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Abstract: This paper reports a surface functional monomer-directing strategy for the highly dense imprinting
of 2,4,6-trinitrotoluene (TNT) molecules at the surface of silica nanoparticles. It has been demonstrated
that the vinyl functional monomer layer of the silica surface can not only direct the selective occurrence of
imprinting polymerization at the surface of silica through the copolymerization of vinyl end groups with
functional monomers, but also drive TNT templates into the formed polymer shells through the charge-
transfer complexing interactions between TNT and the functional monomer layer. The two basic processes
lead to the formation of uniform core—shell TNT-imprinted nanoparticles with a controllable shell thickness
and a high density of effective recognition sites. The high capacity and fast kinetics to uptake TNT molecules
show that the density of effective imprinted sites in the nanoshells is nearly 5 times that of traditional imprinted
particles. A critical value of shell thickness for the maximum rebinding capacity was determined by testing
the evolution of rebinding capacity with shell thickness, which provides new insights into the effectiveness
of molecular imprinting and the form of imprinted materials. These results reported here not only can find
many applications in molecularly imprinting techniques but also can form the basis of a new strategy for
preparing various polymer-coating layers on silica support.

1. Introduction The most significant advantages of molecularly imprinted
materials are mechanical/chemical stability, low cost, and ease
of preparation, and hence have attracted extensive research
interest®~® While various imprinted materials were made, these
efforts have met with many limitations including incomplete
template removal, small binding capacity, slow mass transfer,
and irregular materials shape. One of main reasons is that the
extraction of original templates located at interior area of bulk
materials is quite difficult due to the high cross-linking nature
of molecularly imprinted polymers (MIP) Moreover, if the
generated cavities are not at the surface or in the proximity of

Artificial molecular recognition systems are important in
separatior, catalysis? chemical/biological sensors and the
development of biomedical materidl& The molecular recogni-
tion systems are usually created by imprinting template mol-
ecules in a polymer matrix through the noncovalent/covalent
interactions between templates and functional monomers. The
removal of templates generates the recognition sites (cavities)
complementary to the shape, size, and functionality of templates.
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Figure 1. Schematic illustration for the distribution of effective binding sites in the imprinted bulk materials and the nanosized, imprinted partithes afte
removal of templates is done.

of template-controlled imprinting have been reported recently, imprinted sites can be accessed by target species. The effective

such as surface imprinting1+13 film/surface graft imprint- volume of imprinted materials that can rebind target species is
ing,1*15 monomolecular dendritic imprintinggand imprinting [d® — (d — 2x)3]. In general, thex value is very small for bulk
at the surface of coreshell particles? materials although porogens or solvents were used in the

Controlling the template molecules to locate at the surface imprinting synthesis. If the imprinted materials with the same
of imprinted materials is typically carried out by the covalent size were prepared in the form of nanostructures with a scale
immobilization of template molecules at the surface of solid of 2x nm, all of templates can be completely removed from the
substrated'~13 After the imprinting polymerization and the  highly cross-linked matrix, and these resultant sites are all
removal of substrate, all of templates are situated at the surfaceeffective for target species. Therefore, nanosized, imprinted
of imprinted materials, providing a complete removal of materials are expected to improve the binding capacity, binding
templates and an excellent accessibility to target species.kinetics, and site accessibility of imprinted materials. In our
However, covalent linkage of template molecules at the recent worki® molecular self-assembly imprinting has also led
surface of the substrate remains complicated and difficult/ to the formation of the nanowire/nanotube arrays with an
irreproducible. Furthermore, because the area of substrate surfacenhanced recognition ability for explosives. Moreover, like
is greatly limited, the total amount of recognition sites is very biological antibodies, the imprinted nanomaterials with well-
small in the imprinted materials. Accordingly, the resultant defined morphologies can feasibly be installed onto the surface
products have always a very small rebinding capaéity. of devices for many applications in nanosensors and molecular

