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Nowadays the separation of enantiomers is one of the most important research´s task, because the chiral nature of living systems has effects on biologically active systems that are reacting with them
. As chirality is a quality of a lot of essential reagents on molecular level several reactions can occur on different configurations of only one substance.

In the pharmacological section for example the enantiomers´ separation is indispensable as through the isomers´ different activity and interactions the desired indication can be totally prevented
,
 or even toxic side effects can take place as known in the case of Contergan®, consisting of the active agent Thalidomid.

For today´s enantiomeric separation one helps himself by using the modern technique of “Molecular Imprinting”, a concept that has been taken over from observations of biological processes like immune response (the body´s reactions on substances following the key-lock principle), ligand-receptor interactions or enzymatic catalysis
.

For the detection of small amounts of a substance in a complex matrix stable elements in shape owning this recognition property can be used utilizing their capacity to form strong and selective bindings towards molecules
. On this idea the “Molecular Imprinting” is based.

The “Molecular Imprinting” helps itself with a template molecule for the generation of a complementary structure for the same or a similar molecule
,
,
,
,
.

The speciality of “molecularly imprinted polymers” (MIPs) lies in the preparation of materials that are dimensionally stable for a selective binding of a defined molecule.

Through the presence of a chosen molecule, for example of a functional monomer, a nanostructured polymer is generated. This happens through self-orientation or covalent assoziation in the self-organised polymeric monolayers. As shown in the scheme of picture 1 active centres around the template are built up. One active centre can be constituted of one or several building elements at which at least one is rising up into the cavity and is able to step into specific interactions with the template, for example via hydrogen bondings or electro-static interactions. Also a covalent binding to this rising up building block is possible; indeed the binding must be breakable in a relatively easy way. So the specific molecular structure is built up in the polymer, like a finger print. The template serves as a matrix, as pattern for the exact imaging of a structure. While the remove of the template a negative print is left that is dimensionally stable and reflects the imprinted structure (picture 1).
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Picture 1: Scheme of the„Molecular Imprinting“ technique

The “Molecular Imprinting” distinguishes itself through its simplicity and allows a rapid generation of a great number of materials with binding affinities and selectivities imitating the ones known from antibodies towards their antigens.

If a solution of the matrix molecules is injected the single molecules can diffuse into the generated cavities and can be incorporated and hold back through specific interactions with the building elements of the active centres. Therefore the matrix molecule is retained on the material and flushed out delayed while the others analytes present in the solution pass the material much faster and are thus separated from the template.

The here citated PhD thesis was used to develop a basis method for the production of molecularly imprinted polymers with tailor-made affinities and selectivities for a defined template. These should be able to be employed as stationary phases for the chromatographic separation of enantiomers. This method for the synthesis should be simple, robust and cheap, easy to scale-up and transferable onto other template molecules.

To avoid MIPs´general problems like the time-consuming work-up, particle-sized support materials with defined morphology were chosen as anchor basis for polymer layer during the synthesis steps.

Beside an inorganic macroporous silica gel with a relatively big particle size of 10 µm two organic phases were employed: one non-porous, poorly crosslinked, still swellable gel-type Merrifield resin with a smaller particle size of 37-76 µm and a higher crosslinked, macroporous Merrifield resin with a relatively big particle size of 90-212 µm. Through the different material characteristics (porous/non-porous, hydrophilic/hydrophobic) it was intended to achieve a higher yield of usable particles as also an optimal adjustment of the polymer characteristics, for a better compatibility with hydrophilic or hydrophobic polymer, monomer and template systems for instance.

Furthermore a fundamental decision in favour of a covalent start in contradiction to the non-covalent variant was taken. In the first one a fixed binding of a reactive group for the polymerisation step should cause a covalent binding of the polymer layer onto the support. In contradiction thereto in the non-covalent variant the polymer is only adsorbed on the surface of the support.

The covalent variant consists of two different possibilities to engraft the polymer onto the support: while in the „grafting to“a direct coupling reaction of an existing polymer molecule onto the surface is done for the „grafting from“the monomer is engrafted onto the surface during the polymerisation as shown in the scheme of picture 2.
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Picture 2: Scheme of the two different methods for engrafting to couple the polymer onto the surface („grafting“)

In the frame of this Phd thesis only the “grafting from” variant was used and the emphasis was put on the employment of a dithiocarbamate initiator from the group of Iniferters. 
The Iniferter (initiator-transfer agent-terminator) concept was developed in 1982 by Otsu
,
. These special initiators forfill three functions as demonstrated with the example of diethyledithiocarbamate in picture 3:

· Firstly by means of the reaction with another molecule the proper iniferter 1 is built up via knoting of a covalent binding.

