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Abstract 
In the present work, molecular dynamics simulations were used to evaluate the molecular 
interactions in prepolymerization mixtures, as occurring during production of molecularly 
imprinted polymers. The systems simulated were produced based on earlier studies for 
reference of results. Four systems were simulated in order to investigate the effect on molecular 
interactions based upon the choice of porogen (acetonitrile or chloroform) and proton transfers. 
The systems consisted of phenylalanine anilide as template, methacrylic acid as functional 
monomer, ethylene glycol dimethacrylate as crosslinker and 2,2’-azobis-(2-methylpropionitrile) 
as radical initiator, with either acetonitrile or chloroform as porogen. Trajectories from the 
simulations were evaluated through radial distribution function analysis, grid density analysis 
and hydrogen bond analysis to investigate molecular interactions and complex formations in the 
simulated complete prepolymerization mixtures. Focus was on functional monomer-template, 
crosslinker-template and template-template complex formations. 
The results showed that the porogen influences molecular interactions in complete 
prepolymerization mixtures. Formation of higher order complexes was confirmed in all of the 
systems involving all of the investigated molecular species in the prepolymerization mixtures. 
The results could also confirm the presence of previously observed complexes between 
functional monomer and template (2:1 and 1:1 stoichiometry) and the prevalence of template 
dimerization, as well as a high involvement of crosslinker in complex formation.  
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Svensk sammanfattning 

 

Förmågan att skapa syntetiska polymerer med avgjutningar av molekyler 

kallas för molekylavgjutning. Man utnyttjar polymeriserbara molekyler (funktionella 

monomerer och så kallade korslänkare) för att associera till, omsluta och skapa en 

hålighet i den bildade polymeren, vilken har en förmåga att selektivt återbinda just den 

molekyl som håligheten skapats av. Denna molekyl kallas för templat. Eftersom denna 

återbindning är mycket selektiv kan man jämföra dessa plaster med biologiska 

receptorer eftersom deras selektivitet baseras på liknande mekanismer. Då dessa plaster 

är mycket stabila, selektiva och relativt enkla att producera har de tillämpningar inom 

olika separationsprotokoll, screening av molekyler samt vid kemisk analys. De har även 

uppvisat potential att användas som läkemedel eller i samband med dosering och 

kontrollerad frisättning. 

Selektiviteten hos den producerade polymeren bygger på att interaktioner 

mellan funktionella grupper hos molekyler som etableras i lösning innan 

polymerisationen inkorporeras i den växande polymeren. Den vanligaste metoden 

baseras på icke-kovalenta interaktioner mellan de polymeriserbara monomererna och 

templat molekylen. För att polymerisationen skall ske inkluderas oftast en radikal 

initiator. Reaktionen startas genom att lösningen (som innehåller templat, initiator, 

funktionell monomer, porogen och korslänkare) antingen värms eller bestrålas med 

ultraviolett ljus. Detta leder till bildning av fria radikaler av initiatorn som attackerar 

dubbelbindningar hos de polymeriserbara molekylerna (korslänkaren och den 

funktionella monomeren) vilka polymeriserar och bildar den färdiga plasten. Efter detta 

avlägsnas templaten och kvar i plasten blir håligheter med funktionella grupper som är 

komplementära till, och selektivt kan återbinda templat molekylen. Porogenen fungerar 

delvis som lösningsmedel samt för att skapa en mer porös polymer. 

Det är ett känt faktum att håligheterna i plasten har en viss heterogenitet, 

med andra ord ser inte alla lika ut och har olika affinitet för templatet. Det finns teorier 

som förklarar detta genom bildandet av olika former av komplex genom olika 

interaktioner mellan byggstenarna i lösning innan polymerisationen. För att kunna 

optimera selektiviteten hos den producerade polymeren är det därför av största vikt att 

förstå hur molekylerna i lösningen interagerar. 

De studier som tidigare har gjorts för att utvärdera de molekylära 

interaktionerna i lösning innan polymerisationen har fokuserats på interaktionen mellan 
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funktionell monomer och templat genom olika former av praktiska analysmetoder. 

Dessa har med andra ord inte inkluderat alla komponenter i lösningen vilket inte heller 

borde ge en realistisk bild av situationen i lösning innan polymerisationen. 

Med den snabba utvecklingen av datorer och deras beräkningskapacitet 

har det tett sig naturligt att utveckla metoder för att analysera kemiska system i en 

simulerad miljö. En sådan teoretisk modelleringsmetod är molekylär dynamik (MD) 

simuleringar. Dessa baseras i grund och botten på Newtons lagar om rörelse. Man 

simulerar molekylers rörelser och interaktioner i en volym och studerar dessa mönster 

visuellt och genom tillämpning av olika analysmetoder. Man kan utföra dessa 

simuleringar i system som simulerar bulktillstånd i en kubisk volym, så kallad box. 

Detta sker genom ett knep som kallas periodic boundary conditions där man eliminerar 

effekten av ytor i volymen. När en molekyl vandrar ut ur kuben ersätts den av en ny 

reflektion av molekylen på andra sidan kuben. På detta vis hålls antalet molekyler i 

volymen konstant genom simuleringen och molekylernas interaktioner kan studeras 

under realistiska bulkförhållanden under en rimlig tidsrymd och till en rimlig kostnad. 

I denna studie användes MD simuleringar för att studera molekylära 

interaktioner i den kompletta polymerisationslösningen innan polymerisering. Systemen 

baserades på tidigare studier för att ha praktiska analyser att väga de teoretiska 

resultaten mot. Systemet är ett väl utrett och karakteriserat system med fenylalanin 

anilid som templat, metakrylsyra som funktionell monomer, etylen glykol dimetakrylat  

som korslänkare och 2,2´-azobis-(2-metylpropionitril) som initiator och antingen 

acetonitril eller kloroform som porogen. Detta för att utvärdera vilken effekt porogenen 

har på de molekylära interaktionerna samt att studera effekten av protonöverföring 

mellan molekylerna. 

Resultaten visar på bildandet av komplex av högre ordning i alla system 

och mellan alla olika sorters molekyler i lösningen. Man kan med andra ord inte bortse 

från dessa faktorer när man diskuterar bildandet av polymeren och dess selektivitet. 

Resultaten visar även på en hög inblandning av korslänkaren i komplexbildningen och 

en tydlig effekt av porogenen på molekylära interaktioner. De bekräftar även en 

blandning av tidigare föreslagna interaktioner. MD simuleringar har visats sig vara ett 

värdefullt teoretisk verktyg för framtida studier och optimering av 

molekylavgjutningssystem.  
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1. Introduction 
 
1.1 Molecular Imprinting 
 
Over the past decade the molecular imprinting technique has received significant 
attention due to its utility for the producion of synthetic polymers, so called molecular 
imprinted polymers (MIPs) [1]. Molecular imprinting [2] has been defined as:  
 

‘The construction of ligand selective recognition sites in syntetic polymers where 
a template (atom, ion, molecule, complex or a molecular, ionic or 
macromolecular assembly, including microorganisms) is employed in order to 
facilitate recognition site formation during the covalent assembly of the bulk 
phase by a polymerization or polyclondensation process, with subsequent 
removal of some or all of the template being necessary for recognition to occur 
in the spaces vacated by templating species’ 

 

In other words the created polymer can recognize and separate molecular structures with 
certain properties such as functional groups, size and/or shape from other molecules. In 
MIP synthesis, the various components, template, functional and crosslinking 
monomers are mixed in solution prior to polymerization. This solution is commonly 
refered to as the prepolymerization mixture. The functional monomer interacts with the 
template through either reversible covalent or noncovalent interactions. The monomer 
contains polymerizable double bonds, which can react with crosslinking monomers (and 
other monomers) to create a polymer network. It is generally accepted that functional 
monomers associate with the template in the prepolymerization mixture and that these 
interactions are conserved during polymerization. They give rise to a three dimensional 
arrangement of binding functional groups in the polymer. After removing the template 
molecules, these sites can be reoccupied by template by reforming these interactions [3], 
a process known as rebinding. A suitable porogen is generally used, as if the pore-size is 
to small, template molecules cannot be removed and/or rebind. Further polymerization 
mixtures contain a radical initiator, which is normally ‘activated’ through heat or UV 
treatment. This leads to free radical formation, which makes the polymerization of 
monomers and cross-linkers progress at a realistic rate. Finally, it contains a solvent, or 
porogen. This is in part to solvate the species in the prepolymerization mixture, but also 
to create pores in the polymer to give a more porous matrix. In essence the porogen 
molecules occupy space between molecules in the mixture during polymerization and 
hence prevent this area from being occupied by polymerized monomers. In this way, 
imprints of molecules in synthetic polymers are produced (see figure 1). 
 
