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Abstract: In this paper, the synthesis and characterization of molecularly imprinted spherical
polymer particulates prepared via precipitation polymerization is described. The effects of
the monomer and initiator concentrations and the solvent on the polymerizations were inves-
tigated systematically. Polymer microspheres with narrow size distributions and average dia-
meters up to ca. 10 um were prepared under optimized polymerization conditions. The mor-
phologies of the microspheres were characterized by nitrogen sorption porosimetry and the
molecular recognition properties of representative products evaluated in high-performance
liquid chromatography (HPLC) mode. Imprinting effects were confirmed by analyzing the
relative retentions of the analytes on imprinted and non-imprinted packed HPLC columns.
Finally, two different agitation/mixing methods for precipitation polymerizations were com-
pared. It was found that the use of a low-profile roller housed inside a temperature-controlled
incubator had advantages over a rotavapor-based system. Overall, this study has served to
highlight the attractiveness of precipitation polymerization for the routine production of mol-
ecularly imprinted polymers in a well-defined spherical particulate form via an efficient one-
step synthetic process.

Keywords: molecular imprinting; precipitation polymerization; HPLC; particle synthesis;
xanthines.

INTRODUCTION

Molecular imprinting is a versatile and facile method for preparing synthetic polymers with predeter-
mined molecular recognition properties [1-4] and, as such, is presently attracting widespread interest,
especially as the technological value of molecularly imprinted polymers (MIPs) in chromatographic
separations [5—7], biomimetic sensors [8—10], solid-phase extractions (SPEs) [11-13], and catalysis
[14-16] has now been established clearly. One of the simplest methods available for MIP production in
the laboratory involves conventional free-radical polymerization, wherein a monolith of a highly cross-
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linked polymer forms upon copolymerization of functional monomer(s) with an excess of cross-linking
agent in a porogenic solvent. Despite the relative simplicity of the practical chemistry therein, many
variables have to be taken into account in the syntheses [17] and, indeed, high-throughput synthesis
methods are being used increasingly to optimize the performance of the imprinted products in a time-
efficient manner [18].

When discrete, imprinted polymer particles of a particular size range are desired, which is often
the case, particularly for high-performance liquid chromatography (HPLC) and SPE work, grinding and
sieving of the resultant monolith is necessary. Unfortunately, irregularly sized and shaped MIP particles
are invariably obtained from grinding processes in low to moderate yields (typically <50 %), and there
are drawbacks associated with the handling and application of such heterogeneous products. In order to
streamline and optimize the production and performance of MIP particles, alternative synthetic strate-
gies to discrete, imprinted, particulate products that obviate the need for grinding and sieving have
evolved, including suspension polymerization [19,20], dispersion polymerization [21], and seeded
polymerization [22,23]. Whilst these methods have undoubted value, optimization of reliable experi-
mental protocols can be lengthy, the general applicability is questionable in some cases, and residual
emulsifier or stabilizer can remain adsorbed on the particles’ surfaces, potentially compromising selec-
tive rebinding of molecules to the imprinted material.

