Gaussian’03 [30] similar to what was previ-
ously reported [31]. Initially, the template and each silane
monomer was subjected to a conformational search using the
Spartan software package at a fast semi-empirical quantum

mechanical level of theory using the PM3 Hamiltonian. The
lowest-energy conformer was then further optimized at the
Hartree-Fock (HF) level of theory by using several Gaussian-
type basis sets (e.g., 3-21G, 6–31g(d), SV(P), and SVP). For
each basis set, the silane monomer precursor and TC template
lowest energies are given by Emonomer and Etemplate, respectively.

For the dimer (silane monomer+template), trimer (silane
monomer + crosslinker [tetramethoxysilane(TMOS)/
tetraethoxysilane(TEOS)]+template) and tetramer (silane
monomers+template+end capping agent (trimethychloro-
silane [TMCS]) complexes, an initial conformational search
was performed using a molecular mechanics force field
(MMF94) [32] implemented in the Spartan software [29].
The ten most stable conformations were then subjected to
additional geometry optimization by using the PM3 semi-
empirical Hamiltonian. Of these ten initial conformations,
the three geometries with the lowest PM3 energies were
further optimized by using HF with different Gaussian-type
basis sets (3-21G, SV(P), and SVP). Optimizations using the
B3LYP density functional method were also performed to
check that comparable structures were obtained with a corre-
lated first-principles theoretical method. Another semi-
empirical method, AM1, was also used to optimize the com-
plex molecules in some instances. In each level, the structure
with the lowest energy was used to compute for IE.

IE ¼ Etemplate:silane monomer−Etemplate−ΣEsilane monomer ð1Þ

The simulation on the solvent effects was also done using
conductor like screening model (COSMO). Geometry opti-
mized structures of silanes, template and complex molecules
by HF SV(P) were used to determine the solvent effect. The
dielectric constant of the solvents used for the COSMO
calculations (acetonitrile, water, methanol, ethanol and tet-
rahydrofuran) was used in the calculation for the solvent
effect.

Comparison and correlation with experimental imprinting
factors

Six functional monomers namely allyltriethoxysilane (AtEOS),
phenyltriethoxysilane (PhetEOS), cyanoethyltrimethoxysilane
(CNEtEOS), ethyltrimethoxysilane (C2tMOS), n-pentyltrie-
thoxysilnae (C5tEOS) and n-octyltriethoxysilane (C8tEOS)
(all from Gelest) used in the calculation were mixed with a
crosslinker (TEOS or TMOS) at 1:1 mol ratio to prepare the TC
imprinted xerogel. The imprinting factor (IF) of the uncapped
and end capped xerogels using methanol for the binding
study was based on the earlier paper reported by our group.
Comparison and correlation between the theoretical IEs and
the experimental IFs were evaluated. For the tetramers, only
the endcapped xerogels were included in the correlation.
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Results and discussion

The initial step in the MIX preparation, which is the forma-
tion of template-functional monomer complex, is similar to
that in MIP synthesis. The monomer that can interact with
the template most intensively will give the complex with the
highest stability. This will facilitate the subsequent prepara-
tions including polymerization and the formation of the
cavity which is a complementary structure to that of the
template. The interaction of silane monomers with the tem-
plate model, tetracycline, was determined first by obtaining
the optimized minimal conformation of template-monomer
complex and then calculating the IE for each template-
monomer complex. Six silane monomers containing different
functional groups were used. These functional groups include
allyl, phenyl, cyano and alkyl chain groups represented by the
ethyl, n-pentyl and n-octyl.

Conformations

Geometry optimization of conformers of template-monomer
complex (dimer, trimer and tetramer) from conformational
search initially performed in Spartan using MMFF optimiza-
tion was performed. The optimized conformations of the six
formulations (dimer) are shown in Fig. 2. Only the AtEOS and
C2tMOS showed H-bonding interaction between the silane
and the template. This is surprising since all silanes contain O
and N (in the case of cyano) where an H-bond with the
template can possibly form. The only possible explanation
for this observation is due to the size of the functional group.
The TC molecule contains an aromatic region, carbon back-
bone and various functional groups (double bonds, amine,
carbonyl and hydroxyl) that can provide interaction sites
(i.e., pi-pi interaction, H-bonding, dipole-dipole or hydropho-
bic interaction) with the silanes [31]. Both AtEOS and

Conformational Search by Spartan (PM3) for 
monomer/template/endcapping agent

Conformational Search by Spartan (MMFF94) for complex 
(dimer/trimer/tetramer)

