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ABSTRACT: The synthesis and comparative characteriza-
tion of molecularly imprinted polymers (MIPs) in two dif-
ferent formats, as thin layers grafted to the entire surface of
polypropylene microfiltration membranes and as conven-
tional particles, are described. Imprinting with atrazine was
performed by using itaconic acid and N,N'-methylene-bisac-
rylamide as functional and crosslinker monomers in meth-
anol as the solvent. Polymerization had been initiated by UV
irradiation of benzoin ethyl ether and driven to low mono-
mer conversion for the thin-layer polymers and to high
monomer conversion for the bulk materials. The binding
performance of MIP composite membranes and of MIP par-
ticles packed into cartridges was evaluated in solid-phase
extraction (SPE) experiments of atrazin and simazin from
aqueous solutions. The SPE performance depended strongly
on pH and buffer concentration. Although an imprinting
effect was observed for both formats, the specificity (MIP
versus Blank) and the selectivity (atrazin versus simazin)
were much higher for the thin-layer composite membranes
than for the bulk polymer particles. In particular, the atra-
zin/simazin selectivity increased from 32% for the Blank to

78% for the MIP composite membranes. A major reason is
the hindered accessibility of the internal pore structure of
the particles, whereas the porous filtration membranes are
much more compatible with the fast SPE protocol. Further-
more, based on pK, of the functional carboxylic acid
groups—from potentiometric titration and polarity of the
binding environment—from fluorescent probe analysis, dif-
ferent properties of the imprinted binding sites can be pos-
tulated for the two MIP formats. However, the differences
between MIP and Blank were much more pronounced for
the thin-layer composite membranes. The hydrophobic sur-
face of the polypropylene membrane appeared to be a major
factor affecting the binding performance of thin-layer MIPs.
The new porous composite membranes could be particularly
useful as selective SPE materials in environmental, pharma-
ceutical, and analytical applications. © 2005 Wiley Periodicals,
Inc. ] Appl Polym Sci 98: 362-372, 2005
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INTRODUCTION

Molecularly imprinted polymers (MIPs) can be pre-
pared by the copolymerization of functional and
crosslinker monomers in the presence of a template
molecule." The noncovalent synthesis of MIPs is the
easiest and most straightforward approach.? After
removal of the template, the imprints retain the posi-
tion of the functional groups and have a shape com-
plementary to the template. Commonly, MIPs pre-
pared in bulk by using a large excess of crosslinker
monomer are finely ground, sieved, washed, and used
as particles."” The process is tedious and often results
in large losses of the material (including template) as
fines. In addition, it is often complicated to interpret
and optimize the binding properties of bulk MIP ma-
terials because the macro- and micropore morphology
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as well as the nanosized imprinted binding sites are
formed from the same building blocks (monomers)
simultaneously. All this explains the growing interest
in alternative formats of MIP preparation. Thin MIP
films, especially those on suited supports, and MIP
composite membranes are especially attractive.’

For the preparation of thin films by in situ crosslink-
ing polymerization, either a selective initiation of the
reaction in a thin layer adjacent to the support surface
or/and the grafting-from a support material are the
most promising approaches. Examples for such at-
tempts included spin-coating thin layers of the reac-
tion mixture on an inert plane substrate and subse-
quent UV-initiated polymerization* or using polymer-
ization initiators covalently immobilized on porous
silica surface for the initiation of grafting-from
crosslinking polymerization.” The controlled photoini-
tiated grafting of thin-layer MIPs to surfaces of either
plane substrates or porous supports®~® offers many
possibilities for the development of novel composite
materials for affinity technologies. One important con-
clusion from the previous work was that a low thick-
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ness of grafted MIP layers, typically in the range of a
few to ~-15 nm, provides optimum imprinting effect’
(i.e., high rates and efficiencies for adsorption-desorp-
tion of the template). Thin polymer layers should
also reduce the template leaching, which is very
important for pharmaceutical applications of MIP-
based materials for solid phase extraction (SPE).
Furthermore, for grafting, the content of crosslinker
monomer required to achieve the highest specificity
was lower than required for bulk preparations. That
might be especially beneficial for imprinting of large
molecules.®®

Thin-layer MIP composite membranes based on mi-
crofiltration membranes, with high permeabilities and
binding capacities, could ultimately be the perfect so-
lution for high-performance affinity SPE.**~® How-
ever, to achieve this goal, it would be necessary to gain
a better understanding of the grafting process influ-
encing MIP synthesis and performance. It would be
particularly important to understand to what degree
the large, and often empirical, knowledge about syn-
theses and properties of conventional bulk MIPs can
be related to the thin-layer MIPs.