As an alternative to the above approaches, precipitation polymerization has emerged as an attrac-
tive, simple, and seemingly general method for producing high-quality, imprinted products as spherical
particulates. Precipitation polymerization is a surfactant-free polymerization method that involves
polymerization of monomers in dilute solution (typically <5 % w/v) in near-0 solvents [24—27]. Particle
growth occurs predominantly via entropic precipitation of gel (seed) particles followed by continuous
capture of oligomers from solution. Near monodisperse, spherical particles can be routinely prepared in
good yields via this method. Furthermore, it is possible to tune the size and porosity of the particles
through control of the polymerization conditions. Where precipitation polymerization has been applied
to molecular imprinting, high-quality, imprinted spherical particulates have been obtained with diame-
ters typically around 1 wm, especially for methacrylate-based materials, which have then been used in
analytical techniques such as competition assays [27] and capillary electrochromatography (CEC)
[28,29]. Until recently, it has proved difficult to produce larger imprinted monodisperse microspheres
by precipitation polymerization with diameters that are better suited for direct application in high-per-
formance chromatographic work or in SPE [30,31], however, in a recent communication we disclosed
for the first time our ability to prepare monodisperse, molecularly imprinted, divinylbenzene
(DVB)-based polymer microspheres with diameters of ca. 5 um that were optimized for chemical analy-
sis/separation applications [32]. The main objective of the present work, therefore, was to extend the
scope for application of imprinted polymers prepared by precipitation polymerization through the evo-
lution of reliable protocols for synthesizing spherical particulates with diameters in the micrometer size
range. In this paper, the effects of solvent, functional monomer, cross-linker, and initiator concentra-
tions were investigated, and molecularly imprinted spherical polymer particulates with narrow size dis-
tributions and average diameters prepared using either a rotavapor or a low-profile roller as the means
of agitation/mixing. Whilst it is tricky to predict, a priori, the precise diameters of the spherical prod-
ucts produced by precipitation polymerization, the beaded products produced are normally in the size
range 0.1-10 um. Furthermore, size data obtained empirically for related polymerizations can be used
to predict/control the size of the beaded products produced in subsequent preparations, often in a ra-
tional fashion. In the present work, the morphologies of the microspheres were determined by nitrogen
sorption porosimetry and the molecular recognition properties of the imprinted materials confirmed by
comparing the relative retentions of analytes on HPLC columns packed with imprinted and non-im-
printed polymer microspheres.
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EXPERIMENTAL SECTION
Materials

Methacrylic acid (MAA), 2-(trifluoromethyl)acrylic acid (TFMAA), o,0'-azobisisobutyronitrile
(AIBN), divinylbenzene-80 (DVB, containing 80 % DVB isomers and 20 % ethyl vinylbenzene), caf-
feine, and theophylline were purchased from Aldrich UK. The inhibitor in DVB was removed by pass-
ing DVB through a column of activated aluminum oxide. MAA was purified by drying over anhydrous
magnesium sulfate followed by distillation in vacuo. AIBN was purified by recrystallization from
methanol. All solvents were of HPLC or analytical grade.

Preparation of polymers by precipitation polymerization

The polymers were prepared using methods adapted from those described by Li et al. [24-26], Ye et al.
[27], and Wang et al. [32]. Theophylline and caffeine were used as model templates in the production
of the imprinted materials. The experimental set-up used for the polymerizations is shown in Fig. 1,
with the polymerizations being carried out either in a round-bottomed flask connected to a rotavapor
(rotavapor method) or in a sealed high-density polyethylene (HDPE) bottle, or glass tube, rolled about
its long axis on a low-profile roller (Stovall Life Science Inc., USA) in an incubator (Stuart Scientific,
UK) (low-profile roller method). In a typical polymerization, fixed quantities of the template, MAA or
TFMAA, DVB and AIBN, as shown in Table 1, were dissolved in the porogenic solvent in a round-bot-
tomed flask or tube/bottle. The solution was degassed in an ultrasonic bath, sparged with oxygen-free
nitrogen for 10 min while cooling on an ice bath, and attached either to the rotavapor or sealed with a
screw cap in the case of a tube or bottle. The temperature of the oil bath (rotavapor method) or the in-
cubator (low-profile roller method) was increased from room temperature to 60 °C over a period of 2 h,
and then held at 60 °C for a further 24 h. At the end of this period, the polymer particles were separated
from the reaction medium simply by filtration on a 0.2 um nylon membrane filter, washed sequentially
with methanol containing 20 % (v/v) acetic acid (100 mL) and methanol (100 mL), and then dried in
vacuo overnight at 40 °C. The isolated yields of all the particles prepared in this way were determined
gravimetrically.

A B C

Fig. 1 Typical precipitation polymerization procedures. (A) Polymerizations are carried out either in a round-
bottomed flask connected to a rotavapor (upper image) or in a sealed glass tube or bottle rolled around its long axis
on a low-profile roller in an incubator (lower image). (B) At the end of the reaction, the microspheres are separated
from the reaction medium simply by filtration on a 0.2 um nylon membrane filter, washed successively with
methanol containing 20 % (v/v) acetic acid (100 mL) and methanol (100 mL), and then dried in vacuo overnight
at 40 °C. (C) The microspheres are ready for immediate use, e.g., in SPE or HPLC applications.
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Table 1 Precipitation polymerization feed compositions.