Monomer/Template/
Endcapping Agent
Complex Molecules

Geometry Optimization using 
Gaussian [HF SV(P)]

Geometry Optimization using 
Gaussian (HF SVP)

Geometry Optimization using 
Gaussian [B3LYP SV(P)]

Geometry Optimization using 
Gaussian (B3LYP SVP)

Geometry Optimization by 
Gaussian (PM3)

10 Most Stable 
Conformers

3 Geometry with 
Lowest Energies

Geometry Optimization using 
Gaussian (HF 3-21G)

Geometry with 
Lowest Energy

Geometry Optimization using 
Gaussian (B3LYP 3-21G)

Calculation for Solvent Effects 
COSMO

Fig. 1 Schematic of the
computational models for
calculation in this study
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C2tMOS contain three or less carbon chains in the functional
group in comparison to the other silanes. This small functional
group may have allowed both silanes to form H-bonding with
the template. The silanes with bigger or longer functional
group may form a conformation that favored the other in-
teractions aside from H-bond since TC contain different func-
tional groups.

The optimized conformations of AtEOS formulation of
different size (dimer, trimer and tetramer) are shown in
Fig. 3. The silane monomer (AtEOS) is consistently on the
same plane with respect to the template (TC) even with the
addition of the crosslinker (TEOS) and the end capping

reagent (TMCS). The optimized geometry of the complex
has the template sandwiches in between the AtEOS and
TEOS with TMCS. The allyl group of the silane interacts with
the phenyl group of TC. However, the allyl group moves
toward the amine group of TC with the addition of TEOS
(trimer system). Addition of TMCS (tetramer system) results
in the allyl group being closer to the phenyl group similar in
the dimer system. The H-bond interaction is exhibited by the
amine and hydroxyl group of TC with the oxygen of the
methoxy group of AtEOS and TEOS. For the trimer and
tetramer, the H-bond interaction is between the hydroxyl
group of TC with the oxygen of a methoxy group of AtEOS.

Fig. 2 Conformers with the
lowest energy of dimers. a TC-
AtEOS; b TC-C2tMOS; c TC-
C5tEOS; d TC-C8tEOS; e TC-
CNEtMOS and f: TC-PhetEOS
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Interaction energies and levels of computations

The IE between TC and the functional momoner was calcu-
lated using Eq. 1. It has been established that the higher the
value of IE, the more stable the complex that will be formed
between two chemical species. There are several levels of
computations done in obtaining the IE. First, the IE of a
template-functional monomer complex or dimer system was
calculated. Next is the calculation of IE of a trimer system
consisting of the dimer and a third species (either TEOS or
TMOS) as the crosslinker. Another level of computation in-
volved in the calculation of IE of a tetramer systemwherein an
end capping reagent (TMCS) was added to a trimer system.
This addition of species has led to an increase in calculation
time but it is necessary to simulate the condition where these
species are present during the imprinting process. This is in
addition to a longer calculation time already observed in MIX
than MIP since silane monomers are larger species compared
to acrylic monomers [28].

Geometry optimization using the different methods was
ranked as semi-empirical < B3LYP < HF in terms of compu-
tational expenses. Semi-empirical calculations (PM3 and
AM1) of silane monomers, template and the endcapping agent
are completed within 10 min, and became longer when dimer
(∼10 h), trimer (∼3 days) and tetramer (∼7 days) were
performed. For the HF and B3LYP calculations, the computa-
tional cost depends on the basis set used. The basis set 3-21G is
the fastest with single molecule calculations completed ranging
from 5 h to 10 h for both HF and B3LYP calculations. The time
for completion ranges from 1–3 days for dimer calculation
using both models. An additional day is needed for calculation
to be completed using 6–31g(d). When SV(P) and SVP basis
sets were used, computation was completed from 10–14 days.
The SVP basis set has higher computational cost than SV(P) by
just several hours. An additional 1–2 days was observed when
HF calculation was performed. Calculations at trimer level
further increase computational expenses to at least 20 days
for B3LYP and at least 25 days for HF. Lastly, it takes at least

dimer trimer

tetramer

Fig. 3 Conformers with the
lowest energy for a dimer (TC
and AtEOS), a trimer (TC,
AtEOS and TEOS) and a
tetramer (TC, AtEOS, TEOS and
TMCS)
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a month (∼30 days) to complete tetramer level calculations for
both HF and B3LYP.

