











Figure 3-2. Chromatograms of Racemic Dansyl-phenylalanine.
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0.5mL/min; sample size: 300 ng each enantiomer; detection: fluorescence-

excitation A=305 nm, detection A <375 nm.
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Figure 3-3. Effect of Sample Load on k for Each Dansyl-phenylalanine Enantiomer.
Mobile phase: 4% acetic acid in acetonitrile; flowrate: 0.5mL/min; sample size: 300
ng each enantiomer; column temperature: 60°C; detection: fluorescence- excitation

A=305 nm, detection A <375 nm.
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retention factor at low temperature. It is only at high temperatures (80°C-90°C), that the mass
transfer of this enantiomer is rapid enough to achieve equilibrium and thermodynamic treatments
become valid. For the structural studies presented below, the experiments were performed at
elevated temperatures (90°C) to ensure that comparison of thermodynamic parameters such as

selectivity (o) and AAG® are reasonable.

Influence of Structure

The processes underlying recognition on this Dns-L-Phe MIP was investigated by
performing chromatographic experiments using the imprint molecule and several structurally
related compounds. In an initial study, our goal was to characterize the role interactions at the
carboxylic acid and dimethylamino groups of Dns-Phe play in the separation process. This
experiment was performed by synthesizing two amino acid derivatives that each prevented
potential interaction at one of these groups. Enantiomers of Dansyl-phenylalanine methyl ester
(Dns-Phe-Me-ester) were synthesized to assess the importance of interaction between the
carboxylic acid group and the polymer. Alternatively, each enantiomer of Napthy!-sulfonyl-
phenylalanine (Napth-Phe) was synthesized to probe the importance of interaction at the
dimethylamino group. The capacity factors and selectivity factors for Dns-Phe and these
derivatives are listed in Table 3-1 below the structures of each compound. The results in Table
3-1. indicate that blocking the carboxyl group on the amino acid causes each enantiomer of Dns-
Phe-Me-ester to travel through the column unretained. Apparently, interaction between this
group and the polymer is the leading interaction providing retention of the enantiomers. It was

hypothesized that this interaction occurs primarily between the carboxy! group of Dns-Phe and
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.Table 3-1. Effect of Varying the Functionality of the Amino Acid Derivative. Mobile phase:
6% acetic acid in acetonitrile; flowrate: 0.5mL/min; sample size: 300 ng each

enantiomer; column temperature: 90°C; detection: fluorescence- excitation A=305

nm, detection A <375 nm.

OMe

OH

O,>/S 023 Z;s/
he” eH, Hsc”N‘cna
Dns-Phe Dns-Phe-Me-ester Napth-Phe
k D-enantiomer 1.0 0.0 1.1
AH (kcal/mol)  -1.8 0.0 -1.9
k L-enantiomer 2.2 0.0 1.7
o 2.2 .- 1.5
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pyridinyl groups on the polymer. Two experiments were performed to confirm this hypothesis.
First, a similar MIP was prepared for Dns-L-Phe omitting the pyridinyl monomer in the
synthesis. For a column prepared with this polymer, no retention was observed for both
enantiomers of Dns-Phe under the same mobile phase conditions. This eliminated the possibility
of a leading interaction existing between Dns-Phe and acid sites on the polymer. Further,
Diffuse Reflectance IR experiments were performed on the original polymer. A comparison was
made between the IR spectrum of dry polymer and a spectrum of polymer doped with acetic
acid. The spectrum for the polymer doped with acetic acid showed a distinct shift for one of the
pyridinyl ring stretch bands (from 1590cm’! to 1600cm™) as compared to the dry polymer. This
observation is consistent with the hypothesis that pyridinyl groups incorporated into the polymer
are accessible for hydrogen bonding with a carboxylic acid group. Further analysis of Table 3-1.
reveals that the D-enantiomers of Dns-Phe and Napth-Phe have approximately the same retention
factor (k) and enthalpy (AH®) of interaction with the polymer (as determined by van’t Hoff
plots). However, the retention factor for the L-enantiomer of Napth-Phe is reduced by 20%
relative to that of Dns-L-Phe. As a result, a 30% decrease is observed in the enantioselectivity

(a) for Napth-Phe.