Recently, several research groups have begun to exploredetections.
alternative approaches for the development of molecular im-  yerein we report a surface monomer-directing strategy for
printing nanotechniques:**!"Nanostructured, imprinted ma-  hjghly dense imprinting of molecules at the surface of silica
terials have a small dimension with extremely high surface-t0- nangparticles. The explosive that has been of societal security
volume ratio, so that most of template molecules are situated concerns, 2,4,6,-trinitrotoluene (TNT), was used as a template

at the surface and in the proximity of the material's surface. .ompound. It has been demonstrated that the surface functional
Figure 1 illustrates the distribution of the effective binding sites |, homer layer at the surface of silica nanoparticles strongly

in imprinted bulk materials and imprinted nanoparticles after qyq,e template molecules to richen onto the surface of silica,

the elxtracltlon of te_rr;lplates 1S done.f We r?ssurrf]e that these, g simultaneously direct the selective occurrence of imprinting
templates located withir-nanometers from the surface can be polymerization at the surface of silica nanoparticles by the

removed in the bulk materials with a scaledbfind the resultant copolymerization of vinyl end groups with functional monomers

(11) Yilmaz, E.; Haupt, K. Mosbach, KAngew Chem, Int. Ed. 200Q 39, and cross-linking agents. The uniform cehell particles with
2115-2118. . o TNT-imprinted polymer nanoshells were obtained, and the shell
(12) Bossi, A P "Z%tg'iy'?g;‘z'éf_'g%f’_" E.V.; Righetti, P. G.; Turner, A. P F. - thickness was tunable by changing the total amount of polymeric
(13) (@) Yang, H. H.; Zhang, S. Q.; Tan, F.; Zhuang, Z. X.; Wang, XJ.Rm monomers. The capacity and kinetics of rebinding TNT
Chem Soc 2005 127, 1378-1379. (b) Li, Y.; Yang, H. H.; You, Q. H,; . . . X . .
Zhuang, Z. X.; Wang, X. RAnal Chem 2006 78, 317-320. molecules show that the density of effective imprinted sites in
(14) Schmidt, R. H.; Mosbach, K.; Haupt, Kdv. Mater. 2004 16, 719-722. the imprinted polymer nanoshells is nearly 5-fold that of

15) (a) Sellergren, B.; Rikert, B.; Hall, A. J.Adv. Mater. 2002 14, 1204- .. . . . .
( )§2)08. (b)gSuIitzky. C.; Rekert, B.; Hall, A. J.; Lanza, F.; Unger, K.; traditional imprinted materials. It has been established that

Sellergren, B.Macromolecules2002 35, 79-91. (c) Titirici, M. M; iti i i i
Sellergren, BChem Mater. 2006 18, 1773-1779. CI’ItI.CB.|. value of. shgll thickness to ach.leve the maximum
(16) Xie, C.; Zhang, Z.; Wang, D.; Guan, G.; Gao, D.; Liu,Ahal. Chem rebinding capacity is about 25 nm, which has rarely been
2006 78, 8339-8346. ; ; ;
(17) Chronakis, I. S.; Milosevic, B.; Frenot, A.; Ye, Macromolecule2006 _explc_)red in prev!ous resea_rc_hes because the size anq _shape of
39, 357-361. imprinted materials are difficultly controlled by traditional
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methods. The approach reported here can find many applicationsnmilligrams of SIG@TNT—MIP particles were first suspended in 10
not only in molecular imprinting techniques, but also in the mL of mixing ethanol/acetronitrile (8:2, v/v) solution with various TNT

preparation of various functional coating layers on silica support. concentrations. After incubation at room temperature for 12 h, the
SIO@TNT—MIP nanoparticles in the solution were removed by

2. Experimental Section centrifugation. The binding amount of TNT was determined by
) » . ) measuring the difference between the total TNT amount and the residual
2.1. Materials. Tetraethylorthosilicate (TEOS, Aldrich), 3-amino-  amount in solution. Meanwhile, the binding kinetics was tested by

propyltriethoxysilane (APTS, Aldrich), and ethylene glycol dimethacry-  monitoring the temporal evolution of TNT concentration in the
late (EGDMA, Aldrich) were used as received. 2,4,6-Trinitrotoluene gg|utions.

