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a b s t r a c t

The homogeneous molecularly imprinted microspheres (MIMs) based on a biologically inspired
hydrogen-bond array were prepared using allobarbital as the novel functional monomer and divinylben-
zene as the cross-linker. The host–guest binding characteristics were examined by molecular simulation
and infrared spectroscopy. The resultant MIMs were evaluated using high performance liquid chromatog-
raphy and solid-phase extraction. The results obtained demonstrate that the good imprinting effect and
vailable online 11 January 2011
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the excellent selectivity of MIMs are mainly due to the interaction involving the formation of three-point
hydrogen bond between host and guest. The complete baseline separation was obtained for five triazine
analogues and a metabolite on the MIM HPLC column. The MIMs were further successfully used as a spe-
cific sorbent for selective extraction of simetryne from corn and soil samples by molecularly imprinted
solid phase extraction. Detection limits and recoveries were 5.8 �g/kg and 0.14 �g/kg and 87.4–105% and

in co
imetryne
recipitation polymerization

94.6–101% for simetryne

. Introduction

Molecular imprinting is a versatile and easy method for prepar-
ng synthetic polymers with predetermined molecular recognition
roperties [1]. In recent years, molecularly imprinted polymers
MIPs) have been successfully used in solid-phase extractions (SPE)
2,3], chromatographic separations [4–6], as biomimetic sensors
7,8] and mimetic enzyme catalysts [9–11]. A common approach
o MIP synthesis involves the association of functional monomers
nd template molecules prior to polymerization in the presence of
ross-linkers. After polymerization and guest molecule (template)
s removed, the resultant polymer maintains a structural “memory”
f the electronic and geometric nature of the guest molecule, which
an be characterized by a variety of techniques.

The local temperature changes during exothermic polymer-
zation reaction might result in nonequilibrium structures and
ould make the final polymer morphology heterogeneous, with
he length scale only slightly larger than the size of the imprinted
avities. This heterogeneity of imprinted matrix affects the spe-

ific binding of target molecules [12]. Therefore, better defined and
nambiguous host–guest binding modes need to be used to study
he binding mechanism of MIPs.

∗ Corresponding author. Tel.: +86 20 39310369; fax: +86 20 39310187.
E-mail address: tanglab@scnu.edu.cn (Y. Tang).

021-9673/$ – see front matter © 2011 Elsevier B.V. All rights reserved.
oi:10.1016/j.chroma.2011.01.008
rn and soil sample, respectively.
© 2011 Elsevier B.V. All rights reserved.

The objective of our work was to develop a molecularly
imprinted polymer with a homogenous binding site, suitable for
precise investigation of recognition mechanism between host and
guest molecules. The MIPs based on three-point hydrogen-bonding
motif [13–16] are the ideal candidates; in the past they were usu-
ally prepared using ethylene-glycol dimethylacrylate (EGDMA) or
tripropyleneglycol diacrylate (TPGDA) as the cross-linker. How-
ever, both EGDMA and TPGDA could affect the non-covalent
binding of template and functional monomer due to the interac-
tions of their carbonyl group with the amino- or hydroxyl-groups of
the template. To eliminate those effects as much as possible in the
present study, divinylbenzene (DVB) was employed as the cross-
linker to prepare molecularly imprinted microspheres (MIMs) via
precipitation polymerization. MIMs allow fast transmission of reac-
tion heat between resultant polymer and medium, resulting in a
more homogenous MIP structure.

