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Abstract: A molecularly imprinted polymer for recognising selectively 2,3,7,8-
tetrachlorodibenzodioxin (TCDD) was made by a new non-covalent method employing a
“dummy” template. The proposed way represents a simplification of a synthetic scheme
proposed by Lübke et al.[1] for covalent imprinting. Comparison of extraction yields of the
novel polymer, a non imprinted polymer and an imprinting polymer, prepared by the
original procedure demonstrates the binding capacity of the proposed polymer, which is in
principle applicable to solid phase extraction (SPE) of dioxin.
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1. Introduction

Determination of pollutants at ultra-trace levels requires often several pretreatment steps,
comprising preconcentration operation. Classical separation techniques are based on liquid-liquid
extraction. In the past years, Solid Phase Extraction (SPE) arose as a powerful alternative [2-4] to
classical methods, as it is less time-consuming and more effective. This technique is based on selective
adsorption of analytes at solid-liquid interface. In principle, selectivity can be improved by using a
solid phase possessing molecular recognition capability. In particular, molecularly imprinted polymers
(MIPs) represent very promising materials in this field [5-7]. In fact, molecular imprinting leads to the
formation of binding sites for a target molecule (analyte) in the supramolecular architecture of
polymer. During polymerisation, analyte, able to interact with monomer, acts as a template and, after
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its removal, high affinity sites are left into the cross-linked porous polymer. Such polymers show
recognition properties similar to biological receptors but they are more stable and less expensive. Two
distinct methodologies have been employed [8]: covalent and non-covalent imprinting, depending on
the nature of interactions between template and monomer. Non-covalent imprinting, based on
hydrogen bonding, Van der Waals forces, electrostatic or hydrophobic interactions, seems more
versatile and easier than the former and it is the most employed for preparing SPE phases [9].
However, a key disadvantage of non-covalent approach is template bleeding, producing inaccurate
results in trace analysis, caused by the possible template remained in the polymer after removal step.

Polychlorinated dibenzo-p-dioxins (PCDDs) represent toxic compounds whose determination is
mandatory in several countries. PCDDs are by-products of waste incineration, fuel combustion and
chlorine use in wood industry; they are classified as Persistent Organic Pollutants [10], characterised
by high chemical stability, bioaccumulation and toxicity. Unfortunately, their low concentration (part
per trillion) and complexity of matrices (soil, sediments, milk, etc.) generally require analytical
methods characterised by several pre-treatment steps and expensive instrumentation. For example,
EPA standard procedures [11] involve several clean-up/ pre-concentration steps followed by high
resolution gas chromatography coupled to high resolution mass spectrometry (HRGC-HRMS). Soxhlet
extraction with toluene, purification on silica gel and alumina packed columns, percolation on
activated carbon/celite column are necessary, causing waste of time, use of high quantity of sample
and pure solvents, increased costs. New pre-treatment systems have been introduced to improve dioxin
analytical determination [10,12,13]. Also in this field, recognition capabilities of MIPs could be
beneficial.

Only few works are reported on MIPs against dioxins [1,14,15]. Advances in this field would also
reduce in principle the need for high resolution techniques (HRGC-HRMS). In last years alternative
methods, applying techniques such as GC-quadrupole ion storage MS in tandem mode (GC-
QISTMS/MS), fast GC (FGC) or two-dimensional GC (GC × GC) coupled to time-of-flight MS
(TOFMS), were developed to analyse PCDDs and similar compounds (PCDFs, PCBs) [12,16]; they
are less sensitive than the reference one but attractive in terms of speed, cost and sample turnover.
Nonetheless, reduction of complexity of extract would further reduce resolution request. For example,
a resolving power greater than 10,000 is necessary to discriminate between (M+2)+ ion from TCDD
(C12O2H4Cl3

37Cl, MW = 321.8936) and (M-Cl2)+ ion from an interfering PCB (C12H3Cl5, MW =
321.86774) in confirmatory procedures for peak identification (see Table 3 in ref.17). A correctly
designed MIP for dioxin could separate TCDD from interferent PCBs during pre-treatment steps.