(TNT) was supplied by National Security Department of China and
was recrystallized with ethanol before use. Azo-bis-isobutyronitrile
(AIBN) and acrylamide (AA, Shanghai Chemicals LTD) were purified

2.5. Characterizations.UV —visible absorbance spectra were mea-
sured with UNIC UV-4802 spectrometer. The morphologies and
R 4 structures of the nanoparticles were examined by FEI Sirion-200 field-
through recrystallization in ethanol and acetone, respectively. Anhydrous g mission scanning electron microscope and JEOL 2010 transmission
toluene was prepared by dryl.ng with S_‘_’d'“_m metal.. ) ) electron microscope. The infrared spectra were recorded with Nicolet

2.2. Synthesis and Chemical Modification of Silica Colloidal Nexus-670 FT-IR spectrometer. The TNT amount was analyzed by

Particles. Uniform silica nanoparticles with different sizes were  mneans of Waters Module-600 high-performance liquid chromatography
synthesized by hydrolysis of TEOS with aqueous ammonia, according yith UV 996 detector.

to the reported Stwer method® Subsequently, the monodispersive silica

particles were chemically modified using a two-step procedure to obtain 3. Results and Discussion

the acrylamide-monomer-capping silica particles. First, aminopropyl

modification of silica nanoparticles was carried out with 3-aminopro- ~ 3.1. Procedures of Molecular Imprinting at Surface of
pyltriethoxylsilane, as described by Philipse and Wif.ypically, 0.1 AA—APTS—Silica. Silica has been of considerable interest
g of silica nanoparticles and 2 mL of APTS were added into anhydrous because it forms the basis of technologically important materials.
toluene to make 50 mL of mixture solution. The mixture was refluxed The ability to functionalize silica materials has prompted a
for 12 h under dry nitrogen. The resulting APTS-modified silica renewed interest in enriching our understanding of its funda-

particles were separated by centrifuge, washed with toluene, andmenta] properties and enhancing its performance in currently

redispersed in fresh anhydrous toluene. Then, the amino end groups Ofexisting application& To coat the surface of silica particles
APTS monolayer were further acryloylated with acryloyl chloride

(CH;=CHCOCI). Typically, 2 mL of acryloyl chloride was mixed with with funcltlonal Polymers IS m.O.St. Commor'lly done by the
50 mL of APTS-silica toluene solution, and anhydrous potassium chemical immobilization of azo-initiators/chain-transfer agents

carbonate was added into this reaction system as a catalyst. The mixtur@t the surface of silica particles, followed by initiating a
was vigorously stirred for 12 h at room temperature under dry nitrogen. Polymerization reaction of organic monomété! However, the
The product was separated by centrifuge and washed with toluene,surface immobilization of organic initiators remains complex
water, and ethanol, in that order. Finally, the AAPTS—silica particles and difficult because of their chemical instability and still has
were obtained. not led to the formation of uniform coreshell structures. In

2.3. Imprinting of TNT Molecules at the Surface of AA-APTS— the research reported here, the selective polymerization at the
Silica. Acrylamide and EGDMA were used as the functional monomer syrface of silica particles has been achieved through a simple

and_cross-linking agent'c_)f the imprinti_ng polymerization, r_espective'ly. modification of stable vinyl monomers and subsequent copo-
Typically, AA=APTS-silica nanoparticles (20 mg) were dispersed in -y yerization with the functional monomers in solution phase.
50 mL of acetonitrile by ultrasonic vibration. Acrylamide (17 mg, 0.24 Figure 2 illustrates the three major steps involved in the

mmol), EGDMA, (183 mg, 0.92 mmol), TNT (30 mg) and AIBN (10 imprinting synthesis at the surface of silica nanoparticles. In

mg) were then dissolved into the above solution. This mixing solution he fi il icl hemicall dified
was purged with nitrogen for 10 min while cooled in ice bath. A two- the first step, silica nanoparticle) (were chemically modifie

step-temperature polymerization reaction was carried out in an incubat-With 3-aminopropyltriethoxysilane (APTS) according to the
ing shaker with a rate of 300 rpm. The prepolymerization was first reported methoé® The resultant APTSsilica (2) was further
done at 5(°C for 6 h, and the final polymerization was completed at acryloylated with acryloyl chloride (C}#=CHCOCI) through