Semi-empirical methods

Semi-empirical molecular orbital theory uses simplification of
the Schrödinger equation Eψ=Hψ to estimate the energy of a
system (molecule) as a function of the geometry and electron
distribution. The simplifications require empirically derived
parameter (“fudge factors”) to bring calculated values in
agreement with the observed values. Semi-empirical methods
are computationally fast because many of the difficult inte-
grals are neglected. The error introduced is compensated
through the use of parameters. The semi-empirical methods
used namely PM3 and AM1, the more popular methods
among the different semi-empirical methods due to availabil-
ity of algorithms [33]. Both methods were already reported in
the earlier studies for the calculation of interaction energies in
MIPs [21, 34]. PM3 or parameterization method 3 and AM1
or Austin model 1 uses nearly the same equations with the
PM3 having an improved set of parameters than AM1. PM3 is
more accurate than AM1 for hydrogen bond angles but AM1
is more accurate for hydrogen bond energies [33].

Rankings of the different formulations as shown in Fig. 4
vary from one method to another and from size being calcu-
lated (dimer vs trimer vs tetramer). For instance, the ranking
of the AtEOS formulation in PM3 improves with the addi-
tion of species from ranking last at dimer level improving to
2nd (trimer) and then to 1st at the tetramer level. For the
AM1 (wherein the tetramer was not included), the ranking of
the AtEOS formulation is 2nd in both the dimer and trimer
level. The value of the calculated interaction energies in both
empirical methods increases as the size of calculation

increases except for CNEtMOS and C8tEOS formulations
in PM3.

In addition, there is a difference in terms of the rankings of
the different formulations in PM3 and AM1 in both dimer
and trimer level. The observed inconsistency between PM3
and AM1 is in agreement with the essentially random char-
acter of the errors associated with semi-empirical methods
and the intermolecular interactions being usually of the same
magnitude [28]. Nevertheless, among the computational
methods used, this is the least computationally demanding
method getting results within a week.

Hartree-fock

Hartree-Fock is an ab-initio method that generates solutions to
the Schrödinger equation where the real electron–electron in-
teraction is replaced by an average interaction [35]. It is the
simplest wavefunction based method involving optimization of
a single optimization and its usefulness is limited because of
complete neglect of electron correlation [36]. In large basis set,
the HF wavefunction is able to account for ∼99 % of the total
energy but the remaining ∼1 % is often very important for
describing chemical phenomena [35]. The calculated IEs at the
Hartree Fock (HF) level with different basis sets are shown in
Fig. 5. At the 3-21G and 6–31g(d) basis set, the AtEOS is
consistently within the three highest ranked monomer being
first in the tetramer level. Most of the IE values increase with
addition of chemical species in the system. At the SV(P) and
the SVP levels, two tautomers of TC was used. It was found
that after the B3LYP calculation, another structure or tautomer
of TC was found to be more stable (Fig. 6). The tautomer
predicted to be more stable at the B3LYP level (T2) has been
reported as amongst the ten most stable by AM1/SCRF

Fig. 4 Calculated interaction
energies using semi-empirical
methods (PM3 and AM1)

3916 J Mol Model (2013) 19:3911–3923
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calculations [37]. Both tautomers (T1 and T2) were used for the
calculation of IE to eliminate potentially missing effective in-
teractions. The results are presented in Fig. 5. At these levels,
the AtEOS and C2tMOS are constantly ranked first and second

regardless of whatever tautomer was used. In addition, the
C8tEOS and PhetEOS were consistently at the bottom of the
rankings. The possible reason for this could be due to the size
and nature of the functional group in the silanes. Both AtEOS

Fig. 5 Calculated interaction
energies using HF in different
basis sets

Tautomer 1 (HF) Tautomer 2 (B3LYP)

Fig. 6 TC tautomers observed
during calculation
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and C2tMOS contain shorter functional group compared to
C8tEOS and PhetEOS. The higher ranked silanes are predicted
to exhibit stronger interaction energies with the template since
it is easier to reorient the smaller silanes to form the conforma-
tion that will favor H-bonding interaction with the template in
comparison to the other silanes. It has been reported that the
presence of multiple H-bonds results in a relatively large inter-
action energy [38].

Calculations at the HF levels for the trimers and tetramers
are shown in Fig. 5. As in other basis sets and computational
methods, the value of the IE increases as more species are
added to the system with the exception of AtEOS. The ob-
served IE value of AtEOS decreases from dimer to trimer level
but have a big increase going to the tetramer level. In terms of
rankings, the AtEOS formulation ranked 1st at the dimer level
but dropped to as low as 4th at the trimer level. However, it is
ranked at the top at the tetramer level.

