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Abstract Computational strategies have been employed to investigate the influence of the nature of monomers and cross-linker in order
to design three dimensional imprinted polymers with selective recognition sites for L-phenylalanine benzyl ester (L-PABE) molecule.
Here, computational chemistry methods were applied to screen the molar quantity of functional monomers that interact with one mole of
the template molecule. Effects of the nature of functional monomer, cross-linker, and molar ratio were determined computationally using
density functional calculations with B3LYP functional and generic 6-31G basis set. Methacrylic acid (MAA) and ethylene glycol
dimethacrylate (EGDMA) were used as the functional monomer and crosslinking agent, respectively. L-PABE imprinted polymer layered
on multiwalled carbon nanotube (MWCNT) and conventional bulk MIP were synthesised and characterized as well. To investigate the
influence of pre-organization of binding sites on the selectivity of L-PABE, respective non-imprinted polymers were also synthesised.
MWCNT-MIPs and MIPs exhibited the highest adsorption capacity towards L-PABE. The synthesized polymers revealed characteristic

adsorption features and selectivity towards L-PABE in comparison with those of its enantiomer analogues.
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INTRODUCTION

Molecular imprinting technology is an exploring technique to
fabricate artificial sorbents of a template or target molecule
for the selective and specific recognition of the imprinted
template molecule via simple polymerization method.[!?]
Among the various imprinting strategies like covalent, non-
covalent, and semi-covalent imprinting, non-covalent im-
printing involves the self-assembly of complexes of the tem-
plate and functional monomers via non-covalent interactions
such as hydrogen bonding, z-7 interaction, van der Waals
force, efc., and this methodology has got much attention in
the design of molecularly imprinted polymers (MIPs). After
the synthesis of the pre-organized complex of functional
monomer and template, polymerization will happen in the
presence of a cross-linker and initiator which results in the
covalent stabilisation of these pre-organized complexes in
highly cross-linked polymer matrices.[>] Finally, extraction
of the target molecule gives rise to the binding sites which
are complementary to the template molecule (Scheme 1).
Some disadvantages in molecular imprinting technology
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are their low adsorption rate and low kinetic response to-
wards a target molecule.[®-®] The imprinting of molecular re-
cognition sites at nanostructures results in homogeneous
binding cavities on polymer matrix and thus greatly en-
hances the easy removal of templates, excellent binding ca-
pacities, and better kinetics of molecular recognition com-
pared with the traditional imprinted bulky materials.[’l Multi-
walled carbon nanotubes (MWCNTs), which exhibit ex-
tremely large surface area, should be an excellent candidate
as the support material in molecular imprinting technology.
Preparation of MIPs on the surface of MWCNTSs would en-
dow MIPs with large surface area; consequently, the binding
sites in the outer layer of the composite would improve the
accessibility of template molecule and reduce the binding
time.[19-141 To facilitate the easy recognition of binding sites
with high selectivity and uniform layering of MIP on MW-
CNTs, it is necessary to modify MWCNTs with carboxyl
functional groups by strong acid treatment to obtain vinyl
group-functionalized MWCNTs. The copolymerization of
these vinyl groups with the cross-linker and monomer would
result in the imprinted polymer layer on the surface of MW-
CNTs.[713]

Generally, MIP preparation is simple, but finding the best
functional monomer (FM) with effective interaction with the
template to achieve high selectivity, specificity, and rebind-
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Scheme 1 Schematic representation of molecular imprinting process

ing capacity is of great importance in separation science. The
experimental methodologies to find the most suitable FM,
cross-linker, and molar ratio are commonly tedious and time-
consuming, while molecular modelling offers a complement-
ary tool for understanding the prevalent molecular interac-
tions, and provides a powerful pre-selection tool for identify-
ing suitable functional monomers and cross-linker.[16:17]° A
wide range of computational techniques have been used in
the study of numerous characteristic features of the molecu-
lar imprinting technology.l'8-211 Among these, combinatorial
chemistry and molecular modelling are the most auspicious
tools for the development of MIPs with enriched recognition
properties.[22-23] Various applications of computational mo-
delling in molecular imprinting technology have been pro-
gressively developed and they are capable of designing effi-
cient pre-polymerization system and hence demonstrating
the potential of molecular modelling towards rational design
of MIP.[26.27] According to certain recent literatures, the ap-
plications of density functional theory (DFT) have got much
attention in various fields of MIPs such as for the designing
of chromatographic, electrophoretic, and enantioselective
separation techniques.[28-31] In the DFT methods, the effects
of electron correlation is determined, which are usually ap-
plied in MIP studies because of their high accuracy of in-
formation, reliability, and cost-effective nature.[!8-32]

The amino acid benzyl ester, L-phenylalanine benzyl es-
ter (L-PABE), was chosen as template molecule in the pre-
sent work. It can prevent sickling of erythrocytes from sic-
kle cell disease patients and hence acts as an antisickling
agent.33341 This study focused on selecting an appropriate
functional monomer (FM) and a cross-linker for L-PABE us-
ing DFT calculations of structural and energetic parameters,
finding the most stable molar ratio between FM and the tem-
plate molecule, synthesis and characterization of MWCNT-
MIP, MWCNT-NIP, MIP, and NIP by Fourier transform in-
frared spectroscopy (FTIR), X-ray diffraction (XRD), scan-
ning electron microscopy (SEM), and transmission electron
microscopy (TEM), and determining the adsorption paramet-
ers and selectivity of designed imprinted polymers.