60 °C for 24 h. The products were further aged at°8for 6 h for the catalysis of KCOs; in anhydrous toluene solvent, leading
obtaining a high cross-linking density. The resultant ZIINT-MIP to the formation of acrylamide (AA)APTS monolayer at the
nanoparticles were separated from the mixed solution by centrifugation, syrface of silica particles. Then, the AAAPTS—silica nano-
and then washed with acetonitrile and ethanol. The-eshell particles  particles 8) were suspended in the acetonitrile solution contain-
with different thicknesses of |n_1pr|nted shells were prepared by ghanglng ing functional monomers (AA), cross-linking agents (EGDMA),
the total amount of polymeric monomers including acrylamide and template molecules (TNT), and initiator (AIBN). A two-step

EGDMA. In all preparations, the mole ratio of acrylamide to EGDMA . . . . .
was kept at a constant value of 0.25, and the amount of ARTS— polymerization reaction was consecutively carried out in an

silica particles was kept constant. For comparison, traditional imprinted 'nCUbat'_ng shaker at 50C fo_r 6_h' and at 60°C for 24 h,

polymer particles with a size of2 um were directly synthesized by ~ respectively. The copolymerization of AAAPTS monolayer

precipitation polymerization in solution under the same chemical With acrylamide monomers can direct the selective occurrence

conditions. of imprinting polymerization at the surface of silica particles,
2.4. Measurements of Molecular Recognition PropertiegOriginal leading to the formation of uniform coreshell particles 4).

TNT templates in the imprinted shells of cershell nanoparticles were  Finally, after the templates were removed from the polymer

extracted with a mixing CEOH/HAc solvent (9:1, v/v) in Soxhlet  shells with solvent extraction, the cershell SIG@ TNT—MIP
extractor. The capacity and kinetics of rebinding TNT molecules were nanoparticlesq) were obtained.
investigated using high-performance liquid chromatography. Twenty

(20) Zapilko, C.; Widenmeyer, M.; Nagl|, I.; Estler, F.; Anwander, R.; Raudaschl-

(18) Stdber, W.; Finker, A.; Bohn, EJ. Colloid Interface Sci1968 26, 62— Sieber, G.; Groeger, O.; Engelhardt, &.Am Chem Soc 2006 128
69. 16266-16276.
(19) Philipse, A. P.; Vrij, AJ. Colloid Interface Sci1989 128 121-136. (21) Tititici, M. M.; Hall, A. J.; Sellergren, BChem Mater. 2002 14, 21—-23.
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Figure 2. Schematic illustration of molecular imprinting on silica support. Silica nanopartitjesdre first modified with APTS, and the resultant APTS
monolayer ) was further acryloylated with acryloyl chloride, leading to the AAPTS—silica nanoparticles3). The core-shell imprinted particles4)
were prepared through the copolymerization of functional monomers and cross-linking agents in the presence of TNT templatesABTGAdlica
particles. After removal of templates from polymer shells, the,@DNT—MIP particles b) were obtained.

3.2. Two-Step Chemical Modification of Silica Nanopar-

ticles. First, we demonstrate that the organic modifying layer
at silica support is very stable and of high productivity, ensuring
that the imprinting polymerization selectively occurs at the (1)
surface of silica nanoparticles and TNT templates can be
sufficiently assembled into the shell of cerghell particles.
Figure 3A shows the infrared spectra of pure silitg APTS—

silica (2), and AA—APTS—silica (3) nanoparticles. Compared
with the infrared data of pure silica, the AP¥Silica nano-
particles displayed the characteristic peaks of amino groups at
the range of 14081460 cnT',2?2 and the AA-APTS—silica
nanoparticles displayed the relatively strong band of carbonylic
groups at 1715 cni, as indicated with arrows. Another — T T
elementary proof for the organic layer of silica surface was its 4000 3000 2000 1000 0
oxidative thermal weight-loss behavior of particles. The weight Wavenumber (cm'l)

loss of silica nanoparticles was ordered as follows: -AA
APTS—silica > APTS—silica > silica (data not shown).These
measurements reveal that the two-step chemical modification