Polymer Template Functional DVB Solvent (mL) AIBN
(mmol) monomer (mmol) (%)P
(mmol)
P1 -a TEMAA (0.50) 2.40 Chloroform (22) - 1
P2 -a TFMAA (0.50) 2.40 Chloroform (15.4)  Hexane (6.6) 1
P3 -2 TFMAA (0.50) 2.46 Chloroform (6.6) Hexane (15.6) 1
P4 -a TFMAA (0.50) 2.40 Acetonitrile (22) - 1
P5 Caffeine (0.36) TFEMAA (1.57) 7.07 Acetonitrile (50) Toluene (17) 1
P6 -a - 3.44 Acetonitrile (22.5)  Toluene (7.5) 1
P7 -a MAA (1.63) 7.20 Acetonitrile (48) Toluene (16) 1
P8 Caffeine (0.36) MAA (1.63) 7.20 Acetonitrile (48) Toluene (16) 1
P9 Caffeine (0.77) MAA (3.0) 144 Acetonitrile (44) Toluene (15) 1
P10 -a MAA (3.0) 144 Acetonitrile (96) Toluene (32) 3
P11 -a MAA (6.0) 28.8 Acetonitrile (96) Toluene (32) 3
P12 Caffeine (1.5) MAA (6.0) 28.8 Acetonitrile (96) Toluene (32) 3
P13 Theophylline (1.5) MAA (6.0) 28.8 Acetonitrile (96) Toluene (32) 3
P14 Caffeine (0.6) MAA (2.3) 11.1 Acetonitrile (36.9)  Toluene (12.3) 3
P15¢ Caffeine (0.95) MAA (3.7) 17.7 Acetonitrile (59.1)  Toluene (19.7) 3
P16 Theophylline (0.6) MAA (2.3) 11.1 Acetonitrile (36.9)  Toluene (12.3) 3
P17 Theophylline (0.6) MAA (2.3) 11.1 Acetonitrile (36.9)  Toluene (12.3) 3
P18 Theophylline (0.35) MAA (1.4) 6.6 Acetonitrile (22.2)  Toluene (7.4) 3

aNo template present, i.e., non-imprinted control polymer.

bWith respect to the total number of moles of polymerizable double bonds.

€P15-1-1, P15-1-2, and P15-I-3 were also prepared using the low-profile roller method. The reaction volumes for P15-I-1, P15-1-2,
and P15-I-3 were 10 mL in each case, and were aliquoted directly from the P15 stock solution prior to polymerization.

Particle size and shape

The particle size distributions of the polymer microspheres were measured using a Coulter Counter
(Model TA, Coulter Electronics Ltd, UK) with Isoton II as the electrolyte. Selected microspheres were
also imaged using the scanning electron microscope (SEM) facility at Unilever Research (Port Sunlight,
UK) or at the University of Glasgow (Glasgow, UK).

Polymer morphology

Porosity and surface area analyses were performed by nitrogen sorption porosimetry on a Micromeritics
ASAP 2000 instrument. Generally speaking, a polymer sample of around 0.3-0.4 g was degassed at
100 °C overnight in vacuo and the morphology then established on the basis of the nitrogen uptake and
application of the Brunauer—-Emmett—Teller (BET) theory.

HPLC evaluation of the polymers

Using an air-driven fluid pump, polymer microspheres P11, P12, and P13 were slurried and packed with
acetone as the slurry and distribution solvent into 2.1 I.D. X 125 mm stainless steel HPLC columns at
3000 psi. The chromatograms were obtained using a Waters 717 autosampler, Waters 600 controller,
and Waters 2487 dual A UV detector and data collected and manipulated using Waters Millennium?2
software. Acetone was used as the void marker. 2.5 pg of analyte in 10 UL chloroform were injected
onto the columns and retention factors (k') calculated according to standard chromatographic theory

(eq. 1):

© 2007 IUPAC, Pure and Applied Chemistry 79, 1505-1519
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ky' = (1, — 1)/t (1

where 1, and ¢, are the retention times of the void marker and the analyte, respectively.

