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ABSTRACT: A set of polymers has been imprinted with (—)-ephedrine at six different temperatures,
ranging from —30 to +80 °C. Polymer affinity and specificity were observed to be strongly dependent on

the polymerization temperature. The experimental results suggest that the polymer is able to “memorize

the temperature used in the polymerization process in a manner similar to previously documented MIP
“memory” effects for the template and polymerization solvent. In a study of the effect of temperature on
retention and selectivity in HPLC (using the MIP as a column packing), a clear gradient change in the
Van't Hoff plots was observed at 20—30 °C. This indicates a transition in binding mechanism from
exothermic at higher temperatures to endothermic at lower temperatures. These results, supported by
the evidence of template-induced MIP swelling, are interpreted in terms of desolvation and conformational
changes in the polymers induced by the interaction with the template.

Introduction

The development of synthetic receptors capable of
recognizing small organic molecules is an important
area in fundamental and applied sciences. Several
synthetic approaches are available for the preparation
of synthetic receptors; these include rational, combina-
torial syntheses, and molecular imprinting.! The concept
of molecular imprinting in organic polymers was intro-
duced by Wulff in 1972.2 The process involves the
formation of a molecular complex between functional
monomers and a target compound (template). Subse-
quent thermal or photoinitiated radical polymerization
in the presence of cross-linker results in a “freezing” of
this complex inside the three-dimensional polymer
network. Removal of the template from the polymer
leaves cavities or imprints with the shape and orienta-
tion of the functional groups complementary to those
of the template molecule. The preservation of the
structure of the monomers—template complex during
the polymerization step is a crucial element, which
determines the success of the imprinting procedure.

The stability of monomers—template complexes and
their type and concentration depend on the polymeri-
zation conditions. The complex formation phase is under
thermodynamic control, and its energetics can be de-
scribed by the equation?

AGping = AGyy, + AG, + AG, + AGy, + ) AG, +
AGconf + AG'vdW (1)
where the Gibbs free energy changes are AGyping the
complex formation, AG¢r the translational and rota-
tional, AG, the restriction of rotor upon complexation,
AGy the hydrophobic interactions, AG,, the residual soft
vibrational modes, Y AG, the sum of interacting polar
group contributions, AGgns the adverse conformational
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changes, and AGygw the unfavorable van der Waals
interactions.

Attempts have been made in the past to use thermo-
dynamic calculations, sometimes in combination with
NMR or UV titration, for the analysis of monomers—
template complexation processes and the prediction of
MIP performance.* To be correct, this modeling needs
to satisfy three conditions: the structure of the mono-
mers—template complex existing in solution prior to
polymerization should remain the same after the satu-
ration of double bonds and formation of polymer chains;
the temperature used in the modeling should match the
actual temperature developed during polymerization;
the polarity of the monomer mixture should be the same
as the polarity of the imprinted cavities of the resulting
polymer. Because of obvious difficulties in satisfying
these criteria, primarily due to the absence of informa-
tion about the real system, the practical application of
modeling remains limited. The general considerations
listed above, however, still remain relevant, and condi-
tions that enhance monomers—template complexation
are important for successful imprinting.

The polymer affinity and specificity rely significantly
on the right choice of monomers, cross-linker, solvent,
and polymerization temperature. Monomers are selected
on the basis of the strength of their interactions with
the template, which contribute to Y AGy, AGp, and AGg+r
in eq 1. This selection can be performed empirically by
testing a series of polymers prepared using different
monomers or rationally by computational screening of
a virtual library of functional monomers.®> The beneficial
role of the cross-linker in covalent and noncovalent
imprinting was studied previously and was explained
in terms of preserving the structure of the imprints
formed.® Solvent can change the entropy and enthalpy
of the complexation (3AG, AGp) and can improve
unfavorable van der Waals interactions (AGyqw) through
an effective solvation process. In addition to the ther-
modynamic contributions, solvent influences mass trans-
fer by affecting polymer morphology.” Temperature has
a complex effect on monomer—template and polymer—
template interactions. Lower temperature should be
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Figure 1. Temperature profile of the polymerization reaction.
The plots begin 2 min before the start of gelation.