Among MIPs for dioxins, Lübke et al. [1] report the synthesis of a polymer specific for 2,3,7,8-
tetrachlorodibenzodioxin (TCDD) by covalent imprinting (MIP1). The procedure is very elegant, but it
is laborious and time consuming. In the perspective of a wide use of MIP in SPE technology, the non-
covalent approach appears more desirable. With this aim, we propose a non-covalent procedure for
preparation of a molecularly imprinted polymer for TCDD (MIP2) in which a “dummy” template (2-
amino-3,7,8-trichlorodibenzodioxin) is employed and the functional co-monomer is 2-
methacryloyloxybenzoic acid. This scheme represents a significant simplification of the original one
presented by Lübke et al.. Influence of template bleeding in dioxin analysis is avoided, since template
used in the proposed non-covalent approach is only a close analogue of analyte.
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2. Experimental Section

2.1 Materials and Methods: 4-vinylbenzyl chloride, 3,5-dihydroxyanisole, 2,4,5-
trichloronitrobenzene, hydrazine hydrate, methacrylic anhydride, oxalyl chloride, methacrylic acid, 4-
chlorocatechol and anhydrous nonane were purchased from Aldrich and used as received. 2,3,7,8-
tetrachlorodibenzodioxin was purchased from Wir (Italy). Silica gel (Merck) was used for the
chromatographic separations. Solvents were dried and distilled under N2 atmosphere. FT-IR spectra
were performed on a JASCO FT-IR-430 instrument. GC-MS spectra were recorded on a Hewlett-
Packard GC/Mass MSD 5973 instrument on capillary column SE 30. 1H-NMR spectra were recorded
on a Bruker AC-400 at room temperature in CDCl3, internally referenced to CHCl3. The centrifugation
of polymer suspensions was achieved using a centrifuge Hettich EBA20 before LC-MS analyses,
performed using an Agilent HPLC/MS 1100 SL series instrument (mass range 100-3000 a.m.u.)
equipped with an Atmospheric Pressure Chemical Ionisation (APCI) interface. The samples, prepared
in dry nonane, were introduced in the mass spectrometer employing an autosampler Agilent G1313A
with a 1% accuracy having a syringe with a maximum capacity of 100 µl and internal size diameter of
0.17 mm. Methanol/CH2Cl2 9:1 were used as mobile phase with a flux of 0.5 ml*min-1 in the following
conditions: negative ion mode, drying gas flow (N2) 4 l*min-1, nebulizer pressure 4 atm, drying gas
temperature 350 °C, nebulizer temperature 350 °C, capillary voltage 4000 V and corona current 10 µA.

2.2 Synthesis of templates: Fig.1 illustrates the synthesis of template N-(2-(3,7,8-
trichlorodibenzodioxinyl))-2-methacryloyloxybenzamide (6) for MIP1: details on all steps can be
found in ref.1. The synthetic scheme of template (compound (3)) for MIP2 consists of only steps for
products (1) to (4) in Fig.1.

Figure 1. Synthesis of template N-(2-(3,7,8-trichlorodibenzodioxinyl))-2-metachryloiloxybenzamide)
for MIP1, (adapted from Lübke et al., 1998).
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Details of syntheses of precursors (1), (2), (5), (6) are not reported since they were performed and
verified as in the original paper [1]. Details of syntheses of (3) and (4) are described because they are
directly involved in the new polymerisation scheme.

