
Preparation of Molecularly Imprinted Polymer Microspheres
via Atom Transfer Radical Precipitation Polymerization

BAIYI ZU, GUOQING PAN, XIANZHI GUO, YING ZHANG, HUIQI ZHANG

Key Laboratory of Functional Polymer Materials, Ministry of Education, Department of Chemistry, Nankai University,
Tianjin 300071, People’s Republic of China

Received 26 November 2008; accepted 5 March 2009
DOI: 10.1002/pola.23389
Published online in Wiley InterScience (www.interscience.wiley.com).

ABSTRACT: The first combined use of atom transfer radical polymerization (ATRP)
and precipitation polymerization in the molecular imprinting field is described. The
utilized polymerization technique, namely atom transfer radical precipitation poly-
merization (ATRPP), provides MIP microspheres with obvious molecular imprinting
effects towards the template, fast template binding kinetics and an appreciable selec-
tivity over structurally related compounds. The living chain propagation mechanism
in ATRPP results in MIP spherical particles with diameters (number-average diame-
ter Dn � 3 lm) much larger than those prepared via traditional radical precipitation
polymerization (TRPP). In addition, the MIP microspheres prepared via ATRPP have
also proven to show significantly higher high-affinity binding site densities on their
surfaces than the MIP generated via TRPP, while the binding association constants
Ka and apparent maximum numbers Nmax of the high-affinity sites as well as
the specific template bindings are almost the same in the two cases. VVC 2009 Wiley
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INTRODUCTION

Molecular imprinting technique is a simple and
efficient method for the preparation of synthetic
polymers with tailor-made recognition sites for
certain target molecules.1–5 The resulting molecu-
larly imprinted polymers (MIPs) have proven to
show not only high specificity towards the tem-
plate molecules but also favorable mechanical,
thermal and chemical stability, which make MIPs
very promising candidates for many applications,
including chromatographic stationary-phase,
solid-phase extraction, antibody mimics, biomi-

metic catalysis, sensors, organic synthesis, drug
development and so on.1–5

The molecular imprinting process typically
involves the copolymerization of a functional
monomer and a crosslinking monomer in the pres-
ence of a template molecule in a suitable solvent.
The functional monomer interacts with the tem-
plate via noncovalent interactions (hydrogen
bonds, ionic and hydrophobic interactions) to form
a complex before the crosslinking reaction. After
polymerization, the template is removed from the
resulting polymer network, providing the molecu-
larly imprinted binding sites (cavities) comple-
mentary to the shape, size and functionality of
the template. Nowadays, MIPs are mostly pre-
pared by using free radical polymerization mecha-
nism due to its tolerance for a wide range of func-
tional groups in the monomers and templates as
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well as its mild reaction conditions. However, tra-
ditional radical polymerization processes are usu-
ally rather difficult to control with regard to chain
propagation and termination, which normally
lead to polymer networks with heterogeneous
structures.6 The presence of heterogeneity within
the network structures of the MIPs could have
significant impact on the binding sites created
inside them, which might be responsible for some
of the inherent drawbacks of the MIPs such as
the broad binding site heterogeneity and the rela-
tively low affinity and selectivity. Therefore, it can
be envisioned that the preparation of MIPs with
homogeneous network structures will be of signifi-
cant importance both for better understanding
the structure-property relationship of the MIPs
and for obtaining MIPs with improved binding
properties. In this respect, controlled/‘‘living’’ radi-
cal polymerization techniques (CRPs) are per-
fectly suited for this purpose. It has been well
understood that the structural heterogeneity in
the polymer networks generated by traditional
radical polymerization is stemmed from the mis-
match between the rapid chain growth and slow
chain relaxation, which leads to the reduced reac-
tivity of the pendant vinyl group and/or various
cyclization reactions and the formation of hetero-
geneous polymer networks distributed with
highly crosslinked microdomains.6 In sharp con-
trast, CRPs are thermodynamically controlled
processes with negligible chain termination and a
more constant and much slower rate for the poly-
mer chain growth, which dramatically improve
the match in the chain growth and chain relaxa-
tion rates and thus lead to homogeneous polymer
networks with a narrow distribution of the net-
work chain length and a significantly lower cross-
linking density in comparison with that of the
crosslinked microdomains in the heterogeneous
polymer networks (note that the crosslinking den-
sity in the MIPs prepared via CRPs should be still
high enough to be able to stabilize the binding
sites due to the use of large amounts of cross-
linkers). So far, many different polymer networks
with homogeneous structures have been prepared
via CRPs.6–11

Since its first discovery in 1995,12–14 atom
transfer radical polymerization (ATRP) has rap-
idly attracted growing interest because of its ver-
satility in the synthesis of polymers with predict-
able molecular weights, low polydispersities, and
specific functionalities as well as its easy avail-
ability of many kinds of initiators, catalysts, and
monomers.15,16 It is based on a fast, dynamic equi-

librium established between the dormant species
(alkyl halides) and active species (radicals), with
transition-metal complexes acting as reversible
halogen atom transfer reagents [Scheme 1(a)],
which keeps a very low radical concentration in
the system and thus results in negligible radical
termination and controlled polymerization.15,16

The end groups of the polymers prepared via
ATRP are defined by the utilized initiators. When
an alkyl halide (or arenesulfonyl halide) is used
as the initiator, the one end group of the obtained
polymer chain is the alkyl (or arenesulfonyl)
group of the initiator while the other end group is
the halide. This characteristic makes the obtained
polymers highly useful for further modification by
using either standard organic procedures (e.g.,
nucleophilic substitution) or by their further reini-
tiation with the ATRP of other monomers.17,18 So
far, ATRP has been mostly utilized to prepare
well-defined linear polymers. Recent years, how-
ever, have also witnessed an increasing interest in
the use of ATRP for generating crosslinked
polymers with homogeneous networks.6,9,10

