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1. Background 
Molecularly imprinted polymers (MIPs)1,2 are made with the purpose to selectively bind (and 

thereby separate, sense, etc.) a target compound and/or similar compounds from a fluid phase. 

This property of MIPs is achieved by polymerization of suitable monomers in the presence of 

a template, which is typically the target compound (see Figure 1). The template is removed 

after the polymerization, revealing binding sites complementary in size and shape to the 

template molecule which are able to rebind the target molecule selectively. If the template is 

simply admixed to the polymerization mixture, the process is called noncovalent imprinting. A 

control polymer is often made in the absence of the template (NIP: nonimprinted polymer).  

MIPs have been used for the development of various analytical and technological methods such 

as liquid chromatography, capillary electrochromatography, solid-phase extraction (SPE), 

membrane separations, binding assays and sensors.  

 
Figure 1 Scheme of molecular imprinting3 

MIPs bind their target compounds at binding sites. Despite many efforts, the exact chemical 

structure of these binding sites could not yet be revealed. The binding sites are typically based 

on some type of functional groups, like a carboxylic group. The total amount of such functional 

groups and their distribution into available and unavailable groups is not well known. The 

total binding capacity is usually indirectly determined from adsorption isotherms, which are 

measured much below the theoretical binding capacity. My aim was to compare the amount of 

functional groups introduced by synthesis with the results of polymer titration and with those 

of target molecule adsorption. 

Adsorption properties of polymers are usually described with adsorption isotherms. The 

isotherm shows the equilibrium analyte concentration on the solid phase (q, in mol/kg), as a 

function of its concentration in the liquid phase (c, in mol/L). The isotherms of MIPs are 

nonlinear. 

                                                           
1Sellergren, B. (Ed.), Molecularly Imprinted Polymers. Man-Made Mimics of Antibodies and Their Application in Analytical 

Chemistry; Techniques and Instrumentation in Analytical Chemistry, first ed., Elsevier Science, Amsterdam, 2001 
2 Haupt,K. (Ed.), Molecular Imprinting, Springer, Heidelberg, 2012 
3 Hu, Y. L., Pan, J. L., Zhang, K. G., Lian, H. X., Li, G. K., Trends Anal. Chem. 2013, 43, 37-52. 
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Measured isotherms consist of individual points. If a curve is fitted to these points it may be 

used for interpolation. However, the fitting of a mathematical function to the points may serve 

also the goal of discovering some details about the chemistry of binding. This is achieved by 

fitting of mathematical functions which had been derived for some hypothetical binding 

chemistries. Many models have been proposed to describe adsorption in various systems e.g.: 

Langmuir, bi-Langmuir, and Freundlich equation4. My goal was to compare the different 

isotherm models and to find a new and robust, model-free way for comparing MIP isotherms, 

which also gives information about the selectivity.  

Selectivity of propranolol and terbutylazine MIPs were investigated in detail. (Figure 2 shows 

the structures of propranolol and terbutylazine.) In order to test the general validity of our 

results, NIPs, commercial non-imprinted SPE sorbents and commercial MIPs were also studied. 

Beside these methacrylic acid based polymers, a “tailor made” functional monomer (2,6-

bis(acrylamido)pyridine) based polymer was also investigated with the new method. 

 
Figure 2 Structures of propranolol and terbutylazine 

In real applications, two or more compounds are present in the solution, which are competing 

for the binding sites. Simultaneous (typically competitive) adsorption on MIPs has not yet been 

quantitatively analysed. Therefore I studied the relationship between the individual and 

competitive isotherms.  

During polymer selectivity studies, I realized that the general selectivity definition in analytical 

chemistry is not obvious. Therefore I focused on the question, if selectivity can be meaningfully 

numerically characterized. Furthermore, I was looking for the connection between the general 

selectivity definition and the MIP selectivity description. 

                                                           
4 Alberti, G., Amendola, V., Pesavento, M., Biesuz, R., Coord. Chem. Rev. 2012, 256, 28-45. 
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2. Experimental 

2.1. Binding capacity of methacrylic acid based polymers 

Propranolol MIP was prepared as described previously5. NIPs were prepared with three types 

of polymer preparation method: bulk (in different solvents), precipitation (in acetonitrile) and 

modified precipitation (in toluene/paraffin oil mixture) polymerization, respectively. 