This work is the first comparative study of the in-
fluence that polymerization conditions exert on the
MIP recognition properties, performed for two differ-
ent systems yielding different MIP formats: thin poly-
meric films grafted to the entire surface of microfiltra-
tion membranes and bulk polymer particles. The same
reaction mixtures for imprinting the template
atrazine—a triazine herbicide—had been used under
conditions that had been adapted to the respective
format. Thus, obtained porous thin-layer composite
membranes based on polypropylene and bulk poly-
mer particles had been evaluated under SPE condi-
tions for estimating the MIP specificity (atrazine bind-
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Scheme 1 Schematic description of SPE experiments to-
wards characterization of MIP specificity (binding of the
template by MIP versus Blank) and selectivity (competitive
binding of the template and another substance to the MIP or
Blank).
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Scheme 2 Separation unit formats for SPE evaluation of
polymer particles (left) and porous composite membranes
(right); the squares should symbolize a substance that is
specifically bound by the adsorber material while another
substance such as the one symbolized with the circles would
pass the adsorber bed unbound. (Note that in the experi-
ments the particle diameter was between 25 and 45 um,
whereas the characteristic pore diameter of the membrane
was <1 um.)

ing of MIP versus Blank) and selectivity (atrazine ver-
sus simazin) (Schemes 1 and 2).

EXPERIMENTAL
Materials

Polypropylene (PP) microfiltration membranes (2E
HF) with a cut-off pore diameter of 0.4 um and a
thickness of 155 um were purchased from Membrana
GmbH (Wuppertal, Germany). Itaconic acid (IA, Al-
drich), N,N’-methylene-bisacrylamide (MBAA, Al-
drich), benzoin ethyl ether (BEE, Aldrich, Miinchen,
Germany), atrazine and simazine (PESTANAL®,
Riedel de Haén, Miinchen, Germany), and dansyl
chloride (Sigma, Miinchen, Germany) were used as
received without further purification. Methanol, ace-
tonitrile, acetone (all HPLC grade), and buffer salts
(for analysis) were used for polymer preparations and
characterizations.

Preparations and characterizations
Syntheses

The reaction mixtures for MIP syntheses contained 2.5
mM photoinitiator (BEE), 300 mM crosslinker
(MBAA), 50 mM functional monomer (IA), and 10 mM
template (atrazine) dissolved in methanol. Blank ma-
terials were prepared by using the same mixture but
without atrazine.

Surface functionalization was performed according
to the already described general procedure.® Briefly,
the membranes were first precoated with BEE and
then immersed in the reaction mixture, and after 1
min, UV irradiation was performed with a UV A Print
100 lamp (Dr. Honle AG, Gréfelfing, Germany). Wash-
ing for 15 min and Soxhlet extraction with methanol
for at least 4 h followed. The degree of grafting (DG)
was determined gravimetrically. In preliminary exper-
iments, the UV time had been varied and the DG
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determined; in parallel, the BEE conversion had been
monitored by UV spectroscopy (330 nm).

For bulk polymer preparation, the reaction mixture
was filled into a 20-mL screw-cap vessel, which was
then closed, put in an ice bath, and UV irradiated for
20 min with a Collimated Xenon ARC lamp LX300F
(Cermax®©, Perkin Elmer Optoelectronics, Fremont,
CA). After polymerization, the bulk polymer was
ground by using an electric mortar (SL2, Silverson,
East Longmeadow, MA), followed by a sieving. The
fraction with particle sizes 25-45 um was collected
and washed with methanol and 1 g polymer suspen-
sion was packed into a HPLC column for continuous
washing with methanol, 100 mM HCI in methanol,
and water/methanol 85/15 (v/v).

Pore structure characterization

The specific surface area (Sy,e) was determined by
using the surface area analyzers SA 3100 (Beckman-
Coulter GmbH, Krefeld, Germany) for the composite
membranes and Nova 1000e (Quantachrom Corp.,
Syosset, NY) for the bulk particles.

Volume swelling, porosity of the bulk particles, as
well as the interstitial volume of the particle bed were
determined by analyzing the volume and mass in-
crease relative to the dry state. Particles were filled
into a graduated test tube (d ~ 6 mm) and shaken by
using a Vortex tube mixer until a dense particle bed of
250 pL (Vped,ary) had been obtained. Then, the weight
(m,, 4r,) Was also measured. Thereafter, 1.5 mL water
was added, the bed volume (Vi,.q4,) Was measured
after equilibration for 24 h, and the relative volume
swelling (SW) was calculated according to:

V ed,sw - V e I’
= e e 009 (1)
Vied dry

SW

Particles were weighed in a test tube (1, 4,,) and then
swollen to equilibrium in water. To remove the water
from the interstitial volume, the test tube was closed
with a plug of cellulose, turned upside down, and
centrifuged at 1200 min ! for at least 5 min. Then, the
particles filled with water in the pores were weighed
again (m,,,). The volume porosity (P) of the particles in
the swollen state was calculated according to:

_ (msw - mP,dry)/pHZO
mP,dry/pP + [(msw - mP/dry)/pﬁzo]

100%  (2)

with p,, as the polymer density and pyy, as the density
of water.