The above results suggest that the carboxyl group of the amino acid participates in a
leading interaction with pyridinyl groups on the polymer to retain the enantiomers, while the role
of the dimethylamino group is to provide for a secondary cooperative interaction with acid sites
on the polymer. This dimethylamino interaction occurs solely at the imprinted sites to stabilize

the inclusion of the imprinted enantiomer and is unimportant to non-selective binding to the
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polymer. This hypothesis is further supported by the mobile phase modifier studies presented
below.

In a second study, our goal was to assess the importance molecular shape on the
selectivity of this polymer phase. To perform this experiment, the side chain of the amino acid
by using the compounds Dns-Ala, Dns-Leu, and Dns-Val. Changing the side chain of the amino
acid does not alter the potential points of interaction with the polymer, but does change the steric
bulk of the molecule. The retention factors and selectivity factors for Dns-Phe and these

derivatives are listed in Table 3-2. below the structures of each compound.

As shown in Table 3-2., the L-enantiomers of each derivative are selectively retained
over their D-antipodes, suggesting that the L-enantiomers have access to the imprinted sites. It is
also important to note here that the apparent van’t Hoff plots for the L-enantiomers (not shown)
of these amino acids showed a curvature similar to Dns-L-Phe while plots of the D-enantiomers
were straight lines. This observation suggests that slow kinetics also contribute to the retention
of the L-enantiomers of these compounds. While there is selectivity for these enantiomers, the
selectivity factors are lower than that of Dns-Phe. This is consistent with the results of Kempe
and Mosbach ®*, who noted a decrease in enantioselectivity when injecting the enantiomers of
Z-alanine on a Z-phenylalanine polymer imprinted using methacrylic acid as the functional
monomer. Such a loss in selectivity can be due to an improper fit of the side chain into the
imprinted cavities. While the side chain may not interact with the polymer, a tight fit at the
imprinted sites can be a secondary process that enhances the hydrogen bonding interactions at

the imprinted sites.
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Table 3-2. Effect of Varying the Sterics of the Side Chain of the Amino Acid. Mobile phase:

6% acetic acid in acetonitrile; flowrate: 0.5mL/min; sample size: 300 ng each

enantiomer; column temperature: 90°C; detection: fluorescence- excitation A=305

nm, detection A <375 nm.

Dns-Ala

k D-enantiomer 0.8

k L-enantiomer 1.0
o 1.3
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The difference in the free energy of binding of the two enantiomers (AAG®) to the

polymer phase can be deduced from the selectivity factors by the following equation:

AAG® = -RTIna [3-2]

The AAG® for each amino acid derivative was calculated using eqn. [3-2] and the results are
presented in Table 3-3. By comparing the AAG® of Dns-Phe and the Napth-Phe, it is seen that
approximately half of the enantioselective energy is lost when the dimethylamino group is
removed from the molecule. This is consistent with the loss of one of two hydrogen bonds (that
are similar in energy) at the imprinted sites. For the derivatives with different side chains, a
reduction in AAG® of similar magnitude is also observed. Regardless of whether the side chain is
less sterically hindered (Dns-Ala) or more sterically hindered (Dns-Leu) than Dns-Phe (as
determined by the bulk around the B carbon), enantioselectivity is reduced to a similar extent.
This further supports the premise that a tight steric fit of the side chain enhances the stability of

the hydrogen bonding interactions occurring at the imprinted sites.

Influence of Mobile Phase Competitor

To further investigate the interactions responsible for enantioselectivity, the concentration
of the mobile phase competitor was varied. For these studies, a temperature of 60°C and flow
rate of 0.5 ml/min were used. Under these conditions, it was assumed that retention of the

imprinted enantiomer is dominated by thermodynamics. This assumption is reasonable based on
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Table 3-3. AAG® for the Enantiomers of Different Amino Acid Dertvatives. Mobile phase: 6%
acetic acid in acetonitrile; flowrate: 0.5mL/min; sample size: 300 ng each enantiomer;

column temperature: 90°C; detection: fluorescence- excitation A=305 nm, detection A

<375 nm.
it AAG o
Dns-Phe 2.2 -570 cal/mol
Napth-Phe 1.5 -292 cal/mol
Dns-Ala 1.3 -190 cal/mol
Dns-Le 1.2 -130 cal/mol
Dns-Val 1.4 -240 cal/mol
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the relatively small difference observed in k at 0.5 ml/min (k=3.3) and 0.1 ml/min (k=3.7) at

60°C.