Table 1. Polymerization Conditions and Properties of the
Imprinted Polymers

Tinit,  Tmaxs BET surf. total pore av pore
polymer °C °C area, m®g=! wvol,cm3g=! diam, nm
MIP1 +80 +187 96.2 0.22 8.3
MIP2 +25  +78 15.8 0.028 6.9
MIP3 0 +27 19 0.004 7.2
MIP4 -10 +4 1.4 0.004 11.2
MIP5 —-20 -10 0.9 0.002 10.8
MIP6 —-30 -19 1.5 0.004 10.0
blankl +80 +190 91.3 0.26 11.3
blank6 —-30  —20 2.8 0.01 125

beneficial due to a reduction of the influence of residual
vibrational modes (AG,i,) and an increase in the strength
of polar interactions (JAG.)® (eq 1). At the same time
the tighter complexes formed at lower temperature
could be responsible for an increase in adverse confor-
mational (AGcnf) and unfavorable van der Waals (AGyqw)
terms in eq 1.

It is surprising that only relatively limited efforts
have been devoted to the analysis of the role of the
polymerization temperature on complexation and rec-
ognition processes. To date, reported studies of this type
include comparative analysis of the affinity, specificity,
and adsorption capacity of the polymers prepared using
thermal and photoinitiated polymerization.® O’'Shannessy
et al. compared sets of MIPs prepared at temperatures
ranging from 0 to 60 °C using three different initiators
and showed that polymers prepared at low temperature
have better specificity compared to those prepared at
higher temperature.’® Since the initiators used in this
study were different and this could lead to different
morphology of the synthesized polymers, the interpreta-
tion of the temperature effect on polymer performance
remains ambiguous. Additionally, the polymerization
temperature was not recorded in these studies, although
it might be expected that due to the exothermic char-
acter of the reaction, the real temperature in the
polymerization mixture is higher than the one used to
initiate the polymerization.
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In this work we have carried out chromatographic
analysis of polymers prepared at different temperatures
and made an attempt to analyze the energetics, which
control the molecular recognition in imprinted polymers.
The mechanisms and thermodynamic origin of the chiral
recognition displayed by the MIPs are discussed.

Results and Discussion

To analyze the impact of polymerization temperature
on MIPs affinity and specificity, a set of polymers,
imprinted with (—)-ephedrine at six different temper-
atures, —30, —20, —10, 0, 20, and 80 °C, was prepared
using the same monomer composition (see Experimental
Section). The polymer performance was analyzed in
chromatographic experiments.

The temperature of the polymerization mixture was
monitored using a thermocouple (Figure 1). As one
might expect, the real polymerization temperature, due
to the exothermic nature of the process, was signifi-
cantly higher than the one used for initiation of the
reaction (Table 1). The rate of the polymerization
reaction was slower at low temperatures. Better control
of the reaction at lower temperatures was probably
responsible for the production of more homogeneous,
gel-like materials with a decreased surface area, pore
volume, and swellability in chloroform (Tables 1 and 3).

In theory, the polymerization temperature can affect
the polymer morphology in different ways due to
complexity of the process of phase separation. The free-
radical initiator decomposes, generating free radicals
and forming cross-linked nuclei or domains, which soon
become insoluble and precipitate in the reaction medium
forming globules. On one hand, the higher polymeriza-
tion temperatures lead to the formation of a larger
number of free radicals and a larger number of growing
nuclei and globules. The formation of a larger number
of globules at higher temperature is compensated by
their smaller size. The polymer composed of smaller
globules will have a larger number of smaller pores and
larger surface area. On the other hand, temperature
also affects the phase separation of the polymers from
solution through the solvation of forming nuclei. Nor-
mally an increase in temperature improves the nuclei
solubility. Therefore, at higher temperature the pre-
cipitating nuclei will have a higher molecular weight.
As a result, both the nuclei and the voids between them
would be larger.t! Obviously, an increased surface area
and pores volume for the polymers MIP1 and MIP2
serves as an indication that the first process plays a
more important role in determining their morphology.