Very recently, ATRP has also been applied in
the molecular imprinting field for the generation
of MIPs.19–22 Husson and coworkers reported the
successful molecular imprinting on the surfaces of
gold-coated silica wafers19,20 and silica gel21 via
ATRP. Yang and Wang’s group described the con-
trolled synthesis of MIP nanotube membranes by
using surface-initiated ATRP.22 The controllable
nature of ATRP has proven to allow the growth of
uniform MIP films with adjustable thicknesses,
preventing diffusional mass transfer limitations
from affecting the kinetic analysis.19,21,22 Besides,
relatively higher binding capacities have also
been observed in some cases.21,22 Based on these
promising results, we can see that ATRP is of

Scheme 1. The mechanism of ATRP (a) and sche-
matic representation for the preparation of MIP
microspheres via ATRPP (b).
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great potential in the molecular imprinting field
for the preparation of MIPs with tailor-made
structures and improved binding properties. How-
ever, to our knowledge, its application has only
been limited in the preparation of MIP films up to
now. Therefore, it should be of great importance
to extend the application of ATRP to the synthesis
of MIPs with other different formats to show its
versatility and general applicability.

Herein we present a general protocol for the
direct preparation of functional MIP microspheres
by atom transfer radical precipitation polymeriza-
tion (ATRPP), a polymerization technique combin-
ing ATRP and precipitation polymerization
[Scheme 1(b)]. Note that precipitation polymeriza-
tion has proven versatile for preparing MIP
micro/submicrospheres because of its easy opera-
tion and no need for any surfactant or stabi-
lizer,23–26 but only traditional radical precipitation
polymerization (TRPP) has been utilized up to
now. To our knowledge, this is the first report on
the application of ATRPP in the molecular
imprinting field. It should be mentioned here that
a combined use of ATRP and precipitation poly-
merization has been reported for the preparation
of linear polymers,27 but it has never been utilized
for preparing crosslinked polymer microspheres.
The introduction of ATRP mechanism into precip-
itation polymerization will lead to MIP micro-
spheres with reactive halogen groups on their sur-
faces, which are highly useful for their further
surface modification (leading to their better com-
patibility with different solvent systems) either by
standard organic procedures or by surface-initi-
ated ATRP. The chemical structures, particle mor-
phology, size and size distribution, template
rebinding properties, surface areas and the selec-
tivity of the resulted MIP microspheres were
characterized in detail, and they were also com-
pared with those of the MIP particles prepared
via TRPP to get a better understanding on their
structure-property relationship. In addition, the
general applicability of ATRPP in the molecular
imprinting filed was also demonstrated by the
preparation of MIP microspheres with other
templates.

EXPERIMENTAL

Materials

4-Vinylpyridine (4-VP, Alfa Aesar, 96%) and ethyl-
ene glycol dimethacrylate (EGDMA, Alfa Aesar,
98%) were purified by distillation under vacuum.

Acetonitrile [Jiangtian Chemical, China, analyti-
cal grade (AR)] was distilled over CaH2 before
use. Methanol (Jiangtian Chemical, AR) was dis-
tilled before use. Azobisisobutyronitrile (AIBN,
Chemical Plant of Nankai University, AR) was
recrystallized from ethanol. Copper(I) chloride
(CuCl, Jiangtian Chemical, China, AR) was puri-
fied following a reported procedure.28 Tris[2-
(dimethylamino)ethyl]amine (Me6TREN) was pre-
pared by a one-step synthesis procedure from
commercially available tris(2-aminoethyl)amine
(TREN, Acros, 97%) according to a reported proce-
dure.29 Bisphenol A (BPA, Guangfu Fine Chemi-
cals, China, AR), hydroquinone (HQ, North Tianyi
Chemical Company, China, AR), 2,4-dichlorophen-
oxyacetic acid (2,4-D, Alfa Aesar, 98%), 2,4-dichloro-
phenylacetic acid (DPAc, Acros, 99%), phen-
oxyacetic acid (POAc, Acros, 98þ%) N,N,N0,N00,
N00-pentamethyldiethylenetriamine (PMDETA,
Aldrich, 99%), anhydrous copper(II) chloride
(CuCl2, Alfa Aesar, 98%) and ethyl 2-chloropropi-
onate (Alfa Aesar, 97%) were used as received.
The chemical structures of BPA, HQ, 2,4-D, DPAc
and POAc are shown in Scheme 2.

Preparation of a BPA Imprinted Polymer
(BPA-MIP) and Its Corresponding Nonimprinted
Polymer (NIP) by Normal ATRPP

The BPA-MIP was prepared via normal ATRPP
according to the following procedure: To a 100 mL
round-bottom flask, CuCl (0.0052 g, 0.0525 mmol)
was added to a solution of BPA (0.3424 g, 1.4998
mmol), 4-VP (0.1577 g, 1.4999 mmol) and
EGDMA (0.8919 g, 4.5045 mmol) in dried

Scheme 2. The chemical structures of the template
molecules and their related test compounds.
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acetonitrile (30 mL). The reaction mixture was
purged with argon for 15 min and then PMDETA
(0.0182 g, 0.1050mmol) was added. After another
15 min of argon bubbling, ethyl 2-chloropropio-
nate (0.0072 g, 0.0527 mmol) was added into the
system. The flask was then sealed and immersed
into a thermostated oil bath at 60 �C for 24 h. The
polymer particles collected by filtration were puri-
fied through Soxhlet extraction with methanol/
acetic acid (9/1 v/v, 48 h) and acetonitrile (24 h)
successively to remove both the template and cop-
per catalyst, which were then dried at 40 �C
under vacuum overnight to provide the desired
MIP (yield: 62%).