MATERIAL AND INSTRUMENTS

L-phenylalanine benzyl ester and D-phenylalanine benzyl
ester were obtained from Alfa Aesar, India. MWCNTSs with

diameter of 10—15 nm were purchased from Reinsto Nano
Ventures Private Limited, New Delhi, India. Cross-linkers
such as ethylene glycol dimethacrylate (EGDMA), N,N-
ethylene bismethacrylamide (EBMAA), and meta- and para-
divinylbenzenze (DVB) were purchased from Sigma Aldrich,
Germany. Functional monomers such as methacrylic acid
(MAA), itaconic acid (IA), acrylamide (AAm), acrylic acid
(AA), and 4-vinyl pyridine (4-VP) were purchased from
Alfa Acer, India. The initiator, 2,2'-azo-bis-isobutyronitrile
(AIBN), was from Merck, India. The solvent methanol was
of analytical grade and was purchased from Merck, India.

A Fourier transform infrared spectrometer 8400S (DIN
206-72400, Shimadzu, Japan) was used to record FTIR
spectra of the samples. Binding studies were carried out on
a Shimadzu UV-Vis spectrophotometer model 2450. For the
morphological studies of the polymer samples, transmission
electron microscopy (TEM, Facility-JEOL JEM-2100) and
scanning electron microscopy (SEM, JEOL-JSM-6390A)
were used. PAN analytical X’PERT PRO was used for X-ray
diffraction studies of polymers.

Hardware and Software

Calculations reported in this article were performed using
Gaussian 09W 64 bitl3] software with Gauss View 5.003¢1 as
the GUI. The calculations were performed on Intel processed
workstation with 32 GB RAM.

Geometry Optimisation and Energy Calculation

The 3D chemical structures of the monomer, template, and
cross-linker were generated using Gauss View 5.0 software
and subjected to series of initial optimisations using Gaussian
09 software, which is an electronic structure package capable
of guessing properties such as energies, structures, and vi-
brational frequencies of atoms, molecules, and reactive sys-
tems.!'8] Here, overall frequency optimisations and energy
calculations were executed and each species was found to be
at the minima by having no negative values in the frequency
calculation. DFT method was chosen to set up the calcula-
tions and the geometry optimizations were performed at the
B3LYP functional and generic 6-31G basis set.

In order to screen out the most suitable functional mono-
mer, binding energies of six commonly used functional
monomers such as metharcylic acid (MAA), itaconic acid
(IA), acrylamide (AAm), m-divinylbenzenze (m-DVB), ac-
rylic acid (AA), and 4-vinylpyridine (4-VP) (Fig. 1) with the
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template molecule L-PABE were determined computation-
ally using DFT with B3LYP functional and generic 6-31G
basis set. Template to functional monomer stoichiometry
was found out in the same manner as described above using
the selected monomer.

0
OH 7
‘j>; \/©\4 \)LNHZ

Methacrylic acid
(MAA)

0
HO)WOH \\_@N \)(LOH

m-Divinylbenzene
(m-DVB)

Acrylamide
(AAm)

Itaconic acid 4-Vinylpyridine Acrylic acid
(IA) (4-VP) (AA)
Fig. 1 Functional monomers for screening with L-PABE for the
design of MIPs

To discover the appropriate cross-linkers, binding ener-
gies of three commonly used cross-linkers, ethylene glycol
dimethacrylate (EGDMA), N,N-ethylene bismethacrylamide
(EBMAA), and p-divinylbenzenze (p-DVB), with the tem-
plate and the chosen monomer were determined computa-
tionally using DFT with B3LYP functional and generic 6-
31G basis set (Fig. 2).

o S U ¢

p-Divinylbenzene
(p-DVB)

Ehylene glycol dimethacrylate
(EGDMA)

EI 0

(o)
N,N-ethylene bismethacrylamide
(EBMAA)

Fig. 2 Cross-linkers for screening with L-PABE for the design of
MIPs

The binding energies between L-PABE and the functional
monomers as well as cross-linkers were calculated using the
following Egs. (1)—~(3) via DFT approximation, where T is
the template, FM is functional monomer, and CL is cross-
linker.

AETFRM = Etemplate,monomer - (Etemplate + Emonomer) (1)
AETcL = Etemplate,cross—linker - (Eternplate + Ecross-linker) (2)

AEFM—CL = Emonomer,cross—linker - (Emonomer + Ecross—linker) (3)

EXPERIMENTAL

Synthesis of Imprinted and Non-imprinted Polymers on
Vinyl-functionalized MWCNTSs