The relative interstitial volume (IV) of a particle bed
could then also be estimated assuming that the degree
of swelling will not be influenced by the kind or size of
housing:

Vbed,sw - (mP,dry/pP) + [(msw - mP,dry/szo)

IV =
Vbed,sw

100%

3)

SCHNEIDER ET AL.

pK, determination using potentiometric titration

A pH-meter (Hanna Instruments 8519, Deutschland
GmbH, Kehlam Rhein, Germany) was used to monitor
the titration of polymeric functional groups. Two
membranes (d = 4.6 cm) were soaked in methanol for
2 min before immersing them into a beaker filled with
distilled water. NaOH solution (0.1M) was used to
adjust a pH value to 12. Hydrochloric acid (0.1M) was
added drop-wise (8 uL) until a pH value of 2 was
achieved. The waiting time between the drops at the
beginning was 2 min. To consider the problems of
pore diffusion, the waiting time in the critical pH area
was increased to 30 min between the drops. Approx-
imately 0.3 g of bulk particles was used for the pK,
determination in the same way as described above.

Binding site characterization by reflection
fluorescence experiments

The membranes were soaked for 2 h under light ex-
clusion in 10 mL of a solution made from a mixture
(20/80, v/v) of a solution of dansyl chloride (15
mg/L) in acetone and a solution of sodium carbonate
(2M, pH 11.0). After the soaking time, they were
rinsed with acetone for 5 min to remove nonspecifi-
cally bound dye. Then the membranes were immersed
in water and analyzed by using a Reflection fluores-
cence spectrometer (Fluoromax 2, Spex, HORIBA Jo-
bin Yvon Ltd., Stanmore, Middlesex, UK). Bulk parti-
cles (20 mg) were equilibrated in the same solution as
the one described above. After the incubation, the
polymer was washed with acetone, dried at 60°C and
suspended in water, and analyzed by using a Spec-
trofluorometer (RF 5001 PC, Shimadsu, Deutschland
GmbH, Duisburg, Germany). The excitation wave-
length for the membrane and particle characterization
was 330 nm and the emission maximum was detected
between 450 and 550 nm.

SPE evaluation

Membrane solid-phase extractions were performed by
using a syringe connected to a 25-mm-diameter filter
holder (Swinnex™, Millipore GmbH, Eschborn, Ger-
many) containing one membrane (effective membrane
area, 4 cm?). Bulk solid phase extractions were per-
formed by using a syringe connected to a 1-mL PP
cartridge (Preppy™, Supelco, Sigma-Aldrich Chemie
GmbH, Miinchen, Germany) with a 0.22-um frit
which had been loaded with 15-mg particles. In both
cases, 10 mL of 10 °M atrazine solution in potassium
dihydrogen phosphate (pH 5-8) or glycine (pH 3.5)
buffer was filtered through the SPE unit at a rate of 10
mL/min. The concentration of atrazine in the feed and
in the permeate was determined by using a HPLC
system (Kontron Instruments Ltd., Bletchley, UK) on a
Phenomenex Luna C18 (3 uwm, 150 X 3 mm) column
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with a flow rate of 0.3 mL/min of the mobile phase
(acetonitrile-ammonium dihydrogenphosphate 70/30,
v/v). The detection was performed spectrophoto-
metrically at 220 nm. For selectivity measurements, an
atrazine-simazine solution (both in 10 °M concentra-
tion) was used. The selectivity (S) was calculated ac-
cording to:

na,f Tla’p
5= ") 1009 (4)
ns,f ns,p

with 7, (n,) amount of atrazine (simazine) in the
feed, n,, (n,,) amount of atrazine (simazine) in the
permeate. The average measuring error of all SPE
measurements was below 10%.