The NIP was prepared and purified under the
identical conditions except that the template was
omitted (yield: 60%).

Preparation of a 2,4-D Imprinted Polymer
(2,4-D-MIP) and Its NIP by Normal ATRPP

The 2,4-D-MIP was prepared via normal ATRPP
according to the following procedure: To a 100 mL
round-bottom flask, CuCl (0.0069 g, 0.0697 mmol)
was added to a solution of 2,4-D (0.1105 g, 0.4999
mmol), 4-VP (0.2103 g, 2.0001 mmol) and
EGDMA (1.1893 g, 6.0066 mmol) in dried acetoni-
trile (30 mL). The reaction mixture was purged
with argon for 15 min and then Me6TREN
(0.0484 g, 0.2101 mmol) was added. After another
15 min of argon bubbling, ethyl 2-chloropropio-
nate (0.0096 g, 0.0703 mmol) was added into the
system. The flask was then sealed and immersed
into a thermostated oil bath at 60 �C for 24 h. The
polymer particles collected by filtration were puri-
fied through Soxhlet extraction with methanol/
acetic acid (9/1 v/v, 48 h) and acetonitrile (24 h)
successively to remove both the template and cop-
per catalyst and then dried at 40 �C under vac-
uum overnight to provide the desired MIP (yield:
35%).

The corresponding NIP was prepared and puri-
fied under the identical conditions except that the
template was omitted (yield: 48%).

Preparation of the MIPs (Template: BPA or 2,4-D)/
NIPs by Reverse ATRPP

The MIPs (template: BPA or 2,4-D)/NIPs were
prepared by reverse ATRPP following a similar
procedure as normal ATRPP except that CuCl
and ethyl 2-chloropropionate were replaced by
CuCl2 and AIBN, respectively. The reaction time
was changed to 48 h for the system with BPA as

the template, while it was still kept at 24 h for the
system with 2,4-D as the template. The yields of
the MIP prepared with BPA as the template and
its corresponding NIP were 85 and 81%, respec-
tively, and those of the MIP prepared with 2,4-D
as the template and its NIP were 59 and 72%,
respectively.

Preparation of the MIPs (Template: BPA or 2,4-D)/
NIPs by TRPP

The MIPs (template: BPA or 2,4-D)/NIPs were
prepared by TRPP following a similar procedure
as normal ATRPP except that AIBN was used to
replace ethyl 2-chloropropionate/CuCl/ligand
(PMDETA or Me6TREN). The yields of the MIP
prepared with BPA as the template and its corre-
sponding NIP were 76 and 79%, respectively, and
those of the MIP prepared with 2,4-D as the tem-
plate and its NIP were 86 and 64%, respectively.

Characterizations

Fourier Transform Infrared (FTIR) spectra of the
MIPs were measured with a Nicolet Magna-560
FTIR spectrometer.

The elemental analyses of the MIPs/NIPs were
carried out by using Elementar Vario EL (Ger-
many) to determine their chemical compositions
and crosslinking densities. If we assume that the
obtained MIPs/NIPs contain x moles of the bonded
4-VP unit (molecular formula: C7H7N) and y
moles of the bonded EGDMA unit (molecular for-
mula: C10H14O4), the following equations can be
obtained for the weight fractions of carbon (CC)
and nitrogen (CN):

CC ¼ ð7xþ 10yÞMC=ðxM4-VP þ yMEGDMAÞ;
CN ¼ xMN=ðxM4-VP þ yMEGDMAÞ

where MC is the atomic weight of carbon, MN the
atomic weight of nitrogen, M4-VP the molecular
weight of 4-VP, and MEGDMA the molecular weight
of EGDMA. The molar fractions of the bonded
EGDMA unit in the MIPs/NIPs (i.e., y/(x þ y),
which can also be utilized to express the crosslink-
ing densities of the MIPs/NIPs) can thus be
obtained by introducing CC and CN values (deter-
mined by the elemental analysis) into the above
two equations.

The particle morphology, size and size distribu-
tion of the MIPs/NIPs were determined with a
scanning electron microscope (SEM, Shimadzu
SS-550). All of the SEM size data reflect the
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averages about 100 particles each, which are cal-
culated by the following formulas:

U ¼ Dw=Dn;

Dn ¼
Xk

i¼1

niDi

.Xk

i¼1

ni; Dw ¼
Xk

i¼1

niD
4
i

.Xk

i¼1

niD
3
i

where U is the polydispersity index, Dn the num-
ber-average diameter, Dw the weight-average di-
ameter, N the total number of the measured par-
ticles, and Di the particle diameters of the deter-
mined microspheres.

Surface area analyses were performed by
nitrogen sorption porosimetry on a TriStar3000
Surface Area Analyzer (America Micromeritics
Instrument Corp). Before the measurements, the
MIPs/NIPs were firstly degassed at 100 �C under
high vacuum for 10 h. The surface areas of
the degassed MIP microspheres were then eval-
uated by using the Brunauer-Emett-Teller (BET)
method.