/
1400 -1460

APTS—silica nanoparticles with a size of 100 nm. The silica
interaction with TNT molecule¥ A charge-transfer complexing
200 nm ..
(—CONHy) of acrylamide in solution systef$:2*When adding
silica, and (3) AA-APTS—silica nanoparticles. (B) TEM image of AA
nanoparticles and TNT molecules, which was demonstrated by TNT was added into AAAPTS—silica nanoparticle solution,

resulted in the organic AAAPTS monolayer at the surface of
silica nanoparticles. Figure 3B shows the TEM image of-AA
particles are still monodispersive, and the surface of particles
is highly smooth. “
3.3. Interactions between AA-APTS Monolayer and .
TNT. Here, acrylamide was used as functional monomers to .
imprint TNT molecules because of its strong noncovalent
interaction takes place between the electron-deficient aromatic
ring of nitroaromatics and the electron-rich amino group
acrylamide into TNT solution, we can see that a new visible Figure 3. Chemical modification of functional monomer layer at the surface
absorbance appears at 525 Timand the color of solution of silica nanoparticles. (A) FT-IR spectra of (1) pure silica, (2) APTS
change_s from _color_le;s into light red (Figure 4A). Hov_vgver, a8 APTS—silica nanoparticles.
strong interaction similarly occurs between AAPTS—silica
the measurements of UWisible absorbance spectra. When Figure 4B shows also the new visible absorbance at 525 ,hm
indicated by the arrow. The visible absorbance became stronger

(22) E@io@';lgeﬁkgfb&i&il%* Gofer, Y.; Koltypin, Y.; Gedanken, angmuir with increasing the TNT concentration in solution phase.
(23) Kang, S.; Green, J. Proc. Natl. Acad Sci. U.S.A197Q 67, 62—67. Meanwhile, it can be seen that the color of the mixture changes
(24) (a) Rose, A.; Zhu, Z.; Madigan, C. F.; Swager, T. M.; BulovicNéture ; ; f i
2005 434 876-879. (b) Yang, J. .. Swager. T. MI: Am Chem Soc from col_orless into light red (inset of Figure 4B). These
1998 120, 5321-5322. observations reveal clearly that TNT templates can be directed
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Figure 4. The interactions of TNT molecules with acrylamide and-AA
APTS—silica nanoparticles. (A) The evolution of UWisible spectra of
TNT solution with increasing acrylamide amount (Inset colorful image
shows the corresponding colors of TNT solutions). (B) The evolution of
UV-—visible spectra of AA-APTS—silica nanoparticles solution with
increasing TNT amount: (1) without, (2) 0.25 and (3) 0.5 mM TNT (Inset
colorful image shows the corresponding colors of nanoparticle solutions).
(C) The schematic illustration for the charge-transfer complexing interactions
between AA-APTS monolayer and TNT molecules.

to the circumference of AAAPTS—silica nanoparticles and

200 nm

Figure 5. The imprinting of TNT at the surface of AAAPTS—silica
nanoparticles with a size of 100 nm. (A) SEM image of S@INT—MIP

particles (inset is a high-magnification SEM image). (B) TEM image of
SIO@TNT—MIP particles.

the TEM examination reveals that the imprinted polymer shells
with a uniform thickness of25 nm are densely combined into
the inorganic silica cores (Figure 5B). The highly spherical
morphology and smooth surface further suggest that the
imprinted nanoshells resulted from the highly selective polym-

enriched through the charge-transfer interactions occurring erization of monomers at the surface of silica nanopatrticles, not

between AA-APTS monolayer and TNT molecules, as il-

from the physical adsorption of nanoparticles to the polymer

lustrated in Figure 4C. It should be noted that the residual amino formed in solution phase. Normally, cross-linking polymers are
groups of APTS at the surface of silica particles are stronger not inclined to grow at the surface of inorganic silica, but rather

electron donors than the carbonylic amino groups ofAPTS

form the self-aggregation particles in solution phase. Here, we

monolayer. The residual amino groups may also contribute to US€ & consecutive two-step-temperature polymerization to make

the interaction of silica nanoparticles with TNT molecules,
which will further increase the enrichment of silica nanoparticle
to TNT molecules. Therefore, when the imprinting polymeri-
zation occurred at the surface of AAAPTS—silica nanopar-
ticles, TNT templates were more sufficiently assembled into
the polymer shells than by the traditional imprinting polymer-
ization in solution phase, resulting in a high density of imprinted
sites in the TNT-imprinted polymer (TNFMIP) shells.