Recently, increasing environmental awareness has encouraged
the efforts to put into investigation of the effect of the residues
and metabolites of triazine herbicides on the environment [17–24],
particularly the simulation and study of the interactions of proteins
and enzymes with triazine herbicides [25]. In this paper, simetryne
(SMT), a typical triazine herbicide, was selected as the template

molecule. To satisfy the condition of formation of hydrogen-bond
array between template and functional monomer, the biological
analogue allobarbital (ABA) with a cyclic amide configuration was
used as a novel functional monomer. The hydrogen-bond array is
easily formed between SMT and ABA (Fig. 1). Furthermore, there are

dx.doi.org/10.1016/j.chroma.2011.01.008
http://www.sciencedirect.com/science/journal/00219673
http://www.elsevier.com/locate/chroma
mailto:tanglab@scnu.edu.cn
dx.doi.org/10.1016/j.chroma.2011.01.008
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(170 mg) were subsequently added. The resulting solution was
degassed by ultrasound for 5 min and the flask was closed and
Fig. 1. The interaction of SMT–ABA–SMT via a hydrogen-bond array.

lot of analogues of SMT which can be used in the investigation of
he MIMs’ molecular recognition mechanism.

Hereby, this paper mainly focuses on designing and constructing
omogeneous MIMs using ABA and DVB as the function monomer
nd cross-linker, and then investigating the homogeneous inter-
ction between host and guest molecules. Molecular simulation
nd infrared spectroscopy (IR) were used to probe the binding
haracteristics of pre- and post-polymerization. The molecular
ecognition mechanism of the MIMs was further investigated by
aking advantage of the HPLC method. This study also attempted to
pply the MIMs as a specific sorbent in selective extraction of SMT
nd its analogues from soil and corn samples.

. Materials and methods

.1. Reagents and chemicals

SMT, simazine, atrazine, terbutylazine, propazine, cyanazine,
metryn, and terbutryn (Fig. 2) were kindly provided by Bingzhou
esticide Plant (Shandong, China). Metribuzin, 4,6-diamino-2-
ydroxy-1,3,5-triazine (DAHT), alkyl bromide, barbituric acid,
ivinylbenzene (DVB), 2,2′-azobisisobutyronitrile (AIBN) were
btained from Alfa Aesar (Tianjin, China). The HPLC grade organic
olvents: toluene, acetonitrile, acetic acid and methanol were pur-
hased from Kermel (Tianjin, China).

IR and NMR spectra were obtained using a Bruker (Ettlingen,
erman) EQUINOX-55 FT-IR instrument and a Varian (Palo Alto, CA,
SA) 400 MHz NMR Systems, respectively. Average pore diameter
nd surface area of the sorbents were measured by nitrogen adsorp-
ion with an ASAP2020 Surface Area and Porosity Analyzer of the
icromeritics Company (Norcross City, GA, USA). The SEM micro-
raphs were obtained using a JSM-6330F field emission-scanning
lectron microscope (JEOL, Japan).

Fig. 2. The chemical structure of m
218 (2011) 1340–1346 1341

2.2. Synthesis of allobarbital

The synthesis and characterization of allobarbital were per-
formed according to Ref. [26]. The results: mp: 173–174 ◦C; IR
peak (KBr) (cm−1): 3205, 3094, 2930, 2862, 1702; 1H NMR (CDCl3)
(ppm): ı 7.96 (s, 2H), 5.58–5.68 (m, 2H), 5.15–5.22 (m, 4H), 2.74 (d,
4H, 7.6 Hz,); 13C NMR (ppm): 42, 57, 121, 130, 148, 171.

2.3. Molecular simulation

The binding energy (�E) of the template molecule and the
monomer was calculated using the density functional theory (DFT)
[27] with Gaussian 03 software [28]. Firstly, the conformations of
ABA, acrylamide (AAM), SMT, and the complexes of ABA and SMT,
plus AAM and SMT were optimized under vacuum using the self-
consistent reaction field (SCRF) methods at B3LYP/6-31G* level. All
of the stable structures were further evaluated by analytical com-
putations of harmonic vibrational frequencies. The energies of ABA,
SMT, AAM–SMT, AAM–SMT–AAM, ABA–SMT and SMT–ABA–SMT
were calculated with zero-point energy corrections. The �E of
the complexes, such as AAM–SMT, AAM–SMT–AAM, ABA–SMT,
DAHT–ABA and SMT–ABA–SMT, were calculated using Eq. (1), as
follows:

�E = E (complex) − E (ABA or AAM) − E (SMT) (1)

Thus, a higher �E implies a stronger affinity between ABA, AAM
and SMT; the dipole moments of cyanazine and SMT were calcu-
lated by the same method.