RESULTS AND DISCUSSION
Syntheses

The aim of this work was to compare binding and
recognition properties of thin-layer and bulk MIPs
prepared via in situ polymerization from the same
reaction mixtures. Because thin-layer MIP composite
membranes had already been successfully prepared
for SPE from aqueous solutions, the focus of this study
was also on MIP function and evaluation under aque-
ous conditions. The functional monomer selected was
IA, which according to molecular modeling results
should provide a good affinity towards atrazine.'® The
choice of crosslinker—MBAA—and solvent—metha-
nol—was determined by the solubility of the compo-
nents and the necessity to achieve the water compat-
ibility of the polymers. In particular, MIPs should
have similar swelling under preparation and opera-
tion (here SPE) conditions.!! MBAA had been used
successfully for the synthesis of thin-layer MIPs for
aqueous SPE.®"® Also, MBAA had recently been used
for the synthesis of bulk MIPs; both synthesis and
evaluation had been done in aqueous solutions.'* Fur-
thermore, it had been suggested that more hydrophilic
functional and/or crosslinker monomers will reduce
the nonspecific adsorption due to hydrophobic bond-
ing in water, and that those monomers will thus con-
tribute to an increased MIP specificity.'® The
crosslinker/functional monomer molar ratio (6:1)
had been selected between typical bulk MIP synthesis
conditions (up to 10: 1*%) and the ratios identified as
optimal for the synthesis of thin-layer MIPs (between
5:17 to 2:1°). Recently, other groups had also re-
ported about hydrophilic bulk MIPs obtained with
very low crosslinker/functional monomer ratios, such
as, for example, 1: 1.1214

While during conventional bulk MIP syntheses the
final degree of monomer conversion is very high, the
preparation of thin-layer MIPs had been achieved at
very low degrees of monomer conversion in the reac-
tion mixture, used for a mainly heterogenous copoly-

365

merization.® In addition, the confinement of the pho-
toinitiator on the surface of the support material by
preadsorption had been proven to be essential for
obtaining a significant MIP specificity.® Therefore, it
seemed possible, by using the same initiator, that the
a-scission photoinitiator BEE yielded alkyl and acyl
starter radicals® for both bulk and thin-layer synthe-
ses.

By photoinitiation of the thin-layer MIP functional-
ization of the PP microfiltration membranes, the DG
could be adjusted by the UV irradiation time (Fig. 1).
In the investigated range, the DG correlated with the
photoinitiator conversion. For further evaluation, MIP
and Blank composite membranes with a DG around
500 wg/cm? had been selected and could be reproduc-
ibly synthesized by using a UV irradiation time of 2.0
min. This corresponded to a degree of monomer con-
version of about 7%, and the gelation point for the
reaction mixture had not yet been reached (under
these conditions, gelation had been observed at ~ 3
min; data not shown).

For the bulk syntheses, reaction conditions should
be as similar as possible to the thin-layer grafting. Bulk
polymerizations at longer reaction times towards
higher degrees of monomer conversion will inevitably
result in significant heat generated by the exothermic
nature of the reaction. The increase of temperature
could weaken the electrostatic interactions between
the functional monomers and the template mole-
cules.”” Hence, the bulk polymerizations were per-
formed by using an ice bath for external cooling to
ensure that the maximal polymerization temperature
would not rise above the temperature generated dur-
ing the grafting. An UV irradiation time of 20 min had
been found to yield a maximum polymer yield (al-
ways at more than 80% monomer conversion), even
when the photoinitiator conversion was still about
only 80%. The reason for the apparently higher poly-
merization efficiency of the bulk syntheses—as ex-
pressed by the ratio of polymer yield versus photoini-
tiator conversion (cf. Fig. 1)—was presumably that the
grafting reaction had been stopped at a such low
degree of conversion (and before gelation, cf. above)
so that oligomer or very weakly crosslinked polymer
products could still be extracted. To yield a homoge-
neous particle size distribution, the bulk polymer had
to be ground and sieved.

To compare the SPE binding capability of composite
membranes and bulk particles, their surface area was
measured by nitrogen adsorption (based on the BET
model according to Brunauer, Emmet and Teller). The
specific surface area data for membranes grafted with
Blank or MIP were all between 19 and 23 m*/g; these
values were not significantly different from the data
for the unmodified membrane determined earlier (23
m?/g'®). Hence, the PP surface had been covered by a
thin polymer layer, and assuming an even coverage of
the entire specific surface area of the porous PP mem-
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Figure 1 Degree of grafting (DG) as well as photoinitiator conversion (from UV measurements) and polymer yield
(calculated from DG), as a function of UV irradiation time for the functionalization of PP membranes using the monomer
mixture of 300 mM MBAA and 50 mM IA in methanol. [Color figure can be viewed in the online issue, which is available at

www.interscience.wiley.com.]

brane with a polymer having a density of 1.2 g/cm?,
the DG of 500 p1g/cm? corresponds to a layer thickness
of about 6 nm. That the grafted polymer layers on the
PP pore walls were indeed very thin had been con-
firmed by the unchanged water permeabilities of the
thin-layer composite membranes as compared with
the unmodified PP membranes (not shown). Also, the
volume porosity of the PP membranes (P = 76%)
remained virtually unchanged after modification (cf.
ref. 19).