3.4. SIG@TNT—MIP Nanoparticles. Figure 5A shows the
SEM image of the SIG@TNT—MIP nanoparticles prepared
using the 100-nm AA-APTS—silica nanoparticles. It is inter-
esting that the coreshell particles look almost transparent, and
the silica cores and polymer shells can very clearly be

polymerization proceed in a slow and progressive way. First,
the precursor solution was heated at’&0for 6 h. At this stage,
the prepolymerization took place between the vinyl end groups
of AA—APTS monolayer and acrylamide/EGDMA monomers
at an extremely slow rate. A thin layer of oligmers started to
form at the surface of silica particles. This process is very similar
to the melt-wetting in the template fabrication of polymer
nanotubes by using polymeric oligoméf€>Subsequently, the
imprinting polymerization was completed after 24 h at°&)
and the resulting polymer preferentially nucleated and grew on
the surface of silica with polymer oligomers, leading to the
formation of uniform TNFMIP shells.

3.5. Control of Shell Thickness.The thickness of imprinted

distinguished under scanning electron microscopy (inset SEM Polymer shells can further be tunable within the range 20—

image). The coreshell particles are relatively monodispersive

and highly spherical. Both pure polymer particles and bare silica
nanoparticles were not observed in this product. Furthermore,

40 nm by controlling the ratio of AAAPTS—silica to the

(25) Steinhart, M.; Wendorff, J. H.; Greiner, A.; Wehrspohn, R. B.; Nielsch,
K.; Schilling, J.; Choi, J.; Gsele, U.Science2002 296, 1997.
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Figure 6. The control of shell thickness of TNT-imprinted polymer. (A) SEM and (B) TEM images os@TNT—MIP nanoparticles with a shell thickness
of 35 nm. (C) TEM image of Sig@TNT—MIP nanoparticles with a shell thickness of 15 nm. The insets are high-magnification TEM images.
polymerization precursors. Given that the amount of -AA
APTS—silica particles keeps constant in the above reaction
system, the shell thickness is dependent on the total amount of
polymerization precursors including functional monomers and
cross-linking agents. For example, when the total amount of
polymeric precursors was increased from 0.2 to 0.3 gram, the
composite nanoparticles kept perfect cesbell structure
(Figure 6A), and the shell thickness grew up+85 nm (Figure
6B and inset). Interestingly, a few dumbbell-like/triangle
ensembles with twin/triple cores are clearly observed in this
product, as indicated with arrows in the SEM image of Figure
6A. Furthermore, we can clearly see that the thickness of the
shell layer over the individual ensembles is still highly uniform
and identical to that of spherical ones. These observations further
confirm the selective occurrence of imprinting polymerization
at the surface of AAAPTS—silica nanoparticles. In fact, the
appearance of multiple-core ensembles is a clear indicator of Figure 7. The imprinting of TNT at the surface of silica particles with a
the dispersive state of silica nanoparticles in the reaction system Sz of 200 nm. The SEM and inset TEM images of gINT-MIP

L . Lo nanoparticles with a shell thickness of 30 nm.
Even though a small number of silica particles were inclined
to aggregate in the system, the selective polymerization still
ensured the uniformity of polymer shell thickness.

Contrarily, the imprinted polymer shells became more thin
with reducing the total amount of polymeric precursors. When
0.1 g of the polymeric precursors was used in the above system,
the thickness of imprinted shells was reduced-tth nm, and
the resultant coreshell particles kept highly monodispersive
(TEM image and inset of Figure 6C). It should be noted that
the uniform core-shell structures are not obtained when the
total amount of polymeric precursors is larger than 0.4 g because
the homogeneous self-polymerization of monomers will un- 00 J 2 3 2 < 5
avoidedly occur in solution phase. The resulting excessive

| i the sili ficles t ther to f | TNT Concentration (10'3 M)
olymers will encase the silica particles together to form large . . )
poly P 9 9 Figure 8. The comparison of molecular recognition properti€s.4) The

bulk aggregates. _ _ amounts of rebinding TNT and DNT, respectively, by SE@TNT—MIP
3.6. Imprinting of TNT at the Surface of Different-Sized nanoparticles (with 100-nm-sized silica cores and 25-nm-thick shelf¥). (