The wide range of potential application areas for MIPs makes them attractive targets for 
further investigation and development. For example, MIPs have shown large potential 
for applications in separation science, facilitated synthesis and as enzyme or receptor 
mimics [4]. There have even been experiments with MIPs that have drug like effects. 
One such category are cholesterol selective MIPs for use as oral absorbers. There have 
also been studies investigating the potential for use of MIPs in drug delivery systems, in 
particular as intelligent drug release agents for drug targeting [3].  
 
One mode of association between functional monomer and template in 
prepolymerization mixture is through reversible covalent binding. This method was 
introduced 1972 by Günter Wulff and associates [3], the ‘covalent approach’. In this 
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strategy, the functionalized monomers are first covalently bound to the template 
molecule prior to polymerization, after which these reversible bonds are broken and the 
template molecules are removed. In this way the rebinding is proposed to occur through 
covalent bonding to specific groups on the template molecule [2]. 
 
A second method based solely on noncovalent interactions between template and 
monomer was introduced by Mosbach and Arshady [3]. The theory underlying the 
noncovalent imprinting process is that the template interacts with functionalized 
monomers through noncovalent interatctions prior to polymerization, in the 
prepolymerization mixture. These interactions are then, to some extent maintained 
during polymerization.  
 

After the polymerization, the template molecules are removed from the polymer and 
leave cavities via which recognition occurs through a combination of reversible binding 
and shape selectivity. A somewhat poor comparison is a magnetically coded car key. 
The key fits the keyhole and the magnetic code confirms the fit, allowing you to start 
the car. The mechanism behind selectivity is today not fully understood and there are 
different arguments to explain exactly how the recognition of template molecules work 
during rebinding. There are, for example, theories that the selectivity is not based on the 
properties of the cavities rather due to print molecules left in the polymer or chiral 
helicity in the main chain of the polymer [4].  
 
Chromatographic studies and NMR studies has been performed to evaluate the 
selectivity of the final polymers based on the influence off porogens and crosslinkers 
used in the polymerization process [1]. In other words how these affect the template–
monomer interactions and therefore resulting character of the cavity in the MIP. This 
has shed some light on the interactions between molecular species and given rise to 
different theories regarding the mechanism behind rebinding and selectivity of the final 
MIP. 
 
 
 

Figure 1 Highly schematic illustration of functional monomer–template association and polymerization. The functional 
monomers in bulk solution associates to the template molecule through hydrogen bonds, covalent bonds, electrostatic 
interactions, or in some other way. The polymerization reaction is initiated and the double bond of the functional monomer 
and the crosslinker reacts and polymerize to form a mesh/matrix around the template molecules, incorporating the 
functional monomers into the polymer and locking the points of interaction between monomer and template in defined 
positions. The template is then removed creating a cavity in which only molecules with the same shape, size and 
distribution of functional groups will ‘fit’. This because they can interact with the functional groups of monomers 
incorporated into the polymer. This is referred to as selective rebinding. Picture adapted from [5]. 
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One system that has been thoroughly investigated consists of phenylalanine anilide (PA) 
as template, ethylene glycol dimethacrylate (EDMA) as cross linker, methacrylic acid 
(MAA) as functional monomer and azobisisobutyronitrile (AIBN) as initiator with 
either chloroform or acetonitrile as porogen [1, 4, 6].  
 
In a study by Sellergren and Shea [1] it was proposed that template molecules, which 
interact with the functional monomer via two or more interactions gave the produced 
MIP higher selectivity and stronger re-binding compared to templates with fever or 
weaker interactions. In this study it was it was also shown that when imprinting, low-
temperature polymerization is preferable if the template and monomers interact through 
noncovalent interactions since this helps in the process of complexation and due to 
lower molecular movement helps stabilize these interactions. Furthermore, some 
interesting porogen-derived effects were observed in this study. The results showed that 
the porogen also influences the functional monomer–template interactions. 
  
Based on the different investigations by Sellergren and Shea in their study [1], it was 
proposed that hydrogen bonding capacity of the porogen and the polymerization 
temperature are the two factors that have the strongest influence on final polymer 
selectivity, assuming usage of the same template and monomer. In the study it was also 
shown that the selective rebinding of template to the MIP could be inhibited through 
esterification of carboxylic acid groups of the polymer or aqueous base treatment of the 
polymer. This indicateing that the influence of hydrogen bonding between monomer 
and template on polymer selectivity is evident. The system investigated in this study 
contained MAA as monomer and PA as template. Because functional monomer–
template interactions in the prepolymerization mixture has been shown to strongly 
influence the rebinding process much research has been focused in trying to characterize 
the interactions between MAA and PA. In the study performed by Sellergren and Shea 
[1], these interactions were investigated and proposed to be an 2:1 complex through 
hydrogen bonding, as depicted in figure 2. 
 
As mentioned above, different theories have been evoked to explain the mechanism 
underlying selectivity of the final MIP. Sellergren et al. performed a study [4] in which 
attempts were made to demonstrate that the selectivity of the final MIP is in fact not 
based on residual template molecules within the polymer but due to properties of 

formed cavities within the polymer. They postulated that 
the interactions between template and functionalized 
monomer in the prepolymerization mixture were 
maintained during polymerization and that groups 
interacting here are responsible for the selectivity of the 
final polymer. The interactions studied in this publication 
were between PA and MAA and noncovalent. The 
proposal of a  1:2 complex was based on a combination 
of chromatographic studies and NMR titrations [4]. A 
downfield shift resulting from primary amine protonation 
was used to propose the formation of two ions which 
provide an ion-pairing interaction PA and MAA. This is 
supported by their chromatographic examinations where 
their resulting formation constants revealed 
multimolecular complexes where this 1:1 complex is 
proposed to be the strongest. Further the assumption was 
made that the best hydrogen bond acceptor of the 

Figure 2 Proposed conformation of the 
prepolymerization complex between PA 
and MAA in a 1:2 complex as proposed 
by Sellergren et al [4]. They propose that 
protonation of amine nitrogen occurs via a 
hydrogen donation from MAA at 
concentrations ranging between 0-0.1 M 
of MAA added to the pre polymerization 
mix. 
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template is the carbonyl oxygen, to which a second MAA molecule associates through 
hydrogen bonding. This interaction is then stabilized by accepting a hydrogen bond 
from one of the amine hydrogen’s giving rise to the second interaction and thus a 
complex of 1:2 stoichiometry between PA and MAA. In this study a hydrogen bond to 
the amide-hydrogen was deemed less likely.  
 
Furthermore, it was proposed that a third acid could interact with either the carboxylate 
of the ion pair, or with the second free electron pair of the amide oxygen to give a 1:3 
complex between PA and MAA. Again, the possibility of hydrogen bonding to the 
amide hydrogen is deemed less likely. In contrast to this proposed complex structure 
(figure 2), which was based on the NMR titration studies, it was proposed that the 1:3 
complex is favored over the 1:2 complex (existing in equilibrium with 1:3 and 1:1 
complexes) based on the data from the chromatographic evaluation of the complex 
formation between template and monomer prior to polymerization. This is explained by 
proposing that the binding of a second MAA offers a favorable binding site for a third 
acid or due to a conformational change of the template induced by the binding of a 
second MAA. The suggestion is that the 1:1 complex predominates in the pre-
polymerization mixture at room temperature and the 1:2 complex is favored during the 
polymerization (during NMR titration) giving rise to the proposed complex structure, 
which is incorporated in the polymer and is responsible for the recognition of the 
template during re-binding. It should be mentioned that in this study the authors have 
chosen to neglect self-association of the template molecule, which should be quite 
possible in the prepolymerization mixture since it contains both hydrogen bond 
donating and accepting groups. This fact is used to explain the inconsistencies in 
complex formation differences between the NMR titration study and the 
chromatographic evaluation. A question not raised here is the possibility of template–
template multimolecular complex formation that has been shown to have an influence 
on complexation events [7].  
 
Another theory presented to explain the behaviour of these polymers suggests that 
template–template interactions are a factor contributing to the selectivity of the final 
MIP. In this study, by Katz and Davis [6], it was proposed that template molecules 
interact with each other in the prepolymerization mix as well as interacting with the 
monomer (figure 3).  