Initially, the molarity of acetic acid in acetonitrile was varied from 0.1M - IM. Figures
3-6a. and 3-6b. give plots of k and o respectively for Dns-Phe and Napth-Phe. For both
enantiomers of each derivative, k decreases with increasing acetic acid concentration. This
decrease is expected because retention of the analyte is determined by hydrogen bonding
between the carboxyl group of the amino acid and pyridinyl groups on the polymer. By
increasing the acetic acid concentration in the mobile phase, the strong hydrogen bonding
interactions between the analyte and polymer are diminished as acetic acid competes more
effectively for these sites on the polymer. In addition, these data further support the conclusion
that non-specific interactions occurring between each derivative and the polymer are identical, as
the retention factors for the D-enantiomers of each derivative are similar over the entire acetic

acid concentration range.

The nature of the enantioselective interactions occurring between the analyte and
polymer are further clarified by looking at the dependence of the selectivity factor (o) for each
derivative with increasing acetic acid concentration. For Dns-Phe, Figure 6b. shows an initial
decrease in a with increasing acetic acid concentration between 0.1M-0.7M, after which « levels
off with further increases in acetic acid. For Napth-Phe, a relatively weak dependence of o is
seen with changing acetic acid concentration. It is possible to explain this behavior by
considering the enhanced solvation of the analyte and polymer by increasing the acetic acid

concentration. From the structural studies presented above, it was proposed that a secondary
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Figure 3-6a. Effect of Mobile Phase Acetic Acid Concentration on the k of the Dns-Phe and
Napth-Phe Enantiomers. flowrate: 0.5mL/min; sample size: 300 ng each
enantiomer; column temperature: 60°C; detection: fluorescence- excitation A=305

nm, detection A <375 nm.
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Figure 3-6b. Effect of Mobile Phase Acetic Acid Concentration on o of Dns-Phe and Napth-Phe.
flowrate: 0.5mL/min; sample size: 300 ng each enantiomer; column temperature:

60°C; detection: fluorescence- excitation A=305 nm, detection A <375 nm.
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interaction occurs between the dimethylamino group of Dns-L-Phe and carboxyl groups on the
polymer that contributes to enantioselectivity. By increasing the acetic acid concentration, Dns-
Phe and the polymer become more solvated with acetic acid. As a result, the enantioselective
interaction between the dimethylamino group and the polymer is reduced, as it becomes more
difficult for this group to lose acetic acid to interact with the polymer. As a result, a significant
decrease in the selectivity is observed. For the Napth-Phe, this enantioselective interaction
cannot occur and while the retention factor decreases with increasing acetic acid, the
enantioselectivity remains essentially unchanged. It is important to note the selectivity factor
for the enantiomers of Dns-Phe appear to level off at higher acetic acid concentration rather than
approach that of the Napth-Phe. An explanation of this behavior is not straightforward, but may
indicate that interaction between the dimethylamino group and the polymer cannot be completely
suppressed or there is also a significant contribution of the shape of the dimethylamino group to

the enantioselectivity.