The polymerization temperature for polymers MIP 1
and MIP 2 reached relatively high values (187 and 78
°C, respectively) (Table 1). These conditions might be
unsuitable for imprinting of thermally sensitive tem-
plates which could decompose, and natural molecules,
such as proteins and nucleic acid, which denature at
elevated temperatures.

Table 2. Thermodynamic Parameters for Polymers2

AHgpp(50 °C),

ASapp(50 °C),

AHapp(0 °C), ASapp(0 °C),

polymer kcal mol—t cal mol-1 K1 kcal mol—1t cal mol-1 K1
MIP1 (—)-ephedrine -2.8 -7.7 -0.02 1.4
MIP1 (+)-ephedrine —-3.4 —-10.4 —-0.5 -0.7
MIP6 (—)-ephedrine -5.8 -13.9 4.4 21.4
MIP6 (+)-ephedrine -3.8 -9.3 2.4 12.0

@ The enthalpies (AHapp) and entropies (ASapp) Were obtained from linear regression of the linear parts of the corresponding Van't Hoff

plots of In K' vs 1000/RT.
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Table 3. Swelling Ratio of the Polymers?2

swelling  swelling ratio swelling ratio chloroform
ratio chloroform + + HMDA + (—)-ephedrine

polymer chloroform HMDA (1 mg mL1)
MIP1  2.33+0.02 2.33+0.04 2.37 £0.02
blankl 2.20+0.04 2.19 4+ 0.02 2.20+0.01
MIP2  1.86+0.03 1.82+0.03 1.87 +£0.03
MIP3  1.77+0.02 1.76 +0.02 1.81 +0.02
MIP4 172+ 0.03 1.71+0.05 1.77 £0.02
MIP5 178 +0.05 1.77 £0.05 1.86 + 0.03
MIP6  1.77 £0.03 1.75+0.01 1.86 + 0.03
blank6é 1.72+0.01 1.71+0.01 1.72 £ 0.02

a Swelling ratio = amount of solvent adsorbed/dry weight of the
polymer.
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Figure 2. Influence of the polymerization temperature on
capacity factors (K') for (—)-ephedrine (a) and (+)-ephedrine
(b) measured at different temperatures. Flow rate = 1 mL
min~%; mobile phase = 0.05% HMDA in chloroform. Injection
amounts were 8 ug (48.5 nmol) in 40 L injection volume.

The chromatographic evaluation of synthesized poly-
mers was performed at eight temperatures: —10, 0, 10,
20, 30, 40, 50, and 55 °C. The results of this evaluation,
expressed in terms of temperature dependence of capac-
ity and separation factors for ephedrine enantiomers,
are presented in Figures 2a,b and 3.

As expected, a clear increase in capacity (K') and
separation factors (o) with decrease in polymerization
temperature was observed (see the chromatograms in
Figure 4a,b). This effect was more pronounced for the
template (—)-ephedrine than (+)-ephedrine which re-
sulted in a large increase from a = 1.53 for MIP 1 to a
= 4.04 for MIP5. No additional increase in polymer
specificity and affinity was observed when the polym-
erization temperature was decreased further from —20
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Figure 3. Influence of the polymerization temperature on
separation factors (o) for MIP1—MIP6 measured at different
temperatures. Flow rate = 1 mL min~1; mobile phase = 0.05%
HMDA in chloroform. Injection amounts were 8 ug (48.5 nmol)
in 40 uL injection volume.
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Figure 4. Chromatograms of (+)-ephedrine (1) and (—)-
ephedrine (2) on MIP1 (a) and MIP 6 (b). Flow rate = 1 mL
min~; mobile phase = 0.05% HMDA in chloroform; temper-
ature = +30 °C. Injection amounts were 8 ug (48.5 nmol) in
40 uL injection volume.