Figure 3 Schematic illustration of the proposed template–functional monomer interactions in the prepolymerization 
mixture in MIP production. The top image (A) shows an illustration of the complex formation Katz and Davis proposes as 
compared to B which is used to illustrate the complex formation as proposed by Sellergren et al. with isolated binding sites 
for template molecules. Picture adapted from [4]. 
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In this way a site is created, that during rebinding is not only dependent on the 
interactions between monomer and template, but on template–template interactions as 
well. Thus not giving rise to isolated molecular binding sites, as proposed by Sellergren 
et al. [4] (figure 2), but sites were template molecules must not only associate with 
functional groups of the monomer but also with groups on other adjacent template 
molecules. The assumption is made that some template molecules will be entrapped in 
the final polymer. This somewhat combining the theories of residual print molecules 
being responsible for its selectivity with those suggesting that it is the interactions 
between functional groups of the template and monomer which give rise to this 

selectivity. In this study they found no 
evidence to support MAA and PA 
forming higher order complexes than 
a 1:1 complex between carbonyl 
oxygen of MAA to amine hydrogen of 
PA, this was based on FTIR analysis 
and X-ray crystallography. The 1H-
NMR investigations described in this 
study did not show formation of 
higher order complexes between 
MAA–PA either. They even claim to 
have observed a phase separation of 
MAA–PA complexes from the rest of 
the prepolymerization mixture, which 
could indicate that these do not exert 
any interactions with template 
molecules in the final MIP, but rather 
affect the stability of MAA–PA 
interactions prior to polymerization. 

On the enantioselective properties of 
the MIP it was proposed that, based 
on X-ray crystallography (figure 4), 
two different template–template 
interactions could potentially transfer 
chiral information in the MIP. One 

interaction, being between the carbonyl oxygen of PA and an amine-hydrogen on an 
adjacent PA molecule, the second being between the carbonyl oxygen of PA and a 
hydrogen atom in the ortho position on the phenyl ring closest to the amine group on an 
adjacent template molecule (figure 4). It was also proposed that enantioselectivity of the 
MIP is promoted by residual template molecules within binding sites by incorporating 
analogues of PA covalently in the MIP and performing rebinding studies. This 
selectivity is proposed to be achieved through the template–template interactions 
discussed above. Based on this, isolated molecular binding sites were proposed to be 
abscent since they did not observe a drop in amount of PA rebound, but instead an 
increase. However, the fact that the real material probably contains a mixture of 
different sites was recognized, hence the occurrence of these isolated molecular binding 
sites in the final MIP was not ruled out.  
 
 
 
 

Figure 4 Graphic representations of results from x-ray 
crystallography from Katz and Davis [6] study where A is an 
ORTEP plot of structure in crystals. B and C are stereoscopic 
representations of intermolecular bonding where proposed 
hydrogen bonds are based on distances and marked with dashed 
lines.  
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It is well established that MIPs produced through the noncovalent method have a high 
degree of site heterogeneity [6]. This essentially means that all the cavities in the final 
polymer do not look alike. There are different conformations and therefore probably 
different interactions that would retain the template in the polymer during rebinding in 
different cavities.  
 
Based on the theory that intermolecular interactions in the prepolymerization mixture 
are maintained and incorporated into the MIP, it is evident that all the components of 
the mixture should influence the selectivity of the final MIP to some extent. There is 
today an observed correlation between the strength of monomer–template interactions in 
prepolymerization mixture and the selectivity of the final MIP [7]. This has been shown 
to make the self assembly of functional monomer–template complexes prior to 
polymerization a crucial step in the preparation of these polymers [8]. Therefore it is of 
great interest to further characterize these interactions in order to be able to stabilize 
these complexes and hence give a more selective polymer [4].  
 
There is, as of now, no single definitive explanation to the mechanism behind rebinding 
selectivity of the polymer. There is however, as mentioned, an observed binding site 
heterogeneity in the final polymer products which is well established [6, 8]. This 
highlights the influence of multiple factors in the formation and appearance of the 
selective cavity in the MIP. As already suggested some of the factors that have been 
proposed are temperature, choice of porogen, choice of crosslinker and self association 
of both template structures and monomers [1, 4, 6-7, 8]. Since it has been shown that 
potentially all the components in a prepolymerization mixture contribute to template 
complexation and that this correlates to the selectivity of the final polymer, 
investigations on how all the species of the prepolymerization mixture interacts with 
each other as well as with the template have been performed [8]. The study by Karlsson 
et al. [8], showed, among other things, that the cross linker (EDMA) interacts, albeit 
weakly, with the template molecule and hence should effect the formation of the 
template selective recognition site in the resultant MIP. Based on more recent studies [6, 
8] it has become evident that one needs to consider the whole prepolymerization 
mixture system when making assumptions regarding the formation and physical 
properties of the final MIP. Something that has not been taken into account in earlier 
studies [1, 4] where the specific template–monomer interactions where evaluated in the 
absence of crosslinker and initiator in the attempts to explain the formation of selective 
cavities as well as the performance of the final polymer. 
 
The aim of this study we was to evaluate the molecular interactions in PA-MAA-
EDMA prepolymerization mixtures and relate the findings to earlier theories regarding 
the molecular basis for ligand-polymer interactions in these systems. In this study it was 
proposed that computer based molecular dynamics simulation and analytical tools could 
be used to examine the molecular interactions between the different molecular species 
in the PA-MAA-EDMA prepolymerization mixtures, and also to examine the role of 
porogen, chloroform and acetonitrile, on this system. The simulations were to be based 
on the thoroughly investigated systems used in earlier studies by Sellergren et al. [1, 4] 
and Katz and Davis [6] (see table I) 
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1.2 Molecular Dynamics  
 
As the name implies, molecular dynamics studies are the studies of molecular motions. 
With the rapid development in computers over the last decade it would appear logical to 
develop ways to use this technology to investigate and broaden our understanding of 
chemical reactions and molecular interactions. This is a conclusion drawn by many and 
much software and many programs based on different strategies for different 
applications have been developed for this purpose. Molecular dynamics (MD) and 
quantum chemical calculation-based strategies have been concluded to be methods well 
suited for the purpose of, among other things, optimizing molecularly imprinted 
polymers (MIPs) performance through screening and selection of suitable functional 
monomers [7]. In the study by Nicholls et al. [7] it was proposed that, in this endeavor, 
computer-based simulation solutions holds great promise to assist in MIP development 
and optimization since it permits qualitative evaluation of the types, frequencies and 
lifetimes of these interactions. Further that the combination of computer simulated MD 
studies and chemometrics, which is the application of mathematical and statistical 
methods to chemical data for selection of optimal experimental parameters, provides a 
powerful tool for predicting the quality of and optimizing a MIP as well as investigating 
the interactions leading to this polymer. These in silica studies of molecular dynamics 
can be performed through simulations, MD simulations. Very simplified the MD 
simulation consists of solutions of a modification of Newton’s second law of motion in 
three dimensions (x, y, z), and obeys Newton’s three laws of motion.  
 
The first law states that a mass at rest or in motion will remain at rest or continue its 
motion with no changes on direction or velocity unless acted upon by en external force. 
The second law is presented in equation 1 and states that the force applied to a body 
produces a proportional acceleration. 
 

(1) 
 
In this equation F is the force, mi the mass and ai is the acceleration of the mass. 
Through derivation of this equation the acceleration can be replaced by the velocity, vi, 
of the mass at time t. This is possible since the change in velocity (dvi) during time (dt) 
of a mass is equal to the acceleration of the mass. Through further derivation one can 
extract the position of the mass, ri, from the equation. Thus the change in position of a 
mass (d2ri) over a period of time (dt2) is equal to the velocity of that mass.  
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Newton’s third law of motion states that for every action there is an equal and opposite 
reaction. Collectively, these three laws are used to describe the motions of the different 
masses in the simulations and provide output data on the molecules’ accelerations, 
velocities, positions and collisions. There are different algorithms, such as the Verlet 
and the modified ‘leapfrog’ algorithm, developed for calculating these values [9] and 
any other values that are required to provide a simulation with as realistic interactions 
and motions as possible. The masses in the simulation are given an initial motion and 
thereafter, throughout the simulation, these algorithms are solved to yield a realistic 
calculated/predicted motion of the particles. 
 
To realisticaly describe the motions within the simiulation, different forcefields, 
depending on application, are applied to the molecules within the system. These are 
used to describe the energy changes within and between molecules due to changes in 
bondlenghts, angles and torsions for bonded and non bonded interactions from 
empirical parameters [10-12]. During MD simulations the electrostatic potentials are 
restrained making a simple function (equation 2) sufficient for description of 
intramolecular and non bonded energies [11].   
 