In a second study, the retention and selectivity of Dns-Phe was studied using a mixture of
pyridine and acetic acid as the mobile phase modifier. The total modifier concentration was held
constant at 0.52M while the individual amounts of pyridine and acetic acid were varied from 0-
0.52M. Figures 7a. and 7b.give plots of k and o respectively for the enantiomers of Dns-Phe.
Introduction of pyridine to the system results in strong hydrogen bonding between pyridine and
the carboxyl groups on the amino acid and carboxyl sites on the polymer. These interactions
reduce the retention factor of each enantiomer relative to the system with the same concentration
of acetic acid in the absence of pyridine (Figure 6a.). As pyridine is replaced by acetic acid, the

retention factor of each enantiomer is initially reduced. Apparently, the competition between
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Figure 7a. Effect of Mobile Phase Pyridine/Acetic Acid Concentration on the k of the Dns-Phe
Enantiomers. flowrate: 0.5mL/min; sample size: 300 ng each enantiomer; column

temperature: 60°C; detection: fluorescence- excitation A=305 nm, detection A < 375

nm.
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Figure 7b. Effect of Mobile Phase Pyridine/Acetic Acid Concentration on a of the Dns-Phe
Enantiomers. flowrate: 0.5mL/min; sample size: 300 ng each enantiomer; column
temperature: 60°C; detection: fluorescence- excitation A=305 nm, detection A < 375

nm.
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acetic acid and Dns-Phe for pyridinyl sites on the polymer is more effective in eluting the analyte
than solvation of Dns-Phe by pyridine in the mobile phase. This is supported by the fact that
when the acetic acid concentration was reduced to OM (0.52M pyridine), neither enantiomer

eluted.

Figure 7a. also shows that when the concentrations of acetic acid and pyridine in the mobile
phase become approximately equal (~0.26M) and pyridine is no longer in excess, the retention
factor of Dns-L-Phe reaches a minimum while that of Dns-D-Phe levels off. This behavior can
be explained by the differences in solvation pyridine and acetic acid exhibit in the system. At
high pyridine/low acetic acid concentration, the retention factor of each enantiomer is relatively
large because there is little acetic acid to compete with the analytes for the pyridiny! sites on the
polymer. As pyridine is replaced by acetic acid, the retention factors drop as acetic acid begins
to compete for these sites on the polymer. At the same time, the hydrogen bonding between the
pyridine and carboxyl sites on the polymer is reduced, fostering the secondary enantioselective
interaction between the dimethylamino group of the imprinted enantiomer (Dns-L-Phe) and the
carboxy] sites on the polymer. As a result, a minimum is observed in the retention factor for
Dns-L-Phe as this secondary interaction becomes more pronounced. Based on this argument, it
is expected that the enantioselectivity for Dns-Phe will increase as pyridine is replaced by acetic
acid. Indeed, this is the case, as shown in Figure 7b., which gives a plot of the selectivity factor

of Dns-Phe for this study.
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Conclusions

Chromatographic experiments performed on a polymer imprinted with Dns-L-Phe using
carboxyl and pyridine functional monomers indicated that the adsorption/desorption kinetics at
the imprinted sites are slow. Structural studies indicated that the leading interaction is between
the carboxyl group of Dns-Phe and the pyridinyl sites on the polymer. Further, interaction
between the dimethylamino group of Dns-Phe and the polymer occurs only at the imprinted sites
and is unimportant to non-selective binding on the polymer. From these data, we propose that
chiral recognition on this polymer is a cooperative process. There must first be a leading
interaction between the carboxyl group of Dns-Phe and the pyridiny! groups on the polymers to
retain the enantiomers. This is followed by secondary stabilizing processes that contribute to
enantioselectivity; interaction at the dimethylamino group and correct steric fit of the amino acid
side chain into the imprinted cavities. We believe that this fundamental study further contributes
to the understanding of the mechanism of chiral separations on imprinted polymer phases, in

particular, one in which multiple functional groups were used to enhance the enantioselectivity.
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Chapter 4
Insight into the Origins of Selectivity of Polymer