The amount of methacrylic acid not incorporated into the polymers was checked by incubating 

the polymers after polymerization with methanol, and then analysing the supernatant for MAA 

by HPLC, and for total acids (MAA and /or polyacids) by potentiometric titration. 

For the determination of the cation exchange capacity of the polymers, base solution (0.1 M 

NaOH, NH4OH, tetramethylammonium hydroxide, tetrabutylammonium hydroxide) 

equivalent to approximately 120% of the expected carboxylic group content of the polymer was 

added to the samples. After 30 min mixing an aliquot of the supernatant was titrated with HCl 

to find the unreacted fraction of the base.  

During organic base adsorption studies, the amount of base (propranolol, 1,8-

diazabicyclo[5.4.0]undec-7-ene (DBU)) added to the polymer was always equivalent to the 

theoretical amount of -COOH groups in the respective polymer sample. After one day 

incubation, the supernatant was analysed with HPLC. 

Swelling volume of the polymers was measured in NMR tubes in two different media. 

2.2. A new method for analysing adsorption isotherms 

Polymers were prepared as described previously, using the method of Andersson5  for 

propranolol MIP and the method of Ferrer et al.6 for terbutylazine MIP synthesis. 

Polymers were weighed into polypropylene microtubes and the solution of the test compound 

was pipetted into the tube. Adsorption was measured by HPLC determination of the unadsorbed 

test compound after incubation (typically 30 min). The adsorption isotherms were measured by 

varying the initial concentration and volume of the solutions. In the competitive isotherm 

measurement, propranolol and dibenzylamine were mixed in different ratios in acetonitrile and 

added to the propranolol MIP. After 30 min incubation with the polymer, the supernatant was 

analysed with HPLC. 

2.3. An application: Investigation of 2,6-bis(acrylamido)pyridine 

(BAAPy) based polymers 

Two functional monomers were prepared: 2,6-bis(acrylamido)pyridine (BAAPy) and N-(6-

acetamidopyridin-2-yl)acrylamide (AAPy). Two MIPs (imprinted with the template 2′,3′,5′-tri-

O-acetyluridine, TAU) and two NIPs were prepared using these functional monomers and 

EDMA (ethylene glycol dimethacrylate) as crosslinker. The selectivity of polymers was tested 

with elution chromatography. Isotherms of the TAU template were measured on the polymers 

in acetonitrile. 

                                                           
5Andersson, L.I., Anal. Chem. 1996, 68, 111-117. 
6 Ferrer, I., Lanza, F., Tolokan, A., Horvath, V., Sellergren, B., Horvai, G., Barcelo, D., Anal. Chem. 2000, 72, 3934-3941. 
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3. Results and discussion 

3.1. Binding capacity of methacrylic acid based polymers 

The binding capacity of a propranolol MIP and several different NIPs were studied. Substantial 

variety of NIPs was prepared by using different polymerization techniques, different 

crosslinkers and different solvent media in the polymerization. All polymers contained 

carboxylic functional groups. Adsorption of weak bases (mainly propranolol) on the polymers 

was investigated at high loadings. (Adsorption of amines were measured in acetonitrile, because 

in aqueous media the hydrophobic interaction is great). The adsorption results were compared 

with NaOH titrations, which show essentially the adsorption of strong bases. Interpretation of 

the results was assisted by swelling measurements.  

It has been found that the carboxylic groups used in the polymer synthesis were quantitatively 

retained in the polymers. The adsorbed amount of weak bases was always less than the 

theoretical -COOH content but substantial amounts were adsorbed (depending on the polymer). 

As an example, the MAA-EDMA NIP prepared in acetonitrile will be presented here in detail. 

Figure 3 shows the titration and propranolol adsorption result of this polymer. 

 
Figure 3 Titration result in methanol-water 1:1 and adsorption result of propranolol from 0.01 M acetonitrile 

solution with MAA-EDMA NIP 

It has been found, that almost all carboxylic groups can be reached by NaOH in this polymer. 