(2) 
 
In this equation req and θeq are parameters concerning the equilibrium structures, r 
represents the intramolecular bond lengths and θ represents the bend angles (how much 
the bond deviates from the last in [x, y] plane (see figure 5). The φ term represents the 

torsion angle, the bend angel out of the plane [x, y]. 
There are also three force constants in this function, 
kr, kθ and νn. The parameter n is multiplicity and γ is 
the phase angle for torsion angle parameters. Non-
bonded potentials are characterized by the parameters 
A, B and q. Here A and B represents mass diameters 
and R the separating radius in the calculation of 
Lennard-Jones pair potential, the calculation of 
lowest energy based on distance. In the last division, 
q stands for charge and ε the permittivity. This is a 
version of Coulomb potential, which in contrast to 
Lennard-Jones does not account for size but instead 
charge. The R term still represents radius, or distance 
between the charges. To simulate true bulk material 
with a limited number of molecules periodic 
boundary conditions can be applied (figure 6), in this 
way surface effects are excluded from the 
simulations.   

 
To summarize, the input needed for the simulation is the positions of the atoms within 
the molecules in the system. Application of force fields, which “connects the dots” and 
give a realistic description of the molecules are needed to describe their motion and 
interactions. Parameters used to describe the system, such as volume, pressure and 
temperature are also necessary, and these are included in the calculations of molecular 
movement. Last but not least an initial velocity of the molecules is required. 
 

Figure 5 A schematic illustration of the 
different parameters used to calculate the 
bonding potentials in equation 2. The θ 
parameter is the angle describing the bend 
angle in the [x,y] plane. The φ parameter 
represents the torsion angle, the ’twist’ of 
the molecule, in the [x,z] plane. Picture 
adapted from Allen [9]. 
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In this study classical MD simulations were used to evaluate the molecular interactions 
during the prepolymerization phase of a series of molecularly imprinted polymer 
systems.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
2. Materials and Methods 
 
2.1 Molecular Dynamics Simulations 
 
All simulations in this study were performed using the AMBER (v. 10.0 UCSF, San 
Francisco, CA) [13] suite of programs. All simulation parameters and analytical 
methods used in this study were based on settings proposed by Karlsson et al. [8]. The 
molecular systems studied were assembled in Packmol [14-15] and parameterized using 
the Amber ff03 [16] and GAFF [11] force fields. Partial atomic charges were assigned 
using the AM1-BCC charge method within the ANTECHAMBER [10] program. The 
studied systems were first energy minimized using 5000 steepest-descent and 5000 
conjugate gradient steps in order to remove bad van der Waals contacts. Then the 
systems were heated from 0 to 288 K at constant volume to an isothermal equilibration 
step at constant pressure (288 K, 1 bar) so that the systems were ensured to evolve to 
achieve a stable density and energy. Statistical data were then extracted from these 
equilibrated NPT systems during a 5 ns production phase under conditions of NVT. 
 
Periodic boundary conditions were employed in all simulations. A 9 Å non bonded 
interaction cutoff was also applied and long-range electrostatic interactions were treated 
with particle mesh Ewald (PME) summation method [17-18]. A continuum model to 
correct energy and pressure were used to treat long-range van der Waals interactions in 
the system. Temperature and pressure were kept constant using Langevin dynamics 
with a collision frequency of 1.0 ps-1 and isotropic positional scaling with a pressure 
time relaxation of 2.0 ps, respectively. SHAKE algorithm was used to constrain all 
hydrogen atoms in the systems allowing a time step of 0.002 ps. PTRAJ module 
(implemented in AMBER) was used to analyze trajectories from the production phase 
of the simulations. Data was saved every 0.2 ps during production phase in all 
simulations. 
 
 

Figure 6 Showing schematic illustration of 
periodic boundary conditions. If a molecule 
moves out of the simulation box a replicate 
molecule enters to replace it. Picture adapted 
from Allen [9] 
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2.2 Radial Distribution Function Analysis 
 
Radial distribution functions (RDFs) were solved using PTRAJ in order to quantify the 
density of a specified atom around another specified atom (chart 1) at an optimal 
distance for interaction (ropt). The radial distribution function, g(r), looks as presented in 
equation 3.  
 

                                                                        (3) 
 
 
Herein ρij is the observed number density of one specified atom of the molecule present 
in highest number of the two studied. This molecule is referred to as solvent. At a 
specified distance, (r), from one atom of the other molecule (i) present in lower number 
of the two studied, referred to as solute. The function g(r) is the ratio between this 
observed number density ρij at the distance r and the average bulk atom number density 
of the solvent, ρj. This ratio is equal to the ratio between nij(r) and <ρj>4πr2δr where nij 
is the binned number of atoms in a spherical volume fragment, Vshell. Which is 
dependent on the bin width used, δr. Simply put, the RDF provides the probability of 
finding the one specified atom of the solute in a specified volume, at a distance (r) from 
another specified atom of the solvent. The factor 4πr2δr gives the volume of a spherical 
shell with a thickness, δr, at a distance, r, from the chosen solute atom. The ratio 
between the number of solvent atoms (hence molecules) found in this spherical volume, 
4πr2δr, at the distance r from the specified solute atom and the bulk density of solvent 
atoms (again molecules) gives the probability of finding the solvent atom at this 
distance from the solute atom as compared to solute atom in bulk solution. This is the 
g(r) value. In our analysis of the systems the shell volume, δr, was set to 0.05 Å and the 
maximal radius of the total sphere volume 30 Å. 
 

Equation 4 is applied by PTRAJ to calculate the occupancy of analysed solvent atoms 
(number of neighbours) adjacent to the analyzed solute atom. 
 

(4) 
 
 
Where ρ is the density of the of the solvent in the system and hence 4πρ compensates 
for differences in numbers of molecules in the system when integrating. 

 

Chart 1 Atoms studied using radial distribution functions (RDFs), grids and hydrogen bonding analysis 
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2.3 Hydrogen Bond Analysis 
 
Grid and RDF analysis gives information about the position of interacting molecules but 
not about the character of the interaction. To evaluate the presence of hydrogen bonding 
the tool hbond included in ptraj was utilized. It keeps track of existing hydrogen 
bonding between specified atoms of the molecules in the simulation (see chart 1and 
table I) and presents them as percent of total simulation time spent hydrogen bonded, as 
well as the average survival time of the interaction. All hydrogen bond data was 
collected from the simulation trajectories using a bond cutoff distance and an angle 
cutoff of 3.0 Å and 60° respectively. The atom donating the electrons to the hydrogen 
bond is termed donor and the atom accepting the electrons is termed the acceptor. In the 
analysis the atom to which the hydrogen is attached is included to create an angle. The 
cutoff value is defined as the bond distance between this third atom and the donor. This 
makes the true cutoff value of the bond around 2 Å.  
 

 
2.4 Grid Density Analysis 
 
Grid density analysis and visualizations was performed in accordance with a method 
presented by Jitera and Kollman [19] using the grid command in PTRAJ. This creates 
boxes (1003 grid points using a cubic grid cell spacing of 0.5 Å3/grid), which are 
centered on each of the fifteen PA molecules (time-averaged, root-mean-square 
deviation conformations of the PA molecules) in each of the systems studied. In this 
way producing a graphic density map of carboxyl oxygen of MAA (OAD) and/or one 
oxygen of MAA(-) (O4) around PA (see chart 1 for details on analyzed atoms). All 
graphic grid visualizations were produced using the UCSF Chimera package from the 
Resource for Biocomputing, Visualization, and Informatics at the University of 
California, San Francisco (supported by NIH P41 RR-01081)[20]. All grid 
visualizations produced in this study are presented at a contour level at around 5 (≥1 ps).  
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3. Results and Discussion 
 
A series of computer based MD simulations were utilized to evaluate the previously 
proposed models, which describe the molecular basis of recognition in phenylalanine 
anilide (PA) imprinted polymers (MIPs). Earlier studies have proposed different modes 
of interaction between phenylalanine anilide (PA) and methacrylic acid (MAA) to form 
different complexes in the prepolymerization mixture, which are incorporated in the 
final MIP and hence responsible for recognition and chiral selectivity. These studies 
have based their observations on spectroscopic, 1H-NMR, chromatographic and x-ray 
crystallographic investigations of the systems. Since it has already been demonstrated 
that all components in the prepolymerization mixture can affect the interactions between 
template and monomer [8], a more complete view of the mixture was desired to see 
what factors might be responsible for affecting these interactions. By basing the 
simulations on previously investigated systems, in regard to composition and 
temperature, there was a rigorous amount of data available to correlate with our results. 
Four systems were designed, simulated and analysed in order to evaluate the 
interactions between molecular species in the prepolymerization mixture (see table I). 
Two systems were designed to examine the effect of chosen porogen on the molecular 
interactions (systems A and B1). Both systems contained PA, MAA, EDMA, AIBN and 
either chloroform or acetonitrile (ACN) in amounts based on those used in the earlier 
studies [1, 4, 6] for polymerization reactions. Two additional systems were created to 
evaluate the effect of introduction of charges to the system through changes in 
protonation states. These were based on the system using ACN as porogen, which 
allows proton transfers. Since it has been proposed that MAA and PA exchange protons 
in an acid-base exchange and that this lead to ion-character interactions between the two 
formed ions, one system was designed, where seven out of the total fifteen PA 
molecules were protonated at the amine nitrogen (PA(+)) and seven out of sixty MAA 
were deprotonated (MAA(-)) so as to have donated their protons to PA(+). A final 
system was designed where all fifteen PA were protonated (PA(+)) hence fifteen out of 
sixty deprotonated MAA(-) were present in the system to be able to follow possible 
trends regarding effects on interactions by the introduction of charge.  
 