The vibrational frequencies of SMT, ABA, SMT–ABA,
SMT–ABA–SMT were simulated and calculated using the SCRF
method, in a chloroform medium at B3LYP/6-31G* level [29].

2.4. Preparation of SMT-MIMs

Precipitation polymerization appears to be one of the most
attractive and reliable methods to obtain spherical particles with
sufficient porosity, as reported previously [30]. Acetonitrile and
toluene, with poor hydrogen bonding capacity, were used to pre-
pare monodisperse microspheres with a uniform particle size and
low swelling factor by thermal-induced free-radical polymeriza-
tion [31]. We used the following synthesis procedure: the template
(SMT, 1.8 mmol) and the functional monomer (ABA, 1.8 mmol),
were added to a flat-bottomed flask. DVB (2.88 mL, 20 mmol),
a mixture of toluene:acetonitrile (180 mL, 1:3, v/v), and AIBN
sealed. The polymerization was accomplished in a water bath
at 60 ◦C for 72 h. The non-imprinted microspheres (NIMs) were
obtained following the same procedure in the absence of the SMT.

aterials used in this study.
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Table 1
Binding energies of the complexes of SMT and ABA (AAM).

Compound Energy (a.u.) Binding energy (a.u.) Binding energy
(kJ/mol)

ABA −723.2545 – –
SMT −985.6438 – –
AAM −247.2188 – –
ABA–SMT −1708.9188 −0.0205 −53.8
342 S. Wu et al. / J. Chromato

.5. Infrared spectroscopy characterization

Infrared spectra of the liquid sample were measured in a tem-
erature controlled NaCl solution phase cell with a 0.1 mm path

ength. The spectrum of particulate MIMs was obtained directly on
KBr plate. For the characterization experiments, the concentration
f the host and guest molecules was 0.1 mol/L in CHCl3. To investi-
ate the differences in the IR spectra of the MIMs before and after
bsorbing SMT, the MIMs were soaked for 20 h in the solution of
0 mg/L SMT in CHCl3 to rebind with SMT, and then characterized
y IR.

.6. Chromatographic evaluation of MIMs

1.8 g of dry MIMs was left to swell in methanol for 4 h, and then
acked into stainless steel columns (150 mm × 4.6 mm id) under
0 MPa of air pressure. The columns were connected to a CBM-
0Avp plus HPLC system equipped with a binary high-pressure
ump, a manual sampler and a programmable UV detector. The
esidual template and monomer were completely eluted with a
obile-phase consisting of acetic acid: methanol (30:70, v/v) at

.2 mL/min until a stable base line was obtained.
To optimize the chromatographic conditions, the flow rate,

omponents of the mobile phase and column temperature were
nvestigated in detail by injecting a given volume of the SMT stan-
ard solutions into the columns. The capacity factors (k) were
alculated using the equation

= tR − t0

t0

here t0 is the retention time of acetone (used as a void marker)
nd tR is the retention time of the analyte. The imprinting factor
IF) was calculated from the capacity factors of the MIM and NIM
olumns using the equation

F = kM

kN

.7. Sample preparation

10 g of corn particles of 16–28 �m diameter was mixed with
0 mL of acetonitrile [21]. The corn mixture was sonicated for
0 min, and the supernatant was filtered through a 0.45 �m filter.
he extract was evaporated to dryness in a rotary evaporator under
educed pressure, and dissolved in 3× 1 mL of acetonitrile. The
esultant solution was collected in 5 mL plastic centrifugal tubes
nd dried under a gentle stream of nitrogen. The residue was re-
issolved in 1.0 mL of acetonitrile containing SMT for molecular

mprinting solid phase extraction (MISPE).
10 g of soil, dried at room temperature and powdered to obtain

6–28 �m particles, was spiked with 1 mL of a standard solution
f simazine with SMT. The soil samples were extracted using a
oxhlet extractor for 20 h, using 150 mL of acetonitrile. The extract
as treated in a manner similar to the procedure used with corn

amples, but re-dissolved in 1 mL of acetonitrile:water (50:50, v/v)
ixture for MISPE. The contaminated and spiked soil samples were

rocessed in the same way, except that the standard solution of
riazine herbicides was not added to the contaminated samples.