L-phenylalanine benzyl ester imprinted polymer layered on
MWCNT was prepared by polymerizing vinyl groups an-
chored on MWCNT with MAA and EGDMA in the pre-

sence of L-PABE. For MIP synthesis, MWCNT—CH=CHz
(0.02 g) was added to 30 mL of methanol in a 250 mL round-
bottom (RB) flask and purged with N2 under magnetic
stirring. L-PABE (0.05 mmol) and MAA (0.10 mmol) dis-
solved in 5 mL of methanol were added to the RB flask and
mixed for 30 min to form a complex of template and func-
tional monomer. The initiator AIBN (10 mg) and cross-linker
EGDMA (1.25 mmol) were then added. The temperature of
the pre-organized mixture was raised to 65 °C, and the re-
action was allowed to proceed for 8 h. The resulting product
was collected by centrifugation and washed thoroughly with
ethanol to discard unreacted monomer and template mole-
cule. The template molecule was eluted by methanol until no
L-PABE could be detected by UV-Vis spectroscopy (257
nm) in the eluent. The same procedure was used for the
synthesis of MIPs with different FMs such as itaconic acid
(IA), acrylamide (AAm), m-divinylbenzenze (p-DVB), acry-
lic acid (AA), and 4-vinylpyridine (4-VP). In accordance
with computational data, a 1:2 molar ratio of template to
functional monomers was used in order to saturate all func-
tional binding sites in the template. After the identification of
better monomer, both MWCNT-MIP and MIPs were prepa-
red using the selected monomer with different cross-link-
ers such as N,N-ethylene bismethacrylamide (EBMAA) and
p-divinylbenzene (p-DVB). For comparison, blank polymers
(MWCNT-NIP) were prepared by the same procedure, with-
out adding template molecule in the polymerization process.
L-PABE non-imprinted polymers (NIP) without MWCNTs
were also prepared and analyzed. Schematic representations
of the fabrication of MWCNT-MIP and MIP are depicted in
Scheme 2.

Adsorption Mechanism and Selectivity Studies of L-
PABE Imprinted Polymers
The adsorbed amount of L-PABE on each polymer was
monitored by a UV-Vis spectrophotometer at 257 nm. For
this, 10 mg of each polymer were transferred into a tube
containing 7.0 mL of methanol with specific initial concen-
trations of L-PABE ranging from 0.05 mmol-L™" to 0.35
mmol-L~! and equilibrated for about 3 h at 28 °C. The mix-
ture was centrifuged at 15000 r-min~! for 5 min. Finally, the
extracted solution was monitored by a UV-Vis spectropho-
tometer and the concentration of free L-PABE in the super-
nate was measured. The amount of L-PABE adsorbed onto
the polymer, Q. (umol-g™!) was determined according to the
following equation:[*7]

Qe:w 4)

m

where ¢i (mg'-mL™") and ¢ (mg-mL™") represent the initial
and final solution concentrations of L-PABE. V' (mL) is the
sample volume and m (g) is the mass of the polymer.

In order to obtain the thermodynamic parameters, the ex-
periments were carried out at three different temperatures
(291, 301, and 311 K) for 10 min to 180 min. The time taken
for the saturated rebinding specificity was investigated by
incubating an equal amount of polymer in template solution
of the known concentration of L-PABE at these temperat-
ures. The amount of L-PABE adsorbed by each polymer was
measured using similar procedure for binding studies. The

https://doi.org/10.1007/s10118-019-2282-4
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MWCNT-MIP

Schematic representation of synthesis of conventional molecularly imprinted polymer (MIP) and

imprinted polymer on vinyl-functionalized MWCNTs (MWCNT-MIP)

sorption kinetic data of L-PABE on MWCNT-MIP was ana-
lyzed using the pseudo-second-order rate equation as fol-
lows:[38]
t 1 t
—_—— 4+
Ot kyx Q% Oe
where k2 is the rate constant of pseudo-second-order
sorption.

The mechanism of adsorption process can be determined
based on the change of adsorption enthalpy and adsorption
entropy because the change of adsorption enthalpy can indi-
rectly define the inducement between imprinted polymers
and the template molecule, and a larger adsorption enthalpy
displays a stronger binding capacity towards the template
molecule.39 Also, the adsorption entropy is a function of the
disordered state before and after adsorption, which reflects
the change of template molecule from the solution to the sur-
face of the imprinted polymer.l40] Established on the thermo-
dynamic theory, the correlation relationship of imprinted and
non-imprinted polymers can be expressed as follows:[*1]

ln(l— QTXW):AHad _ASad (6)
no RT R
where no is the initial molar number of the adsorbate, w is the
mass of MIPs, AHad and ASad are the adsorption enthalpy and
adsorption entropy, respectively, and 7 (K) is the absolute
temperature of the adsorption process.

For the selectivity studies, to the template desorbed poly-
mer, equal volume of the template solutions and the enan-
tiomer (D-PABE) solution having an equal concentration
were added into different tubes and the difference in the
binding extent was estimated spectrophotometrically. The im-
printing factor or separation factor (), which represents the
effect of the imprinting process, is the amount ratio of sub-
strate bounded by MIP to that bounded by the corresponding
NIP.