The polymer can bind propranolol equivalent to more than 25% of its COOH content (these 

results are the same for the similarly prepared propranolol MIP). However, the binding capacity 

of a very similarly prepared MIP had been estimated from the binding isotherm (measured at 

lower concentrations) as merely 4% of its COOH content5. This means, that the binding 

capacity should be measured always experimentally. 

The big difference between the uptake of the strong base sodium hydroxide (in titration) 

compared to the adsorption of the weak base propranolol on NIPs had shown that base strength 

must exert great influence on adsorption. Therefore the uptake of bases of different strength, 

sodium, tetramethylammonium (Me4NOH), tetrabutylammonium (Bu4NOH),  and ammonium 

hydroxide from their solutions in 1:1 methanol-water was measured at 0.1 M level. The amine 

bases (propranolol and DBU) were investigated in acetonitrile together with Me4NOH.  

Note that NaOH, Me4NOH, Bu4NOH and DBU are strong bases compared to propranolol and 

ammonium hydroxide. Figure 4 shows that the basicity has a strong influence on the 

adsorption.  
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Figure 4 Loadings of MAA-EDMA polymer with bases of different strength (from 0.1 M solution) 

From this and other experiments it was found, that the accessible fraction of the carboxylic 

groups could be fully used for adsorption from acetonitrile if the adsorbed “weak” base was 

strong enough (DBU) and if the polymer structure was sufficiently elastic (polymer prepared 

in dimethylformamide).  

At the high loading levels studied here, the difference between the MIP and the corresponding 

NIP used in this work disappears, so that our results can be applied to MIPs as well. This study 

has confirmed additionally that NIPs are interesting adsorbents with their own selectivity and 

can be used at fairly high loadings. 

3.2. Problems with isotherm model fitting 

It is a common experience that several isotherm models may give similarly good fits to the same 

experimental data. My goal was therefore to investigate how closely one type of isotherm 

equation can fit to another type of isotherm equation.  

As an important example, the approximation of the Freundlich isotherm by the bi-Langmuir 

isotherm was investigated in detail. 

The Freundlich isotherm equation is: 

q=acm         (1) 

where a and m are constant parameters. 

The bi-Langmuir equation is: 

q=(a1/(1+b1c))+ (a2/(1+b2c))       (2) 

where a1, a2, b1 and b2 are constant parameters. 

It has been shown, that if the measured isotherm data of an adsorption system are well described 

by the Freundlich equation then they can similarly well be described by the bi-Langmuir or tri-

Langmuir model in most practical cases. This is proved by Monte Carlo simulation and by 

comparison of the mathematical functions of the respective isotherm models. Figure 5 shows 

the deviations of the best fitting bi-Langmuir function curves from their corresponding 

Freundlich curves (q=1000cm) as a function of logc. 
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Figure 5 Deviation of the adsorbed concentrations calculated with the best fitting bi-Langmuir parameters from 

those calculated using the Freundlich equation with a= 1000 and the m values shown in the figure 

As Figure 5 shows, the bi-Langmuir model can indeed quite closely approach the Freundlich 

isotherm. The typical precision of static (batch) isotherm measurements has about 5% standard 

deviation. Thus, if the measured data are well described by the Freundlich model (it is typical 

for many MIPs and some other sorbents), it is virtually impossible to reject the bi-Langmuir 

model as an alternative, even if measurements are made in a concentration range two or three 

orders of magnitude wide. A precision of ca. 1% is possible with very careful frontal 

chromatographic measurement, but this requires the use of HPLC columns packed with the 

adsorbent. Many adsorbents are unsuitable for HPLC, and therefore their isotherms are 

measured with less precision (with batch experiments), so that isotherm distinction is difficult. 

3.3. A new method for analysing adsorption isotherms 

The fitted parameters of the commonly used isotherm equations do not provide directly useful 

information for technical applications or even only for judging the selectivity of adsorption. 

Therefore I have presented a new way for comparing MIP isotherms. The equilibrium adsorbed 

concentration (q) was plotted against the equilibrium solution concentration (c) in log-log plots. 

