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An evaluation of the extent of self-assembly of functional monomer–template complexes
in molecularly imprinted polymer prepolymerization mixtures has been performed. The results
provide general insights into the nature of the prepolymerisation self-assembly phase.
Furthermore, the method allows for the estimation of the number of medium- to high-affinity
recognition sites in the product polymer and a means for the rapid evaluation of molecular
imprinting systems.  1997 Academic Press
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Since the early work of Cram (1), Lehn (2), and Pedersen (3), significant effort
has been directed toward the design and synthesis of chemical structures capable
of selective molecular recognition. While many of the works in the area of supramo-
lecular chemistry have justifiably been hailed as milestones of contemporary organic
synthesis, the lengths and yields of syntheses of many synthetic receptors limit their
practical use. In parallel to these efforts, a technique has been developed for the
preparation of synthetic polymers containing recognition sites of predetermined
selectivity, namely, molecular imprinting (Fig. 1). Ligand selectivities and affinities of
molecularly imprinted polymers (MIPs) comparable to those of biological receptors,
e.g., antibodies, have been observed, making these polymers useful models of their
biological counterparts. This methodology is currently the focus of intense research
interest and is being used in a wide range of application areas, e.g., the preparation
of selective separation materials, artificial antibodies, and synthetic enzymes (4–10).
This has prompted efforts to better understand these systems to allow for their
rational design.

Molecular imprinting relies upon the presence of complementary interactions,
noncovalent or reversible covalent, between sites in the template molecules and
the functional monomer(s) used in the polymerization process. The thermodynamic
concepts underlying the ‘‘prearrangement’’ of functional monomers and template
have previously been discussed (11), and NMR (12, 13) and chromatographic
(14–17) studies have demonstrated their presence. The noncovalent interactions
generally employed in these polymers are polar in nature, e.g., hydrogen bonding,
ion pairing, ion-dipole, and metal ion chelation. Thus, the strengths of these interac-
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tions are accentuated by the relatively nonpolar solvent conditions generally em-
ployed during the polymerization process.

The stoichiometry of a noncovalent imprinting polymerization mixture dictates
the quantity and quality of recognition sites in the resultant polymer. An examina-

FIG. 1. Idealized representation of the molecular imprinting technique. (A) Judicious selection of a
monomer or monomer mixture, with chemical functionality complementary to that of the imprint species,
that is mixed with the template. The complementarily interacting functionalities form predictable solution
structures. (B) Polymerization in the presence of a suitable cross-linking agent yields a rigid bulk polymer.
(C) Removal of the template, leads to the defining of a recognition site of complementary steric and
functional topography to the template molecule.
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tion of published evaluations of stereoselective MIPs shows that too high a functional
monomer–template ratio renders polymers with high nonspecific binding, due to
an over abundance of polar functional groups distributed randomly throughout the
polymer matrix, and reduced selectivity. Too low a ratio yields polymers with
insufficient extents of template complexation and thus low site numbers and selectiv-
ity. Optimal functional monomer–template ratios should yield polymers which dem-
onstrate selectivity of binding and relatively low nonspecific binding. To this point
in time, the optimization of molecularly imprinted polymer systems has been per-
formed by the preparation, processing, and evaluation of a range of polymers, which
is both time consuming and tedious.

In this paper we describe a uv spectroscopic analysis of the molecular imprinting
‘‘prepolymerization stage,’’ where interactions between the template and functional
monomers are under thermodynamic control. This method was applied to the
investigation of three MIP template systems, namely, N-acetyl-L-phenylalaninyl-
L-tryptophanyl methyl ester (1) (18, 19), yohimbine (2) (20), and cinchonidine (3)
(21), which have been imprinted in methacrylic acid (4)–ethyleneglycol dimethacry-
late (5) crosslinked network copolymers. The analysis presented provides a means
for determining the extent of template complexation and allows a semiempirical
estimation of the number of selective recognition sites in a polymer prepared with
a given monomer/template composition. This method should provide a valuable
tool for the rapid investigation of new molecular imprinting systems.