°C (MIP5) to —30 °C (MIP6). The binding constants for
polymers MIP 1 and MIP 6 were calculated using frontal
analysis (performed at 30 °C) which allows the accurate
determination of adsorption data from breakthrough
experiments.?2 The binding isotherms for both polymers
could be fitted with a Langmuir binary site model. The
polymer synthesized at low temperature has a similar
number of high affinity binding sites to the polymer
prepared at higher temperature (Bt = 2.05 umol g~ for
MIP1 and Bt = 2.23 umol g~ for MIP6) but had higher
affinity (Kp = 0.32 mM for MIP 1 and Kp = 0.11 mM
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Figure 5. Temperature optimum of polymer specificity (a)
vs polymerization temperature for MIP1—-MIP6.

for MIP6). The number of low affinity binding sites was
significantly smaller for MIP6 as compared with MIP1
(Bt = 8.45 umol g~ for MIP6 and Bt = 27.6 umol g~
for MIP1), but again, their affinity was higher (Kp =
1.64 mM for MIP6 and Kp = 4.17 mM for MIP 1).

The role of the temperature on column performance
in enantioseparation has been studied previously. De-
pending on the experimental conditions, the affinity of
polymers in enantioseparation was found to increase or
decrease at elevated temperature.’ It is interesting that
with increase in temperature of separation in this study
(with the exception of MIP1) the polymers affinity and
enantioseparation improved initially, reaching a maxi-
mum at 10—30 °C, and then declined at higher temper-
atures. With a decrease in polymerization temperature
the optimum enantioseparation also shifted to a lower
temperature (Figure 5).

From past experiments a general observation for
imprinted polymers is that optimum binding occurs
when the polymer is exposed to the same conditions as
those used for polymerization. Thus, a MIP often has
optimal binding in the same solvent in which it was
polymerized.'® The reason for this lies in the postulated
mechanism of template recognition by a MIP, which
originates, basically, from two factors: shape of the
imprints and the spatial positioning of the functional
groups in the polymer which are participating in the
complex with the template and are integrated into the
polymer network during the polymerization stage. The
distance between these groups and their orientation in
the polymer can be affected by a swelling process, and
because of this, the MIP can lose its specificity when
immersed in the “wrong” solvent. We might also expect
that during the polymerization stage the microenviron-
ment of the developing imprints adjusts to the solvation
by the porogen at a certain temperature. As a result,
the polymer will “memorize” the temperature developed
during polymerization. It is important to note that in
this work only an indication of a connection between
the measured temperature of polymerization reaction
and optimum polymer performance has been observed,
not a direct correlation. The reason for this lies in the
complex nature of the recognition process. For example,
binding at low temperature will depend significantly on
mass transfer, which will obviously be slow at low
temperature, thus preventing effective recognition of the
template by the MIP.

The determination of thermodynamic parameters is
a crucial tool in the characterization of polymer—
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Figure 6. Van't Hoff plots of the capacity factors (K') for 48.5
nmol of ephedrine enantiomers on MIP1 (a) and MIP6 (b). Flow
rate = 1 mL min~*; mobile phase = 0.05% HMDA in chloro-
form; (=) = (—)-ephedrine; (+) = (+)-ephedrine.

template interactions. Chromatographic retention data
from variable-temperature runs may be used to evaluate
thermodynamic properties according to the Van't Hoff
equation.'® This approach can offer an insight into the
nature of the interaction between the template and
polymer and help to elucidate the chemical forces
underlying the interactions.