The template concentrations were quantified
with a high-performance liquid chromatography
(HPLC, Scientific System) with a UV-vis detector.
The mobile phases (flow rates: 1 mL/min) used for
the determination of BPA and 2,4-D are a mixture
of acetonitrile and water (6/4 v/v) and a mixture
of methanol and 0.5% aqueous solution of acetic
acid (4/1 v/v), respectively.

Binding kinetics of the template molecule BPA
with the MIPs/NIPs prepared via different syn-
thetic approaches were evaluated by batch
adsorption experiments, where 10 mg of MIPs/
NIPs were incubated with a solution of BPA
(1 mL, 0.0438 mM) at ambient temperature for
different times. After centrifugation, the amounts
of the template remaining in the supernatants
(expressed as F) were determined by HPLC and
those bound to the MIPs/NIPs (B) could thus be
obtained by subtracting F from the initial tem-
plate concentration.

Equilibrium binding experiments (or satura-
tion binding experiments) were carried out by
incubating a BPA solution in acetonitrile (1 mL,
0.0438 mM) or a 2,4-D solution in acetonitrile
(1 mL, 0.08 mM) with different amounts of MIPs/
NIPs for 24 h, when the binding equilibriums
with MIPs/NIPs were established and the binding
capacities of the MIPs/NIPs reached their maxi-
mums. The incubating temperatures for the BPA
and 2,4-D systems were 25 and 22 �C, respec-
tively. The amounts of the templates bound to the
MIPs/NIPs were then quantified with HPLC.

Binding isotherms of the MIPs were studied
with Scatchard analysis:30 BPA-MIP particles
(5 mg) were incubated with a series of BPA solu-
tion in acetonitrile (C ¼ 0.04–1.2 mM) at 25 �C for
24 h. After centrifugation, the amounts of the
template bound to the MIPs (B) were determined
by HPLC. The Scatchard equation used is B/F
¼ (Nmax � B)Ka, where Ka and Nmax represent the
binding association constant and apparent maxi-
mum number of the binding sites, respectively.

The binding selectivity of the MIPs was eval-
uated by measuring their competitive binding
capacities towards the templates and their struc-
turally related compounds as follows: (1) 16 mg of
BPA-MIP particles were incubated with 1 mL
of a mixed solution of BPA and HQ in acetonitrile
(with their concentrations being the same,
CBPA or HQ ¼ 0.0438 mM) at 24 �C for 24 h, the
amounts of BPA and its related compound bound
to the MIPs were then quantified by HPLC; (2) 10
mg of 2,4-D-MIP particles were incubated with 1
mL of a mixed solution of 2,4-D, DPAc and POAc
in acetonitrile (with their concentrations being
the same, C ¼ 0.08 mM) at 24 �C for 6 h, the
amounts of 2,4-D and its related compounds
bound to the MIPs were then quantified by HPLC.

All the above binding analyses were performed
in duplicate and the mean values were used.

RESULTS AND DISCUSSION

Over the past few years, we have been working in
the field of molecular imprinting5,31,32 and
ATRP.17,33,34 The present contribution is aiming
to combine the above two fields together and will
mainly focus on two aspects, that is, to check
whether ATRPP can be used to prepare MIP
microspheres as a new polymerization technique
for molecular imprinting and whether the
resulted MIPs have some improved properties in
comparison with those prepared via TRPP. This
study will not only extend the application area of
ATRP in the molecular imprinting field, but also
lead to an in-depth understanding of the struc-
ture-property relationship of the MIPs prepared
via different approaches.

So far, precipitation polymerization has proven
to be one of the most attractive and reliable meth-
ods available for the easy preparation of MIP
spherical particles with a diameter ranging from
one to a few hundreds of nanometers to several
micrometers.23–26 It involves the polymerization
of a functional monomer with a crosslinker in the
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presence of a template under dilution conditions
in a suitable solvent (typically 95% of the total
reaction volumes) in the absence of any surfactant
or stabilizer. The polymer beads formed in this
way are protected from aggregation during poly-
merization by their crosslinked surfaces and are
completely surfactant free. In comparison with
the MIPs prepared via conventional imprinting
approach (i.e., ‘‘bulk’’ polymerization), which are
normally irregular particles with different sizes in
the range of 5–100 lm after the time-consuming
grinding of the generated porous monolith and
the subsequent sieving, the MIP spherical par-
ticles generated via precipitation polymerization
are highly desirable for such applications as ho-
mogeneous binding assays, HPLC stationary
phases, solid-phase extraction and so on. In addi-
tion, these MIP spherical particles have also prov-
en to show faster binding kinetics for the target
analytes due to their small particle size and better
accessibility of the binding sites in comparison
with MIPs prepared via conventional imprinting
method.26 Based on the above statements, we can
conclude that precipitation polymerization has
many advantages over the conventional molecular
imprinting approach and the combined use of pre-
cipitation polymerization with ATRP will further
increase its versatility by providing functionalized
MIP spherical particles.

Since MIPs are mostly prepared via noncova-
lent molecular imprinting technique nowadays
due to its flexibility in preparation as well as its
versatility in generating MIPs with high specific-
ity and fast rebinding kinetics, a model noncova-
lent molecular imprinting system was chosen
here to show the proof-of-principle, which utilized
4-VP, BPA, EGDMA and acetonitrile as the func-
tional monomer, template, crosslinker and poro-
genic solvent, respectively. Note that all of the
above reactants are compatible with both ATRP
and molecular imprinting processes and 4-VP can
form hydrogen bonding interaction with BPA in
acetonitrile.