 
3.1 Regarding functional monomer-template interactions  
 
After the initial steps of energy minimization and temperature/pressure equilibration of 
all systems, production runs of 5 ns MD simulations were performed. Radial 
distribution functions (RDFs) were used to evaluate the average spatial distribution of 
all species in the systems around PA (see chart 1 for molecule/atom information). From 
the first set of RDFs (figure 7) it can be seen that the density of MAA around PA was 
higher than the average number density for all systems, which suggests interaction. 
From picture I (figure 7) it can bee seen that the porogen affects the interactions 
between monomer and template since a redistribution of monomer around the template 
can bee seen. Since ACN is a polar solvent the assumption is that it should occupy 
spaces surrounding the polar groups of PA, if they associate, which the RDF analysis 
shows that they do (figure 8), also confirmed by visual evaluation of trajectories (see 
appendix A; figure A1). Chloroform, on the other hand, is a nonpolar porogen, which 
should prefer to occupy space around the nonpolar parts of the PA molecules, around 
the phenyl groups (appendix A; figure A2). MAA have two functional groups that 
potentially can interact with PA, a carbonyl oxygen atom (OAD) and a carboxyl proton 
(HAA). These can be assumed to form hydrogen bonds to the amine-, amide-, or 
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carboxyl-group of PA. In regard to systems B2 and B3 different patterns of distribution 
were expected due to the change in protonation state. The methacrylate (MAA(-)) 
should lose its ability to form hydrogen bonds to the carbonyl oxygen on PA and 
electrostatic repulsion should occur.  

The free electrons of the ACN nitrogen (N1) should be able to interact with the positive 
protons on the amine and amide group of PA, while electrostatic repulsion should 
prevent interaction with the carboxyl oxygen of PA. The effects of this can be seen in 
figure 7 (picture I). In ACN (solid line) there is a single peak around 2.8 Å that most 
likely represents a hydrogen bond interaction between HAA and O. Since this peak is 
absent for MAA(-) in B2 and B3 this can be deemed true. This was also confirmed by 
the hydrogen bond analysis (table II). So in pure acetonitrile with MAA, close to zero 
interaction takes place through association to the amine or amide nitrogen or protons, 
this because ACN associate to these groups. When looking at system A (dashed line) (I 
in figure 7), the situation is somewhat different. There are two additional peaks present 
in this system. The first peak (~2.8 Å) represents the same interaction as proposed for 
system B1 (solid line) (HAA-O). The second peak at 3.6 Å is likely to represent 
interactions to the amine group of PA (OAD-HAB, -HAC) and the third at 5.6 Å an 
interaction to the amide hydrogen of PA (OAD-HAD). This supports the previous 
argument about the distribution of porogen around the template. In B1 ACN occupies 
space around N and NAN of PA (see chart 1 and appendix A; figure A1). Thereby 
preventing interactions between functional monomer and template at these positions, 
promoting MAA bonding to O of PA. This results in the single peak illustrating a 
possible hydrogen bond to the carboxyl oxygen of PA. This is supported by the 
hydrogen bond analysis (table II). In chloroform the porogen leaves the central, polar, 
groups of PA open for interactions with MAA.  
 

Figure 7 RDFs showing the probabilities of finding atomic densities of MAA and MAA(-) at different distances from the 
central carboxyl carbon of PA and PA(+) (*) in all prepolymerization mixtures. See chart 1 for a description of the 
investigated atom pairs and table I for description of systems. In I the solid line describes HAA distribution around * in 
system B1 and the dashed line the same interaction in system A. In II-IV, the dotted line represents HAA around *. The 
dashed and the solid line represent O3 and O4 respectively around * in systems B2 and B3.   
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In systems B2 and B3, charges were introduced by removal of a proton from MAA 
(MAA(-)) and addition of a proton to the amide group of PA (PA(+)) (see chart 1). This 
had an impact on the interactions in the prepolymerization mixture, as shown in RDFs 
for systems B2 and B3 (II-IV in figure 7). Here the occurrence of three peaks at 
approximately the same positions as for systems A and B1 can be seen (I in figure 7). 
The first peak (dotted line) representing HAA-PA interaction, located at 2.8 Å, just as in 
system B1. The dashed line (O3-PA), representing interactions with amine and amide 
group of PA, these interactions are most likely hydrogen bonding, or interactions of 
ionic/electrostatic character between the negative oxygen (O3) and the positive protons 
of foremost the amine group and secondly the amid hydrogen. The solid line (O4-PA) 
shows one broad peak at 3.6 Å indicating a less defined interaction to the amine group 
of PA. The heights of the peaks must bee interpreted carefully since there are different 
amounts of molecules present in the system. MAA(-) is present in lower amounts than 
MAA (7:53) so if one MAA(-) is found in the vicinity of one PA molecule then this will 
result in a higher probability of such event (see equation 3). Interactions between MAA 
and amine/amide nitrogen becomes more pronounced upon addition of charge to the 
system. The introduction of charge (electrostatic attraction) seems to overcome the 
template–porogen interactions that were hindering these interactions in system B2.   
 
The reason for the difference between RDF patterns of the two oxygen atoms, O3 and 
O4 (see chart 1), observed in the RDF might arise from steric hindrance from either the 
phenyl ring closest to the amid- and/or the metyl-/etyl- group of MAA, or because of 
formation of higher order complexes. When looking at the same interactions around the 
charged PA(+) a narrowing of the peaks can be observed, suggesting an organization of 
the species as the interaction becomes more defined. In other words there is less 
flexibility in these interactions and the system becomes more structured. The single 
peak at 2.8 Å is still there for HAA-PA interaction making it clear that neutral MAA 
prefers to form a hydrogen bond to the carboxyl oxygen (O) of PA(+) when there are 
charged species in the mixture since these now take on the role that ACN had, blocking 
access to amine/amide protons. The second peak at 3.6 Å is still present and has 
narrowed for both O3 and O4 making this interaction more defined.  
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A re-distribution of O4 from amine- to amide-group (5.6 Å) of PA(+) as compared to 
PA can be observed. Since all other factors are unchanged from system B1 the addition 
of a proton to PA promotes this interaction.  
 
The peak at 5.6 Å (amide-group) has split into two peaks in this graph. This might be 
because of the presence of two negative oxygen atoms on MAA(-). Only one oxygen 
atom on each MAA(-) molecule is being followed for each RDF analysis. If O4 on one 
molecule is analysed and it binds to HAD, one peak should occur at about 5.2 Å. But if 
the O3 of the same molecules hydrogen bonds to the amide hydrogen on PA, this could 
put the followed O4 closer to the central carboxyl oxygen on PA, thus giving rise to a 
separate peak at a shorter distance, 4.7 Å. This is in concurrence with the previously 
discussed RDF where this peak was broader and less defined and hence masking the 
two interactions. In reference to the charged PA(+), the amide interaction is promoted 
thus showing the peak in more detail and a splitting of the peak can be observed. The 
peak splitting might also depend on more trivial factors than discussed before, as 
perhaps the length of the simulation. The reason the peak has moved to a closer distance 
might be because of conformational changes of the charged template. It might also be 
because of a dual interaction between MAA(-) and PA. MAA(-) has two negative 
oxygen atoms eligible for hydrogen bonding. If the amine and the amide nitrogen atoms 
were to be positioned in the same direction one MAA(-) molecule could form hydrogen 
bonds to both of these groups pulling them closer together and therefore creating a 
shorter distance between the reference atoms investigated in the analysis (this 
interaction is shown to occur in appendix A; figure A3). This could also be a factor 
leading to the split peaks through the same mechanism as discussed before.  
 
The probability of finding MAA/MAA(-) in the vicinity of functional groups of PA(+) 
is higher than compared to around PA. The density of HAA around carboxyl group of 
PA almost doubles (table 3), as well as the O3 density around the amine group of 
PA(+). The O4 interactions increase but are also redistributed from amine to amide 
group giving a decrease in density around the amine group and an increase around the 
amine. The 5.2 Å interaction is about the same for both O3 and O4 while O4 density is 
higher around 4.7 Å. The density around the amine group is twice as high for O3 
compared to O4 (see table III), giving some information about possible interactions.  
 