The specific surface area data of Blank and MIP
prepared in bulk were very similar (Table I). This is
evidence that an imprinting effect should not be re-
lated to differences in surface area of the polymers and
thus to nonspecific binding. The absolute values indi-
cate that the particles had a permanent pore structure.
There was an indication for a difference in the volume
swelling between MIP and Blank (cf. Table I), what
could be explained by a higher overall rigidity of the
MIP as compared with the Blank. The swollen state
volume porosities of the particles had been estimated
by using eq. (2) and assuming a polymer density of 1.2
g/cm’. Rather large values had been obtained (cf.

Table I), which can be explained by the hydrophilicity
of the crosslinker MBAA. Hence, besides filling the
permanent pores of the particles (cf. above), a signifi-
cant volume fraction of the solvent will be involved in
swelling the crosslinked polyacrylamide.

SPE evaluation

For an even and reproducible contact with the feed
solution during SPE, the polymer adsorber bed must
be fitted in suited housings. For the thin-layer com-
posite membranes, this problem is solved by tightly
fixing the membrane in the filter holder, which pro-
vides an even flow distribution through the mem-
brane pores. For the particles, packing of a sufficient
quantity (here, 15 mg) in a small SPE cartridge has
been used (cf. Scheme 2).

Adsorption measurements started with the analysis
of the effect of a pH variation in the sorption solution
(Figs. 2 and 3). The bound amounts were much higher
for the membranes (Fig. 3) as compared to the parti-
cles (Fig. 2). For the bulk particles, the values for MIP
and Blank were similar; the adsorbed amounts had a

TABLE I
Morphology Data for Bulk Particles

Specific surface Relative volume

Volume porosity

area Sqpec swelling in in swollen state Relative interparticle
(m?/g) water SW (%) P (%) volume IV (%)
Blank 61 =10 71 48
MIP 62 <5 80 54
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Figure 2 Binding capacity of bulk particles (300 mM MBAA, 50 mM IA) as a function of pH value (10~ °M atrazine, 5 mM
buffer), 10 ml/min. [Color figure can be viewed in the online issue, which is available at www.interscience.wiley.com.]

(not very pronounced) maximum at a pH 5.6; a slightly
higher binding to the MIP as compared with the Blank
could be observed at pH 3.5. For the membranes, the
binding to the Blanks clearly decreased with decreasing
pH, while the influence of pH on the binding to the MIPs
was much less pronounced. At the highest pH, the bind-

ing to the Blank was higher; at the lowest pH, an im-
printing effect could presumably be identified.

At pH 3.5, where the lowest nonspecific binding
to Blanks and an indication of a MIP specificity had
been observed, further experiments with varying
buffer concentration were performed (Figs. 4 and

adsorbed Atrazine / %
B

pH=78

pH=868

@BLANK; 480 pg/em2
BMIP, 460 pglcm2

pH=586

pH=35

Figure 3 Binding capacity of thin-layer polymers (300 mM MBAA, 50 mM IA) on PP membranes as a function of pH value
(107°M atrazine, 5 mM buffer), 10 ml/min. [Color figure can be viewed in the online issue, which is available at www.

interscience.wiley.com.]
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Figure 4 Binding capacity of bulk particles (300 mM MBAA, 50 mM IA) as a function of buffer concentration (10 °M
atrazine, pH 3.5), 10 ml/min. [Color figure can be viewed in the online issue, which is available at www.interscience.

wiley.com.]

5). The imprinting effects were confirmed, and the
dependence of adsorption capacity on buffer con-
centration had a maximum for both bulk particles
and thin-layer polymers. The thin-layer MIPs
showed a much larger imprinting effect than the
particles and the maximum was shifted from 20 mM

for particles to 100 mM buffer concentration for the
membranes.

The selectivity of the polymers was measured by
using aqueous feed solutions containing two very sim-
ilar herbicides—atrazine (2-chloro-4-ethylamino-6-iso-
propylamino-1,3,5-triazin) and simazine [2-chloro-4,6-

adsorbed atrazine | %
&

5mM 10 mM

B BLANK
amP

100 mM

Figure 5 Binding capacity of thin-layer polymers (300 mM MBAA, 50 mM IA) as a function of buffer concentration (10 °M
atrazine, pH 3.5), 10 ml/min. [Color figure can be viewed in the online issue, which is available at www.interscience.

wiley.com.]
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TABLE 11
Atrazin/Simazin Selectivity (S) of Bulk and
Thin-Layer Polymers