Figure 6 shows the plots of In K' vs 1000/RT in a
mobile phase containing 0.05% of hexamethylenedi-
amine as additive. The plots for polymers MIP1 and
MIP6 indicate two intersected linear parts with different
slopes. The correlation coefficients for the fits were at
least equal to 0.94. The linear portions of these plots
were fitted by linear regression analysis, giving values
assigned as apparent AHapp and ASgpp. Table 2 contains
a list of AHapp and ASgp, values for MIP1 and MIP6.
The major change in the slopes of Van't Hoff plots
observed at 20—30 °C is thought to be associated with
a change in mechanism of binding from exothermic to
endothermic at this temperature. At higher tempera-
tures (>20 °C) the binding process is exothermic. A
negative enthalpy suggests interactions such as hydro-
gen-bonding, ion-pairing, and van der Waals interac-
tions. It is noteworthy that the value of the apparent
AH for the template—MIP6 interaction at temperatures
>20 °C (—7.06 kcal mol~1) was approximately 2 times
larger than that for the (+)-ephedrine—MIP6 interaction
(—3.69 kcal mol~1) and 2 times larger than that for the
(+)-ephedrine—MIPL1 interaction. This could potentially
arise from MIP6 forming a higher ordered complex with
the template; for example, two monomers might react
with one template molecule under these conditions.

For the MIPs prepared at lower temperatures the
larger enthalpy gains are thought to be associated with
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larger entropy losses. Inclusion of the template into a
tighter binding site with its restricted size and shape
greatly reduces the template’s freedom, giving more
negative entropic contributions. The negative entropy
at temperatures higher than 20 °C observed for all MIPs
indicates an increase in the order of the chromato-
graphic system as the solute was bound by the polymer.
This is a result of an energetic penalty associated with
the freezing of a rotor AG, (eq 1). The value of TAS =
3—4.5 kcal mol~1 (MIP1 and MIP6 at 50 °C) is only 2—3
times higher than the value TAS = 1-1.4 kcal mol~?!
per rotor calculated for weak complexes.'® Assuming
that at 50 °C the binding sites have an open conforma-
tion and desolvation effects are minimal, it is possible
to conclude that only a small part of the template
molecule (~1/3) is embedded into the binding cavity;
otherwise, the energetic penalty will be larger.

The binding of both enantiomers at lower tempera-
tures (<20 °C) is exclusively entropy-driven, and posi-
tive entropy gains even outweigh unfavorable enthalpy
changes. Entropy-driven binding and recognition have
been frequently observed for MIPs, inclusion complexes,
and natural receptors.’>” The most likely scenario is
that the template molecule induces a more extensive
rearrangement and displacement of solvent molecules
from the imprint, which involves changes in solvation
of both the host polymer binding site and the guest
molecule. The breaking of hydrogen or van der Waals
bonds formed between the polymer chains leads to the
imprint assuming a more open configuration so there
is greater freedom of movement in the polymer func-
tional groups and polymer—template complex. It is
logical to assume that this effect is stronger for the (—)-
ephedrine—template than for (+)-ephedrine, and this is
reflected in a more positive entropy term.

To study this model, swelling experiments were
performed in the presence and absence of the template
(Table 3). A clear increase in swelling was observed in
the presence of template. This effect was more pro-
nounced in the case of the polymer prepared at low
temperature (MIP6). The magnitude of template-
induced swelling was lower in this work when compared
to that previously observed for MIPs with a low levels
of cross-linking.18 It is important to note that template-
induced changes in the polymer conformation are system-
dependent. Depending on the type of interactions be-
tween the polymer chains and interactions of the
polymer chains with solvent molecules, the template can
increase swelling, as in the current case, produce no
changes at all, or decrease swelling.”1® In water, for
example, we might expect strong competition from
water molecules in hydrogen bonding to the polar
polymer chains, which will prevent their self-associa-
tion. Because of osmotic pressure, the size of imprinted
cavities will most likely increase upon release of the
template. The template, during the rebinding step, will
displace water molecules, inducing shrinking of the
polymer.1® The template-induced changes in polymer
conformation can be used for the development of su-
pramolecular devices that could transform a binding
event into a detectable electrical signal.2°

Besides the binding thermodynamics, temperature
will also affect transport and binding kinetics. Thus, the
increased viscosity of the mobile phase at low temper-
ature can affect the separation efficiency due to the
reduced rate of mass transfer in solution and on the
binding sites. This effect can be quantified using Van
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Deemter analysis.?! The detailed analysis, however,
required measurements performed at different flow
rates, which was difficult to achieve due to excessive
broadening of the peak shape at flow rates below 0.5
mL/min and too high back pressure at flow rates above
2 mL/min.