®)

Kwvip

oap (7

OTemplate =

_ Templatepound

®)

The selectivity of the imprinted polymer towards the tem-
plate was calculated in terms of selectivity factor (a).

a Templategree

OTempl
a= emplate (9)

& Analogue

RESULTS AND DISCUSSION

Computational Studies

Selection of the optimal functional monomer for the synthesis
of MIPs for L-PABE

Selection of the most suitable functional monomer by tem-
plate interaction analysis permits the choice of high affinity
MIP towards L-PABE. From the optimized structure of
L-PABE template molecule in Fig. 3, it reveals that the
chemical structure of L-PABE encompasses a collection of
heterogeneous interaction sites able to form hydrogen bonds
with the functional monomer. To achieve the strongest af-
finity binding sites, the electrostatic potential energy cont-
our onto the molecular surface of L-PABE was measured.
Figs. 3(a) and 3(b) show the frequency optimized geometry
of L-PABE along with the contours of electrostatic potential
energy. The most significant interaction between L-PABE
and FM in the MIP will occur at the regions marked with
green numbers in Fig. 3(a) which contain regions around one

Fig. 3  (a) Frequency optimized structure of L-PABE (Green
colored numbers show the most significant interactive sites of L-
PABE) and (b) electrostatic potential contours of L-PABE

https://doi.org/10.1007/s10118-019-2282-4
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nitrogen and two oxygen heteroatoms.

After knowing the strongest interactive sites of L-PABE,
the next step is to evaluate the affinity binding of each FM
(MAA, 1A, AAm, m-DVB, AA, and 4-VP) with the tem-
plate molecule L-PABE leading to 1:1 complexes. The
B3LYP/6-31G optimized structures for template and func-
tional monomer complexes are shown in Fig. 4. In these en-
ergy optimized complexes, hydrogen bonds and dipoles are
drawn in yellow line and red arrow, respectively, to facili-
tate visualization. The establishment of hydrogen bond in
four complexes (L-PABE/AA, L-PABE/AAm, L-PABE/IT,
and L-PABE/MAA) could be noticed. In L-PABE/MAA, L-
PABE/IT, and L-PABE/AA complexes, hydrogen bonds
were formed between hydrogen of hydroxyl group of the
functional monomer and carboxyl oxygen of the template
molecule. In L-PABE/AAm complex, hydrogen bond forma-
tion occurs at carboxyl oxygen of acrylamide and hydrogen
from amino group of template molecule. These results show
that the strongest interaction between FMs and L-PABE is
through hydrogen bonding.

The calculated B3LYP binding energies of the complexes
(AE) are presented in Table 1. From the values, it can be ob-
served that three monomers, namely methacrylic acid, acryl-
ic acid, and itaconic acid, possess lower binding energies and

a b

hence formed more stable complexes with L-PABE, among
which methacrylic acid and itaconic acid were found to keep
the strongest affinity for L-PABE. The carboxylic functional
group of acidic functional monomers is an excellent hydro-
gen bond donor-acceptor group which would participate in
the formation of hydrogen bonding interactions with the tem-
plate. In the present study, the selection of the best monomer
is in good agreement with the basic criteria of molecular im-
printing “an acidic functional monomer was the best mono-
mer for the imprinting of an basic template molecule”.[32]

In order to determine the effect of monomers on adsorp-
tion process, batch adsorption experiments were carried out
for MWCNT-MIP and MIP which were synthesised using
these six monomers. The results obtained are plotted in
Fig. 5. The plot indicates that MWCNT-MIP and MIP pre-
pared using methacrylic acid and itaconic acid showed simil-
ar and better recognition of L-PABE template molecule. In
our system, hydrogen bonding interactions between carboxyl
oxygen of L-PABE and hydroxyl group of MAA and IA are
predominant compared to other monomers. The higher hy-
drogen bonding ability of the carboxyl oxygen enhances the
strength of the hydrogen-bonding interaction between the
template molecule and the carboxyl oxygen functional gr-
oup, creating specific recognition sites within the polymer

C

Fig.4 B3LYP/6-31G energy optimized structures for template and FM complexes: (a) L-PABE/AA, (b) L-PABE/AAm,
(¢) L-PABE/m-DVB, (d) L-PABE/IT, (¢) L-PABE/MAA, and (f) L-PABE/4-VP

Table 1
—824.9303 au)

Screening of virtual library of functional monomers for molecular imprinting of L-phenylalanine benzyl ester (EL-PABE =

Functional monomer Emonomer (au) Etemplate/FM complex (aU) Binding energy (au) Binding energy (kJ-mol ™)
Methacrylic acid (MAA) —306.388 -1131.339 —0.021 —54.548
Acrylic acid (AA) -267.077 -1092.027 -0.019 —52.390
Acryl amide (AAm) —247.222 -1072.164 -0.012 -31.259
Itaconic acid (IA) —494.882 —1319.834 —0.021 -56.301
m-Divinylbenzene (m-DVB) —386.964 —1211.898 —-0.003 -9.013
Vinylpyridine (VP) —325.599 —1150.542 —-0.013 —34.087
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matrix during imprinting and thus yielding imprinted poly-
mers with better recognition properties.[4?] The order of ad-
sorption of L-PABE on remaining monomer moiety is AA >
4-VP > AAm > m-DVB, which is in good agreement with
the theoretical results. However, for polymers made up of the
same monomers, the nano-counter parts showed increased
adsorption capacity than the bulk MIPs which is attributed to
the increase in surface area as a result of the infusion of
nanostructures. Between MAA and IT, methacrylic acid was
chosen as the best functional monomer for further studies.