Thin-layer
Bulk particles (%) polymers (%)
Blank 32 32
MIP 37 78

(bis)ethylamino-1,3,5-triazin]—in the same concentra-
tion and under pH and buffer conditions, where the
largest imprinting effect had been observed (Table II).
Both Blank bulk particles and thin-layer membranes
showed the same selectivity (32%) (i.e., atrazine was
more strongly bound to the polymers than simazin).
An explanation is the higher hydrophobicity of atra-
zin, expressed by the data 1g K, = 2.61 for atrazin
and Ig K, = 2.18 for simazin."” Another contribution
might be the slightly stronger basic properties of
atrazine, which has pK, = 1.7 as compared with sim-
azine, which has pK, = 1.62."” The MIP bulk particles
had a slightly increased selectivity: 37%. However, the
selectivity of the thin-layer MIP was much higher:
78%. This could be taken as evidence that molecular
recognition of atrazine by the imprinted sites occurred
during competitive adsorption under fast SPE condi-
tions.

Characterization of functional groups

To further characterize the functionality of the poly-
mers—containing the biscarboxylic acid IA as the
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functional monomer—potentiometric titrations were
performed (Figs. 6 and 7). Very different curve shapes
were obtained for thin-layer polymers and bulk poly-
mer particles. Whereas the identification of a discrete
pK, value was not possible for the bulk polymers, the
titration curves of the thin-layer materials were signif-
icantly different from the control experiment without
a membrane. They indicated the presence of a well-
defined population of carboxylic groups with appar-
ent pK, values of 6.8 for Blank and 6.6 for MIP.

An exact quantitative determination of carboxylic
groups had not been attempted in these experiments.
However, it was obvious that the discrepancy between
theoretical carboxyl content and acid consumption dur-
ing titration was also larger for the particles than for the
thin-layer composite membranes (cf. Figs. 6 and 7, and
Experimental). This could be caused by two different
reasons, both linked to the macro- and microstructure of
the polymeric materials. The accessibility of the carbox-
ylic groups will be hindered by the porous morphology.
For the particles, the kinetics of diffusion into the pores
and, especially, through the polymer bulk can signifi-
cantly delay the proton exchange, whereas for the mem-
branes only, the faster pore diffusion will be involved.
The influence of these effects should have been mini-
mized by the very slow titration rate, but—especially for
the particles—its impact could not be ruled out com-
pletely. On the other hand, the fixation of the functional
monomer in a polymer network of inhomogeneous den-
sity, flexibility, and mutual proximity of carboxylic acid
groups will create different microenvironments with dif-
ferent acidities. For example, an association with another

14

~—BLANK
—MIP

0 200 400

600 800 1000 1200

AV [ pL

Figure 6 Titration curve for pK, determination of bulk polymers (cf. Experimental). [Color figure can be viewed in the online

issue, which is available at www.interscience.wiley.com.]
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Figure 7 Titration curve for pK, determination of thin-layer polymers on PP membranes; control experiment: titration without
membrane (cf. Experimental). [Color figure can be viewed in the online issue, which is available at www.interscience.wiley.com.]

carboxylic group and a dissociation of carboxylic groups
in close proximity will increase the pK,. Such a thermo-
dynamic effect results in a changed apparent (average)
pK, value of the polymer. Shifts of experimental pK,
values to 8 or even higher had been observed also for
other carboxyl-containing highly crosslinked poly-
mers.'® Obviously, those effects were very pronounced
for the bulk particles (cf. Fig. 6). In contrast, most of the
carboxylic groups in the thin grafted layers seemed to be
located in a much more uniform and less restricted en-
vironment (cf. Fig. 7). Nevertheless, the apparent pK,
values of IA were also significantly higher than the
known pK, values in solution: 3.85 and 5.45."

Another important observation was that for the two
very different formats—particle and thin-layer—the
MIPs seemed to have a larger concentration of titratable
carboxylic groups than the corresponding Blanks in both
cases. This could be taken as evidence, that their preor-
ganization with the template and subsequent fixation in
the polymer network could increase the concentration of
well-accessible carboxylic groups. Furthermore, this
should be linked to a lower average pK, value which
had indeed been observed (cf. above).

Because the thin-layer polymers showed a higher
acidity of carboxylic groups than the bulk particles, a
higher polarity of the accessible polymeric binding
sites—containing carboxylic groups—could be ex-
pected. To prove this assumption, the materials were
investigated by using an environmentally sensitive
fluorescent probe. Dansyl chloride was selected,
which had been reported to bind covalently to carbox-
ylic groups.®® For dansyl derivatives in different sol-

vents, fluorescence maxima with a systematic depen-
dency on solvent polarity had been observed, from
495 nm (in THF) to 550 nm (in water). Hence, the
dansyl probe residing in more unpolar, hydrophobic
microenvironment should show a maximum at
shorter wavelength as compared with the probe resid-
ing in a more polar and thus hydrophilic environment.