Comparison of the respective logq-logc plots allows directly the determination of the commonly 

used parameters like distribution ratio (D=q/c), imprinting factor (IF=DMIP/DNIP) and 

selectivity (Sel=Dtemplate/Danalogue), (and their concentration dependence, which has been often 

neglected) as Figure 6 shows. 

 
Figure 6 Reading the logarithm of distribution ratio (D), imprinting factor (IF) and selectivity (Sel) from the 

log–log plot 
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When comparing isotherms on log-log plots: 

 it is sufficient to do isotherm measurements only in the expected range of the practical 

application  

 2-3 points per log concentration unit are satisfactory 

 isotherms need not be measured with high precision. 

As a demonstration of the use of logq-logc plots the selectivity of a propranolol MIP toward 

different secondary amines, and the selectivity of a terbutylazine MIP toward different triazines 

have been investigated. Simple visual comparison of log-log plots has been found adequate for 

judging the suitability of a MIP for practical (technological, analytical, etc.) applications. The 

plots can also help to find alternatives of MIPs like the same kind of polymer prepared without 

imprinting or a polymer imprinted with a cheap alternative compound, or even traditional, 

commercially available polymers. 

The competitive isotherm measurements show, that the two individual isotherms (propranolol, 

dibenzylamine) determine the competitive isotherm. This observation substantially reduces the 

required number of measurement points of the competitive isotherm. Furthermore, the 

separations with MIPs can be quite simply predicted. 

3.4. An application: Investigation of 2,6-bis(acrylamido)pyridine 

(BAAPy) based polymers 

My aim was to investigate the role of the two double bonds in the functional monomer 2,6-

bis(acrylamido)pyridine (BAAPy) in imprinting. BAAPy had been successfully applied earlier 

for imprinting barbiturates and uridine derivatives. However, the effect of the two 

polymerizable units in its structure has not yet been investigated. Therefore I have compared 

the MIP prepared with BAAPy to the MIP prepared with a similar functional monomer, N-(6-

acetamidopyridin-2-yl)acrylamide (AAPy), which has only one polymerizable double bond. 

The template was the compound TAU. Figure 7 shows the structures of the two monomers and 

the template. 

 
Figure 7 Structures of the functional monomer BAAPy and AAPy and the template 

I have shown with the log-log isotherm method (Figure 8), that the MIP prepared with BAAPy 

adsorbed much more template than the MIP prepared with AAPy at low concentrations. This 

means, that the BAAPy needs both double bonds for efficient imprinting.  
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Figure 8 Isotherms of BAAPy and AAPy based polymers 

3.5. Selectivity in analytical chemistry 

Many definitions of selectivity are possible and have been used in analytical chemistry. The 

existing selectivity concepts for univariate analytical methods broadly fall in two classes: 

definitions based on measurement error and definitions based on the response surface (the 

response surface being the 3D plot of the univariate signal as a function of analyte and 

interferent concentration, respectively, see Figure 9). Both types have their respective merits 

and problems. 

I have derived the relationship between these two classes of selectivity definitions for linear 

response surfaces. It has been found, that the error based selectivity and the response surface 

based selectivity may be contradicting. I have proved, that a practically relevant class of 

nonlinear response functions, denoted pseudo linear, allows the use of a simply interpreted 

concentration-independent selectivity measure. 

 
Figure 9 A general response surface (y: measured signal, c1: analyte concentration, c2: interferent 

concentration) 

I have proved, that the selectivity of MIPs and other polymers can be defined with the error 

based selectivity concept. 
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4. Theses 
1. I have proved, that the binding capacity of weak acid based polymers for moderately weak 

bases is less than the theoretical capacity (which is equivalent to the carboxyl content). It has 

been found that the carboxylic groups used in the polymer synthesis were quantitatively 

retained in the polymers. Titration with NaOH found 80-90% of these carboxylic groups in 

most polymers. This means, that theoretically the polymer can adsorb the equivalent amount of 

base. My experiments have shown that the high level of adsorption can only be achieved if the 

adsorbed weak base is strong enough, small in size, and if the polymer is prepared in the 

appropriate solvent or with reduced degree of crosslinking. The total binding capacity is 

apparently equal to the titratable amount of carboxylic groups in optimal conditions. This 

contradicts the assumption that the reason for the low adsorption of weak bases is the 

unavailability of part of the carboxyl groups as binding sites. [1] 