—

[oN]

(=]
T

B MWCNT-MIP
B MIP

140
120
100
80
60
40
20

Amount of L-PABE adsorbed (umol-g 1)

(=]

MAA AA AAm IA° m-DVB 4-VP

Fig. 5 Effect of the nature of monomers on the sorption of L-
PABE on MWCNT-MIP and MIP

a
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The optimized structure of template-monomer complex
was analyzed further to determine the nature of interaction
between functional monomer and L-PABE. Furthermore, the
highest occupied molecular orbital (HOMO) and the lowest
unoccupied molecular orbital (LUMO) were determined
computationally. The calculated results are shown in Fig. 6.
The higher the HOMO energy (Eyomo) 1S, the stronger the
electron-donor capacity would be; vice versa the lower the
LUMO energy (Erumo), the stronger the electron-acceptor
capability.[*3] Fig. 6(b) shows that Ejyyo of L-PABE is
0.0121 eV, which is higher than that of MAA, and the elec-
tron cloud of LUMO is mainly scattered across the entire
molecule. It reveals that L-PABE is the main electron-donor.
Fig. 6(a) shows that Fyopo of MAA is —0.3587 eV, which is
lower than that of L-PABE. Moreover, the electron cloud of
MAA is mainly localized in the C=0, C=C, and C—H
groups, indicating that MAA is the main electron-accepter.
Therefore, L-PABE can easily donate electrons and thus re-
tains higher reactivity than MAA does.

The nature of interaction between MAA functional mono-
mer and L-PABE is again determined with Mulliken atomic
charges using B3LYP/6-31G basis set. Partial charge dens-
ity distribution of each atom in both MAA and L-PABE is
plotted in Fig. 7. By analysing charges on each atom, we can
conclude that most active sites of L-PABE carry more nega-

LUMO plot

AE=-0.1691 eV

By = 0.0121 eV

AE=-0.1607 eV

Enoo=—0.3587 eV Eyomo = —0.1486 eV

HOMO plot

.‘ LUMO plot
- Eyino = —0.1896 eV
=
@

MAA

HOMO plot

L-PABE

Fig. 6 Molecular orbital surfaces and energy levels for HOMO and LUMO of (a) MAA and (b) L-PABE

b

Fig. 7 Mulliken atomic charge distribution plot for (a) L-PABE and (b) MAA
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tive charges in comparison with those of MAA. It reveals
that L-PABE has the capacity to act as a nucleophile and also
MAA has the ability to act as the electrophile.

Effective template to functional monomer stoichiometry
During the imprinting process, there must be a specific molar
amount of functional monomer that interact with the tem-
plate molecule to ensure more binding sites on imprinted
polymer.[>] Molar ratio optimization of template-monomer
complex was carried out in order to determine the influence
of increased functional monomer concentration on the selec-
ted template-monomer complexes. B3LYP/6-31G optimized
structures of FM (indicated moles) that bind with one mole
of L-PABE are shown in Fig. 8 and the corresponding bin-
ding energies are presented in Table 2.

By analysing Table 2, it is clear that the AE values of tem-
plate-monomer complex increased up to a ratio of 1:2, after
which it decreased and then slightly increased in 1:4 com-
plex. By comparing these four complexes, 1:2 molar ratio
gave the higher binding energy and greater stability towards
L-PABE.

In order to confirm the optimal molar ratio for L-PABE to
MAA, MIPs with varied imprinting ratios were prepared. For
that, MAA was used as the functional monomer and EG-
DMA was used as the cross-linker. As shown in Fig. 9, the
MIPs, whose molar ratio for L-PABE to MAA is 1:2, exhib-
its the maximum adsorption and the greatest affinity towards
the binding sites formed in polymer matrix. The order of ad-
sorption quantity in different molar ratios is 1:2 > 1:4 > 1:3 >
1:1, indicating that the appropriate reaction ratio of L-PABE
to MAA is 1:2, which is in agreement with the result ob-
tained in computational studies. Among MWCNT-MIPs and
MIPs, polymer imprinted on MWCNTs has the strongest af-
finity towards L-PABE due to the homogeneous distribution
of binding sites.

1:1

JJ

1:4 .

B . Y
®a.e
4‘)\1,3-‘ v‘v

“ 4

st ®

Selection of suitable cross-linker for the maximum
adsorption of L-PABE

The selection of the most suitable cross-linker is another
crucial parameter in MIP synthesis because effective cross-
linker in the polymeric network helps to maintain the specific
sites of functional group in FM and preserve the structure of
binding cavities.[**! The molecules of DVB, EGDMA, and
EBMAA are commonly used cross-linkers for the prepara-
tion of MIPs. The binding energies (AE) between L-PABE
and MAA/cross-linkers were calculated at the BALYP/6-31G
level and are presented in Table 3. Their energy optimized
structures are depicted in Fig. 10.

As shown in Table 3, the AE values between L-PABE and
different cross-linkers are in the increasing order of AE(L-
PABE-EBMAA) < AE(L-PABE-DVB) < AE(L-PABE-EG-
DMA) and the AE values between MAA and different cross-
linkers in the decreasing order of AE(MAA-DVB) >
AE(MAA-EBMAA) > AE(MAA-EGDMA).