The bulk particles showed a fluorescence maximum
at shorter wavelength than the composite membranes
with the thin-layer polymers (Table III). This differ-
ence will be mainly due to the different experimental
conditions for measuring the fluorescence (i.e., a par-
ticle suspension versus a membrane film). However,
the significant differences between MIPs and Blanks of
the same format shall be further discussed.

The bulk MIP appeared to be somewhat more polar
than the Blank. A possible explanation could be the
cooperative influence of the neighboring groups inside
of the imprinting cavities pulled together by the tem-
plate during the complex formation. Of course, the pres-
ence of other—Iless or not organized— carboxylic groups
should also be considered, and, consequently, an aver-

TABLE III
Fluorescence Emission Maxima of Dansyl Groups Bound
to the Surface of the Polymers

Thin-layer
Bulk particles (nm) polymers (nm)
Blank 491 513
MIP 494 505
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age of the information would be obtained. In fact, the
observed differences were significant but rather small.
In contrast, the thin-layer MIPs seemed to be signif-
icantly more hydrophobic than the Blank polymer
layers. This could originate from a contribution of the
hydrophobic polypropylene surface to the structure of
the imprinted binding sites: A hydrophobic bottom
surrounded by fixed carboxylic groups capable of
forming a complex with the template could be imag-
ined. In the more randomly polymerized Blanks, IA
dimers or clusters held together by hydrogen bonds
would perhaps shield the PP surface more efficiently.

Influence of MIP format, structure, and solution
conditions onto binding properties

Macroscopic structure effects

In the SPE experiments, the surface area of the bulk
particles (15 mg; i.e., 0.9 m?; cf. Table I) was more than
three times larger compared to the membranes (~ 4
cm?; corresponding to 13.5 mg,l6 i.e., 0.28 m?; also, a
DG of 500 pg/cm? corresponds to 2 mg MIP or Blank).
Nevertheless, for the composite membranes much
higher binding, relative to the specific surface area of
the adsorber material or to the mass of the functional
polymer, had been observed (cf. Figs. 2 and 3). A
major reason is the high flow rate applied during SPE,
which can cause a significant influence of transport
rate onto the binding efficiency.

With one membrane (effective area ~4 cm? and
thickness 155 um), the adsorber bed had a volume of
~ 62 uL, and the feed solution would flow through
this bed convectively and exclusively via the pore
volume (~ 47 uL; cf. Scheme 1). At a flow rate of 10
mL/min, the average hydrodynamic residence time in
the adsorber bed was about 0.3 s. Due to the porous
microfiltration membrane structure ensuring very
short distances (< 1 um) to the pore surface where
binding takes place, a diffusion resistance for binding
will not be critical.”*!

For the bulk particles (15 mg), the resulting bed had
a diameter of 5.5 mm and a length of ~5 mm (i.e., a
volume of ~ 120 pL). The feed solution will flow
through the interparticle volume (~ 60 nL; cf. Table I)
and dispersion into the pore volume will also occur.
The particle diameters between 25 and 45 pum will
result in diffusion times of at least 10 s for 50% satu-
ration of the pore volume with the feed solute (using
a estimated value for the diffusion coefficient of 8
X 10719 m?/s). This, however, is much longer than the
average hydrodynamic residence time of the feed so-
lution in the interparticle volume (0.36 s). The diffu-
sion resistance inside the particles will presumably be
even more severe due to the significant swelling of the
polyacrylamide-based materials. Note that a limited
accessibility had also been a problem during carboxyl
titration of the bulk polymers while the thin layers
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seemed to have a much better accessible structure (cf.
Figs. 6 and 7). Finally, attempts to determine static
atrazin- or simazin-binding capacities for the bulk ma-
terials had yielded very low and thus hardly repro-
ducible values (data not shown). That had also been
explained by a significant hindrance for solute diffu-
sion into and equilibration in the bulk materials.

In conclusion, the adsorber capacity of the functional
polymer had been used much better in the porous com-
posite membranes than in the bulk particles.

Microscopic structure effects

Not only the adsorption capacity (cf. Figs. 2 and 3) but
also the binding selectivity of the thin-layer MIPs is
much higher than for the bulk MIP particles (cf. Table II).
The SPE data under optimal buffer conditions for the
bulk materials revealed a very small increase of binding
to the MIP as compared to the Blank, and consequently,
the imprinting led only to a small increase of selectivity,
from 32 to 37%. The magnitude of that effect correlated
with a small change of the binding site polarity (cf. Table
III). In contrast, for the thin-layer polymers, both binding
capacity and selectivity were much improved by im-
printing, the latter from 32 to 78% (cf. Table II). However,
the fluorescence probe data indicated that the structure
of the imprinted sites should have differences compared
to the situation in the bulk materials.