MATERIALS AND METHODS

Chemicals were of analytical grade and all solvents of HPLC grade. Chloroform
and all monomers were purified prior to use (22).
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TABLE 1
Results from Titration of Template Structures with Functional Monomers and

Functional Monomer Analogues

Kdiss (M) 2DG (kJ/mol) Polymer
T M Solvent apparent apparent M : Ta % Cxd Tb

1 4 CHCl3 0.06 6.8 518 0.6
1 4 CHCl3/5 0.07 6.5 5 0.5
1 6 CHCl3 0.11 5.4 5 0.4
1 6 CHCl3/5 0.13 5.1 5 0.4
2 4 CH3CN 0.06 6.8 4.620 0.5
2 6 CH3CN 0.10 5.7 4.6 0.3
3 4 CHCl3 0.06 7.0 421 0.4
3 6 CHCl3 0.10 5.6 4 0.4

Note. Results from uv titration experiments. T, template molecule; M, monomer or monomer analogue.
a Functional monomer : template ratios used in preparation of the corresponding polymers.
b Percentage adduct formation corresponding to the molar ratios used in polymer preparations calcu-

lated from saturation plot regressions. Monitored wavelengths and binding plot correlation coefficients:
1/6 l 258.4 nm, R2 0.98; 1/6/5 l 294.5 nm, R2 0.98; 1/4 l 300.0 nm, R2 0.96; 1/4/5 l 297.0 nm, R2 0.96;
2/4 l 293.1 nm, R2 0.90; 2/4 l 300.3 nm, R2 0.97; 3/6 l 315.7 nm, R2 0.93; 3/4 l 310.0 nm, R2 0.97.

Titration Experiments

A 1-ml solution of 1 (99 eM), 2 (106 eM), or 3 (161 eM) was titrated with
consecutive 3-el injections of 4 or 6 (Table 1) at 238C. The solution was equilibrated
for 3 min after each injection, prior to recording of the uv spectrum. Spectra were
recorded on a Beckman DU640 single-beam spectrophotometer. Results represent
the average values of a minimum of three sets of experiments for each system
studied.

RESULTS AND DISCUSSION

The titration of the functional monomer, methacrylic acid (4), into a solution
of the dipeptide 1 in chloroform containing the crosslinker 5 at concentrations
comparable to those used in polymer preparation studies resulted in complex forma-
tion which can be observed by uv difference spectroscopy (Table 1). The observed
shift reaches a maximum corresponding to saturation of interaction between
functional monomer and template structure. Hill-type binding plots (23) were then
prepared from the saturation plots, allowing calculation of apparent Kdiss values.

The interaction of a crosslinking monomer with a template in molecular im-
printing should ideally be small or negligible to reduce the nonspecific binding
modes available in the product polymer. Titration of 5 into chloroform solutions
of 1 revealed no appreciable change in the absorption spectra of 1, implying that
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the crosslinking agent does not interact significantly with the template. The small
increase in adduct stability, DGapp 0.3 kJ mol21, in the absence of 5 is attributed to
its slightly higher polarity than the solvent, chloroform. Thus, exclusion of 5 from
titrations could be justified. Furthermore, difficulties encountered during titrations
in the presence of 5, due to photoinitiated polymerization, make its exclusion
convenient on practical grounds.

The significance of the functional monomer’s hydrophobic structural elements,
the methyl and double bond moieties, was investigated by substitution of acetic
acid (6) for methacrylic acid (4) (Fig. 2). This resulted in the destabilization of the
corresponding solution adducts, both in the presence and absence of 5, by 0.6 kJ
mol21. This effect was attributed to the more polar (less nonpolar) nature of 6. It
is noteworthy that 6 provides a practical alternative to 4 in such titrations due to
its wider uv transmission window.

This technique was subsequently applied to yohimbine (2) and cinchonidine (3)
(Table 1). Greater complex stabilities were observed in each case, due to the
presence of protonated tertiary amines in these structures. The difference between
titrations using 4 and 6 reflected those for the dipeptide 1. Kdiss values for these
templates indicated that their complexes were indeed more stable. Greater complex
stability leads to solution adduct populations of greater size and conformity which,
in turn, yields polymers with greater selectivities, due to better defined recognition
site populations, and higher capacities, on account of the greater number of such
sites. This is reflected in the superior stereoselectivity of cinchonidine (3) MIP
synthetic receptors (21) relative to those of the nonprotonated dipeptide (1)-im-
printed polymers (18), although structural flexibility and other thermodynamic
factors also play a role (11).