Conclusion

The present results indicate that the polymerization
temperature plays a crucial role in the performance of
the synthesized materials. The polymer’s affinity and
specificity were significantly improved by decreasing the
polymerization temperature. The presence of a temper-
ature-dependent optimum in polymer performance il-
lustrates how a polymer can “memorize” the tempera-
ture used in polymerization, in a manner similar to
previously documented memory effects existing in MIP
systems for the template and polymerization solvent.
Analysis of the thermodynamic parameters of the
polymer—template interaction shows that the template
binding by the synthesized MIP at low temperature in
contrast to binding at higher temperature is most likely
entropy driven, resulting from a release of solvent
molecules from the cavities and from the conformational
changes in polymer induced by the template. This study
indicates the principal possibility of modulating the
polymer’s properties by optimizing the temperature
regime and shows the importance of a thermodynamic
analysis for a better understanding of the nature of
molecular recognition in MIP systems.

Experimental Section

Chemicals. (1R,2S)-Ephedrine ((—)-ephedrine) and (2R,1S)-
ephedrine ((+)-ephedrine) were supplied by Chemical Develop-
ment, GlaxoSmithKline R&D, UK. Ethylene glycol dimeth-
acrylate (EGDMA), 2-hydroxyethyl methacrylate (HEM),
1,1'-azobis(cyclohexanecarbonitrile), hexamethylenediamine
(HMDA), and chloroform were purchased from Aldrich (UK).
All chemicals and solvents were analytical or HPLC grade and
were used without further purification.

Preparation of Molecularly Imprinted Polymers. A set
of polymers was synthesized at different polymerization tem-
peratures (Table 2). A 10:1 molar ratio of functional monomers
to template was used in order to saturate all functional binding
sites in the template. To a solution of (—)-ephedrine (1.21
mmol, 0.2 g) in chloroform (8.82 g) was added 2-hydroxyethyl
methacrylate (12.1 mmol, 1.57 g), ethylene glycol dimethacry-
late (35.9 mmol, 7.1 g), and 1,1'-azobis(cyclohexanecarbonitrile)
(0.18 g). The monomer mixture was placed into a 50 mL glass
tube, purged with nitrogen for 5 min, and sealed. The bottles
were placed in a thermostat (LTD20G, Grand Instruments,
Cambridge, UK) and equilibrated for 20 min at temperatures
ranging from —30 to +80 °C. The polymerization was initiated
by heating at 80 °C (MIP 1) or photochemically (MIP2-MIP6)
using a fiber-optic light source with a 300 W CERMAX xenon
arc lamp (PerkinElmer Optoelectronics, Inc.) for 3 h duration
of exposure. During this time the samples were rotated
periodically to ensure even polymerization. Corresponding
blank polymers were prepared in the absence of the template.
The bulk polymers were ground in methanol with an electrical
mortar SL2 (Silverson, UK) and mechanically wet-sieved
through 38 um sieves (Endecotts, UK) and sedimented in
methanol to remove fines. The polymers were additionally
washed out with chloroform containing 0.05% hexamethyl-
enediamine. Spectrophotometric analysis of ephedrine con-
centration in washing solutions performed at 260 nm indicates
that 94—95% of the template was removed successfully from
the polymer. Polymer particles were collected, dried under
vacuum, and used for packing HPLC columns.