For the whole system, an introduction of charge has a strong effect on intermolecular 
interactions in the prepolymerization mixture (as seen in table III).  
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Another observation is the fact that for system B2 the MAA–PA(+) interactions (III in 
figure 7) are close to a 1:1 stoichiometry (table III). Because MAA and MAA(-) 
represent methacrylic acid in two different forms, the formed PA–MAA/MAA(-) 
complex has a 1:1 stoichiometry. This is independent on protonation state of template in 
systems B2 and B3.  Charge, or in other words pH, seems to have an outspoken effect 
on molecular interactions. This should also be a factor when discussing binding and 
rebinding studies. There are not more MAA(-) molecules present per PA(+) molecules 
in system B3 than there is in B2, but the presence of MAA is lower in system B3 so this 
should not be a factor when discussing these results. 
 
A trend can be observed in the PA–PA/PA(+) RDF analysis (V and VI in figure 8) for 
system B2 (see table IV), where template interactions are only present between charged 
and uncharged templates (PA–PA(+)). This sort of interaction is also favoured in system 
B2 for MAA–PA(+) over the expected MAA(-)–PA(+) interactions (III in figure 7). 
While in B3 MAA(-)–PA(+) dominates over MAA–PA(+). This might suggest 
multimolecular complexes formed between charged and neutral molecules via MAA, 
but when one component (PA) is excluded from the equation (system B3) the complex 
formation is disturbed and MAA(-) takes over as dominant interaction. A high density 
of the crosslinker (EDMA) around the templates in all systems can also bee seen from 
the results (IX and X in figure 8). It is the most abundant molecule in close proximity 
(6.175 Å) of the template molecules. However, further analysis might be required to 
make sure that the higher number of EDMA over MAA in the systems, (about 5:1 (table 
I)), does not have an effect these results. In the system B3, where all PA molecules were 
protonated to PA(+) we see similar interactions as in system B2. The peak at 5.2 Å has 
disappeared and the RDFs for O3 and O4 have redistributed to 4.7 Å. This might be 
because of MAA(-) dominates in the interaction with the charged template and therefore 
pushes out MAA, much like the situation found in B2 with the porogen (ACN), which 
otherwise could contribute to the interactions between template an MAA(-). 
 
The proposed 1:1 complex between MAA-PA [6] can be confirmed based on the results 
(see appendix A; figure A3). Solemnly based on the information from tables III and IV 
the proposed 2:1 complex [4] (figure 2) between MAA and PA cannot be seen, but it 
has been confirmed through visual evaluation of the simulation trajectories, example 
presented in appendix B; figure B1.  
 
 
3.2 Regarding the porogen 
 
When all species in the mixture are uncharged the influence of the porogen is strong. 
ACN competes with MAA for access to the functional groups of the template and only 
leaves the possibility to hydrogen bond to the carboxyl oxygen (O) of PA unaffected, 
rendering this interaction more prominent than hydrogen bonding between amine/amide 
protons and OAD of MAA. Chloroform is less polar and does not compete with MAA 
for access to the polar groups of PA, hence hydrogen bonding to these groups is not 
prevented. From table III, a high density of porogen can bee seen around templates in 
all systems. The RDF from analysis of N1 on ACN around PA/PA(+) (*) is presented in 
VIII in figure 8 (see Chart 1 for information on analyzed atoms). Densities of 
chloroform does not differ much from that of bulk solution but has one defined peak 
(VII in figure 8). There is in other words no exceptional interaction with template but 
there are locations around the template that are more favoured. In VIII (figure 8) the 
effect of charge can again be seen. The densities are not much higher than bulk solution 
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but there are areas that are favoured to occupy. Around charged molecules two defined 
peaks can be seen, which can be presumed to represent amine and amide nitrogen 
positions (supported by visual evaluation, see appendix A; figure A1). Also, the curves 
representing association to charged PA(+) molecules has the same shape as well as the 
one for interaction with neutral PA molecules regardless of system and all approach the 
same bulk density.  

This gives an indication that the systems are not affected by errors from simulations and 
that the systems were composed in a correct way. It also shows that the porogen–
template interaction depends on the additional charge as well as the fact that even 
though there are more defined interactions to PA(+) in systems B2 and B3, the 

Figure 8 RDFs showing probability of finding atomic densities of investigated atoms at different distances from the central 
carboxyl carbon of PA and PA(+) in prepolymerization mixtures. In V and VI investigated atom pairs were central 
carbonyl carbon on both PA and PA(+) (*), in V the solid line represents PA interactions in system A, the dotted line the 
same template–template interactions in system B1, in VI the solid line represents PA–PA(+) interactions. PA–PA 
interactions in B2 and PA(+)–PA(+) interactions in B2 and B3 were either not detectable or present to a very low extent 
(lines seen in the bottom right margin). In VII the investigated atom was central carbon (C1) in chloroform (solid line). In 
VIII N1 of ACN was investigated, the solid line representing ACN around PA(+) in system B2, the dashed line ACN 
around PA(+) in system B3, the dotted line ACN around PA in system B2 and the grey dashed/dotted line ACN around PA 
in B1. In IX and X investigated atom was OAE of EDMA. In IX the solid line represents EDMA around PA in system A 
and the dashed line the same interaction in system B1. In X the solid line represents EDMA around PA(+) in system B2, 
the dashed line EDMA around PA(+) in B3 and the dotted line EDMA around PA in system B2. See chart 1 for description 
of investigated atom pairs and table I for system information.  
 



 22 

electrostatic interactions between the monomer and the template is enough to overcome 
the interactions between porogen and template. 
	  
	  
3.3	  Regarding	  template-template	  interactions	  
	  
From figure 8 some conclusions can be drawn. First off, template–template interactions 
is observed in all systems (V and VI in figure 8). Something neglected or ignored in 
analysis in older studies [1, 4]. But a possible interaction questioned in the more resent 
study by Katz and Davis [6]. When looking at systems A and B1 (V in figure 8) one 
broad peak for each system can be seen, indicating one form of template–template 
interaction. But since the peak is broad this interaction is not very defined. There are 
probably different arrangements for this interaction giving different distances between 
analyzed atoms. But seeing the rather defined top of the peak there is probably one more 
stable conformation of this interaction. This behaviour could also arise from templates 
being engaged in higher order complexes with other molecular species. Again it seems 
that the porogen has a strong effect on these interactions as well (V in figure 8). In ACN 
the local density of PA, 6.175 Å from PA drops to about half of the value in chloroform 
(table IV).  
	  
In table IV it can be seen that the PA–PA interaction in system B2 is very low while the 
PA–PA(+) interaction is about the same as for PA–PA in system A, indicating again 
that the electrostatic interactions due to charges in the system overcomes the hindering 
effect of ACN. This also suggests that the amine and amide protons probably are 
involved in template–template association since these are ‘blocked’ from interaction by 
masking of ACN. Another interesting observations is the presence of dual peaks in 
system B2 (figure 8, VI) for the PA–PA(+) interactions. 
 

TABLE IV: Density of template around template (dimerization) obtained through integration 
of RDFsa, with separate values for defined population distancesb 

 A B1 B2 
Moleculesb PA PA PA PA(+) 

PA 0.2 0.1 0.0 0.2 [0.140] 
a Values obtained using an integration cut-off value of 7.075 Å. b Atoms analyzed on these 
molecules are carbonyl carbons (*) see Chart 1 for explanation.  b When defined populations 
are present, values of densities are presented as [integral value of peak]. 

 
The first peak still represents the same interaction as in systems A and B1 (V in figure 
8) but a new, very narrow and defined peak has sprung up at around 6.4 Å suggesting a 
second stable conformation of template–template complexes. This is probably due to 
the introduced charge and supports the theory that this is somehow a contributing factor 
in the formation of higher order complexes. The additional peak could be explained 
through a new and stable conformation of the template–template complex. It might also 
be an effect of a different interaction pattern with other molecules in the mixture. It 
could also be MAA or EDMA that links the two molecules together, separating them at 
a further distance from each other. Looking at V in figure 8, especially for chloroform, 
dotted line, you can almost see a hint of a peak at the same distance as the second peak 
for system B2 (VI). This shows that this second mode of association is not solemnly 
based on the extra amine hydrogen on PA(+) in system B2.  
 