Imprinted with a HIV Protease Inhibitor

Summary

The goal of the second part of this dissertation was to systematically investigate the types
of template-monomer hydrogen bonding interactions necessary to achieve a successful imprint of
a molecule. To achieve this goal, several CRIXIVAN™ molecular imprinted polymers (MIP’s)
were prepared using several alternate functional monomers, each differing in their ability to
hydrogen bond with the drug during the polymerization. The relative strength of these
interactions was assessed by Infrared (IR) spectroscopy. For the IR studies, ‘functional
surrogates’ of CRIXIVAN™ were used because the spectrum of the parent molecule was too
complicated to observe band shifts due to hydrogen bonding. The relative selectivity of the
MIP’s for CRIXIVAN™ and its enantiomer correlated well with the relative hydrogen bonding
propensities of the functional monomers used to prepare the polymers. The two weak hydrogen
bonding monomers, vinyl pyridine and acrylamide, resulted in polymers with minimal (o = 1.1)
and moderate (o = 1.6) selectivity while the strong H-bonding monomer, methacrylic acid
(MAA), resulted in a highly selective polymer (o > 14). A control polymer prepared using a
monomer not expected to hydrogen with CRIXIVAN™ (MeACRYL) failed to demonstrate
selectivity (o = 1.0). To further explore the origins of the selectivity of the MAA polymer,
binding studies were performed on solutions of MAA and CRIXIVAN™ using IR spectroscopy.

Scatchard plots of these data indicated distinct ‘strong’ and ‘weak’ binding regions
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corresponding to MAA concentrations for which different hydrogen bonding groups on the
template drive the formation of the template-monomer complex. Furthermore, the relative
selectivity of several MIP’s prepared using different MAA concentrations was correlated to the
type of MAA-CRIXIVANT™ complex present in the pre-polymer solution. These experiments
demonstrate the possibility of using IR spectroscopy as a tool to explore the origins of selectivity

of an imprinted polymer.

Introduction

The most common interaction between the template and functional monomer in the
formation of MIP’s has been hydrogen bonding. The formation of a hydrogen bond can be
regarded as a preliminary step in a Bronsted-Lowry acid-base reaction that leads to a dipolar
reaction product R-X""H-Y*-R’, where X and Y are atoms of higher electronegativity than
hydrogen (e.g. C,N, P, O, S, F, Cl, Br, I). Both inter- and intramolecular hydrogen bonding is
possible when X and Y belong to the same molecule. The most important electron pair donors
(hydrogen bond acceptors) are the oxygen atoms in alcohols, ethers and carbonyl compounds as
well as nitrogen atoms in amines and N-heterocycles. Hydroxy-, amino-, carboxyl and amide
groups are the most important donor groups. Strong hydrogen bonds are formed by O-H O, O-
H N and N-H O pairs, weaker ones occur between N-H N and the weakest are between
groups such as Cl;C-H O and CI;C-H "N. The strength of a hydrogen bond is roughly ten times
weaker than a covalent bond and about ten times stronger than the nonspecific intermolecular

[

interaction forces ['%*], Hydrogen bonds are characterized by the following structural and

spectroscopic features I'*Y1: (1) The distance between the neighboring atoms involved in the
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hydrogen bond are much smaller than the sum of their van-der-Waals radii. (2) The X-H bond
length is increased and the IR stretching mode is shifted toward lower frequencies. (3) The
dipolarity of the X-H bond increases upon hydrogen bond formation, leading to a larger dipole
moment of the complex than expected from vectorial addition of its dipolar components R-X-H
and Y-R’. (4) Due to the reduced electron density at protons involved in hydrogen bonding, they
are deshielded, resulting in substantial downfield shifts of their 'H-NMR. (5) In hetero-
molecular hydrogen bonds, a shift of the Bronsted-Lowry acid/base equilibrium occurs toward

the dissociation of the complex with increasing solvent polarity.

Hydrogen bonding is a major source of interaction between the template and the
functional monomers. Thus, probing these interactions prior to the polymerization may lead to
further insight into the selectivity of the imprinted polymer. Limited work has been done in this
area. Thus far, spectroscopic studies such as 'H NMR ! and UV difference spectroscopy "

have been used to assess interactions between the template and monomers.