2. I have shown, that the choice between the Freundlich and bi-Langmuir models, respectively, 

is questionable depending on the isotherm measurement precision. If the measured isotherm 

data of an adsorption system are well described by the Freundlich equation then they can be 

similarly well described by the bi-Langmuir model in most practical cases. This has been 

proved by Monte Carlo simulation and by comparison of the mathematical functions of the 

respective isotherm models. My work can help to predict what measurement precision and 

concentration range are required to distinguish between the isotherm models. [2] 

3. To overcome the problems with isotherm model fitting, I have suggested a new method for 

isotherm presentation (in form of a log-log graph). The log-log isotherm plots are often close 

to linear in a certain concentration range, at least in a rough approximation. This linear 

relationship is helpful for visual comparison, but it is not a precondition for using the plots. This 

method is easy and robust, and can help chemists in choosing the appropriate polymer for a 

given separation or detection task. The efficiency of imprinting and the selectivity of polymers 

can be easily tested [3]. I have shown with this method, that the functional monomer 2,6-

bis(acrylamido)pyridine (BAAPy) needs both its double bonds for efficient imprinting.  

4. I have shown, that in certain cases NIPs (nonimprinted polymer) and commercial 

nonimprinted polymers can have similar advantages to MIPs (molecularly imprinted polymer). 

Even a remotely similar compound may be suitable to replace the target compound as the 

template in imprinting. As an example, the diethylamine MIP has very similar binding 

properties to the propranolol MIP in the investigated concentration range. This means, that 

mainly the amino group of the template is responsible for the strong binding ability of the 

propranolol MIP. The size, shape and other functionalities of the template have only secondary 

effects on it. These polymers can be suitable to replace the target compound as the template in 

imprinting and thus they can reduce costs and/or template bleeding problems. [3] 

5. Competitive isotherm measurement on a propranolol MIP has shown, that the distribution 

coefficients of two competing compounds depend only on the total adsorbed amount of the two 

compounds and they are independent of the two individual adsorbed concentrations. This 

means, that the two individual isotherms determine the competitive isotherm. This observation 

substantially reduces the required number of measurement points of the competitive isotherm. 

Furthermore, the separations with MIPs can be quite simply predicted. [4] 

6. In the literature there is no generally accepted definition of selectivity in analytical chemistry. 

[5-6]. I have shown the strengths and weaknesses of the two types of selectivity concepts 

(selectivity concepts based on measurement error and concepts based on response surfaces), 

and the contradiction between them. It has been shown, that a practically relevant class of 
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nonlinear response functions shows the same behavior as the linear response functions. [7]. I 

have proved, that the selectivity of MIPs and other polymers can be defined with the error based 

selectivity concept. 

5. Practical applicability of the results 
In industrial applications it may be necessary to separate two compounds, both of which are 

present at high concentration. However, the necessary studies at high concentrations are rare, 

and most MIPs have not been characterized in this respect. My results show, that the binding 

capacity of polymers should be always experimentally tested (and not calculated from the 

isotherm model fitting). The measured binding capacities indicate that almost all carboxylic 

groups are available for bases, and this is a useful new result in the MIP field. 

When based on isotherm experimental data of a few percent precision, neither the selection of 

the isotherm type, nor the physical interpretation of the obtained constants is on a safe ground. 

These results are a warning against over-interpretation of the bi-Langmuir model when new 

MIPs are developed. 

My suggested method for isotherm presentation (logq-logc plot) is a simple method for polymer 

testing, and the precision of the measured data is also less critical than in equation fitting. The 

logq-logc graphs show very transparently the selectivity of the polymers. It has been also 

shown, that NIPs may have interesting practical properties. 

Based on our results with competitive isotherms, batch separation experiments can be easily 

designed and the selectivity of the MIPs is also easily determined without the tedious 

measurement of the full competitive isotherm. 
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