RESULTS AND DISCUSSION
Effect of functional monomer and solvent on the formation of the microspheres

During the course of recent work involving the production of imprinted materials in monolithic form,
which will be published elsewhere in full in due course, we discovered that copolymers based upon
DVB and TFMAA could be imprinted very effectively using caffeine as a model template. Furthermore,
we found that chloroform was a better porogenic solvent than acetonitrile for such copolymerizations,
as judged from the molecular recognition properties of the resultant copolymers. In contrast, the group
of Stover [25] has reported that acetonitrile, or mixtures of acetonitrile with toluene, are effective poro-
gens (near-0 solvents) for precipitation polymerizations involving DVB and give rise to high-quality
beaded products in reasonable yields. Undeterred, we initially attempted to use chloroform as a solvent
for precipitation polymerizations involving DVB and TFMAA as comonomers, either by itself or as a
cosolvent with hexane. However, phase separation was not apparent to the naked eye after polymeriza-
tion for 24 h under such conditions (Table 1, P1). When hexane was introduced as a cosolvent (P2 and
P3), macrogelation was observed 25 min after the reaction temperature reached 60 °C, which was in-
dicative of early phase separation and in line with what one would expect when using thermodynami-
cally poorer porogenic solvents. Interestingly, upon moving to acetonitrile or acetonitrile/toluene as the
solvent (P4 and P5), once again phase separation did not occur over the course of the polymerizations.
We ascribed these results to the presence of TFMAA, and in particular to the effects it was having upon
the solubility parameter of the oligomers generated continuously throughout the course of the precipi-
tation polymerizations [33]. Similar phenomena (macrogelation and soluble polymer formation) were
reported by Goh et al. for poly(MAA-co-poly(ethylene oxide) methyl ether methacrylate) polymers
prepared by precipitation polymerization; Goh et al. established a “morphology map” to predict the
morphology of the polymers formed as a function of the monomers and solvents used, as well as the
experimental conditions [34]. By following a similar line of reasoning, we expected that by moving to
a less polar acidic comonomer, and thus closer to the 6-state, we could generate the desired beaded
products. This turned out to be the case.

MAA has been used extensively for noncovalent molecular imprinting protocols and, signifi-
cantly, has been shown to be useful for caffeine imprinting [35-37]. MAA was therefore chosen as an
alternative monomer to TFMAA in our subsequent experiments. PolyDVB-55 microspheres prepared
via precipitation polymerization in neat acetonitrile show negligible porosity and very low specific sur-
face areas [25]. Introduction of toluene as a cosolvent improves the compatibility of the oligomers with
the solvent, resulting in later phase separation during the polymerization and significant increases in the
specific surface areas and the total pore volumes of the beaded products [25]. In order to prepare MIPs
with reasonable surface areas and porosities, a mixture of 75 % acetonitrile and 25 % toluene (v/v) as
the porogenic solvent was therefore employed in combination with DVB-80 as the cross-linking agent.
Maintaining the concentration of monomer(s) at 2 % (w/v) relative to the total volume of solvent and
the concentration of initiator, AIBN, at 1 mol % with respect to the total number of moles of polymer-
izable double bonds, polymerizations were carried out either in the absence of MAA (P6) or in the pres-
ence of MAA (P7 and P8) as the comonomer. Pleasingly, all three polymerizations gave rise to beaded
products, albeit in modest yields. Comparing P6 with P7 reveals that introduction of MAA as the
comonomer increases the yield of isolated product but lowers the average particle diameter (Table 2,
Fig. 2). The monomer feed compositions for P7 and P8 were identical except that no caffeine was pres-
ent for P7, i.e., P7 is a non-imprinted control polymer. However, the presence of caffeine during the P8
polymerization dramatically reduced the average particle size of the products, possibly due to modula-
tion of the reactivity ratios of the monomers and/or the solvency power, impacting upon the precipita-

© 2007 IUPAC, Pure and Applied Chemistry 79, 15051519
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tion polymerization, such that they were too small to be measured by a Coulter Counter with an orifice
tube of 100 um aperture. They were thus too small also for the analytical applications proposed (LC
and SPE), therefore, a means had to be found to increase the particle size of products formed in the pres-
ence of caffeine.

Table 2 Effect of the concentration of monomers and initiator on the diameter and
yield of the polymer products.

Polymer Concentration of ~ Concentration of Average Yield (%)
monomer (%)? initiator (%)P diameter (Uum)
P6 2 1 5.42 27
P7 2 1 3.95 47
P8 2 1 € 29
P9 4 1 3.53 9
P10 2 3 - 22
P11 4 3 5.36 62
P12 4 3 9.50 62
P13 4 3 4.27 55

aWith respect to porogenic solvent (w/v).

bWith respect to the number of moles of polymerizable double bonds.