2.3 Synthesis and characterisation of 2-amino-3,7,8-trichloro-dibenzodioxin (3) and 2-
methacryloyloxybenzoic acid (4): the main passages, found in both schemes, were the reduction of (2)
to (3) and the preparation of (4). The former reaction was realised heating at reflux hydrazine hydrate
and Nickel Raney in ethanol and tetrahydrofuran (THF), while (2), dissolved in THF, was added
slowly. Afterwards a specified amount of hydrazine hydrate was added, then the mixture was cooled
and filtered after the reaction was completed. The filtrate was evaporated to give (3) as a white solid
with a high yield (96%). This compound is easily oxidised, thus it must be stored at 4°C under
nitrogen. It was characterised by GC-MS (m/z 301) (Fig.2).

Figure 2. MS spectrum of 2-amino-3,7,8-trichloro-dibenzodioxin.

(4) was produced starting from salicylic acid and methacrylic anhydride. The anhydride was added
to the acid solution in pyridine, cooled in ice. The mixture was stirred overnight and then added to
dilute HCl in excess and ice. The product was oily, thus it was extracted with diethyl ether and extracts
were dried over MgSO4 and evaporated. Pure compound was obtained by several crystallization steps
from hexane, giving colourless crystals with a 42% yield. Melting point, IR, and 1H-NMR
characterisations were in accordance with literature [18]. In Fig.3 is reported 1H-NMR spectrum:
(CDCl3) δ (ppm) 7.20-8.20 (m, 4H, aromatic protons), 5.77-6.40 (m, 2H, =C=CH2), 2.07 (s, 3H, -CH3).

2.4 Polymer synthesis and template removal: Polymerisation and template removal schemes for
covalent and non-covalent approach are sketched in Figs. 4 and 5, respectively. (7) was synthesised
and characterised as in ref.1. Polymerisation was carried out at 65 °C in presence of
azobisisobutyronitrile (AIBN) as radical initiator and divinylbenzene (DVB) as cross-linking monomer
in place of more classical ones because of extreme conditions during template removal (Lübke et al.,
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1998). Also template removal was performed as in ref.1. A non imprinted polymer (NIP) was also
prepared following the scheme of Fig.4, but using methacrylic acid in place of template.

Details on polymers syntheses are reported in Table 1.

Figure 3. 1H-NMR of 2-methacryloyloxybenzoic acid.

Figure 4. Synthesis of MIP1 and template removal.
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Figure 5. Synthesis of MIP2 and template removal.

Table 1. Experimental details of polymers syntheses (see text).

Polymer
DVB / mol

%
(3) / mol %

(4) / mol
%

(6) / mol
%

methacrylic
acid / mol %

(7) / mol
%

Solvent

NIP 94.75 / / / 0.25 5 THF

MIP1 94.75 / / 0.25 / 5 THF

MIP2 94.5 0.25 0.25 / / 5 THF

The polymers were finely grinded in a mortar and employed as such in template removal and re-
binding experiments.

2.5 Re-binding experiments on TCDD: 10.0 mg of single grinded polymers (MIP1, MIP2, NIP)
were weighed into screw cap vials and incubated for 24 h with 1 ml of a 6.96 pM solution of TCDD in
anhydrous nonane. After this time contact, solutions were filtered and remained TCDD concentration
was determined by APCI-MS. Five standard TCDD solutions (1.39-6.96 pM) were prepared by
dilution of the 6.96 pM solution in dry nonane for calibration curve. 50 µl of each solution was
injected monitoring the negative ion at m/z 319.10 (in single ion mode) that resulted the more intense
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ion peak obtained for 2,3,7,8-TCDD. The amount of extracted TCDD was calculated by difference in
concentration before and after exposure to polymers. Re-binding experiments were performed in
triplicate.

3. Results and Discussion

Lübke et al. [1] showed how the “sacrificial spacer” methodology [19] could be applied to build a
MIP with specific recognition sites for TCDD (MIP1). In fact, the application of a close analogue of
dioxin, N-(2-(3,7,8-trichlorodibenzodioxinyl))-2-methacryloyloxybenzamide (6), fused with a salicylic
acid moiety ensures the introduction of methacrylic acid residue into polymer after hydrolysis for
template removal (Fig.4). In this way, dioxin binding was allowed by the enhanced hydrogen bond
with chlorine atom as methacrylic acid residue is situated in a fixed position in the active site; it can be
noticed that salicylic acid provides an intramolecular hydrogen bonding between oxygen atom and -
NH group [1], essential for creating right space arrangement in the binding site.