The determinations of specific surface area were performed
using an ASAP 2000 instrument (Micrometrics Instrument
Corp.) based on the nitrogen BET.
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HPLC Analysis. For the analysis of MIP’s recognition
properties the polymer particles were suspended in methanol
and packed in a stainless steel HPLC columns (150 x 4.6 mm)
under reduced pressure. The evaluation experiments were
carried out using an HPLC system, which included a Consta-
Metric-3200 solvent delivery system (LDC Analytical, UK), a
Perkin-Elmer 1SS-100 automatic injection system, and a
Waters Lambda-Max model 481 LC detector (UK). The tem-
perature of the column and eluent was maintained constant
within £0.1 °C, using a thermostat (LTD20G, Grand Instru-
ments, Cambridge, UK). Columns were washed with 0.05%
hexamethylenediamine in chloroform at a constant flow (1 mL
min~1) until a stable baseline was achieved. HPLC analysis
was performed at a flow rate of 1.0 mL min~! and monitored
by UV detector at 260 nm. Injection amounts were 8 ug (48.5
nmol) in 40 uL injection volume. The affinity of ephedrine
enantiomers was examined at the temperature values of —10,
0, 10, 20, 30, 40, 50, and 55 °C. The chromatographic system
was allowed to equilibrate at each temperature for at least 1
h prior to each experiment. All reported chromatographic data
represent the results of 3—5 concordant experiments. The
standard deviation of the measurements was below 5%.

Capacity Factors, Separation Factors, and Van't Hoff
Plot. Capacity factors (K') were determined from K'= (t — to)/
to, where t is the retention time of a given species and to is the
retention time of the void marker (acetone). Effective enanti-
oseparation factors (o) were calculated from the relationship
o= K'(=)/K'(+), where K'(—) and K'(+) are the capacity factors
of the (—)- and (+)-ephedrine, respectively.

The capacity factor K' is proportional to equilibrium dis-
sociation constant K and can be written as

K' = ¢K @)

where ¢ is the phase ratio (volume of the stationary phase
divided by volume of mobile phase). It was calculated from
the dead volume and sum of the dead volume with discon-
nected column and geometrical volume of the column. The
value obtained varies depending on the material and the
temperature, e.g., ¢ = 0.76 + 0.02 for MIP1, ¢ = 0.63 4+ 0.02
for MIP5, and 0.52 + 0.01 for MIP6. The temperature varia-
tions were about 4%.

The change in the standard Gibbs free energy (AG®) is
related to the equilibrium constant by the equation

AG° = -RTInK ®)

The relation between change in free energy and change in
enthalpy and entropy can be described by the equation

AG® = AH° — TAS® (4)

AH? is the enthalpy and AS° is the entropy of transfer of the
solute from the mobile phase to the stationary phase, T is the
temperature, and R is the gas constant. Combining egs 2 and
4, the capacity factor can be expressed by the integrated form
of the Van't Hoff equation:

In K' = —(AH°/RT) + (AS°/R) + In ¢ ©®)

From the slope and the intercept, —AHapp and (ASapp/R) + In
¢ respectively were calculated. The AHgap, and AS,,p should
be considered as apparent, since the phase ratio (¢) is also
dependent on the temperature.

Swelling Analysis. Swelling experiments were performed
as described previously.?? 300 mg of the polymer particles with
the mesh size 38—67 um was packed in 1 mL solid-phase
extraction cartridges (Supelco, UK). Cartridges were filled with
1 mL of chloroform, 0.05% solution of HMDA in chloroform,
and a solution of 1 mg mL~* (—)-ephedrine in 0.05% HMDA
in chloroform. After 6 h equilibration at 20 °C the excess of
solvent was removed from the polymer by applying reduced
pressure for 1 min, and the weight of the swollen polymer was
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measured. The swelling ratio (Sr) of the polymers was calcu-
lated from the following equation:

Sr = (mg — mg)/mq (6)

where ms is the mass of the swollen polymer and my is the
mass of dry polymer.
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