°The average diameter of P8 was too small to be measured by a Coulter counter using an
orifice tube with an aperture of 100 um, and is believed to be less than 1.0 um.

94The size distribution of P10 was too wide to be measured by a Coulter counter using an
orifice tube with an aperture of 100 pm.
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Fig. 2 Particle size distribution of: (a) P6 and (b) P7.
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Effect of monomer and initiator concentration on particle size and yield

To investigate the effect of independently changing the concentration of monomers and initiator on the
outcome of the polymerizations, P9 and P10 were synthesized. Keeping the concentration of AIBN con-
stant at 1 mol %, whilst increasing the concentration of monomers from 2 to 4 % (w/v), resulted in an
increase in the average particle diameter (c.f. P8 and P9, Fig. 3 and Table 2) whereas the yield of mi-
crospheres dropped from 29 to 9 %. In contrast, when the concentration of monomers was kept constant
at 2 %, increasing the AIBN concentration from 1 mol % (P7) to 3 mol % (P10) gave rise to a higher
flux of radicals, a lower yield, and a very wide particle size distribution. However, when the concen-
trations of the monomers and initiator were increased simultaneously, polymer microspheres (P11, P12,
and P13) with significantly larger average diameters and narrow size distributions were obtained in
good yields, both in the presence and the absence of the template (Table 2, Fig. 4). This seems to be the
key in preparing beaded polymers in good yields and diameters appropriate for affinity separation ap-
plications. The narrow size distributions of P11, P12, and P13 were confirmed by SEM analyses
(Fig. 5).

Relative %
3
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Particle size (um)

Fig. 3 Particle size distribution of P9.
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Fig. 4 Particle size distributions of: (a) P11, (b) P12, and (c) P13.
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Fig. 5 SEMs of: (a) non-imprinted microspheres (P11) (bar = 10 wm); (b) caffeine-imprinted microspheres (P12)
(bar = 10 um); and (c) theophylline-imprinted microspheres (P13) (bar = 5 wm).

Molecular recognition properties of the molecularly imprinted microspheres

The retention behavior of caffeine and theophylline on HPLC columns packed with P11, P12, and P13,
respectively, were investigated. When chloroform was used as the mobile phase, the retention factor of
caffeine on P11 and P12 was 0.78 and 1.15, respectively, which, when taken together with the asym-
metrical elution profile of caffeine on P12, is indicative of the fact that P12 is imprinted with caffeine

© 2007 IUPAC, Pure and Applied Chemistry 79, 1505-1519
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(Table 3). The retention factor of theophylline on P11 was 2.37, whereas theophylline was completely
retained by P12 when chloroform was employed as the mobile phase. This result shows that P12, which
was imprinted with caffeine, shows strong cross-selectivity for the caffeine analog theophylline. The
same trend was observed when acetonitrile was employed as the mobile phase.

Table 3 Retention factors of caffeine and
theophylline on P11, P12, and P13.

P11 P12 P13
k'caffeine 0.80% 0.914 0.872
0.78b 1.15b 1.02b
k 'theophylline 2.432 2.644 5.392
2.37b CRP CRP

#Mobile phase: acetonitrile, flow rate: 0.5 mL/min;
detection: 270 nm. 2.5 pg in 10 pL chloroform was
injected.

bMobile phase: chloroform; flow rate: 0.5 mL/min;
detection: 270 nm. 2.5 pg in 10 pL chloroform was
injected.

CR = completely retained.

With acetonitrile as the mobile phase, the retention factor of theophylline on P11 and P13 was
2.42 and 5.39, respectively, and, furthermore, there was extensive peak tailing of theophylline on P13
(Fig. 6). This supports the assertion that P13 is imprinted. From Table 3, it can also be seen that P13 (a
theophylline imprint) shows cross-selectivity for caffeine when both chloroform and acetonitrile are ap-
plied as the mobile phase.

0354
P11
0.304

0254

0.20

AL

0154

010
P13

0054

0.00

T
500 10.00
Minutes

Fig. 6 Comparison of theophylline retention on P11 and P13. Mobile phase: acetonitrile, flow rate: 0.5 mL/min,
detection: 270 nm. 2.5 ug theophylline in 10 pL chloroform was injected.