CRIXIVAN™ i a drug used for the treatment of HIV (human immunodeficiency virus),
the virus responsible for AIDS (acquired immune deficiency syndrome). The molecule (Figure
4-1.) has 5 chiral centers and several potential H-bonding groups, located at the hydroxyl,
amides, piperazine, and pyridine sites. Thus, preparation of an imprinted polymer for

CRIXIVANT™ for use as a separation support appeared to be an attractive study.
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Figure 4-1. CRIXIVAN™ Molecule
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The goals of this study were to probe the types of monomer-template hydrogen bonding
interactions necessary to achieve a successful imprint of CRIXIVAN™ and to thoroughly
characterize those which yielded polymers with the best selectivity. To achieve this goal,
attenuated total reflection IR spectroscopy (ATR-IR) was used to assess the hydrogen bonding
interactions occurring between several alternative functional monomers and fragments of
CRIXIVANT™ in solutions similar to those of the polymerization mixtures. The strength and
number of these interactions were then compared to the selectivity of the imprints prepared with

each monomer.

Experimental

Reagents

Methacrylic acid (MAA), 4-vinyl-pyridine (4-VP), acrylamide (ACRYL), methylacrylate
(MeACRYL), ethylene glycol dimethacrylate (EDMA), pyridine, N,N Dimethylpiperazine, ¢-
butylacetamide, and 2-butanol were obtained from Aldrich (Milwaukee, WI). CRIXIVANT, its
enantiomer, its diastereomers, and hydroxyamide were synthesized and characterized by Merck
and Company’s Process Research Department (Rahway, NJ). All solvents, chloroform,
acetonitrile, acetic acid, and water were obtained from Fischer (Raritan, NJ) and were HPLC

grade. AIBN was obtained from Pfaltz and Bauer (Waterbury, CT).

Instrumentation

The HPLC system consisted of a Beckmann System Gold pump and a Waters (Medford,

MA) 715 ULTRA WISP autosampler. The column temperature was controlled by a Neslab
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RTE-110 (Newington, NH) recirculating water / ethylene glycol bath. An Applied Biosystems
(Foster City, CA) 757 absorbance detector set 260 nm was used. The chromatographic data
analysis was performed using P.E. Nelson (Cupertino, CA) Turbo*Chrom software. The
statistical analysis of the data were done using Origin software (Microcal, Northampton, Ma).
The IR spectra were collected using a Nicolet IR spectrometer equipped with a diffuse
reflectance apparatus or attenuated total reflectance (ATR) apparatus. All IR spectra were

collected at room temperature (approximately 22 °C +/- 2°C).

Polymer Preparation and Characterization

Four polymers were evaluated, each prepared with a different hydrogen bonding
functional monomer (see Figure 4-2): methacrylic acid (MAA), 4-vinyl-pyridine (4-VP),
acrylamide (ACRYL), and methylacrylate (MeACRYL). The polymers were prepared by
combining EDMA (35 mmol), functional monomer (6.1mmol), CRIXIVAN™ (0.87mmol),
AIBN initiator (50mg), and 10mL of dry chloroform (KF=60pg/mL) in a 25 ml glass vial. The
solutions were purged with nitrogen for 5 min and each bottle was capped tightly and placed
under a UV lamp (466 nm) at ~16°C (+/- 2°C) for 10 hours. The resulting solid polymers were
ground with a mortar and pestle and washed with 1 liter of 10% acetic acid in acetonitrile
followed by 1 liter of acetonitrile. Quantitation of the washes indicated > 90% incorporation of
each monomer into its respective polymer. A portion of each batch of polymer was washed with
methanol, dried, and characterized by Diffuse-Reflectance IR spectroscopy. MAA polymer:
3300cm™ (O-H), 1742cm™ (ester C-O); 4-VP polymer: 1569c¢m™ (pyridine), 1550 cm™
(pyridine). 1742¢m™ (ester C-0); ACRYL polymer: 3300cm™ (N-H), 1650cm™ (amide C-O),

1742cm™ (ester C-0); MeACRYL polymer: 1742cm™ (ester C-O).
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Figure 4-2.  Structure of Monomers used for Synthesis of Different Polymers
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Column and Sample Preparation

The polymer particles were passed through 38 and 25um sieves and approximately
lgram of the 25-38um sized particles were suspended in acetonitrile and packed into a 10 x 0.46
cm. HPLC columns. These columns were attached to the HPLC system and washed with 10%
acetic acid prior to equilibration with mobile phase. The samples were prepared by dissolving
CRIXIVANT™, its enantiomer, or diastereomer in chloroform (0.5-1.0 mg/ml). A 7-50pul volume
sample (~4-50pg) was injected onto the column, the exact amount depending on the experiment.
To evaluate the selectivity of each polymer, separate samples of CRIXIVAN™, CRIXIVAN™
diastereomer, or CRIXIVAN™ enantiomer were injected. For chromatograms showing

resolution between two isomers, both components were injected simultaneously.