.8. MISPE of sample extracts
After removal of the template molecules, 0.2 g of SMT-MIMs was
laced in an empty 3 mL SPE cartridge with two matched sieve
lates placed above and below the sorbent bed. 10 mL of acetic
cid: methanol (30:70, v/v) and 10× 1 mL of methanol were then
AAM–SMT −1232.8754 −0.0127 −33.4
SMT–ABA–SMT −2694.5829 −0.0408 −107
AAM–SMT–AAM −1480.1103 −0.0289 −75.8

successively applied to the cartridge in order to remove the residual
acetic acid completely.

After a series of experiments to optimize the loading, wash-
ing and eluting conditions for corn and soil samples, the MISPE
experiments were performed as follows. (i) The prepared MISPE
cartridge was conditioned with 3.0 mL of methanol, followed by
9.0 mL of loading solvent (acetonitrile for corn sample and acetoni-
trile:water (50:50, v/v) for soil sample). (ii) 1 mL of sample solution
was loaded onto the cartridge at a flow rate of 0.25 mL/min. Then
the cartridge was washed with 1.0 mL of acetonitrile:water (50:50,
v/v) in the case of the contaminated corn sample and 2.0 mL of ace-
tonitrile:water (20:80, v/v) in the case of the soil sample. (iii) The
analytes were eluted with 2× 1 mL of methanol, the combined elu-
tion solution was evaporated to dryness and re-dissolved in 1.0 mL
of methanol:water (80:20, v/v) for corn sample and (60:40, v/v) for
soil sample, for further HPLC analysis. All samples were prepared
and analyzed in triplicate.

3. Results and discussion

We have designed the SMT-MIMs with an amide as the func-
tional monomer, basing our idea upon the example of the nucleic
acids’ base pairs. The binding energy values calculated from molec-
ular simulations show that a cyclic amide can bind to SMT better
than acrylamide, which gave us the idea to synthesize a cyclic amide
(ABA) and prepare novel MIMs with the hydrogen bond array of
“DAD (donor–acceptor–donor)–ADA (acceptor–donor–acceptor)”.
A molecular binding model was derived from the results obtained
by molecular simulation and IR. The molecular recognition mech-
anism of MIMs was then investigated using the HPLC method.
Finally, the MIMs were used in the extraction of SMT from corn
and soil samples, and then detected by the HPLC.

3.1. Molecular simulation

A prerequisite for the creation of non-covalent MIMs is that the
functional monomer should be able to form a stable complex with
the template molecule during pre-polymerization. The stronger the
interaction of the template with the functional monomer, the more
stable the formed complex, and the better the molecular recogni-
tion capacity of the resulting MIP.

Many interesting studies have been carried out in which SMT-
MIMs were prepared by bulk polymerization using MAA as the
functional monomer. However, so far, there are no reports of
triazine-MIPs having been prepared by using an amide to fulfill that
function. This may be due to the non-covalent bond interactions
between acrylamide and triazine herbicides being too weak. In the
work presented here, we selected a cyclic amide and acrylamide
(AAM) for SMT-MIM preparation, in order to study the molecular

binding characteristics and recognition mechanism of SMT-MIMs
with amide as a functional monomer.