B3LYP

Density functional theory (DFT) has become a standard
method for electronic structure calculations in chemistry.
The B3LYP (Becke, three parameter, Lee-Yang-Parr) meth-
od is a DFT based calculation containing a combined ex-
change functional and combined correlation functional and
is widely used in chemical calculations because it leads to
reliable results [39]. Figure 7 summarizes the calculations for
IE at the B3LYP level. In terms of the values of IE, the B3LYP
has higher values than those calculated using HF at the same
basis sets. In terms of the size, there is an increase in the IE
value from dimer to trimer level at the SV(P) and SVP basis
sets. For the 3-21G basis set wherein a tetramer system was
calculated, there is a linear relationship between the size and

IE values except in AtEOS. The AtEOS formulation showed
an initial decrease in IE value from dimer to trimer and then a
drastic increase in the tetramer level. An unusual trend was
observed in the rankings, wherein AtEOS ranked 1st or 2nd at
the dimer level but drops to 6th ranked in trimer level.
However, it ranked 1st at the tetramer level using 3-21G basis
set. Calculations using the other basis sets at tetramer level
were not performed because of time constraints.

The trend wherein the IE value or ranking of the monomer
dropped by the trimer level has been observed using HF
calculations. The interactions of the species involved can
play an important role in the unusual trend observed. The
change of AtEOS in rankings from dimer to tetramer levels
in both HF and B3LYP can be explained by looking at the
conformations observed at different size levels (Fig. 3). The
position of the allyl group is different in the trimer system in
comparison at the dimer or tetramer position. This can be one
of the reasons why the value of IE or ranking of AtEOS
suddenly dropped at the trimer level. It is also possible that
the double bond of the allyl group contributes to this trend as
the other formulation with double bond (PhetEOS) ranked
also at 5th next to AtEOS at the trimer level.

The total interaction coming from H-bonding and pi-pi
interactions could be the most important reason for the ob-
served trend. There are different sites for H-bonding at the
different size levels. H-bonding interaction is exhibited by the
amine group of TC with the ethoxy group of AtEOS in the
dimer level. At trimer level, the H-bond is between the hy-
droxyl group of TC and the ethoxy group. The H-bond is still
between a hydroxyl group of TC and the ethoxy group at the
tetramer level. On the other hand, pi-pi interaction could take
place between the allyl group and the phenyl group. It is also
observed that the allyl group of the silane interacts with the

Fig. 7 Calculated interaction
energies using B3LYP in
different basis sets
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phenyl group of TC at the dimer level. Addition of TEOS to
the system pushed the allyl group toward the amine group of
TC hence the allyl-phenyl interaction was not exhibited and
this could be the main reason for the lower ranking of AtEOS
at the trimer level. Lastly, the allyl group interacts with the
phenyl group once again when TMCS was added at tetramer
level. The large interaction energy could come from the addi-
tive effect of the H-bonding and pi-pi interactions exhibited by
the different species in the system hence AtEOS ranked first at
dimer and tetramer levels in both HF and B3LYP.

Literature has reported that the presence of H-bonds gives
larger interaction energies in different computational methods.
The resulting interaction energies from these H-bonds are not
the same. In one study, H-bond interaction between harmane
pyridinic nitrogen and hydroxyl group of metharcylic acid
hydroxylic group is stronger than that between harmane pyr-
rolic group and carboxylic oxygen atom of methacrylic acid
[40]. In addition, the presence of multiple H-bond interactions
gives larger interaction energy [38].

Although B3LYP is less computationally expensive and
more popular than HF, it has limitations in terms of interaction
energy. Standard variants of DFT including B3LYP perform
poorly in prediction of intermolecular interaction energies
sometimes even giving wrong signs for these quantities.
This is due to the self-interaction error cause by using approx-
imate functional, i.e., inexact exchange in DFT calculations
[41]. For instance, atomization energies using B3LYP has an
average error of 3.11 kcal mol−1 which is a little bit better than
that calculated using BLYP which gave an average error of
7.09 kcal mol−1 for the same data set [42]. This amount of
error will significantly affect the value of interaction energies
obtained fromDFT-based calculations. This is themain reason
why HF is preferred in this study than B3LYP although many
still used DFT based calculations in terms of computational
expense.