ATR-Infrared Spectroscopic Studies

Comparison of Different Functional Monomers

ATR-IR spectroscopy was used to evaluate hydrogen bonding between each functional
monomer and the template in the polymerization solution. ln order to study the interaction at
each functional group, CRIXIVAN™ was replaced with several representative fragments (Figure
4-3.), each mimicking a potential hydrogen bonding group of the parent molecule. Each
fragment was separately dissolved in chloroform with MAA, ACRYL, or pyridine (representing
4-VP) to achieve a concentration of 0.1M of each component and the resulting solutions were
analyzed by ATR-IR spectroscopy. These spectra were compared to spectra of each individual
fragment to identify band shifts indicative of hydrogen bonding and to determine the relative
strength of the intermolecular hydrogen bonds formed with each fragment. This method

provided well-resolved IR bands for all of the functional groups in question.
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Figure 4-3 Representative Fragments of CRIXIVAN™
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Binding Studies of Methacrylic Acid with CRIXIVAN™

Throughout the study, it was found that the intensity of the carbonyl stretch of MAA
(1635 cm™) decreased in the presence of CRIXIVAN™, This behavior was used as basis for
measuring the hydrogen bonding interactions occurring between these two species. The intensity
of the carbonyl stretch was measured for several chloroform solutions of CRIXIVAN™ (0.1M)
containing increasing amounts of MAA (0-21 mole equivalents). A calibration curve of peak
intensities for solutions of ‘free’ MAA was used to calculated the effective decrease of the MAA

band due to hydrogen bonding with CRIXIVAN™, [MAA -crixivan Bound’ ]

q/V = [MAA y54ea'] — (I sampte / RE) [4-1]
C = [MAA <ygea’] - [MAA “Crixivan Boune'] [4-2]
where:

q = effective amount of MAA ‘bound’ to CRIXIVANT™,

v = the volume of the solution.

[MAA adear] = total concentration MAA added to the solution.

I sample = intensity of 1690c¢m™ peak of MAA in sample.

Rf = slope of calibration curve for intensity js90cm-1 for solutions of MAA
without CRIXIVAN™,

C = concentration of ‘free’ MAA remaining after ¢ moles become bound.
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Binding Equilibria

For this study, MAA can be considered a ligand that binds to multiple hydrogen bonding
sites on CRIXIVANT™, In general, if each site on a substrate possessing » sites demonstrates the
same equilibrium constant for the binding of a ligand, the sites are considered identical and
independent. In this case, the overall equilibrium is governed by the following relationship that

considers the statistical aspect of the binding events [¢!;

q = bnC [4-3]
1+bC

where q and C are as described above and,

b = the equilibrium constant for the binding process.

n = the number of binding sites on the substrate available to bind the ligand.

Equation [4-3] can be rearranged into an expression known as the Scatchard plot:

q/C=-bq+bn [4-4]

For a substrate with identical and independent binding sites, a Scatchard plot is

linear with a slope of -b and an abscissa intercept of n.

If the binding sites on the substrate are not identical and/or independent, then the

Scatchard plot for the binding process will be curved. When the sites are not identical, the

93



equilibrium constant (b) between the ligand and each site is different. In such a case, the
Scatchard plot is curved concave upwards. The sites are considered non-independent when the
binding of a ligand at one site, alters the binding constant of a second ligand at a neighboring
site, producing a continuous variation in the equilibrium constant (b). If b increases with
increasing saturation, the process exhibits ‘positive cooperativity’ and is characterized by a
concave downwards curved Scatchard plot. If b decreases with increasing saturation, a "negative

cooperative’ process is operating that is characterized by a concave upwards Scatchard plot 2.