The retention factor of theophylline on non-imprinted P11 is relatively larger than that of caffeine,
which suggests that the nonspecific interactions between theophylline and P11 are stronger than those
between caffeine and P11. These nonspecific interactions are believed to give rise to the stronger re-
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tention of theophylline on P12, compared to caffeine, even although caffeine was the template used in
the production of P12. We have observed a similar phenomenon for caffeine- and theophylline-im-
printed polymers prepared by conventional polymerization methods in the form of monoliths (unpub-
lished data).

Method of mixing/agitation

Polymers P1-P13 were prepared via the rotavapor method, and we were keen to assess the utility of the
low-profile roller method for the routine production of polymer microspheres. Accordingly, three repli-
cate polymerizations were carried out using the rotavapor method (P12, P14, and P15) and three repli-
cate polymerizations were carried out using the low-profile roller method (P15-1-1, P15-1-2, and
P15-1-3). The monomer feed ratios and concentrations used were identical in all six polymerizations
(Table 1). Pleasingly, all six polymerizations gave rise to good yields of polymer products in the form
of spherical particulates with narrow size distributions (Table 4).

Table 4 Caffeine- and theophylline-imprinted polymer microspheres
prepared using the rotavapor and low-profile roller methods.

Polymer Template Average Yield (%) Apparatus
diameter (LWm)
P11 - 5.36 62 Rotavapor
P12 Caffeine 9.50 62 Rotavapor
P13 Theophylline 4.27 55 Rotavapor
P14 Caffeine 322 44 Rotavapor
P15 Caffeine 3.99 43 Rotavapor
P15-1-1 Caffeine 2.99 55 Roller
P15-1-2 Caffeine 3.00 55 Roller
P15-1-3 Caffeine 2.95 55 Roller
P16 Theophylline 3.06 65 Roller
P17 Theophylline 297 67 Roller
P18 Theophylline 3.06 63 Roller

Figure 7 shows SEM images of P15 and P15-1-2, respectively. The particle size distributions of
P15-I-1, P15-1-2, and P15-1-3 are shown in Fig. 8. Upon comparing the average particle diameters of
P12, P14, P15, P15-1-1, P15-1-2, and P15-1-3 (Table 4), it is clear that the polymer microspheres ob-
tained using the low-profile roller method are marginally smaller than those obtained using the rotava-
por method, however, the particle size distributions of P15-I-1, P15-I-2, and P15-I-3 are narrower and
have high reproducibility (Table 4 and Fig. 8). The yields of P15-I-1, P15-1-2, and P15-1-3 were all
identical (55 %) and a little higher than for P14 and P15, albeit a little lower than for P12. Theophylline-
imprinted P16, P17, and P18, prepared using the low-profile roller method, were spherical particulates
with slightly lower average particle diameters and higher yields compared to P13 (Fig. 9 and Table 4).
These results highlight our belief that the low-profile roller method is superior to the rotavapor method
for the preparation of imprinted polymer microspheres in terms of yields, reproducibility of the parti-
cle diameters, and particle size distributions.

© 2007 IUPAC, Pure and Applied Chemistry 79, 15051519
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Fig. 7 SEMs of: (a) caffeine-imprinted polymer microspheres (P15) prepared using the rotavapor method (bar =

5 um), and (b) caffeine-imprinted polymer microspheres (P15-1-2) prepared using the low-profile roller method
(bar = 5 um).
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Fig. 8 Particle size distributions of P15-1-1, P15-1-2, and P15-1-3.
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Fig. 9 SEM of theophylline-imprinted polymer microspheres (P16) prepared using the low-profile roller method
(bar =5 pm).

