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ABSTRACT: Molecularly imprinted polymers (MIPs) have been synthesized in the absence of a solvent using fumed silica nanoparticles
to create a porous network. The method employed led to a chiral imprinting effect and allowed for an excellent control over the
internal morphology of imprinted and non-imprinted polymer (NIP) materials. The polymers possess high surface areas (>300 m?)
and identical pore size (112 A). The MIP exhibited an imprinting factor (IF) of 9 and a selectivity value (o) of 1.83 for (—)-ephed-

rine. © 2016 Wiley Periodicals, Inc. J. Appl. Polym. Sci. 2016, 133, 44104.
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INTRODUCTION

Molecular imprinting is a technique that imparts selectivity
toward a target molecule to a material. In this technique, a
polymeric material is formed in the presence of a template mol-
ecule and can be used as a selective adsorbent or in a sensor."
Molecularly imprinted polymers (MIPs) have traditionally been
synthesized in a monolithic form using a mixture of monomers
and a solvent to confer porosity to the polymer. Additionally,
several synthesis techniques have been developed over the years
and new formats of MIPs have been produced by suspension
and precipitation polymerization as well as by grafting and hard
templating methods using silica beads;>™'' these techniques
bring advantages related to particle shape and size, binding site
accessibility, facile mass transfer, easier and faster preparation,
avoidance of grinding and sieving, etc. However, despite these
developments, MIPs are still most commonly synthesized with
liquid solvents which are added as porogens to impart porosity
and to dissolve the pre-polymerization mixture. This is a crucial
parameter as these solvents can interfere with the interaction
between template and functional monomer, thus weakening or
even completely eliminating the imprinting effect on the poly-
mer. Hence, solvent optimization is an unavoidable and impor-
tant step in traditional MIP synthesis protocols.

When used for adsorption, surface areas in the hundreds of
square meters per gram are generally most desirable, which is
difficult to achieve by templating methods alone. Furthermore,
it is possible to tailor the porosity in the micro, meso, and
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macro ranges by tuning the composition of the porogen, which
can be composed of one single solvent or a combination of dif-
ferent ones. In general, the Hansen solubility parameters can
give a good indication of the effect on the porosity;'* solvents
and monomers with similar solubility parameters will interact
more and thus create more micropores. For all the reasons stat-
ed above, liquid porogens are the first choice in polymer
synthesis.>'*'*

Nonetheless, in the case of MIPs, a liquid porogen imposes an
increased risk that the solvent may disrupt the template—-mono-
mer interactions, leading to the need for extensive practical or
theoretical optimization strategies.'>'® In conclusion, a good
pore forming, high surface area generating solvent could com-
pete with the imprinting complex and thus be of little practical
use or even detrimental to create highly selective MIPs.'” More-
over, the evaluation of the imprinting effect is also dependent
on the surface areas of the MIP and the NIP, but obtaining an
identical morphological structure in both polymers is not a
straightforward task when using liquid porogens as the template
can affect the solubility parameters. In these cases, the assess-
ment of selectivity and imprinting factors can be misleading, as
a stronger retention of the target molecule might be instead due
to surface area discrepancies. Assuring an identical surface area
in the MIP and NIP materials can therefore facilitate the evalua-
tion of these parameters.

In a previous study we have concluded that fumed silica can
function as a solid porogen in cross-linked polymers synthesis.'®
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Scheme 1. Dispersed fumed silica nanoparticles as solid porogen in the
synthesis of a molecularly imprinted polymer (MIP). The aggregation of
the nanoparticles creates a pore-forming network (gray), which, after etch-
ing, leaves voids (white) which constitute the pores with accessible bind-
ing sites for the target molecule (pink pentagons). [Color figure can be
viewed in the online issue, which is available at wileyonlinelibrary.com.]