The polymer composition of bulk particles and thin
layers should be the same. However, whereas the
herbicide binding of the bulk functional polyacrylam-
ides will be mainly driven by ionic interactions and
hydrogen bonds, perhaps with some contribution of
hydrophobic interactions, a strong hydrophobic bind-
ing of the triazine herbicides to the PP support mate-
rial will occur under aqueous conditions. A degree of
functionalization of 500 ug/cm? corresponded to an
average polymer layer thickness of ~ 6 nm (cf. above),
which is closed to the critical layer thickness where the
PP support surface will not anymore become homo-
geneously coated. This microscopic inhomogeneity
will presumably be facilitated by the polymerization
reaction conditions and mechanism. In the early stage
of the functionalization, nanometer-sized primary
polymer aggregates will be deposited on the mem-
brane surface. The template ionically complexed with
the functional monomer will thus also partially be
bound to the hydrophobic surface, and a fixation of
these nanostructures may lead to the imprinted sites.
Hence, an influence of the hydrophobic support as
discussed previously® could contribute to an en-
hanced template binding inside of specific imprinted
cavities. Here, we assume that the more hydrophobic
and at the same time more acidic thin MIP layers
contain highly structured imprinted sites where also
hydrogen bonding can contribute to affinity and se-
lectivity. However, due to the acidity of the functional
monomer A and due to the hydrophilic polyacryl-
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amide building blocks, the polymer will be susceptible
to changes in pH and buffer.

A variation of the pH value has an influence on the
degree of protonation of the carboxylic groups in the
polymer. A pH above the pK, of IA leads to deproto-
nated carboxylic groups. Below this value, all carbox-
ylic groups are protonated. Whereas for pH values
larger than 6.6, ionic interactions will increasingly oc-
cur between monomer and template, at a pH 3.5, only
hydrogen bonds could be responsible for the template
binding. The ionic interactions at higher pH lead to a
higher template binding at the expense of a decreased
specificity expressed in magnitude of the imprinting
effect (cf. Figs. 2 and 3). For the thin-layer polymers, a
fixed orientation of the carboxylic groups in the im-
printed binding sites had been discussed for the MIPs
in contrast to their random arrangement in the Blanks;
this may explain the higher binding via long-range
ionic interactions for the Blanks at higher pH.

The change in buffer concentration will have an effect
on the swelling of the polymer and could have a minor
impact onto the ionization of the functional groups in
bulk and thin-layer polymers. The first effect especially
will lead to a changed geometry of the imprinted bind-
ing sites. On the other hand, with increasing buffer con-
centration, the efficiency of the ionic interactions, which
have the largest contribution to nonspecific binding (cf.
above), will be reduced. Obviously, the interplay of these
two different influences can help to understand the rea-
sons for the optima for the imprinting effect as a function
of buffer concentration (cf. Figs. 4 and5). Furthermore,
the fixation of the polymer layer to the solid surface of
the PP membrane will provide a more rigid structure
that is less susceptible to the changes of the solution
conditions with an impact on polymer swelling. There-
fore, higher buffer concentrations can be used to opti-
mize the imprinting effect.

CONCLUSIONS

Syntheses of MIP materials in both the traditional—bulk
particle—and the novel—thin layer—format were possi-
ble from the same reaction mixtures for an in situ
crosslinking polymerization. Photoinitiation is very ver-
satile to realize similar reaction conditions and to adjust
the degrees of monomer conversion most suited for the
respective formats. Such photoinitiated syntheses will in
the future allow the adaptation of many more of the
already established MIP recipes to the preparation of
composite materials in the thin-layer MIP format.

The bulk materials, particles from water-compatible
polyacrylamides with diameters between 25 and 45
pm, have a poor performance in fast SPE because of
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major diffusion transport resistance; nevertheless, an
imprinting effect could unambiguously be verified. In
contrast, a significantly higher performance of the
thin-layer MIPs had been achieved by the separate
preparation of a macropore structure (previous mem-
brane formation, here by a manufacturer) and a MIP
with the imprinted affinity binding sites. The thin-
layer MIPs on hydrophobic PP seem to have a special
structure of the binding sites, which is responsible for
the affinity and selectivity under aqueous conditions.
Further detailed investigations will be necessary to-
wards further improved syntheses and structures of
these heterogeneous (organized multifunctional) im-
printed sites. This will ultimately enable an optimization
of the porous thin-layer MIP composite membranes with
the aim to fully explore the application potential of fast
SPE, especially for treating large feed volumes.”*
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