In our strategy, the production of methacrylic functionality under suitable geometric constraints was
achieved by a more simplified scheme (see experimental) with less extensive synthetic work (the
chlorination of (4) and the production of (6) are avoided).

As it was discussed, the proposed MIPs differ in templates but the monomers employed in the
polymerisation step are nearly the same (figs.4-5). In fact, previous study [1] underlined the
importance of choosing a suitable co-monomer to improve π-π interactions with the electro-deficient
dioxin system. On the basis of original results, 1-methoxy-3,5-bis(4-vinylbenzyloxy)benzene (7) was
selected as a useful second recognition element into the binding sites. Comparison between figures 4
and 5 gives indication on the different imprinting approaches. While template for MIP1 (compound
(6)) is covalently bonded to the methacrylic moiety to be polymerised, MIP2 is based on ionic
interactions and/or hydrogen bonding between the template (dioxin analogue (3)) and (4) (bearing the
methacrylic polymerisable group). The common drawback of non-covalent approach represented by
template bleeding in analytical applications of MIPs is overcome in our proposed scheme by the use of
a “dummy” template.

To assess imprinting effect and evaluate specific binding capacity of MIP2, re-binding experiments
were performed on MIP2 and NIP (Table 2). Results were also compared with performance of polymer
MIP1, as evaluated in this work. A concentration of TCDD nearly 3 orders of magnitude lower than
the one employed in the original paper was selected for re-binding experiments. This choice was aimed
to lower influence of aspecific binding and evidence specific differences among tested polymers.

It should be noted that polymer grain size distribution was not characterised. Even so, results of re-
binding experiments were quite reproducible (Table 2).

Data suggest that an imprinting effect is exhibited by both MIPs, higher for MIP1 as it could be
expected. However, it is noteworthy that the imprinting effect is remarkably high also for the new
proposed MIP; this feature was advantageously coupled to a simplified preparation scheme for MIP
precursors. Thus, MIP2 could represent an interesting compromise between an easy polymer
preparation and a good selectivity for dioxins.
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Our calculated ratios are significantly higher than in the original paper: we believe that this finding
simply indicates that at the higher concentration employed by Lübke et al., aspecific binding has a
significant role.

Finally, it should be observed that extracted TCDD is lower in our measurements than in the
original paper [1]: this could be tentatively attributed to the lower TCDD concentration and the coarser
grain size polymer employed.

Table 2. Results of TCCD re-binding test (triplicate experiments) and
comparison with literature report.

Polymer Extracted TCDD

pmol*g-1

Extracted

TCDD(*)

pmol*g-1

Imprinting

factor

Imprinting

factor(*)

NIP 0.098±0.003 10.78±0.57 / /

MIP1 0.54±0.01 11.98±0.32 MIP1/NIP 5.51 MIP1/NIP 1.11

MIP2 0.239±0.004 / MIP2/NIP 2.44 /

* Literature report [1]

4. Conclusions

A synthesis of a molecularly imprinted polymer for TCDD by a non- covalent approach has been
proposed on the basis of a simplification of Lübke et al.’s covalent imprinting scheme and employing a
“dummy” template. Re-binding experiments revealed that TCDD binds significantly to the novel
polymer, suggesting that non-covalent approach has been successfully applied. Although other work is
necessary for real applications, obtained results open the way to the use of the new developed polymer
in SPE of dioxins. On this way, optimisation of the synthetic process (which has been tested only
under one set of experimental conditions) as well as a more accurate and extensive analytical
characterisation of the imprinted polymers are next goals to succeed in pre-treatment of real samples.
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