These results show that the AE value (-2.2853 kJ-mol ')
between L-PABE and EGDMA is the largest, and the AE
value between MAA and EGDMA (—18.604 kJ-mol-!) is the
smallest. As a result, the interaction between EGDMA and
L-PABE is the weakest and the interaction between EG-
DMA and MAA is the strongest. This is in good agreement
with the rule that the strength of the interaction between tem-
plate and cross-linker should be weak and that between func-
tional monomer and cross-linker should be strong.[*3] This is
again confirmed with the experimental evidence obtained
from these cross-linkers as shown in Fig. 11.

Evaluation of the amount of cross-linker

To fabricate the MIPs with stable and ordered binding sites,
certain rigidity is required. That is, to enable the template
molecule to enter the imprinted cavities easily, certain extent
of flexibility is required. Increasing the extent of cross-
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Fig. 8 Models of complexes formed from L-PABE and MAA at different molar ratios: 1:1, 1:2, 1:3, and 1:4
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Table 2

(E monomer —

Binding energies of template and monomer complexes
-306.3878 au, Etemplate = —824.9303 au)

Binding energy Binding energy

Molar quantity of  ET-FM complex

monomer (au) (au) (kJ-mol ™)
1 —1131.339 —-0.021 —54.548
2 —1437.739 -0.034 —88.969
3 —-1744.116 -0.022 -58.358
4 -2050.509 -0.027 ~71.969
160 - Il MWCNT-MIP

140 . M

120
100
80
60
40
20

Amount of L-PABE adsorbed (umol-g™")

(=)

1:1 1:2 1:3 1:4
Template to functional monomer ratio

Fig. 9  The adsorption of L-PABE with varying template to
functional monomer ratios in methanol

Table 3 Binding energies (AE) between L-PABE as well as MAA
and different cross-linkers at the B3LYP/6-31G level (kJ-mol ")

System DVB EGDMA EBMAA
L-PABE -14.317 -9.562 —72.364
MAA —25.234 —77.839 —-50.089

linking of polymers would reduce the flexibility and decrease
the contribution of specific binding to imprinted receptor
sites.[*] Thus, it is very important to decide the amount of
cross-linker needed for the preparation of MIPs with a high
adsorption capacity and selectivity. In this system, ethylene

glycol dimethacrylate (EGDMA) was used as the cross-
linker. MWCNT-MIPs and MIPs were prepared by changing
the amount of EGDMA in the range of 0.10-0.40 mmol and
their adsorption properties were determined. As shown in
Fig. 12, when the amount of EGDMA is 0.25 mmol, both
MWCNT-MIP and MIP reveal very high adsorption capa-
city. The reason is that when the amount of EGDMA is lower
than 0.25 mmol, the imprinted cavities would be movable,
easily deformed, and could not fix the binding sites. When
the amount of EGDMA is higher than 0.25 mmol, the exis-
tence of the non-covalent interaction between EGDMA and
the functional monomer would deteriorate the imprinting
efficiency. Hence, the amount of EGDMA to be added was
fixed as 0.25 mmol.

Characterization of L-PABE Imprinted and Non-
imprinted Polymers

FTIR

The synthesis of MWCNT-MIP from the functional mono-
mer MAA and crosslinking agent EGDMA was primarily
confirmed by FTIR spectroscopy. The FTIR spectra of vinyl
functionalised MWCNT, MIP, and MWCNT-MIP are shown
in Fig. 13.

The vibrational bands corresponding to each spectrum are
given below: (a) 2924 cm~! =C—H stretching, 1701 cm™!
>C=0 stretching, 1653 cm~! >C=C< stretching, 1262
cm! =C—O0 symmetric stretching (ester), 1005 cm! out of
plane =C—H bending vibration; (b) 1730 cm! >C=0
stretching, 1021 cm™! C—N stretching, 1296 cm™! =C—0
symmetric stretching (ester), 1193 cm~! =C—0 asymmet-
ric stretching (ester), 957 cm™! —O—H bending; (¢) 2952
cm! =C—H stretching, 1730 cm™! >C=0 stretching,
1021 em™! C—N stretching, 1296 cm™! =C—O0 symmetric
stretching (ester), 1193 cm™! =C—0 asymmetric stretching
(ester), 959 cm~! —O—H bending.

The vibrational bands at 2924, 1701, 1653, 1262, and
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Fig. 10 B3LYP/6-31G optimised structures of L-PABE/cross-linker complexes
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Fig. 11  Effect of cross-linkers on the amount of L-PABE bound
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Fig. 13  FTIR spectra of (a) vinyl-functionalized MWCNT, (b)
MWCNT-MIP, and (c) MIP

1005 cm™! observed in the spectrum (a) indicate the success-
ful incorporation of vinyl group on the surface of MWCNT.
The characteristic bands of neat MIP also appear in the spec-
trum of MWCNT-MIP, which reveals the successful fabrica-
tion of MWCNT-MIP.