The non-imprinted poly(divinylbenzene) materials were meso-
porous materials with high surface areas and the silica particle
size was replicated in the polymer average pore size. In this
work, we have included methacrylic acid as a functional mono-
mer and ephedrine as a model template, to provide a proof of
concept of the applicability of this method to molecularly
imprinted polymers (Scheme 1). Ephedrine has been used
extensively in MIP synthesis'®* and chiral separation has been
reported when using sacrificial supports.”*’

EXPERIMENTAL

Divinylbenzene (DVB) 80% grade (previously treated with alumi-
num oxide to remove the stabilizer), methacrylic acid (MAA),
(—)-ephedrine, (+)-ephedrine hydrochloride, 2,2’-azobis(2,4-
dimethylvaleronitrile) (ABDV), and HPLC-grade solvents were
purchased from Sigma-Aldrich (Steinheim, Germany). Fumed sil-
ica nanoparticles (Aerosil R8200) were obtained from Evonik
(Essen, Germany). Distilled water was purified using an ultra-
pure water system from Elga (High Wycombe, The United king-
dom). In 500 mL glass bottles, (—)-ephedrine (10 g, 0.06052
mol), MAA (20.83 g, 0.2421 mol), DVB (157.59 g, 1.210 mol),
and ABDV (1.784 g) were dissolved. To this solution, 110 g of
fumed silica was slowly added and the mixture was gently stirred
with a spatula to obtain a thick paste. The mixture was then
purged with N, and placed in an oven at 60 °C for approximately
16 h. After polymerization, the resulting monolith was crushed in
a mortar and the particles were sieved between 20 and 32 pm.
Porous polymer particles were obtained after removal of the silica
with 3M NaOH in 40% MeOH in water. 20 mL of NaOH solution
was used per gram of silica. The mixture was sonicated and then
stirred for 3 days (at room temperature). After completion of the
silica removal step, the polymer particles were washed with abun-
dant warm water several times and finally twice with methanol
before being subjected to a Soxhlet extraction to ensure total
removal of the template using MeOH/1M HCI (80:20 v/v) for
24 h. A final wash with acetone was done before the polymers
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were left to dry in a vacuum oven at 40 °C overnight. NIP particles
were obtained in a similar way, without the use of the template.
To confirm the removal of the silica and the template, elemental
analyses were performed at Mikroanalytisches Labor Kolbe
(Miilheim, Germany). Pore volumes and surface areas were
obtained by N, adsorption analyses which were run on a Micro-
meritics ASAP 2400 at the Department of Chemical Engineering,
Chemical Centre, Lund University. Transmission electron micros-
copy (TEM) images were obtained at the Department of Biology,
Lund University. The samples were embedded in Agar 100 EPON
using acetone and sectioned on a Leica UC7 ultra-microtome.
50 nm sections were mounted on Pioloform® coated copper grids
and imaged at 80 kV with a JEOL 1400 plus.

MIP and NIP particles (20 — 32 pum) were packed in HPLC col-
umns of 4.6 mm id. X 150 mm by a high-pressure down-fill
column slurry packing procedure, using water and an air-driven
pump. The chromatography evaluation experiments were run
using a Shimadzu LC-10AD equipped with a UV detector. In
order to prepare its free base, (+)-ephedrine hydrochloride
(2.02 g, 10 mmol) was dissolved in water and poured into a
separation funnel. A solution of sodium hydroxide in water
(120 mL, 0.1M) was added and the mixture was extracted three
times with dichloromethane (100 mL). The combined extracts
were dried over sodium sulfate and concentrated to obtain (+)-
ephedrine free base. Solutions of 1 g/L of (+)-ephedrine and
(—)-ephedrine were prepared in water. HPLC experiments were
carried out in isocratic mode with 95% MeOH and 5%
100 mM ammonium acetate buffer (pH 3.6). The flow rate was
1 mL/min and the sample injection volume was 5 pL.

RESULTS AND DISCUSSION

MIP particles were prepared using a template:functional mono-
mer:cross-linker molar ratio of 1:4:20 and fumed silica of an
average primary particle size of 12 nm as solid porogen. Porous
polymer particles were obtained after dissolution of the silica
using sodium hydroxide.