According to their different initiating species
used, two kinds of ATRP processes are available,
which are normal ATRP and reverse ATRP,
respectively.15 In the normal ATRP system, the
initiating radicals are stemmed from the reaction
between an alkyl halide and a transition metal
complex in its lower oxidation state (e.g., Cu(I)/
Ligand); while in the reverse ATRP system, con-
ventional radical initiators (e.g., AIBN) are
employed to generate primary radicals in the be-
ginning of the polymerization, which are then

deactivated by a transition-metal complex in its
higher oxidation state (e.g., Cu(II)/ligand). In both
systems, the equilibrium between the dormant
species (alkyl halides) and active species (radicals)
can be quickly established soon after the polymer-
ization starts [Scheme 1(a)]. In this work, both
normal ATRPP and reverse ATRPP were tried to
prepare MIP microspheres, where a reactant
combination of BPA/4-VP/EGDMA/ethyl 2-chloro-
propionate/CuCl/PMDETA (15/15/45/0.525/0.525/
1.05, molar ratio) and BPA/4-VP/EGDMA/AIBN/
CuCl2/PMDETA (15/15/45/0.525/0.525/1.05, molar
ratio) was utilized, respectively. For comparison,
TRPP was also performed to prepare MIP par-
ticles by using BPA/4-VP/EGDMA/AIBN (15/15/
45/0.525, molar ratio). In all cases, the molar ratio
of BPA to 4-VP was chosen as 1, following a previ-
ously optimized recipe.35,36 It is worth mentioning
here that this molar ratio of BPA to 4-VP is much
higher than that used in a normal molecular
imprinting system, where an excess of functional
monomers usually needs to be added into the sys-
tem to shift the equilibrium towards complex for-
mation. This might be attributed to the character-
istics of precipitation polymerization, where very
large amounts of porogenic solvents (typically
95% of the total reaction volumes) are normally
used, which leads to most of the template dissolv-
ing into the porogenic solvents instead of interact-
ing with the functional monomers to form prepo-
lymerization complex.23–26 Therefore, increasing
the amount of template would be necessary to
improve the formation of prepolymerization com-
plex as well as the imprinting efficiency.36,37 As
references, the corresponding NIP particles were
also prepared similarly by omitting the template
in the reaction systems. All the reactions were
performed at 60 �C in 30 mL of acetonitrile with
its volume percentage being 97%. The resulted
polymer particles were thoroughly purified
through Soxhlet extraction, leading to white
MIPs/NIPs with their yields ranging from 60 to
85%.

The obtained MIP particles were firstly charac-
terized with FTIR. It can be seen clearly that the
MIPs prepared via different approaches have
rather similar IR spectra (Fig. 1). The presence of
three significant peaks around 1728 (C¼¼O
stretching), 1250 and 1155 cm�1 (CAOAC stretch-
ing) supports the existence of poly(EGDMA) in
the obtained MIPs. The characteristic peaks cor-
responding to the C¼¼N stretching (1600 and 1558
cm�1) and C¼¼C stretching (1456 cm�1) in the pyr-
idine rings can also be observed in the spectra of
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the MIPs, revealing that poly(4-VP) is also pres-
ent in the MIPs. Furthermore, the presence of
small peaks around 1637 cm�1 (corresponding to
the C¼¼C stretching mode) demonstrated that less
than 100% of the bonded EGDMA molecules are
crosslinked in the MIPs.38

The MIPs/NIPs were then studied with ele-
mental analysis to determine their chemical com-
positions, from which the crosslinking densities of
the MIPs/NIPs are readily available because they
can be simply expressed by the molar fractions of

the bonded EGDMA unit in the obtained poly-
mers. Table 1 shows that the molar fractions of
the bonded EGDMA unit in all the MIPs/NIPs
prepared via different synthetic approaches are
lower than that of EGDMA in the initial comono-
mer mixture (75%), suggesting that 4-VP is more
reactive than EGDMA in the studied reaction sys-
tems. In addition, the MIPs/NIPs have proven to
show crosslinking densities in the range of 61–
69%, which are high enough for stabilizing the
shapes of the imprinted cavities.

The particle morphology, size and size distribu-
tion of the obtained MIPs and NIPs were charac-
terized with SEM (Fig. 2). Figure 2(a,b) show that
TRPP provides MIP and NIP submicrospheres
with a diameter of about 200–430 nm, which is
comparable with the previous report.23 The num-
ber-average diameters (Dn) of the MIP and NIP
spherical particles prepared via TRPP are 307
and 329 nm, respectively, and they have a polydis-
persity index (U) of 1.17 and 1.13, respectively. In
comparison, both normal and reverse ATRPP pro-
vide MIP and NIP microspheres with much larger
diameters (ca. 2–5 lm) [Fig. 2(c–f)]. The Dn values
of both the MIP and NIP spherical particles pre-
pared via normal ATRPP are 3.20 and 3.04 lm,
respectively, and they have a U value of 1.19 and
1.22, respectively. The Dn values of both the MIP
and NIP spherical particles prepared via reverse
ATRPP are 3.58 and 3.28 lm, respectively, and
they have a U value of 1.27 and 1.20, respectively.