X-ray diffraction analysis

X-ray diffraction (XRD) technique was used to examine the
crystalline nature of MWCNT-MIP synthesised from MAA
and EGDMA. Fig. 14 shows the XRD patterns of MWCNT-
MIP, MWCNT, and MIP. XRD pattern of neat MWCNTs
shows four characteristic peaks at 25.3° (002), 43.7° (101),

51.0° (004), and 72.7° (110) [JCPDS 41-1487]. The (002)
reflection peak can be observed at the same 26 values in both
MWCNT and MWCNT-MIP patterns. The intensities of dif-
fraction peaks in MWCNT-MIP are decreased as compared
to those of MWCNT. The conventional MIP could scatter the
X-ray beams to give a very broad peak (26 = 5°-20°), which
is the characteristic peak of its amorphous nature. This is a
good indication of the successful fabrication of MIP layer on
the surface of MWCNT. From XRD patterns, it could be
concluded that MWCNT retains the same cylindrical wall
structure and inter planar spacing after the attachment of MIP
layer on it. The spatial extent of stacking of graphene layers
is calculated using Scherrer’s formula (L = 0.94/Bcosf),
where L is the mean size of the MWCNT-MIP particles, 4 is
the X-ray wavelength (Cu Ka, Ake = 0.1542 nm), Omax is the
maximum angle of the (002) peak, and B(26) is the half-peak
width for MWCNT-MIP (002) in radians. The value of L is
found to be approximately 24.5 nm, which is in good agree-
ment with TEM results.

(002) — MWCNT
— MWCNT-MIP
—__MIP

(110)

Intensity

20 40 60 80

20(°)
Fig. 14 X-ray diffraction patterns of (a) MWCNT, (b) MWCNT-
MIP, and (c) MIP

Scanning electron microscopic analysis

Morphological characteristics of MWCNT-MIP and MIP
were examined by SEM technique. In Fig. 15, MWCNT-MIP
shows thread-like nanotube structure moieties with an ave-
rage size about 22-31 nm. Generally, MIPs have a rough
surface morphology because of the extraction of template

Fig. 15 SEM images of (a) MIP and (b) MWCNT-MIP
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molecule from its polymer matrix. Here, the conventional
MIPs also display an agglomerated morphology, which could
be significantly converted into thread-like tubular forms
through the incorporation of MWCNT into the polymer ma-
trix. Further TEM analysis narrates the tubular nature of
MWCNTs.

Transmission electron microscopic analysis

In order to know the detailed surface morphology, crude
MWCNTs, vinyl functionalized MWCNT, and MWCNT-
MIP were characterized with TEM. TEM micrographs of
crude MWCNTs before and after fabrication of MIP are
shown in Fig. 16. The image of MWCNTs reveals that the
crude multiwalled nanotubes are entangled with one another
and form a cross-linked structure due to the presence of
impurities. Their average diameter is about 15 nm and the
length is several micrometers. Compared to crude MWCNTs,
the outer wall thickness of MWCNTs increases in MWCNT-
MIP and it also preserves the nanofibrillar morphology. The
average diameter is increased to 25 nm, which indicates the
fact that an imprinted layer with thickness about 5-10 nm
was successfully wrapped around the vinyl functionalized
MWCNTs.

C SO_nm

Fig. 16 TEM images of (a) MWCNT, (b) Vinyl functionalized
MWCNT, and (c) MWCNT-MIP

Binding Experiments

In order to observe the binding performance of the surface
imprinted MIP on MWCNTs against MWCNT-NIP control,
an equilibrium binding analysis was carried out. The binding
isotherm depicts a saturation curve which indicates that a
finite number of binding sites exist in the imprinted polymer.
As shown in Fig. 17, the adsorption capacity of MWCNT-
MIP is much higher than that of MIP. This reveals that
MWCNT-MIP has a distinctive capacity for L-PABE, which
could be attributed to the presence of complementary cavities
in the MWCNT-MIP materials. The surface-imprinted MW-
CNT-MIP has a higher binding capacity than that of MW-
CNT-NIP. The weak adsorption of L-PABE to MWCNT-
NIP might be attributed to the non-specific interaction in the
non-imprinted polymer matrix.

o
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Fig. 17 Binding isotherm of MWCNT-MIP, MWCNT-NIP, MIP
and NIP

Adsorption Dynamics and Kinetics

Fig. 18 shows the time dependence of the adsorption
capacities of L-PABE towards imprinted polymer at three
different temperatures. It reveals that the amount of adsorp-
tion increased with the increasing temperature or adsorption
time. As shown, L-PABE adsorption initially increased but
the growth trend slowed down with the time extension. In the
case of MWCNT-MIPs, after 50 min the adsorption process
reached equilibrium, whereas for MIPs, this did not happen

180
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Fig. 18  Adsorption kinetics on MWCNT-MIP, MWCNT-NIP,

MIP, and NIP at different temperatures
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until 160 min. This is probably due to high complexation
between L-PABE molecules and L-PABE binding cavities in
the imprint polymer structure. At the initial stage a large
number of imprinted cavities existed on the support, so L-
PABE molecule could readily reach the specific binding
sites. When the recognition cavities were filled up, the rate of
adsorption dropped significantly and then the adsorption
process achieved equilibrium. The increased adsorption rate
also implied that the imprinted cavities situated on the sur-
face made recognition more accessible for the template mo-
lecule and hence shortened the time required to reach
adsorption equilibrium.

The plot of #/Q; against ¢ given in Fig. 19 has a high corre-
lation coefficient (0.9992), which reveals that the L-PABE
adsorption using MWCNT-MIP is in good agreement with
the pseudo-second order kinetics reaction with rate constant
ky = 0.2413 mol-!*min-1.