· By a homolytical break of this newly knotted binding the molecule decomposes into two radicals, one reactive centre 2 that is used for the initialisation of the polymerisation and one non-reactive, small radical 3.
· The first radical now reacts with a monomer (transfer agent) 4 and together with the second 3 concludes the polymer chain via formation of an identical covalent binding in molecule 5. So a reinitialisation of a living radical polymerisation by regeneration of the reactive radical is possible at any time.
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Picture 3: The functional steps of an iniferter (with dithiocarbamate as example)

As further components for the polymerisation a model system was assembled whose properties are already known from a lot of applications: As model template the widely characterised L-enantiomeric form of phenylalanine analide was chosen because of its use for quite a number of molecularly imprinted polymers.

Furthermore methacryl acid was selected as monomer. Its carboxylic groups can built up hydrogen bondings with the template. So through the orientation of the carboxylic groups into the cavities of the polymer these molecules make sure that the template is hold in position during the polymerisation step. Later on at these points the recognition of the template and the discrimination of its D-analogue will take place, the so-called selectivity.

For the polymerisation solution toluene or dichloromethane were added as solvents. 

The polymerisation was photochemically initiated.

To optimise the system the ratio of template, monomer, crosslinker and solvent to each other have been varied in the polymerisation solution. Thereby the efficiency of template, monomer and crosslinker at the building of the active centres during the imprinting process should be improved. At the same time the use of a as small amount of template as possible was desired. All this was intended to improve the material´s separation and loading capacity as stationary phase for the separation of L-PA and D-PA out of a racemic mixture.

With the help of transmission electron microscopy (TEM) it should be observed where exactly the polymer was bount on the macroporous support material, what means if the binding occurs on the inner as wall as on the outer surface of the particle. For the analysis of this question is was merely possible to consult the modified silica gels as the macrosporous Merrifield resin particles because of their organic nature showed a considerably higher sensibility towards the electron beam. Furthermore these one exhibited a too small contrast to the embedding material.

There were three different methods used for the preparation of the silica gel particles:

-Synthesis:

-Method 1: 

For the first they could be powdered in an agate mortar, dispersed in ethanole and afterwards dropped onto a copper grid coated with a coal film.

With the powdered samples it is possible to determine that the materials before the polymerisation step show clear, sharp edges (picture 4a and 4b). After the poylmerisation step a more dense structure can be noticed and the light spacings appear milky. All holes present beforehand are filled. In addition the edges show no sharp limitation anymore (picture 4c and 4e). Thus the occupancy with polymer is clearly visible and causes a denser appearing spacing structure. This is valid as for the imprinted as for the blank (non-imprinted) polymer.
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Picture 4: Transmission electron microscopical images of the powdered macroporous silica gels after different modification steps with iniferter 

During the powdering of the materials strikes also the fact that the unmodified silica gel is breaking into very small pieces, whereas the polymerised samples have a stronger coherence due to the polymer and keep in bigger units.

-Method 2: 

For being able to look at the particle cross-section as shown in picture 5 for the rehydroxylised (unmodified) silica gel the particles were embedded in epoxide resin for fixation, cut in the ultramicrotome at room temperature and the 40 nm thick slices afterwards transferred onto a copper or gold grid.
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Picture 5: Transmission electron microscopical images of 40 nm thick cuts of the rehydroxylised silica gel
While the pores here are visible as light areas the walls of the silica gel can be observed as dark regions. The structure appears dense and sharp lines demark the areas from each other. Furthermore there is a clear discrimination between the silica gel and the epoxide resin which can be identified as continuous grey layer.

Due to the chemical similarityof the epoxide resin, used as embedding material for fixing the particles for the cutting procedure, a contrasting after the embedding was not able to create the required difference between epoxide resin and the beforehand grafted polymer. Both materials get stained by RuO4 what makes a differentiation impossible. Besides it could be observed that the epoxide resin because of its consistency is running into the pores causing another problem of discrimination between embedding material and surface-bound polymer. Therefore this method did not bring to forth success and was thus further advanced.
-Method 3:

The enhacements of method 2 insisted on now undertaking the staining of the sample with RuO4 before the embedding in epoxide resin. Therefore the particles for method 3 were at first steamed with RuO4 for sixteen minutes to stain the polymer dark and create a contrast. Only afterwards the particles were subdued the fixation in epoxide resin.
As reference the rehydroxylised, polymer-free silica gel served. By means of this material the success of the staining procedure could be controlled: Whereas the pure silica gel practically did not show any dark discolouration the polymer-grafted material changed colour from white to dark grey.