Solvent effect

The computational models discussed and considered so far are
with respect to the gas phase. This condition is not observed in
reality as the sol-gel process occurs inside a growing colloidal
mixture that ultimately forms a gel. In this case the effect of
solvent or solvation must be taken into account in energy
calculations as it leads to changes in energy and stability of
the functional monomer-template complexes. Solvent mole-
cules can interact with the template and functional monomer
in solvent environment. Solvents of various dielectric con-
stants can influence the template-functional monomer interac-
tion wherein the different dielectric constant could lead to
different polarity of the solvents that can affect the conforma-
tion of the complex in a way that the recognition of the
monomers with the template is different. The IE could reflect
the effect of solvent on the complex formation.

There are two types of methods for evaluating the solvent
effects: those describing the individual solvent molecules
and those that treat the solvent as a continuous medium.
The more popular continuum models such as polarizable
continuum model (PCM) consider the solvent as a uniform
polarizable medium with a dielectric constant of ε while the
solute is placed in a suitable shaped cavity in the medium
[43]. PCM has been used in the calculation of solvent effects
in the preparation of MIPs [17, 44, 45].

In this case, another continuum model, conductor-like
screening model or COSMO was used to calculate the sol-
vent effect. COSMO takes into account the detailed atomic
structure of the interface interacting with the dielectric liquid.
It is a continuum method based on a solvent accessible
surface and designed to be fast and robust as the method
uses a simpler, more approximate equation for the electro-
static interaction between the solvent and solute. COSMO
calculations requires shorter CPU time than PCM calcula-
tions and are less likely to fail to converge [33].

The interaction energies obtained at SV(P) level using the
two tautomers with the different implicit solvents corresponded
in every case to a significant decrease as compared to the gas-
phase interaction. This makes sense since solvation of a species
also involves intermolecular interactions of the same nature as
functional monomer–template and so the solvent acts as a
competitor. The intermolecular interaction between solvent
molecules and the complex is competing with template-
monomer interaction leading to weakening the interaction be-
tween the template and monomer [46]. It is also noticed that
some of the monomers are not capable of forming interaction
with template in some solvents because of the positive IE.

Results using the two tautomers showed that the best
formulation in the different solvents tested is C2tMOS. It
consistently ranks first in the different solvents. It has also
been observed that the other straight chain alkoxysilanes
(Tautomer 2 form) rank higher in most of the solvents. The
ranking of the functional monomer with the highest IE at the
gaseous state (AtEOS) ranges from second to fifth places in
the solvents tested. Among the solvents tested, the tetrahydro-
furan has the highest set of IE values in comparison to the
other solvents. From the results shown in Fig. 8, it is conclud-
ed that type of solvent has a small influence on the complex
stability.

Comparison of IE with IF

The performance of the prepared TC imprinted xerogels were
determined by calculating their imprinting factor (IF). Table 1
summarizes the IF of the different xerogel formulations
(uncapped and capped) using methanol as rebinding solvent.
The AtEOS formulation has the highest IF in both the
uncapped and capped xerogels. Capping the xerogel results in
increased IF values in most xerogels. Although AtEOS ranks at
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the top, the rankings of the other formulations are not the same
in the uncapped and capped condition.

The success of a particular computational model lies in its
ability to predict the binding performance of a MIX formu-
lation with the calculated IE. It is assumed that during the
imprinting process, the early TC-silane monomer(s) interac-
tions govern the MIX performance. The more specific and
stronger the interactions are, the better the so formed imprint
will be for TC-binding. With this, the rankings of the differ-
ent xerogel formulations in terms of theoretical IEs were
compared with the experimental IFs.

Inspection of the different computational models consis-
tently shows that the xerogel with the highest IF (AtEOS)
also had the highest IE in ten out of the 26 models (COSMO
not included) using different number of chemical species
(dimer, trimer, tetramer). The C2tMOS formulation ranks first

in six out of the 26 models screened and in all COSMO
calculation. In all computational methods (semi-empirical,
ab-initio and DFT), the AtEOS constantly ranks first at the
tetramer level. In addition, AtEOS also ranks first at the dimer
level using SV(P) and SVP basis sets (except at B3LYP SVP
basis set). This could only mean that a semi-empirical method
like PM3 can predict the best performing xerogel as long as it
includes all the possible species present in the system.