The binding energy values of the host–guest system were calcu-
lated by molecular simulation with SMT as the template molecule,
and AAM or ABA as the functional monomer (Table 1). SMT–ABA
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ig. 3. Configurations of the interactions between the template molecule and mon
he corresponding atomic charges or hydrogen bond lengths.

nd SMT–ABA–SMT can transform spontaneously to a hydrogen
ond array configuration from any given initial state (Fig. 3). The
inding energies of SMT–ABA and SMT–ABA–SMT were about 20
nd 31 kJ/mol higher than those of AAM–SMT and AAM–SMT–AAM,
espectively. We deduced that ABA and SMT form a three-point
ydrogen bond array of “DAD–ADA” pattern. At the same time,
he binding energy of SMT–ABA–SMT was almost twice than that
f ABA–SMT, indicating that two molecules of SMT bind to each
olecule of ABA with high affinity. Therefore, ABA was selected as

he functional monomer for preparing the SMT-MIMs.
To confirm further the hypothesis of a hydrogen bond array,

wo vibrational modes asymmetric stretching vibration (Vas) and
ymmetric stretching vibration (Vs) were investigated by molecular
imulation. The N–H stretching vibration of SMT in the complex
as clearly shifted to a shorter wave range, and the N–H vibration

f ABA was weakened because of the formation of the hydrogen
ond array. The absorption peaks (Vs), 3365 cm−1 for ABA–SMT and
368 cm−1 for SMT–ABA–SMT, were much stronger than the others

n the vicinity (SI Table S1).

.2. Infrared spectroscopy investigation

Intra- and intermolecular hydrogen-bonding interactions are
ften studied with vibrational spectroscopy [32]; in the present
esearch this method was used to characterize the non-covalent

nteraction of the ABA–SMT complex.

The infrared spectra above 2600 cm−1 of MIMs, ABA and SMT
olecules in CHCl3 are shown in Fig. 4. Bands at 3384 and

442 cm−1 can be attributed to the free NH-stretching vibrations
f ABA and SMT, respectively [33]. In the pre-reaction solution (a

ig. 4. Infrared spectra between 2600 and 3600 cm−1: (a) MIMs before template
ebinding; (b) MIMs after template rebinding; (c) ABA in CHCl3; (d) a complex of
BA and SMT in CHCl3; and (e) SMT in CHCl3.
ith different ratios: (a) ABA–SMT and (b) SMT–ABA–SMT. The numbers represent

mixture of ABA and SMT), the NH stretching vibration of ABA is typi-
cally shifted to a lower frequency (3346 cm−1) due to the formation
of hydrogen bonds (N–H· · ·O) [34]. In present study, six (N–H· · ·O)
vibration frequencies of SMT–ABA and SMT–ABA–SMT are very
approximate (SI Table S1), so there is only one band at 3346 cm−1

after forming a hydrogen bonds array. This is in accordance with
the molecular simulation and confirms the existence of a hydrogen
bond array in the ABA and SMT complex during pre-polymerization.

Our comparison of the IR spectra of the MIMs before and
after rebinding template shows that the stretching vibration at
3276 cm−1 is due to the MIMs’ rebinding template, which implies
that the hydrogen bonds are formed as expected.

3.3. Nitrogen adsorption and SEM characteristics

The nitrogen adsorption of the SMT-MIM material is shown
in Table 2. The MIMs have a regular spherical morphology and a
larger specific surface area than the polymers synthesized by bulk
polymerization, which could increase the opportunity for an inter-
action between SMT and the imprinted cavities. The MIM particle
diameters are about 3–5 �m (SI, S7), which is favorable for HPLC
stationary phase investigation of the MIMs’ molecular recognition.

3.4. HPLC evaluation

Molecularly imprinted polymers are usually evaluated as the
HPLC stationary phase because this method has good reproducibil-
ity, high efficiency and sensitivity. Thus, the MIMs produced in the
present study were packed into the HPLC column to study their
specific absorption capability and recognition mechanism.

In order to investigate the specific absorption, the columns of
MIMs and NIMs were evaluated by eluting with different ratios
of acetic acid (HAc):acetonitrile (v/v). The results showed that the
capacity factors of SMT on both columns were reduced as the con-
centration of HAc was increased from 2% to 10% (Fig. 5). This could
be attributed to the low concentration of HAc reducing the non-

specific absorption of SMT on both MIM and NIM columns [35],
and high concentration of HAc reducing non-specific absorption
of MIMs and NIMs, further reducing specific absorption of MIMs.
Therefore, the imprinting factor exhibited a maximum value (9.38)
when the HAc content was 6%.