Table 1. Chemical Compositions and Equilibrium Binding Properties of the MIPs
(Template: BPA) and NIPs Prepared via Different Synthetic Approaches as Well as
Their Binding Parameters Obtained From Scatchard Analysis

Synthetic
Approach

Chemical
Composition

(%)a

Binding
Properties (%)

High-Affinity
Sitesd

Template
Bindingb

Specific
Bindingc

Ka (M�1)
� 10�4

Nmax

(lmol/g)

TRPP-MIP 69 24 9 1.14 3.3
TRPP-NIP 66 15
Normal ATRPP-MIP 61 30 10 1.06 3.9
Normal ATRPP-NIP 63 20
Reverse ATRPP-MIP 64 28 10 1.02 3.7
Reverse ATRPP-NIP 63 18

aThe molar fractions of the bonded EGDMA unit in the MIPs/NIPs as determined by the
elemental analysis, which can be utilized to express the crosslinking densities of the MIPs/
NIPs.

b Sixteen milligram of MIPs and NIPs were incubated with a BPA solution (1 mL, C
¼ 0.0483 mM) at 25 �C for 24 h.

c Specific binding is defined as the deference in BPA adsorption between MIP and NIP.
dKa and Nmax represent the binding association constant and apparent maximum number of

the binding sites, respectively.

Figure 1. FTIR spectra of the MIPs prepared with
BPA as the template via TRPP (a), normal ATRPP
(b), and reverse ATRPP (c).
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It can be seen clearly that the diameters of the
MIP and NIP spherical particles prepared via
both normal and reverse ATRPP are about 10
times larger than those prepared via TRPP, sug-
gesting that the combined use of ATRP and pre-
cipitation polymerization has a significant impact
on the particle sizes of the obtained MIPs/NIPs.
This may not be surprising given that different
polymerization mechanisms are involved in the

two systems. The living nature of ATRPP might
somehow influence both the formation of the par-
ticle nucleis in the solutions and their growth
processes,39 thus leading to larger spherical par-
ticles. A detailed study on the mechanism of
ATRPP is under way and the results will be
included in a forthcoming article.

It should be mentioned here that although
TRPP has been widely utilized for the preparation

Figure 2. Scanning electron micrographs of the MIPs (template: BPA) (a,c,e) and
NIPs (b,d,f) prepared via TRPP (a,b), normal ATRPP (c,d) and reverse ATRPP (e,f),
respectively.
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of MIP spherical particles for a wide range of tem-
plates, only those with relatively smaller diame-
ters (\1 lm) have been obtained in most
cases.23,24 While these small MIP spherical par-
ticles are very suitable for such applications as ho-
mogeneous binding assays, microfluidic separa-
tion modules, and recognition layers on sensor
surfaces, many other applications such as the sta-
tionary phases in HPLC require relatively larger
MIP microspheres (1.5–5 lm).24,25 Therefore,
recent years have witnessed significant efforts
being devoted for this purpose. Recently, MIP
microspheres with a diameter of about 5 lm have
been obtained by carefully matching the solubility
parameters of the developing polymer network to
that of the porogenic solvent(s), where divinylben-
zene (DVB) and a mixture of acetronitrile and tol-
uene were utilized as the crosslinker and the
porogenic solvent, respectively.24 MIP micro-
spheres with relatively larger diameters (2.4 lm)
have also been prepared by using DVB as the
crosslinker by Ye and coworkers.25 To our knowl-
edge, however, the simultaneous use of pure ace-
tronitrile as the porogenic solvent and EGDMA as
the crosslinker has seldom led to the MIP micro-
spheres with a diameter larger than 3 lm up to
now. In this sense, our approach described here
seems to be very promising for the easy prepara-
tion of MIP microspheres with relatively larger
diameters (�3 lm).

The binding kinetics of the template molecule
BPA with the MIPs and NIPs prepared via TRPP,
normal ATRPP and reverse ATRPP were eval-
uated by batch adsorption experiments. Figure 3
shows the adsorption uptake of the polymers ver-
sus the incubation time. It can be seen clearly
that all the MIPs prepared via different synthetic
approaches reach their binding equilibriums at a
time of about 2 h, indicating quite fast binding
processes. In comparison, a relatively longer time
(�4 h) is required for all the NIPs to reach their
binding equilibriums. In addition, the equilibrium
loading capacities for the MIPs prepared via both
normal and reverse ATRPP have proven to be
rather similar, but they are higher than that for
the MIP prepared via TRPP. Similar phenomena
were also observed for their corresponding NIPs.

Equilibrium binding experiments were then
performed to study the rebinding properties of the
MIPs and NIPs. Figure 4 shows that the MIP par-
ticles prepared via both (normal and reverse)
ATRPP and TRPP bind more template than their
corresponding NIPs. For example, in a dilute solu-
tion of BPA in acetonitrile, while 16 mg of the
imprinted spherical particles prepared via normal
ATRPP, reverse ATRPP and TRPP bound 30, 28,
and 24% of the template, respectively, an equiva-
lent amount of the corresponding controls bound
only 20, 18, and 15%, respectively, (Table 1). These
results confirmed the presence of selective binding
sites created by the template in the obtained
MIPs and thus the successful molecular imprint-
ing processes in both ATRPP and TRPP. In

Figure 3. Binding kinetics of BPA on the MIPs
(with BPA as the template, filled symbols) and NIPs
(open symbols) prepared via TRPP (triangle), normal
ATRPP (cycle) and reverse ATRPP (square), respec-
tively. Ten milligram of MIPs and NIPs were incu-
bated with a solution of BPA (1 mL, 0.0438 mM) at
25 �C for different times.

Figure 4. Equilibrium binding of BPA (C ¼ 0.0438
mM) on different amounts of MIPs (template: BPA,
filled symbols) and NIPs (open symbols) prepared via
TRPP (triangle), normal ATRPP (cycle) and reverse
ATRPP (square), respectively.
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addition, the MIPs prepared via both normal and
reverse ATRPP proved to bind more BPA than
that prepared via TRPP, indicating that improved
binding capacities were achieved in the MIPs pre-
pared via ATRPP. However, a further study
revealed that the MIPs prepared via both ATRPP
and TRPP showed quite similar specific template
bindings if we simply define the specific binding
as the deference in BPA adsorption between the
MIP and NIP (Table 1),40,41 which suggests that
the increased binding capacities of the MIPs pre-
pared via ATRPP are mainly stemmed from their
relatively higher nonspecific binding.