Several basic patterns have been observed in terms of the
tautomers and basis sets [(SV(P) and SVP] used in calcula-
tions. In general, T2 have higher interaction energies than the
T1 counterpart. The exception to this is C2tMOS [both dimer
SV(P) and SVP and trimer SV(P)], CNEtMOS [trimer SV(P)]
and C5tEOS [both trimer SV(P) and SVP]. In addition, calcu-
lations at both HF and B3LYP methods showed consistently
higher values of interaction energies using SV(P) in compari-
son to SVP for the same tautomer and silane. The difference
between the two basis sets is the absence of polarization
functions of hydrogen in SV(P) compared to the more flexible
SVP. These observations agreed with what was reported in an
earlier paper [31].

In terms of the best computational model that shows
almost the same ranking between the IEs and the IFs, the
HF at SV(P) level (tautomer 2) predicts the correct ranking of
four xerogels. Calculations using SV(P) and SVP basis sets
at both HF and B3LYP tend to rank the better performing
xerogels among the best MIXs in terms of IE. The correlation
between IE vs. IF was also found to be not optimal with the
highest r2 value obtained to be only 0.76 at HF using SV(P)

Fig. 8 Calculated interaction energies of the two tautomers (T1 and T2) of tetracycline using COSMO in HF SV(P) basis set

Table 1 Imprinting factors and rankings () of xerogels using methanol
as rebinding solvent

Xerogel Uncapped End capped

AtEOS 3.16 (1) 6.50 (1)

C2tMOS 2.50 (4) 4.75 (2)

C5tEOS 2.62 (3) 4.63 (3)

C8tEOS 3.21 (6) 3.71 (4)

CNEtMOS 3.05 (2) 3.22 (5)

PhetEOS 1.51 (5) 3.93 (6)
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basis set (dimer level) followed by 0.70 at the same computa-
tional method using SVP basis set. In one related study that
made use of correlation, r2 between 0.7 and 0.8 were reported,
but r2 dropped to 0.5 when one descriptor was excluded [47].
Thus, it is not surprising that the IF vs. IE r2 values is mediocre
given the uncertainties and complexities (vide infra).

The rankings of the xerogels at the HF SV(P) basis set
level (dimer level) and the high correlation at this level only
means that this is the best computational model among all
models that have been screened. This computational level is
close to what has already been used before in preparing
MIPs. Computational design of polymer for aniline made
use of HF method in MP2 level at 6-31++G(d) basis set [48].
In another study, HF/6-31G* was used to prepare MIPs for
phenol [49] and a chiral, polymerizable metallodendrimers
P2Pt(S-BINOL) [50].

The results of this study have several limitations as there
are other factors that need to be considered. First and most
importantly, sol–gel reactions occur in solvent with growing
colloidal mixture that forms into a gel while all calculations
were conducted in gas phase with one method using solvent
effects. Although the calculations include as many of the
reagent present, there are other species that are formed once
the sol–gel process occurs. Among these are the hydrolyzed
products coming from the silanes. The complex mechanisms
involved in sol–gel process is very hard to simulate using
commonly known computational models. It is possible that
improvement on simulation or modeling can be done with the
advent of new computational approaches such as quantum
Monte Carlo or metadynamics. A study has been made using
molecular dynamics to model the pregelification stage of the
sol–gel process [51]. Another consideration is all interaction
energies obtained are based on zero-temperature conforma-
tional optimizations and it is possible that at finite tempera-
ture, these interactions or configurations could be quite differ-
ent. However, the use of different computational methods is
still a better approach in preparing sol-gels for imprinting than
the arbitrarily trial and error methods.

Conclusions

This work presents the screening of different computational
models to find a rational approach in selecting the most suitable
functional silane monomer in preparing molecular imprinted
xerogels. The model template used, tetracycline, was allowed
to interact with different functional silane monomers. The
resulting template-monomer complex molecules were first op-
timized and their interaction energies (IE) (difference of com-
plex molecules energy with the components) were obtained
using different computational methods such as semi-empirical
methods (PM3 andAM1), ab-initio methods (HFwith different
Gaussian type basis sets, i.e., 3-21G, SV(P) and SVP), density

functional theory (DFT) method (B3LYP) and solvent model
method (COSMO). Rankings from some computations agreed
with the experimental data (IF). Increasing the number of
chemical species being calculated increases the probability of
predicting the best performing xerogels as confirmed with the
results from tetramer level. A fast calculation using semi-
empirical methods like PM3 was able to predict the best
xerogel at the tetramer level. Computations at the SV(P) and
SVP basis set at HF level also agreed with the experimental
results. Overall, the results demonstrate the potential and limi-
tations of using theoretical calculations to guide the develop-
ment of analyte selective MIXs in comparison to arbitrary
combinatorial methods like the trial and error approach.
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