Table 2
Physical characteristics of the NIMs and MIMs.

Substance S (m2/g) Vp (cm3/g) dp (nm)

NIMs 568 0.30 2.14
MIMs 589 0.32 2.13

Note: BET specific surface area (S), specific pore volume (Vp) and average pore diam-
eter (dp) were calculated from nitrogen sorption measurements.
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Fig. 5. The influence of HAc content in the mobile phase on the kN, kM and IF values.
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M and kN are the capacity factors of the analytes in the MIM and NIM columns,
espectively. HPLC conditions: detection, 254 nm; flow-rate, 0.6 mL/min; injected
olume, 10 �L; marked peak, acetone.

To investigate the molecular recognition mechanism of MIMs,
ight herbicides and a metabolite were applied as analogues of the
emplate in this study. The capacity and selectivity factors of tem-
late and analogues on the MIM and NIM columns are shown in
able 3.

The results show an excellent retention of methylthio-triazines
n the MIM column and the selectivity factors are good. The reten-
ion times of chloro-triazines on both the MIM and NIM columns
ere shorter than those of methylthio-triazines. It seems that

he electron-withdrawing inductive effect of chlorine on the tri-
zine cycle reduces the electron cloud density of the hydrogen
ond array interaction. This hypothesis is consistent with the com-
uter simulation results showing that the binding energies of SMT
nd simazine with monomer ABA are −53.76 and −52.90 kJ mol−1,
espectively.

The imprinting factor (9.38) for SMT was the highest among
he methylthio-triazines, which indicates that the imprinting effect
eally occurs in SMT-MIMs and suggests that SMT-MIMs can selec-
ively recognize the template molecule well via hydrogen bond
rray formation between the template and MIMs. The imprinting

avity of SMT did not completely match the bigger homologues
metryn and terbutryn, providing evidence of size-exclusion effects
ith molecular imprinting cavities [16]. The shortest retention time

bserved was for the metribuzin, a non-triazine herbicide, and was

able 3
etention and selectivity factors of triazines in the MIM and NIM columns.

Solute kM
a kN

a Sb �c

Simazine 0.99 0.79 7.89 1.25
Atrazine 1.07 0.84 7.28 1.27
Terbutylazine 1.20 0.96 6.49 1.25
Propazine 1.13 0.95 6.89 1.19
Cyanazine 0.37 0.37 21.05 1.00
Simetryne 7.79 0.83 1.000 9.38
Ametryn 9.40 1.16 0.82 8.10
Terbutryn 11.40 1.38 0.68 8.26
Metribuzin 0.30 0.26 25.97 1.15
DAHT 1.06 0.82 7.35 1.29

he HPLC conditions were: eluent, acetic acid/acetonitrile (6/94, v/v); flow-rate,
.6 mL/min; detection wavelength, 254 nm (to eliminate the effect of acetic acid);

njection volume, 10 �L.
a kM and kN are the capacity factors of analytes on MIMs and NIMs, respectively.
b S is the selectivity factor (S = ktemplate/kanalogue), kanalogue and ktemplate are the capac-

ty factor of template and analogues, respectively [36].
c � is the imprinting factor (� = kM/kN) [37].
1218 (2011) 1340–1346

due to the lack of formation of a three-point hydrogen bond array
between metribuzin and the MIMs.

We have carefully investigated the selectivity of MIMs and NIMs.
A comparison has been made between MIM column and NIM col-
umn when the mobile phase was optimized for separating the
mixture of triazine. But separating the mixture of triazine for NIM
column was not made under optimization of HPLC conditions.
Moreover, it is obviously observed from Table 3, the selectivity of
MIMs is more superior than that of NIMs. Accordingly, we think
that it is not necessary to further study the solid phase extraction
of triazine mixture. Thus, we turn focus on the study of MIMs.