Silica Particles. The monomer-directing approach also allows The amounts of rebinding TNT by normal imprinted polymer particles (with
the synthesis of imprinted nanoshells on different-sized silica  $2¢ °~2 #m).

particles. Figure 7 shows the SEM image of the SO NT—

MIP nanoparticles prepared using 20 mg of 200-nm-sized silica  3.7. Capacity To Take up Target SpeciedAfter the removal
and 0.3 g of polymeric precursors. Most of the cesaell of TNT templates, the molecular recognition properties of
particles remain highly spherical and monodispersive, and the SIO,@TNT—MIP nanoparticles were evaluated by comparing
multiple-core ensembles are also observed, as indicated withthe rebinding capacities to TNT and 2,4-dinitrotoluene (DNT).
arrows. All of these composite particles have a uniform shell Figure 8 d, A) shows that 20 mg of SIE@®TNT—MIP particles
thickness of~30 nm (inset TEM image). In fact, the shell can absorb~3.8 umol of TNT and 0.75umol of DNT,
thickness can similarly be controlled by changing the ratio of respectively. The results confirm clearly the effectiveness of
the particle number to the total amount of polymeric precursors, the molecular imprinting because S@TNT—MIP particles

as in the system with 100-nm-sized silica. show a much higher selectivity for TNT than for DNT. For
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further comparison, the normal imprinted polymer particles with ~ 330

a size of~2 um were commonly synthesized by precipitation 'g

polymerization under the same chemical conditions. Figure 8 5 3207 .

(3, O) shows that the rebinding capacity of ceighell particles E e

to TNT is nearly 3 times that of normal imprinted particles. £

Since the diameter of silica cores and the shell thickness of é 300

imprinted polymer are exactly known, the weight of imprinted -

nanoshells in the composite particles can be calculated from § 290

the total weight V), outer radiusi(;) and inner radiusrg) of @

core-shell particles, polymer density,) and silica density): B T 5 30 35 40

3 3 Shell thickness (nm)
(r" = 1) " pp

(r13 - r23) *pp T r23 * ps

1 Figure 9. The evolution of density of effective recognition sites with shell
( ) thickness of coreshell nanoparticles.

W,

S

hen = W x

4

where the densities of imprinted polymep)and silica particles

(os) are 1.25 and 1.96 g cr, respectively. The weight of pure
imprinted shells is calculated to bel2 mg in 20 mg of core

shell particles. Therefore, 1 mg of pure imprinted polymer
nanoshells can rebind317 nmol TNT. Meanwhile, Figure 8
(O) shows that 20 mg of the normal imprinted particles can
only uptake 1.3umol of TNT, which is equal to~65 nmol
TNT bound by 1 mg of the imprinted materials. The above
measurements reveal that the density of effective imprinted sites
in the imprinted nanoshells is nearly 5-fold that of traditional 0
imprinted particles. The increment of effective recognition sites
is mainly attributed to the enrichment of AAAPTS monolayer

to TNT templates and the thin shell thickness that can provide
a complete removal of templates.

3.8. Critical Shell Thickness for Maximum Binding
Capacity. The binding capacity of imprinted materials is
dependent on the two main factors: the forms of imprinted
materials and the imprinting procedures used. It is generally
known that the removal of template and the rebinding of target
analyte are greatly limited in the imprinted bulk materials due
to their highly cross-linked nature. An optimizing form of
imprinted materials should have a small dimension with a high 1o
surface-to-volume ratio, which can simplify the removal of O

. - 0 50 100 150 200
template molecules, improve the accessibility to the target ) .
species, and reduce the mass transfer resistance. However, what Time (min)