After the generation of 40 nm thick, in epoxide fixed slices cut with the ultramicrotome at room temperature the slices were transferred onto copper grids coated with Quantifoil.

-Elemental analysis:
-Powdered samples:

„Quantifoil“exists of a polymer coating with a default hole size of 2 µm lying on a copper grid. The polymer is composed exclusively of 93.5 % of carbon, hydrogen and 6.1 % of oxygen with a ration carbon:oxygen of about 18.

Powdered samples have the disadvantage that an elemental analysis is only quantifiable in a limited range also because of the bulk effect. In addition the elements are bad to locate. If the powdered sample in ethanole is dropped onto a punched foil it is possible to realize elemental analysis without falsifications by the support film.

First the rehydroxylised, powdered silica gel was looked at on Quantifoil. A lot of very small fragments were indicated as already observed before. Aside whole particles could be found as shown in picture 6. The particle is lying in a hole of the Quantifoil. In contradiction to the scanning electron microscope (SEM) it is here yet possible at this low magnification to make the details of the outer edge of the particle visible.

The irregular “excrescences” above the spherical surface are noticeable. On the scanning electron microscopical images they are only visible after the poylmerisation. Doing an elemental analysis on one of these “excrescences” lying over a hole in the Quantifoil carbon could be detected.

At both the polymerised, imprinted silica gel and the non-imprinted sample the coherence of the particles through the polymer is much higher than observed before.

The picture 6b of the whole particle after the powdering shows anew “excrescences” around the outer particle surface. They appear milky and optically more dense compared to the rehydroxylised silica gel. This allows again to conclude down of the polymer´s presence. Beyond the whole particle appears milky and darker areas gleam through the milky layer. This can only be explained by the presence of polymer on the “excrescences” above the particle surface. It can be assumed that the whole particle is covered with a polymer layer that on single points lets the silica gel´s more dense framework shine through. This polymer layer seems to be widely homogeneously distributed over the whole particle.
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a                                                                             b
Picture 6 

a: Entire particle of rehydroxylised silica gel on Quantifoil

b: Transmission electron microscopic image of an entire particle of polymerised non-imprinted silica gel after powdering lying on a hole in Quantifoil coating a copper grid

Furthermore there was found a round fragment on Quantifoil that, from its form, must be broken out of a particle as a part ofrom the shell edge (picture 7). As the polymer sticks the covering particle zones together whole pieces are breaking out while the powdering procedure. So the approximated penetration depth of the polymer into the inner part of the particle lies between 1.0 and 1.5 µm.
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Picture 7: Transmissions electron microscopical image of a round fragment of polymerised non-imprinted silica gel after powdering lying on hole in Quantifoil coating a copper grid 

For an element-specific examination merely a non-imprinted (blank) sample has been engaged. Namely the still present template rises the content of carbon, nitrogen and oxygen. However this contribution was judged to be too small to allow a location of the template within the polymer layer.

The first series of measurements in elemental analysis consisted of eight different points along an edge of a fragment. The points showed strongly different carbon contents (picture 8 and table 1). Point three and four exihibit the highest values. These fluctuations are caused by the variations in the thickness of the silica gel. At it the different distribution of the polymer along the edge and over the sample is visible. However the carbon contents are always lying above the ones measured for the iniferter containing samples of the modification step before. Furthermore on basis of the polymer´s composition the oxygen content must rise together with the carbon cotent.

[image: image10.emf]detector detector


Picture 8: Fragment and enlarged section, respectively, of a particle of polymerised non-imprinted silica gel after powdering lying on a hole in Quantifoil coating a copper grid
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Picture 9: Graphics of element-specific analysis along the edge of a fragment of polymerised non-imprinted silica gel after powdering lying on a hole in Quantifoil coating a copper grid

	Element
	Atomic %

area

1
	Atomic %

area

2
	Atomic %

area

3
	Atomic %

area

4
	Atomic %

area

5
	Atomic %

area

6
	Atomic %

area

7
	Atomic %

area

8

	C
	19,1
	13,0
	69,9
	88,9
	28,7
	18,7
	28,2
	19,3

	O
	59,4
	62,3
	23,3
	8,7
	49,9
	56,4
	52,1
	57,3

	Si
	21,5
	24,6
	6,7
	2,4
	21,4
	24,9
	19,7
	23,4

	C/O
	1
	1
	7
	23
	4
	3
	2
	2


Table 1: Quantitative evaluation of elemental analysis of measured areas 1 to 8 marked in picture 8 (polymerised, non-imprinted silica gel on Quantifoil)
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