The retention times of triazine herbicides on both MIM and
NIM columns increased with increasing alkyl group numbers. The
hydrophobic property constant values (log P) are: SMT, 2.74; ame-
tryn, 3.09; terbutryn, 3.65; simazine, 2.18; atriazine, 2.5; and
terbutylazine, 3.21 [36,38]. It appears that the non-polar cross-
linker DVB creates a hydrophobic backbone, providing additional
nonspecific interactions between the methyl analogues and SMT-
MIMs. In fact, the retention times of the methyl analogues on the
MIM column were affected by both the stationary and mobile
phases. However, the results still indicate that the hydrophobic
interaction of alkyls and SMT-MIMs do not affect the imprinting fac-
tor because the large imprinting factor is caused by the pronounced
retention of analytes on MIMs coupled with low retention on NIMs.

Both metabolite DAHT and cyanazine have the DAD
(donator–acceptor–donator) configuration. According to com-
puter simulation, the binding energy (−58.43 kJ mol−1) of DAHT
and ABA is higher than that of SMT and ABA (−53.76 kJ mol−1), and
the size of DAHT is smaller than that of the template molecule;
thus the SMT imprinted cavity do not give a size-exclusion effect
for DAHT. However, the short retention times and small imprinting
factors of DAHT and cyanazine are possibly due to the mechanism
of reversed-phase HPLC. There are no hydrophobic alkyl groups in
DAHT, and cyanazine (calculated dipole moment: 7.75 D) is a more
polar molecule than SMT (calculated dipole moment: 3.30 D).
This greatly reduced the retention time on the hydrophobic MIM
column.

In summary, it can be deduced that the recognition mecha-
nism for the template and analogues is due mainly to a three-point
hydrogen-bond array caused by electrostatic attraction and the
electron effect of substitute groups in the triazine. The secondary
interaction is provided by the imprinted cavity of the polymeric
matrix, which possesses a steric (size and shape) and chemical
(spatial arrangement of complementary functionality) memory for
the template. The hydrophobicity and polarity of analytes also play
a role in the retention times and imprinting factors on SMT-MIM
column, especially while using hydrophobic DVB as a cross-linker.

Moreover, we obtained the complete baseline separation for five
triazine analogues and a metabolite (DAHT) on SMT-MIM column
at a flow rate of 0.6 mL/min, using methanol:water (95:5, v/v) as the
mobile phase (Fig. 6). It can be seen in Fig. 6 that the SMT-MIM col-
umn exhibits good selectivity and presents attractive application
prospects.

3.5. MISPE-HPLC determination of triazines levels in corn and soil
samples

We used corn and soil samples to evaluate the ability of
the MIMs to recognize triazine herbicides in complex matri-
ces. Corn was chosen because triazines are widely employed for
its protection. The HPLC analysis was performed with eluent of

methanol:water (80:20, v/v) for corn sample and (60:40, v/v) for
soil sample, at a flow rate of 1.0 mL/min and detection at 230 nm.
The injection volume was 20 �L.

The results from the MISPE-HPLC method showed good repro-
ducibility for spiked corn sample. A good linearity was achieved
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Fig. 8. Chromatograms obtained at 230 nm on the C18 column, (a) extract of a soil
sample contaminated with 1.0 �g/mL of five triazines and (b) 10.0 �g/mL of triazines
ig. 6. Chromatograms (MIMs-HPLC) of five triazine herbicides and a metabolite
DAHT). HPLC conditions: detection wavelength, 230 nm; the concentrations of the
ve herbicides and DAHT were 20 �g/mL and approximately 5 �g/mL, respectively;
arking peak: acetone.