Using the data obtained from equations [4-1] and [4-2] above, a binding isotherm
(q versus C) and Scatchard plot were constructed for various concentrations of MAA in the

presence of a constant concentration of CRIXIVAN™ (0.1M).

Results and Discussion

ATR-IR Studies — Comparison of the Hydrogen Bonding Propensities of Different Monomers
Infrared spectroscopy is a convenient tool for identifying and quantifying hydrogen

bonding interactions. The most prominent effects of hydrogen bonding on a peak in the

vibrational spectrum are shifts in the maximum frequency and/or a broadening and change in

intensity of the band at that frequency (4]

The imprint molecule of this study possesses multiple potential hydrogen bonding

groups, suggesting that it would be an ideal template for molecular imprinting. It was unclear,

however, as to the types of hydrogen bonding interactions that would lead to a successful imprint
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of this functionally diverse molecule. To address this question, several functional monomers
(Figure 4-2) were explored to imprint CRIXIVANT™, each differing in their ability to hydrogen

bond with the template during the polymerization.

As shown in Figure 4-1, we have arbitrarily divided CRIXIVAN™ into three portions for
discussion. Portion 1 of the molecule contains pyridinyl and piperazine groups capable of
undergoing hydrogen bond accepting interactions with monomers and a #-butylamide group that
may participate in both donating and accepting interactions. Portions 2 and 3 of the molecule
possess hydroxy and hydroxyamide groups respectively, that may undergo both hydrogen bond
accepting and donating interactions with the monomers. Our initial IR studies used
representative fragments of CRIXIVAN™ (Figure 4-3) to separately assess the ability of each of

these fragments to hydrogen bond with the functional monomers.

Piperazine/Pyridine Groups

For the IR studies, the piperazine and pyridine groups on CRIXIVAN™ were substituted
with the fragments, dimethylpiperazine and pyridine respectively. The IR spectrum of an amine
contains a band in the 2700-2800cm™ region that is associated with the nitrogen lone pair that
disappears when the amine becomes protonated !2”). Therefore, it was postulated that the
corresponding amine band of dimethylpiperazine would be perturbed when it hydrogen bonds
with the donor monomers, MAA and ACRYL. Similarly, for pyridine, two of the C=C ring
stretches (1585 cm™ and 1600 cm™ 127 were expected to be sensitive to hydrogen bonding
between the ring nitrogen and the donor monomers. The pyridine monomer was not considered

in either case because it is not capable of hydrogen bonding with either acceptor group.

95



Comparisons of the IR spectra of dimethylpiperazine and pyridine alone and in the
presence of each monomer are presented in Figures 4-4 through 4-7. As shown, only the MAA
monomer affected a significant change in the bands of interest, suggesting that it hydrogen bonds
to the piperazine and pyridinyl groups of CRIXIVAN™ to a greater extent than ACRYL. This
result is not surprising considering that the MAA carboxylic proton is more acidic than the amide

proton of ACRYL.

Hydroxyamide/t-butylamide Groups

An amide can donate or accept hydrogen bonds through its carbonyl oxygen and amide

proton respectively:

C=0"""Donor or N-H"""Acceptor

The IR peak corresponding to the C-N stretch (~1510cm™) of an amide responds to hydrogen
bonding interactions by undergoing a shift to higher frequencies "'?’). This criterion was used to
investigate the possibility of hydrogen bonding between each functional monomer and the
hydroxyamide and ¢-butylamide groups of CRIXIVAN™. Thus, IR studies were performed on
solutions of MAA, ACRYL, or PYR in the presence of either, hydroxyamide or -
butylformamide. These spectra were then compared to the corresponding spectra of solutions of
hydroxyamide or ¢-butylformamide without monomer to identify perturbations in the C-N stretch

due to hydrogen bonding.
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Figure 4-4. Effect of MAA on Piperazine Infrared Stretch at 2800cm™': Solvent: chloroform;

concentration: 0.1M; Resolution; 1 cm"; Scans: 200x.
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