Morphology of the polymers

P11 was prepared in the absence of template, whereas P12 and P13 were prepared with caffeine and
theophylline as the templates, respectively. Since P11, P12, and P13 were prepared using high levels of
cross-linker and in the presence of a thermodynamically good solvent (toluene), it was expected that
they would be macroporous, and indeed this turned out to be the case. All three polymers had similar
properties in terms of their average pore diameters, specific pore volumes, specific micropore volumes,
and specific micropore areas, which suggested that the presence of template during the polymerizations
did not dramatically affect the morphologies of the resultant polymers (Table 5). P11, P12, and P13 all
show high specific surface areas and a large portion of micropores, in contrast to polyDVB-55 micro-
spheres prepared in neat acetonitrile, which have been reported to show negligible porosity and very
low specific surface areas [25]. According to the proposed mechanism of precipitation polymerization,
seed particles are well swollen by the solvent and capture soluble oligomers continuously from solution
[26]. The solubility parameters for acetonitrile, toluene, and polyDVB are 24.6, 18.6, and
~17-18 MPa05, respectively [38—39]. When neat acetonitrile is used as the solvent, there is a mis-match
between the solubility parameter of the solvent and the polymer, leading to early phase separation of
polymer from the monomer phase, poor solvation of the polymer phase by the solvent, and therefore
products with negligible porosity and very low specific surface areas [25]. However, when DVB is
copolymerized with MAA in a mixture of acetonitrile and toluene, there is a much better match between
the solubility parameter of the solvent and the polymer, leading to better solvation of the polymer and
well-developed pore structure and high specific surface areas (Table 5). In effect, toluene serves to pro-
mote pore formation.

Since polymers P11-P16 had similar feed compositions and were produced via the same precip-
itation polymerization mechanism, it is not surprising that the morphologies of polymers prepared by
the rotavapor method and the low-profile roller method are rather similar, e.g., compare P13 and P16
for theophylline imprinting and P12, P15, P15-1-2, and P15-1-3 for caffeine imprinting.

© 2007 IUPAC, Pure and Applied Chemistry 79, 15051519



1518 J. WANG et al.

Table 5 Morphology of the polymer microspheres.

Polymer BET specific Specific pore Average pore Specific micropore Specific micropore
surface area® volume® diameter® volumed aread
(m%/g) (cm3/g) (nm) (em?/g) (m%/g)
P11 656 0.155 2.85 0.111 285
P12 702 0.187 2.85 0.105 240
P13 554 0.131 292 0.100 224
P15 672 0.169 291 0.110 248
P15-1-2 633 0.160 3.00 0.118 267
P15-1-3 660 0.169 2.99 0.121 273
P16 735 0.163 2.97 0.144 321

4Determined using the BET model on an eight-point linear plot.

YBJH cumulative adsorption pore volume of pores between 1.7 and 300 nm.

“BJH adsorption average pore diameter (4 x pore volume/surface area) of pores between 1.7 and 300 nm.
dBased on a t-plot using Harkins—Jura average thickness.

CONCLUSIONS

MIPs in the form of spherical particulates have been prepared by precipitation polymerization and the
effects of changing the solvent, monomer, and initiator concentrations on the outcome of the polymer-
izations investigated. The yields of the MIPs could not be increased by increasing the concentrations of
initiator or monomer independently, whereas the yields could be increased by simultaneously increas-
ing the concentrations of initiator and monomer. Typical monomer feeds were 3 % (w/v), relative to the
solvent, and typical initiator concentrations were 2 mol %. Polymer microspheres with narrow size dis-
tribution and average diameters up to 9.5 um could be prepared under optimized polymerization con-
ditions. The morphologies of the resultant microspheres were characterized by nitrogen sorption
porosimetry, and the molecular imprinting properties of selected microspheres evaluated in HPLC
mode. Caffeine and theophylline imprinting effects were confirmed by analyzing the retention behav-
ior of theophylline and caffeine on imprinted and non-imprinted HPLC columns. The low-profile roller
method showed advantages over the rotavapor method in that the reproducibility of the particle size dis-
tribution was better and the yields of the microspheres were higher. Furthermore, because up to around
20 reaction vessels, each with a volume of 50 mL, can be placed on a single low-profile roller and poly-
merized simultaneously, this represents a very convenient route to optimize the polymerization condi-
tions in molecular imprinting by parallel and/or combinatorial chemistry methods. Clearly, the reaction
volume can be reduced substantially (e.g., from 50 to 1 mL), if so desired, to enable the yet higher
throughput of chemically distinct materials. Overall, this study has served to highlight the attractiveness
of precipitation polymerization for the routine preparation of MIPs in a well-defined spherical particu-
late form via an efficient one-step synthetic process.
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