 
 



 23 

Since template interactions disappear almost totally in system B3, the combination of 
PA and PA(+) obviously play a crucial role. As mentioned it might be that this 
interaction takes place through some form of bonding that is hindered by ACN 
(amine/amide nitrogen/hydrogen), which can be overcome due to the electrostatic 
attraction in system B2. Since this complex at least is indicated in chloroform the reason 
for a second form of interaction in system B2 might be based on stabilizing interactions 
from the other molecular species in this system contributing to this complex formation 
that is not favoured in the nonpolar porogen chloroform. This also supports the 
formation of higher order complexes between different molecular species in the 
prepolymerization mixture, support for this statement was also found in the visual 
evaluation of the trajectories, examples presented in appendix B.  
 
 
3.4 Regarding the crosslinker 
 
The final component of the system evaluated through RDF with patterns of interaction 
was between EDMA and PA/PA(+) (IX and X in figure 8). The same effect of the 
addition of charge is seen as for all the systems and atoms analyzed. It seems promote 
interaction, but not likely to induce a change in the configuration of the template, 
thereby leading to different distances between interacting molecules. The solid line in 
IX showing EDMA–PA association in system A has only one peak, which suggests that 
the porogen affects these interactions as well. But the effect is smaller than on the 
interactions between MAA and PA as well as between PA and PA (tables III and IV). 
The broadness of all peaks in figure 8 could be used to suggest a diversity of 
configurations around the same point of interaction. At about 5.3 Å in IX (figure 8) a 
hint of a peak can be observed, when turning to systems B2 and B3 (X in figure 8) this 
becomes more pronounced and a second set of peaks representing EDMA interaction 
with PA(+) in systems B2 and B3 can be seen. This could be solemnly based on the 
effect of the extra hydrogen on the amine nitrogen of PA(+) leading to some sort of 
configuration change of the template, but this is not probable. A more likely explanation 
for this behaviour is either that the positive charge of PA(+) works in favour of 
electrostatic interactions and results in an increase in attractive force between molecules 
leading to an additional interaction point being stable enough for interaction or just the 
porogen pushed away from its positions. But it also seems probable that this is an effect 
from formation of higher order complexes in the prepolymerization mixture.  
 
A 1:1 complex formed between EDMA and PA is seen in all systems with a trend 
towards higher complex formation (see appendix B). This discarding the theory that 
EDMA is not involved in the final MIP [6]. 
 
The phase separations seen by Katz and Davis [6] might arise from a change in 
solubility upon ion formation. If MAA(-) and PA(+) form ions and interact through a 
salt bridge, as proposed in the paper, they might start to assume a crystal-like structure, 
which might not still be soluble to the same extent. It could then start to fall out of 
solution. Because the polymer analysis in this study was performed on polymer particles 
gathered from the surface of the polymer, material that might have fallen out of solution 
and polymerized independently of the rest of the polymer, this could then explain the 
absence of EDMA in their results.  
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3.5 Regarding hydrogen bonds 
 
To further characterize the molecular interactions, attention is now turned onto the 
results for hydrogen bonding analysis to relate the trends found in the RDF analysis to 
the binding situations (table II). When looking at MAA–PA interactions the hydrogen 
bond analysis confirms the statements made in relation to RDF analysis.  
 
In system A there is extensive hydrogen bonding of HAA to carbonyl oxygen and 
amine nitrogen of PA via HAA, as well as to the amine/amide protons via OAD. This 
contradicts the assumption made by Sellergren et al. [4] that interactions to amide 
hydrogen could be discarded. This assumption only stands for the deprotonated form of 
the template and OAD of MAA(-) in system B3 (table V), and it is not realistic to 
assume all PA molecules to be protonated, there is also still extensive hydrogen bonding 
to the amide hydrogen from MAA(-). But in system B1, when switching porogen from 
chloroform to ACN, all these interactions except for the hydrogen bonding of HAA to 
the carbonyl oxygen (O) of PA decreases. Supporting the statements made in relation to 
the RDF analysis about the interactions. This also finds support in table II where 
extensive hydrogen bonding occurs between N1 and the amine/amide protons. These 
interactions are short in time but numerous and thereby hindering MAA to form 
hydrogen bonds to these groups by forcing out the MAA molecules from these position.  
 
When looking at system B2 (table V) the extent of which HAA binds to O decreases in 
favour of hydrogen bonding to N of PA. In other words, the interaction shifts from 
carbonyl oxygen to amine nitrogen. A marked increase in bonding to the amide 
hydrogen can also be seen, which again supports the statement made that the 
introduction of charge either promotes electrostatic interactions or formation of 
multimolecular complexes and thereby overcoming the hinder exerted by ACN and 
gaining access to amine/amide protons and the amine nitrogen itself.  
 
When looking at PA(+) in B2 there is a marked increase in hydrogen bonding between 
HAA of MAA and O17 of PA as well as between OAD and amine protons. The MAA(-
) bonding to amine/amide protons also increases as compared with PA in B2. There 
doesn’t seem to be any competition between the two forms of methacrylic acid 
(MAA/(MAA(-)) but instead both their interactions are promoted through interaction. 
Taking this discussion one step further and looking at the same bond formations for B3 
in table V, there is an increase in hydrogen bonding for MAA(-) and a massive decrease 
in bonding for MAA to all groups. This indicates that the electrostatic attractions are 
important for the charged molecules interactions, as suspected, since these increase. But 
since MAA bonding decreases as compared to PA(+) in B2 it seems again that there 
must be some sort of multimolecular complex formation responsible for the high extent 
of hydrogen bonding in B2. The only other explanation that comes to mind would be 
that the electrostatic interactions become so dominant that MAA(-) block all access to 
the functional groups of PA(+) in B3, but since the ratio of charged PA(+)–MAA(-) is 
the same between systems B2 and B3 (1:1) this explanation does not stand on a very 
solid foundation.  
 
The theory of charged and uncharged molecules cooperating to create multimolecular 
complexes seems to be a solid one and gains credibility from the hydrogen bond 
analysis. Examples of these higher order complexes are presented in appendix B.  
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When looking at template–template interactions, the trends introduced in reference to 
the RDF analysis also gains support. Intermolecular hydrogen bonding between 
carbonyl oxygen and amine nitrogen to the amine/amide protons, decreases from system 
A to B1 but there is template complex formations present. When looking at B2 the 
proposed higher order complex formation between charged and neutral molecules seems 
even more realistic since the occurrence of the complexes PA–PA and PA(+)–PA(+) are 
either close to zero or undetectable. The only template–template interaction present is 
between PA and PA(+), the carbonyl oxygen of PA (O) binding to the amine protons of 
PA(+) being the dominant interaction.  
 
From the hydrogen bond analysis it can bee seen that most hydrogen bonds are 
promoted by the addition of charge, but even more so more so if there is a mixture of 
neutral and charged molecules, as in system B2. Because in system B3, where only 
protonated templates are present, the electrostatic interactions between charged 
monomers and templates are the only ones strongly promoted. This gives weight to the 
argument about charged and neutral molecules creating higher order complexes, which 
also involves the other molecular species in the prepolymerization mixtures without 
competition for functional groups to interact with. This opposes the proposal by 
Sellergren et al. [4] about isolated molecular recognition sites, and supports Katz and 
Davis’s [6] argument for template association in the binding sites in the final MIP. Yet, 
the results from the classical MD simulations performed in this study show no support 
for template–template complexes with a higher stoichiometry than 1:1. It should be 
mentioned that this could depend on the length of the simulations. 
 
There is a high density of EDMA around the templates in all systems. The EDMA–
template interactions consists of a high degree of short but numerous hydrogen bonds to 
the amine/amide protons of templates (tables II and V, also see appendix B). These are 
even the highest percentage of hydrogen bonding occurring in all systems. The reason 
for values being over 100 % is the fact that analysis was performed for both carbonyl 
oxygen atoms in the molecule and summarized. This means that throughout the 
simulations of systems B2 and B3, an EDMA molecule is in principle always present 
and bound to one of the protons on every template molecule in that system. In other 
words taking part in the creation of higher order complexes.  
 
From the grid density analysis no hard conclusions can be drawn regarding the 
molecular interactions, but a trend can be seen that MAA and MAA(-) are found in 
highest densities around the central parts of the template as already shown by RDF 
analysis and hydrogen bond analysis (See Appendix C). 
 
The visual evaluation of the trajectories from the simulations based on the information 
from the performed analyses showed the occurrence of multimolecular complexes in all 
systems (examples show in appendix B). It also showed that the assumptions made in 
regard to the molecular interactions, based on the RDF analysis, through hydrogen 
bonding to different groups were correct. Hydrogen bonds suggested from RDFs, 
corresponding to r-values of the peaks that were found. Upon measurements of 
distances between analysed atom pairs from RDF during hydrogen bonding, these 
distances correlates directly to the values obtained r-values from the RDFs (see 
appendix A for examples).  
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4. Conclusions 

One direct conclusion that can be drawn from the results obtained through molecular 
dynamics-based evaluations of the various molecular interactions taking place in 
molecularly imprinted polymer prepolymerization mixtures is that their nature and 
magnitude are far more complicated than what typically is considered [4, 6].  
 