The saturation isotherms for each template were examined with respect to the
molar ratios employed for the previously reported preparation of their correspond-
ing MIPs. Interestingly, analysis of the optimized polymerization mixtures used in
previous studies for the preparation of polymers selective for 1 (19), 2 (20), and 3
(21), reveals that the template to functional monomer ratios used correspond to
between 0.3 and 0.6% of adduct formation. Thus, in the protocols generally used
for noncovalent molecular imprinting, noncomplexing functional monomer shall
be distributed nonspecifically throughout the polymer matrix. This contributes to
the population of non- and weakly selective binding modes, i.e., contributing to
site heterogeneity. Furthermore, examination of the literature reveals that high to
medium affinity sites comprise around 0.5 to 1% of the theoretical receptor site
yields. It is therefore noteworthy that the proportion of adduct present in the
polymerization mixture correlates with the number of selective recognition sites
found for their corresponding polymers.

Figure 3 demonstrates the general relationship between the extent of template
complexation and the amount of functional monomer present in a polymerization
mixture. In the case where each template can build a complex with a single functional
monomer the dashed line (Eq. [1]) corresponds to the concentration of monomer–
template complex [MT] in solution. Equation [2], the solid line in Fig. 3, describes
the concentration of free functional monomer in the mixture [M]*, where [T]* is
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FIG. 2. (A) Ultraviolet spectra of the dipeptide (1) in chloroform (dashed line) and upon saturation
with the monomer analogue acetic acid (6). (B) Saturation isotherm for titration of 1 with 6. DD

Absorbance was monitored at 258.4 nm. (C) Binding plot derived from the saturation isotherm using
the equation: 1/y 5 1 1 Kdiss(1/[B]), where [B] is the concentration of ligand and y is the ratio of
concentrations of bound ligand and total receptor. The R2 value is 0.98.

the free template concentration, [M]tot is the concentration of monomer used, and
[M]tot 5 [M]* 1 [MT].

[MT] 5 [M]*[T]*/Kdiss [1]

[M]* 5 [M]tot 2 ([M]*[T]*/Kdiss ) [2]

We suggest that, for a template capable of interacting with a defined number
of functional monomer molecules, the point at which the difference in relative
concentrations of complex and free functional monomer is greatest, in favor of
complex, should yield MIPs of optimal selectivity. In other words, the number of
functional monomer groups randomly distributed in the polymer matrix, relative
to those involved in template complexation, is kept to a minimum.

The self-assembly of template and functional monomer, prior to initiation of
polymerization, is a dynamic state where the extent of template complexation at
equilibrium is governed by the change in Gibbs free energy for formation of each
mode of template–functional monomer interaction (11). The formation of a solution
adduct requiring the simultaneous ordering of several discrete molecular entities
should involve a significant energetic penalty arising from loss of translational and
rotational free energy, hence the low stabilities of these adducts (24). This study
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FIG. 2—Continued
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FIG. 3. Relationship between functional monomer [M]tot added to the polymerization mixture and
complexed template concentration [MT], calculated for a template (1 mol) capable of binding a single
functional monomer species, M. [M]* is the concentration of free (noncomplexed) monomer.

therefore shows that the sole use of noncovalent interactions for selective recogni-
tion site formation is limiting. Thus, preparation of MIPs with monomers capable
of much stronger, or effectively irreversible, complex formation during the polymer-
ization, e.g., reversible covalent bonds, metal ion coordination, and multiple inter-
acting noncovalent interactions, offer greater promise for producing more highly
defined recognition sites and higher site populations. It is noteworthy that the self-
complexation of both templates and monomers is possible, depending upon the
concentrations of these components, for which the approximation shown here does
not take into account. The self-complexation of template would lead to polymers
with selectivity for template complexes, which may give rise to cooperative bind-
ing effects.

Finally, this approach to the study of molecular imprinting polymerization systems
should prove useful for those developing novel functional monomers, optimizing
monomer–template–solvent ratios, and studying new template structures. We are
currently extending the method using other spectroscopic techniques.
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