The polymers were tested in FT-IR to confirm the effective
removal of the silica particles (Figure 1) which is indicated by
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Figure 1. FT-IR spectra of the silica-MIP composite (green line), the MIP
after the etching of the silica (red line) and a reference polymer synthe-
tized in the absence of silica (blue line). [Color figure can be viewed in
the online issue, which is available at wileyonlinelibrary.com.]
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Figure 2. (a) (left) Isotherms obtained by nitrogen adsorption on the MIP and the NIP. (b) (right) Pore size distribution calculated with the BJH meth-
od from the desorption branch of the isotherm of the MIP and of the NIP. [Color figure can be viewed in the online issue, which is available at wileyon-

linelibrary.com.]

the absence of the siloxane bond—a band at approximately
1080 cm ™~ '—and the spectrum of the MIP after removal of sili-
ca is identical to that of a polymer with the same composition
synthesized in the absence of silica.

Additionally, elemental analyses were performed to support the
spectroscopy data and the results showed Si residues of 0.53%
Si in the MIP and 0.86% Si in the NIP. The initial theoretical Si
content is 17.7% as calculated from the synthesis protocol and
therefore, this analysis confirmed that over 95% of the silica is
successfully removed from the polymers after etching.

The polymers were expected to have similar pore size distribu-
tions which was confirmed by the pore analyses obtained by
nitrogen adsorption according to the BET method.** The iso-
therms and pore size distributions of both polymers are shown
in Figure 2(a,b), respectively. Figure 2(b) shows the similarity of
the pore size and the pore volume (area under the curve) of
both polymers and the curves overlap to a large extent. The val-
ues are also presented in Table I. Similarly, the adsorption and
desorption isotherms [Figure 2(a)] characterize polymers with
very similar pore structure with pores in the mesoporosity
range, as indicated by the hysteresis loop and in conformity
with the pore size distribution. The mean pore size in both pol-
ymers confirms that the silica particle size was replicated in the
pores of the polymer. Additionally, the polymers exhibit high
surface areas (>300 m*/g) which enable the use in applications
such as adsorption and chromatography.

The use of fumed silica particles to template the pore network
on the polymer is dependent on their surface characteristics.
The compatibility of a very hydrophobic cross-linker, such as
the divinylbenzene used in this synthesis, with hydrophobic sur-
face modified fumed silica allows for the incorporation of a suf-
ficient volume of silica particles in the pre-polymerization
mixture which results in reasonably high pore volumes
(>0.5 mL/g). However, we have previously studied this parame-
ter using a composition of divinylbenzene without any other
co-monomers and were able to obtain a larger pore volume,
which is due to a higher percolation threshold.'® Hence, the
presence of more hydrophilic monomers may require an assess-
ment of the possible surface modifications on the silica.
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Nonetheless, the nitrogen adsorption study confirmed that the
consistency of pore size is maintained even when methacrylic
acid is used. This finding highlights the robustness of the meth-
od and, additionally, its capability for porosity control in
molecularly imprinted polymers, since the pore creation mecha-
nism is not greatly influenced by the presence of the template,
as opposed to liquid porogens.

TEM micrographs at two different magnifications are shown in
Figure 3. The polymer is represented by the dark shaded areas
and the pores by the light shaded areas. These images comple-
ment the BET data showing that these polymers have a porous
structure that is well connected.

The evaluation of the imprinting effect was performed via the
chromatographic method. The resulting MIPs and NIPs were
tested in packed columns, using single analyte injections of
both ephedrine enantiomers. The retention times can be found
in Table II and the elution profiles of the ephedrine enantiomers
on both polymers are shown in Figure 4.

The selectivity and the imprinting factor of the MIP and NIP
were calculated according to egs. (1) and (2):

t, (.1 i
a= r, (=)E™ tr, void (1)
by, (+)E_tr, void

tr, (=)Emp _tr, void

IF= (2)

tr, (*)EN[p_tr., void

where t, is the retention time of the analyte (—)E or (+)E in
the MIP or in the NIP column.

ty, void was measured by injecting 5 pL of 1 g/L of sodium
nitrite in water.