n the range of 0.2–0.8 �g/mL for simetryne, with correlation
oefficient of 0.995. The interference peaks of impurities were
ecreased markedly after MISPE treatment. The recovery of SMT
t the 0.20, 1.0 and 1.8 �g/mL concentration levels was 105%
R.S.D = 9.1%), 87.4% (R.S.D = 7.6%) and 90.7% (R.S.D = 1.0%), respec-
ively. The detection limit was 5.8 �g/kg. Therefore, the MIMs can
e applied in selective pretreatment and enrichment of low SMT

evels in corn.
The simazine and SMT can be quantitatively detected in soil,

ven at low levels. Good reproducibility and a linear working range
or both simazine and SMT were displayed from 0.01 to 0.20 �g/mL.
he correlation coefficients of the calibration were >0.999 for
oth analytes. The recovery at 0.02, 0.1 and 0.2 �g/mL was 101%
R.S.D = 2.8%), 97.7% (R.S.D = 2.2%) and 94.6% (R.S.D = 2.0%) for SMT,
nd 107% (R.S.D = 4.6%), 93.6% (R.S.D = 8.7%) and 95.4% (R.S.D = 4.6%)
or simazine. The detection limits of the MISPE-HPLC method were
.075 �g/kg for simazine and 0.14 �g/kg for SMT, low enough to
llow the environmental monitoring of triazines at realistic con-
entration levels.

In this study, the SMT-MIMs were employed for the simultane-

us determination of simazine and SMT levels in real soil samples
sing the MISPE-HPLC system. In order to determine the amounts
t the �g/kg level using a UV detector, 10 g aliquots of corn and soil
owder were extracted and pre-concentrated with the MISPE. As
hown in Fig. 7, the MISPE can completely eliminate the matrix

ig. 7. HPLC chromatograms obtained at 230 nm on the C18 column, (a) extracts
f soil sample without MISPE treatment and (b) extracts of soil sample with MISPE
reatment. (1) Simazine and (2) simetryne.
mixture standard solution. (1) Simazine, (2) simetryne, (3) atrazine, (4) ametryn, and
(5) propazine. HPLC conditions: eluent, acetonitrile/water (30:70, v/v); flow rate,
1.0 mL/min; injection volume, 20 �L.

interference in soil. The concentrations of simazine and SMT in
the injection solution were determined to be 0.051 ± 0.003 and
0.138 ± 0.011 �g/mL according to corresponding regression equa-
tions, and their concentrations in soil were shown to be 5.1 ± 0.3
and 13.8 ± 1.1 �g/kg, respectively. The developed method in this
wok showed comparable or even better results against reported
method [21,39].

To investigate further the competitive recognition and enrich-
ment capacity of SMT-MIMs, the spiked soil samples were also
prepared by adding 1.0 mL of a 1.0 �g/mL solution of five triazine
herbicides (simazine, atrazine, propazine, SMT and ametryn) to
10 g of dry soil powder. After the MISPE treatment, five triazine
herbicides were retained effectively (Fig. 8). This indicates that
SMT-MIMs have good recognition capacity for triazine herbicides.

4. Conclusion

This study presents a set of methods for the elucidation of
the molecular binding model and recognition mechanism of MIPs.
The homogeneous host–guest binding sites originating from a
three-point hydrogen bond array were characterized by molecu-
lar simulation and infrared spectroscopy. The molecule recognition
mechanism of MIMs was studied with the SMT-MIMs as station-
ary phase in high performance liquid chromatography; five triazine
herbicides and a metabolite were separated well on the SMT-MIM
column. The high specific adsorption and excellent selectivity of
MIMs can be attributed mainly to the hydrogen-bond array formed
as the result of electrostatic attraction and the electron effect of
substitute groups in the triazine. The secondary interaction is pro-
vided by the imprinted cavity of the polymeric matrix, which
possesses a steric (size and shape) and chemical (spatial arrange-
ment of complementary functionality) memory for the template.
The hydrophobicity and polarity of analytes also have an impact
on the SMT-MIM column’s retention times and imprinting factors,
especially when hydrophobic DVB is used as a cross-linker. The
SMT-MIMs were also successfully applied in the selective pretreat-
ment and enrichment of trace amounts of SMT in spiked corn and
soil samples.
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