L[ )
R>=0.9992

§=0.00875

0 20 40 60 80 100 120 140 160
Time (min)

Fig. 19  Second order kinetics of the experimental data for
MWCNT-MIP at 301K

Thermodynamic Studies

Since the adsorption by imprinted molecule is a result of
induced molecular memory, the adsorption enthalpy obtained
by changing internal-energy is more or less dependent on the
interaction between sorbent and substrate. Hence, the change
of adsorption enthalpies could be indirectly related to the
induced interaction between MIP and substrates. The adsorp-
tion entropy is a measure of disorders before-and-after ad-
sorption that reflects the change of molecular motions from
the free space to a two-dimensional surface.l*!l Hence, based
on Eq. (6), In(1 — Or-w/n) is plotted against (1/7) in Fig. 20
in which the plots are normally expected to be a straight line.
Compared with the non-imprinted polymers, the imprinted
polymers show a significantly different adsorption behavior
for L-PABE. The thermodynamic parameters are collected in
Table 4. Among MWCNT-MIP and MIPs, polymer layered
on nanotubes shows greater enthalpy value which will
enhance the inducement of polymer for L-PABE. Conver-
sely, the adsorption entropy of the imprinted polymers is
lower than that of non-imprinted polymers. The change in
adsorption entropy, which reveals a difference in the adsorp-
tion behavior of polymer fabricated on MWCNTs and on
conventional polymer matrix, might result from the increased
interaction between molecules due to high specific imprint
and the larger restriction on molecular motions due to bin-
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Fig. 20 Thermodynamic correlation for the relative adsorption of
L-PABE

Table 4 AHad and ASad values of imprinted and non-imprinted
polymer
Polymer AH,q (kJ-mol™) ASad (kJ-mol1-K™1)
MWCNT-MIP 66.512 10.929
MIP 32.840 13.941
MWCNT-NIP 39.533 20.482
NIP 16.503 26.888

ding. These results indicate that the L-PABE adsorption on
the MWCNT-MIP was a spontaneous process of enthalpy
control.

Selectivity of the L-PABE Imprinted and Non-imprinted
Polymers
The chiral recognition ability of the synthesized MWCNT-
MIP was estimated using its enantiomer D-LABE. The con-
centration of D- and L-enantiomers was chosen as 0.2528
mmol-L~!, which is the maximum adsorption concentration
of L-PABE revealed from binding analysis. Fig. 21 suggests
that the non-imprinted polymer prepared without the tem-
plate molecule is not able to recognize the chirality. This is
ascribed to the production of non-specific binding sites in the
polymer matrix. The maximum adsorption quantity of syn-
thesised MWCNT-MIP towards L-PABE and D-LABE is
about 149.7 and 25.8 umol-g!, respectively.

A proposed mechanism for the selective and specific bind-
ing of L-PABE in MIP and MWCNT-MIP is depicted in
Scheme 3. The interactions between the functional monomer
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Evaluation of selectivity of the L-PABE imprinted
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Scheme 3  Proposed mechanism for the selective and specific binding and rebinding of L-PABE in MIP and
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and the template have a crucial effect on creating highly spe-
cific adsorption sites in polymer network. The geometry of
the sites constructed on the polymer surface is complement-
ary to the imprinted L-PABE which plays a vital role in re-
cognizing the chiral molecule. Heterogeneous binding sites
and highly selective homogeneous chiral cavities of L-PABE
were formed in MIP and MWCNT-MIP, respectively.

As depicted in Table 5, imprinted polymer on MWCNT

has higher selectivity factor towards target L-PABE mo-
lecule than conventional MIP. This again indicates the form-
ation of homogenous binding site on the surface of MW-
CNT. A large number of template recognition cavities with
high binding capacities towards L-PABE have been formed
on the surface of MWCNT-MIP. The high specificity is
mainly attributed to the specific binding of the template mo-
lecule.

Table 5 Selectivity and separation factors of MWCNT-MIP and MIP

Separation factor of L-PABE

_ Kmwent-mip
Gremplate = Ry wont Nip 14.235
_ Kmip
Otemplate= Ky 8.295

Separation factor of D-PABE Selectivity factor, a :Zte%plm
analogue

2.703 5.266

3.272 2.535
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CONCLUSIONS

In the current work, we designed a novel chiral sorbent for
the enantioselective recognition for L-PABE using compu-
tational modelling and successfully fabricated the designed
sorbents on vinyl functionalized MWCNT via molecular
imprinting approach. Here, computational aspects helped us
to choose the most suitable monomer and cross-linker for the
synthesis of L-PABE imprinted polymers. Methacrylic acid
and EGDMA were chosen as the best monomer and cross-
linker, respectively, based on DFT with B3LYP functional
and generic 6-31G basis set. The most appropriate template
to functional monomer ratio was determined to be 1:2. FTIR
spectra, XRD, SEM, and TEM confirmed the homogeneous
binding sites on MWCNT-MIP. The results of the high
adsorption of L-PABE on MWCNT-MIP suggested that the
nanolayer MIP preparation on the surface of MWCNTSs could
enhance the porous site availability compared to that of bulk
polymerization. Thermodynamic studies revealed the sponta-
neous nature of adsorption. The high separation factor sugge-
sted that non-covalent molecular imprinting with MWCNTs
as supporting material is a promising method for analyzing
chiral compounds.
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