I is the critical value for achieving the maximum bindin Figure 10. The kinetic uptake to TNT molecules. (A) The temporal
scale ) is the critical value for achieving the maximum binding evolution of uptake amount and (B) the fitting lines of rebinding kinetics

capacjty is rarely explpred because the normal . imprinted {6 () Si0,@TNT—MIP nanoparticles and) normal imprinted polymer
materials are always of irregular shapes and their sizes cannobparticles. The data of binding kinetics were obtained using=4 103 M

also be controlled by the previous methods. In the present work, TNT solution.

the control of shell thickness of TNT-imprinted polymer

offers an opportunity to understand the interrelation between 3.9. Kinetics To Take up Target Speciegrigure 10A shows
the effectiveness of imprinting procedures and the form of the time-dependent evolution of the TNT amount bound
imprinted materials. We tested the maximum binding capacity by SiOG@TNT—MIP nanoparticles and normal imprinted
of SIO@TNT—MIP nanoparticles with different shell thick-  particles. Before equilibrium adsorption was reached, the
ness, and the binding capacities of pure polymer shells were SIO.@TNT—MIP particles took up TNT molecules from
calculated by eq 1. Figure 9 shows the evolution of binding solution phase in a much faster rate than traditional imprinted
capacity with shell thickness. With reduction of shell thickness particles. The coreshell particles took up 50% of equilibrium
from 40 to 10 nm, the binding capacity of imprinted shell amount during only~30 min and spent the equilibrium time
increased obviously and reached the maximum~a6-nm period shorter than 160 min (Figure 108). Meanwhile, the
thickness. The further reduction of shell thickness did not lead normal imprinted particles neededl20 min to take up 50%

to the increment of binding capacity. This suggests that 25 of the equilibrium amount, and the equilibrium period was
nanometers may be a critical scale to meet the requirementslonger than 350 min (Figure 104)). The fitting lines of binding
that provide the complete removal of templates and the bestkinetic are depicted in Figure 10B, revealing a rapid adsorption
site accessibility to target molecules, forming the highest of TNT molecules into the imprinted shells of cershell
average density of effective imprinted sites in imprinted polymer nanoparticles. The binding rates obtained by the fitting results
shells. are 16.6 and 3.7 nmol mid for the SIQ@TNT—MIP nano-

Bound amounts ( pmol)
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particles and normal particles, respectively. Therefore, the 4. Conclusions

SIO@TNT-MIP  nanoparticles have about 4.5-fold e have developed a functional monomer-directing strategy
increment in binding rate by comparing with traditional for the synthesis of high-quality S@MIP nanoparticles with
imprinted particles. a high density of molecular recognition sites. The functional
Usually, rapid binding kinetics requires that more recognition monomer layer at the surface of silica can not only direct the
sites are situated at the surface or in the proximity of the surface selective occurrence of imprinting polymerization at the surface
for easy diffusion of target species into the recognition sites. If Of silica, but also drive template molecules into the formed

the influences of porogens or solvents are not accounted, thePolymer shells during the imprinting polymerization. It has

calculated as follows: with surface enrichment of templates can significantly improve

the binding capacity and kinetics of imprinted materials by

increasing the amount of the binding sites at the surface or in
) the proximity of the surface. The establishment of critical value
of shell thickness provides new insights into the preparation
methodology and molecular recognition mechanism of imprinted
materials. Although the current work is mainly focused on the
imprinting of TNT molecules, we have demonstrated that the
imprinting technique at the surface of silica is generally
applicable to imprinting various organic molecules such as
estrone and amino acids. In addition, the monomer-directing
approach reported herein will also form the basis of a new
strategy for preparing various functional polymer-coating layers
on silica support.

2
Wpen * 47|

Sihen = 4

3 3
éﬂ(rl - I )pp

Assuming a polymer density{) of 1.25 g cnt® and a shell
thickness of 25 nm, the imprinted polymer nanoshells possess
a specific surface area 0f450 cn? mg 1. Meanwhile, the
surface area of normal imprinted particles is onh0 cn?
mg1. By this comparison of surface areas, most of the
recognition sites in the coreshell structures are at the surface
or in the proximity of the nanoshell surface, providing a better

site accessibility. Thus, the diffussional resistance to bring TNT  Acknowledgment. This work was supported by National
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