Based on the results, obtained in this work from a series of classical molecular 
dynamics simulations of all-component prepolymerization mixtures, functional 
monomer-template complexes of 1:1 stoichiometry, as suggested by Katz and Davis [6] 
as well as 2:1 complexes as proposed by Sellergren et al. [4] have been confirmed. 
Hence both forms of complexes occur in the prepolymerization mixture with the 1:1 
complex being more prevalent.  
 
In the study by Sellergren et al. [4], the crosslinker-template interaction was not 
accounted for. Neither the crosslinker ascribed any involvement in template recognition 
in the MIP. In the study by Katz and Davis [6] the occurrence of template-crosslinker 
complexes were deemed absent and again the crosslinker ascribed no effect on the 
rebinding properties of the final MIP. Based on the classical molecular dynamics 
simulations performed in this study a high degree of crosslinker-template complex 
formation was confirmed, contradicting earlier results. The presence of crosslinker-
template complexes of 1:1 stoichiometry, as well as higher order complexes were 
confirmed in all systems. 
 
Support for the formation of higher order complexes, as proposed by Katz and Davis 
[6], in the prepolymerization mixture have been presented. The presence of template-
template interactions was observed in all systems, although not to a high extent. 
Templates were also shown to participate in the formation of higher order complexes, 
being bound together by either functional monomer or crosslinker. No evidence of 
template association through carbonyl oxygen-phenyl hydrogen bonding as was 
proposed by Katz and Davis [6] was found in the series of simulations employed in this 
work. 
 
The results also showed that the choice of porogen would inevitably affect the 
molecular interactions in the prepolymerization mixture, thereby providing support for 
the results in the study by Sellergren and Shea [1]. It appears that the effect of proton 
transfer between functional monomer and template overcomes the effects on molecular 
interactions exerted by acetonitrile, but since the possibility of proton transfer depends 
on the porogen the argument stands.  
 
Finally, this study has provided evidence of a strong involvement of the crosslinker in 
the molecular interactions in the prepolymerization mixture that earlier has not been 
accounted for or. Also, the results show that the porogen influences molecular 
interactions directly through competition for interaction with functional groups of the 
template. By choosing a porogen that allows proton transfer to occur further effects will 
be exerted on the molecular interactions, in performed simulations promoting the 
formation of multimolecular complexes. In this way we account for the heterogeneity of 
binding sites in the MIP as being a mixture of isolated template binding sites as well as 
an array of binding sites for different multimolecular complexes where template–
template, crosslinker-template and functional monomer-template interactions could play 
a vital role during rebinding. 
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Appendix A – Hydrogen bonding 

 

 
 

 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 

All pictures were generated from trajectory file data 

 

Figure A2 Graphic presentation of the 
distribution of chloroform (in yellow) around 
PA in system A (see table I for system 
information). There are no hydrogen bonds 
formed between chloroform and PA. The 
chloroform molecules occupy space around 
the phenyl groups of the template. 
 
 
 
 

Figure A1 Graphic presentation of 
hydrogen bonds formed between N1 of 
ACN to N and NAN of PA(+) in system 
B2 (see table I for system information). 
The black lines and values (3.74 Å and 
5.17 Å) correspond to the distances 
between reference atoms (N1 and *) used 
for RDF analysis of ACN–PA(+) 
interactions, see chart 1 for information 
on atoms.  
 
 
 
 

Figure A3 Graphic presentation of 
hydrogen bonds formed between MAA(-) 
and PA in system B2 (see table I for 
system information), forming a complex 
of 1:1 stoichiometry. The black line and 
value (3.62 Å) correspond to the distance 
between reference atoms (* and O4) used 
for RDF analysis of PA–MAA(-) 
interactions, see chart 1 for information 
on atoms.  
 



 34 

Appendix A – Hydrogen bonding 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

All pictures were generated from trajectory file data 
 
 

Figure A6 Graphic presentation of a 
hydrogen bond formed between HAA of 
MAA and N of PA in system B1 (see 
table I for system information), forming 
a complex of 1:1 stoichiometry. The 
black line and value (3.63 Å) correspond 
to the distance between reference atoms 
(* and HAA) used for RDF analysis of 
PA–MAA interactions, see chart 1 for 
information on atoms.  
 
 
 

Figure A5 Graphic presentation of a 
hydrogen bond formed between HAA of 
MAA and O of PA in system B1 (see 
table I for system information), forming a 
complex of 1:1 stoichiometry. The black 
line and value (2.86 Å) correspond to the 
distance between reference atoms (* and 
HAA) used for RDF analysis of PA–
MAA interactions, see chart 1 for 
information on atoms.  
 
 

Figure A4 Graphic presentation of a 
hydrogen bond formed between O of PA 
and amide hydrogen of PA in system B1 
(see table I for system information), 
forming a complex of 1:1 stoichiometry. 
The black line and value (6.30 Å) 
correspond to the distance between 
reference atoms (*) used for RDF 
analysis of PA–PA interactions, see chart 
1 for information on atoms.  
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Appendix B – Multimolecular complexes 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 

All pictures were generated from trajectory file data 
 

Figure B1 Graphic presentation of a multimolecular 
complex formed between MAA-PA(+) and EDMA–
PA(+) through hydrogen bonding, both in 2:1 
stoichiometry. MAA is seen to the left and EDMA to 
the right in this figure. See chart 1 for molecular 
information.  
 
 

Figure B2 Graphic presentation of a multimolecular 
complex formed between MAA–PA/PA(+), EDMA–
PA/PA(+) and PA–PA(+). MAA is here shown in 
purple and EDMA in red for clarity. See chart 1 for 
molecular information. The black line and the value 
(4.30 Å) correspond to the distance between 
reference atoms (*) used for RDF analysis of 
template–template interactions, see chart 1 for 
information on atoms.  
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Appendix B – Multimolecular complexes 
 
 
 
 

 
  
 
 
 

 
 
 

 
 
 
 
 
 

All pictures were generated from trajectory file data 

Figure B3 Graphic presentation of a 
multimolecular complex formed between 
MAA–PA/PA(+), EDMA–PA(+) and PA–
PA(+). MAA is here shown in purple and 
EDMA in red for clarity. See chart 1 for 
molecular information. The black line and 
the value (4.67 Å) correspond to the 
distance between reference atoms (*) used 
for RDF analysis of template–template 
interactions, see chart 1 for information on 
atoms.  

Figure B4 Graphic presentation of a 
multimolecular complex formed between 
EDMA–PA(+). EDMA structures are 
presented here in red for clarity. See chart 1 
for molecular information. Besides 
supporting the formation of multi-molecular 
complexes this also shows the high 
involvement of EDMA through hydrogen 
bonding in the complete prepolymerization 
mixtures in this study. 

Figure B5 Graphic presentation of a multimolecular 
complex formed between EDMA–PA/PA(+). 
EDMA structures are presented here in red for 
clarity. See chart 1 for molecular information. Here 
support for the formation of multi-molecular 
complexes is provided. The high involvement of 
EDMA in complex formation is also visualised. It is 
also shown that EDMA can act as a bridge between 
two template molecules. 
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Appendix C – Grid density analysis 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure C1 Selection of 3-D grid density representations from analysis. The 
coloured fields represent the occupancy of (probability of finding) the 
carbonyl oxygen OAD of methacrylic acid (see chart 1 for molecular details) 
around different time averaged, RMS deviation conformations of template 
molecules. Results from analysis of system A is presented in I with purple 
fields and from system B1 in II with the blue fields. The tendency for the 
functional monomer to occupy space around the central parts of the 
molecules can be seen here. 
 
 
 
 

I 
 

II 
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Appendix C – Grid density analysis 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  

 
 
 
  

Figure C2 Selection of 3-D grid density representations from analysis. The 
coloured fields represent the occupancy of (the probability of finding) the 
carbonyl oxygen OAD or resonance structure oxygen O3 or O4 of methacrylic 
acid (see chart 1 for molecular details) around different time averaged, RMS 
deviation conformations of template molecules. The Results from analysis of 
system B2 is presented in III with yellow fields representing OAD and green 
representing O4. The results from analysis of system B3 are presented in IV 
where green fields represents O4 and red O3. The tendency for the functional 
monomer to occupy space around the central parts of the molecules can again 
be seen here. 
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IV 
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