To get more insight into the binding character-
istics of the MIPs prepared via different synthetic
approaches, they were further studied with
Scatchard analysis. The Scatchard plot of one rep-
resentative MIP (prepared via reverse ATRPP) is
shown in Figure 5. The results showed that the
Scatchard plots of all the MIPs could be fitted into
two straight lines, suggesting that the binding
sites in the MIPs prepared via both ATRPP and
TRPP are heterogeneous and their affinities can
be approximated by two binding association con-
stants (Ka) corresponding to the high- and low-
affinity sites, as usually observed for the MIPs
prepared via the noncovalent molecular imprint-
ing approach.42 We are particularly interested in
the high-affinity sites because they are mainly re-
sponsible for the specific binding of the MIPs. Ta-
ble 1 shows that all the MIPs have rather similar
Ka and Nmax values for the high-affinity sites,
which agree well with their similar specific tem-
plate binding properties.

It is known that the surface area properties of
the MIPs have significant influence on their bind-
ing properties. Therefore, the surface areas of the

obtained MIP particles were also characterized by
performing nitrogen adsorption experiments
using the BET model. Li and Stöver disclosed
that the microspheres prepared via precipitation
polymerization in the pure acetonitrile exhibited
small surface areas (ca. 9 m2/g).39 Lu and co-
workers also reported a rather small surface
areas (\6 m2/g) for the MIPs prepared via TRPP
using BPA as the template and acetonitrile as the
porogenic solvent.36 In our case, the surface areas
of the MIP particles prepared via both normal
and reverse ATRPP in acetonitrile were found to
be too small to be accurately determined. In com-
parison, the MIP particles prepared via TRPP
showed relatively larger surface areas (26.7 m2/g).
Based on these surface area results and the
above-described almost similar apparent numbers
Nmax of high-affinity sites in the MIPs prepared
via different synthetic approaches (Table 1), we
can conclude that the high-affinity site densities
(q ¼ Nmax/surface areas) on the surfaces of the
MIP particles prepared via both normal and
reverse ATRPP should be much higher than that
of the MIP prepared via TRPP. This is likely to be
due to the unique living chain propagation mecha-
nism in ATRPP, which allows a more constant rate
for the polymer chain growth, thus resulting in an
increased structural homogeneity and improved
stability and integrity of the binding sites.

The binding selectivity of the MIPs was studied
by measuring their competitive binding capacities
towards BPA and a related phenolic compound
HQ, which has the same numbers of hydroxyl
group as BPA but differs in their backbones
(Scheme 2). As shown in Figure 6, besides binding

Figure 5. Scatchard plot of the MIP prepared via
reverse ATRPP with BPA as the template.

Figure 6. Selective binding of the MIPs (BPA as the
template) prepared via different synthetic approaches
towards BPA and HQ in their mixed solution in aceto-
nitrile (CBPA or HQ ¼ 0.0438 mM), respectively.
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BPA, the MIPs prepared via both ATRPP and
TRPP also adsorbed HQ, suggesting the presence
of certain cross-binding reactivity. Nevertheless,
the binding of the MIPs towards HQ was obvi-
ously lower than that of the MIPs towards BPA,
demonstrating the high selectivity of the MIPs
towards BPA. This is easily understandable
because the binding sites in the MIPs are comple-
mentary to the template in shape, size and chemi-
cal functionality. It is worth mentioning here that
while the presence of certain cross-binding reac-
tivity in the MIPs might be undesirable for such
applications as sensors, this could actually be an
advantage in sample treatment because different
kinds of phenolic compounds could also be
removed or enriched efficiently.

Based on the above results, we can make a
close comparison between the MIPs prepared via
different approaches. Previous reports have
shown that the application of CRPs in molecular
imprinting could have rather different effects on
the resulted MIPs.21,22,40,41,43 In certain cases, the
MIPs prepared via CRPs showed improved bind-
ing properties such as faster binding kinetics,21

higher binding capacities,21,22,40,43 and larger
binding association constants,40 while in some
other cases, the binding properties of the MIPs
prepared via CRP appeared very similar to
those of the MIPs prepared via conventional
approaches.41 In this study, we found out that
both TRPP and ATRPP could provide MIP spheri-
cal particles with obvious molecular imprinting
effects towards the template, fast template bind-
ing kinetics and an appreciable selectivity over its
structurally related compound. In addition, the
living chain propagation mechanism in ATRPP
resulted in MIP spherical particles with diame-
ters (number-average diameter Dn � 3 lm) much
larger than those prepared via TRPP. Further-
more, the MIP microspheres prepared via ATRPP
have also proven to show significantly higher
high-affinity site densities on their surfaces than
the MIP prepared via TRPP, while the binding
association constants Ka and apparent maximum
numbers Nmax of the high-affinity sites as well as
the specific template bindings are almost the
same in the two cases.