Table I. Pore Morphology Values Obtained by BET

Pore Surface Pore

size (A) area (m?/g) volume (mL/g)
MIP 112 358 0.60
NIP 112 343 0.59
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Figure 3. TEM images showing the internal porosity of the MIP.

The selectivity () values found were calculated by eq. (1) using
the retention time values present in Table II and are 1.83 for
the MIP and close to 1 for the NIP. The imprinting factor cal-
culated by eq. (2) was 9. The fact that both polymers are identi-
cal in their physical-chemical properties, which is the main aim
of the use of a solid porogen, alongside with a full control over
the pore size (by replication of the silica particle size), consti-
tutes a strong basis to assure that the selectivity of the MIP is
due to the creation of cavity-like binding sites by the imprinting
technique. Thus, these results clearly show the successful
imprinting of (—)-ephedrine with the presented method.

In Figure 4 it is observable that, as expected, the non-imprinted
material does not provide discrimination between the enan-
tiomers nor does it retain significantly any of them under the
chromatography conditions used. The MIP however, provides
higher retention of both enantiomers with selectivity toward the
template (—)-ephedrine which has a longer retention time; in
addition to a higher retention time, a peak “tailing” shape,
characteristic of MIP adsorption,* is visible.

CONCLUSIONS

We demonstrate here for the first time the applicability of
fumed silica as a pore forming agent in a system of MIPs. The
pore structures of the polymers were obtained by the use of a
versatile solid nanoparticle porogen which imparts a series of
advantages for MIP design and synthesis. Those may include a
large applicability to a broad spectrum of monomer systems,
consistency and uniformity in pore size distribution and high
batch reproducibility independent of the presence of the

Table II. Retention Times of Ephedrine Enantiomers on the MIP and on
the NIP Packed Columns

Retention time, t, (min)

MIP NIP
(+)-Ephedrine 2.41 1.80
(=)-Ephedrine 2.86 1.79
NaNO> (Void) 1.87 1.68
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template resulting in MIPs and NIPs with essentially equal
porosity. Even if (—)-ephedrine MIPs have been synthesized
using several methods before,”*™° the fact that the creation of
accessible chiral sites was accomplished without the use of a lig-
uid porogen while guaranteeing the replication of the pore mor-
phology in the NIP is, to the best of our knowledge, unique in
molecular imprinting technology. Additionally, and perhaps
most importantly, the work described in this article decouples
the porogenic and solvation capabilities of the liquid solvents,
which have been the main approach to MIP synthesis until pre-
sent date. This approach opens up interesting new possibilities
of employing assisting liquid monomers to help dissolving the
monomer—template complex. We expect that the use of solid
porogens that can be removed after polymerization opens up
possibilities for MIP formulations that may vastly strengthen
the imprinting effect. In addition, due to the excellent control
over the porosity of the polymers, this constitutes an innovative
and important finding in the field of molecular imprinting as
the direct comparison of binding properties is better facilitated
when morphology effects can be neglected, that is, when surface
areas and pore size distributions are equivalent for the MIP and
corresponding NIP. Additionally, the silica surface can be fur-
ther utilized for template immobilization in surface and hierar-
chical imprinting strategies. Further work is being carried out

Eph(+) NIP
——Eph(-) MIP

—— Eph(-) NIP
—— Eph{+) MIP

Absorbance (mAU)

0 1 2 3 . 5
Retention time, tr (min)
Figure 4. Overlay of chromatography profiles of the template (—)-ephed-
rine and the enantiomer (+)-ephedrine on the NIP and the MIP columns.
95% MeOH/5% 100 mM NH,Ac (pH 3.6), 1 mL/min. [Color figure can
be viewed in the online issue, which is available at wileyonlinelibrary.
com.]
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to explore this approach and its potential benefits for the crea-
tion of improved molecular imprints in crosslinked polymers,
utilizing other formats of inorganic templates such as porous
silica particles and surface modified silica nanoparticles.
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