To show the general applicability of ATRPP in
the molecular imprinting field, we also tried to
prepare 2,4-D imprinted microspheres via ATRPP.
2,4-D is a widely used herbicide and it contains a
carboxyl functional group (Scheme 2). Note that
both the 2,4-D imprinted polymer monolith and
submicrospheres have previously been prepared

via traditional free radical bulk polymerization44

and precipitation polymerization,37 respectively,
where 4-VP was utilized as the functional mono-
mer to form interaction with 2,4-D. In our study,
4-VP, EGDMA and acetonitrile were chosen as
the functional monomer, crosslinker and poro-
genic solvent, respectively. The utilized reactant
combinations and their compositions were 2,4-D/
4-VP/EGDMA/ethyl 2-chloropropionate/CuCl/
Me6TREN (1/4/12/0.14/0.14/0.42, molar ratio) and
2,4-D/4-VP/EGDMA/AIBN/CuCl2/Me6TREN (1/4/
12/0.14/0.14/0.42, molar ratio) for the normal
and reverse ATRPP, respectively. The use of
Me6TREN instead of PMDETA as the ligand in
these systems could be ascribed to its stronger
interaction with copper catalyst than PMDETA,
which was expected to result in better catalytic
stability and activity in the presence of the acidic
template. As references, the corresponding NIPs
were also prepared similarly by omitting the tem-
plate in the reaction systems. All the reactions
were carried out at 60 �C in acetonitrile with its
volume percentage being about 96%. The purified
MIPs and NIPs were white polymer powders with
their yields ranging from 35 to 86%.

Figure 7(a–d) show the SEM images of the
obtained MIP and NIP particles. It can be seen
clearly that both normal and reverse ATRPP can
provide MIP and NIP microspheres. The Dn val-
ues of the MIP and NIP spherical particles pre-
pared via normal ATRPP are 3.10 and 2.99 lm,
respectively, and they have a U value of 1.27 and
1.23, respectively. The Dn values of the MIP and
NIP spherical particles prepared via reverse
ATRPP are 3.24 and 2.70 lm, respectively, and
they have a U value of 1.18 and 1.22, respectively.
It is worth mentioning here that much smaller
MIP and NIP spherical particles were obtained
via TRPP under similar reaction conditions (with
their Dn values being 266 and 273 nm, respec-
tively, and their U values being 1.14 and 1.10,
respectively; Figures not shown), similar to the
above-described BPA imprinted polymer system.

The binding properties of the obtained MIPs
and NIPs were then investigated with equilib-
rium binding experiments. The MIP microspheres
prepared via both normal and reverse ATRPP
proved to show higher binding capacities towards
2,4-D than their corresponding NIPs (Fig. 8). For
example, in a dilute solution of 2,4-D in acetoni-
trile, while 22 mg of the imprinted microspheres
prepared via normal and reverse ATRPP bound
49 and 43% of the template, respectively, an
equivalent amount of the corresponding controls
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bound only 37 and 32%, respectively, thus con-
firming the successful generation of selective
binding sites by 2,4-D in the obtained MIP micro-
spheres.

The binding selectivity of the MIPs prepared
via both normal and reverse ATRPP was also
studied by measuring their competitive binding
capacities towards 2,4-D and two structurally
related compounds, DPAc and POAc (Scheme 2),
which have the same functionality (i.e., the car-
boxyl group) but differ either in the distance
between the functional group and the benzene
ring or in the numbers of the halogen substitu-
tents on the benzene ring. As can be seen clearly
from Figure 9, the MIPs exhibit significantly
lower binding capacities towards DPAc and POAc
than towards 2,4-D, thus demonstrating the high
selectivity of the MIPs towards 2,4-D.

On the basis of the above results, we can reach
a conclusion that both normal and reverse ATRPP
can be successfully utilized to prepare 2,4-D
imprinted microspheres (Dn � 3 lm) with obvious
molecular imprinting effects towards the template

and an appreciable selectivity over structurally
related compounds, thus demonstrating that
ATRPP is a versatile and general approach for the

Figure 7. Scanning electron micrographs of the MIPs (template: 2,4-D) (a,c) and
NIPs (b,d) prepared via normal ATRPP (a,b) and reverse ATRPP (c,d), respectively.

Figure 8. Equilibrium binding of 2,4-D (C ¼ 0.08
mM) on different amounts of the MIPs (template:
2,4-D, filled symbol) and NIPs (open symbol) prepared
via normal ATRPP (cycle) and reverse ATRPP (trian-
gle), respectively.
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preparation of MIP microspheres for different
templates.

CONCLUSIONS

We have demonstrated, for the first time, the suc-
cessful application of both normal and reverse
ATRPP in the molecular imprinting field. These
polymerization techniques can provide MIP
microspheres with obvious molecular imprinting
effects towards the template, fast template
rebinding kinetics and an appreciable selectivity
over structurally related compounds. The unique
living chain propagation mechanism in ATRPP
results in MIP microspheres with much larger
diameters and significantly higher high-affinity
site densities in comparison with the MIP submi-
crospheres prepared via TRPP, thus suggesting
that the application of ATRPP in the molecular
imprinting field has great potential to improve
the structural homogeneity and enhance the bind-
ing parameters. Besides, the general applicability
of the ATRPP approach has also been demon-
strated by its successful application in the prepa-
ration of 2,4-D imprinted microspheres. Consider-
ing the versatility of ATRP and the applicability
of molecular imprinting to many different kinds
of template molecules, we believe that ATRPP
represents a simple and robust route to the prepa-
ration of functional MIP microspheres with
improved binding properties. In addition, the
presence of surface-immobilized reactive func-
tional groups (i.e., the halogen group) on the

obtained MIP microspheres allows their further
surface modification (eventually leading to their
better compatibility with different solvent sys-
tems), which makes them highly promising in
many practical applications. The work in this
direction is currently in progress.
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