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Abstract: Monolithic molecularly imprinted columns were designed and prepared by in situ thermal-initiated 
copolymerization for rapid separation of the xanthine derivatives such as caffeine, theobromine, and 
theophylline. Molecular recognition was found to be dependent on the structures and arrangements of func-
tional groups of the imprinted molecule and the cavities of the MIP. The morphological characteristics of the 
monolithic MIP were investigated using scanning electron microscopy, which showed that both mesopores and 
macropores were formed in the imprinted monolith. The effects of the chromatographic separation conditions 
on the molecular recognition were investigated; hydrogen bonding and hydrophobic interactions played an im-
portant role in the retention and separation. Thermodynamic data (△△H and △△S) obtained from Van’t
Hoff plots revealed an enthalpy-controlled separation. The present method is very simple compared with the 
bulk MIP procedure; the macroporous structure has excellent separation properties.
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Introduction

1)

  Molecular imprinting is a rapidly developing technique 
for the preparation of polymers having specific molecular 
recognition properties that can selectively recognize the 
template molecule in the presence of compounds with 
structures and functionality similar to that of the template 
[1-5]. The molecularly imprinted polymers (MIPs) pos-
sess several advantages over their biological counter-
parts, including low cost, simple and convenient prepara-
tion, storage stability, repeated operations without loss of 
activity, high mechanical strength, durability to heat and 
pressure, and applicability in harsh chemical media [6,7]. 
Due to such outstanding advantages, MIPs have drawn 
extensive attention and have been used successfully as 
affinity chromatographic stationary phases [8-10], artifi-
cial antibodies [11,12], and sensor components [13,14], 
for membrane separation [15], and as adsorbents for sol-
id phase extraction [16-18]. 
  The conventional approach is to synthesize the MIP in 
bulk, grind the resulting polymer block into particles, and 
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sieve the particles into the desired size ranges. However, 
this tedious and time-consuming process often produces 
particles that are irregular in size and shape, resulting in 
minimal separation with a low column effect. In addition, 
some interaction sites are destroyed during grinding, 
which, thus, leads to a lower MIP loading capacity with 
respect to theoretical values. To overcome these prob-
lems, uniformly sized, and monodisperse particles have 
been made by suspension polymerization [19], multi-step 
swelling [20], precipitation polymerization [21], and sur-
face imprinting polymerization [22]. These techniques  
offer their own merits, but often suffer from the need for 
special dispersing phases/surfactants or are too com- 
plicated.
  Monolithic molecularly imprinted technology, as a nov-
el method for the preparation of chromatographic sta-
tionary phases, combines the advantage of monolithic 
column and MIP technology [23]. Monolithic MIPs are 
prepared by a one-step, in situ, free-radical polymer-
ization “molding” process directly within a chromato-
graphic column without the need for the tedious proce-
dures of grinding, sieving, and column packing. Further- 
more, preparation of these types of MIP is more cost-ef-
ficient, because the number of template molecules re-  
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Figure 1. Molecular structures of caffeine, theophylline, and 
theobromine.

quired is much lower. The monolithic MIP technology 
has attracted significant interest because of the ease of 
preparation, high reproducibility, high selectivity and 
sensitivity, and rapid mass transport [24-26].
  In this study, monolithic MIP columns were prepared  
using theophylline as the template, acrylamide as the 
functional monomer, and ethylene glycol dimethacrylate 
as the crosslinker by in situ thermal-initiated copolymeri- 
zation. Chromatographic characteristics and molecular 
recognition of the monolithic MIP were investigated and 
evaluated using a series of xanthine derivatives: caffeine, 
theobromine and theophylline. Morphological character-
istics and thermodynamic data (△H, △S', △△H, and 
△△S) are investigated and are discussed.

Experimental

Materials
  Caffeine, theophylline, and theobromine, were obtained 
from Sigma (St Louis, MO, USA). The structures of 
these molecules are shown in Figure 1. Acrylamide 
(AM) from Duksan Pure Chemical Co., Inc. (Korea) was 
recrystallized prior to use. Ethylene glycol dimethacry-
late (EDMA) was obtained from Tokyo Kasei Kogyo 

Figure 2. Schematic principle of theophylline-imprinted 
polymers.

Co., Ltd. (Tokyo, Japan) and was extracted with 2.0 
mol/L NaOH solution and dried over anhydroxide mag-
nesium sulfate. α, α'-Azobis (isobutyronitrile) (AIBN), 
the product of Junsei Chemical Co., Ltd. (Japan), was re-
crystallized prior to use. Cyclohexanol was obtained 
from Kanto Chemical Co. Inc. (Japan). Dodecyl alcohol, 
acetonitrile, and methanol were all of HPLC grade and 
obtained from Duksan Pure Chemical Co., Ltd. (Ansan, 
Korea). Acetic acid (analytical grade) was obtained from 
Oriental Chemical Industries (Incheon, Korea). Doubly 
distilled water was filtered through a 0.45-µm filter 
membrane before use.

Preparation of Monolithic MIP Column
  The theophylline-imprinted polymers were directly 
prepared by in situ polymerization within the confines of 
a stainless-steel column tube of 150 × 3.9 mm I.D. The 
schematic principle of the imprinted polymers is shown 
in Figure 2. Theophylline (0.25 mmol), acrylamide (1.0 
mmol), cross-linker (EDMA 5.0 mmol), and free-radical 
initiator (AIBN, 0.032 g) were dissolved in appropriate 
porogenic solvents (cyclohexanol and dodecanol) and  
sonicated for 10 min and sparged with helium for 5 min 
to remove oxygen. The stainless-steel tube sealed at the 
bottom was filled with the polymerization mixture and 
then sealed at the top. The polymerization was per-
formed in a water bath with the temperature maintained 
at 50 oC for 16 h. After polymerization, the seals were 
removed, the column was provided with fittings and 
connected to an HPLC pump, and the system washed re-
spectively with tetrahydrofuran, methanol, and acetic 
acid (80:20 v/v) to remove the porogenic solvents and 
template molecules. A blank monolithic column (in the 
absence of template) was prepared and treated in an 
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(a) (b) (c)
Figure 3. Chromatograms of caffeine, theobromine, and theophylline on different columns. (a) Monolithic MIP column; (b) blank 
monolithic column; (c) bulk MIP column; mobile phase: acetonitrile; peak 1: caffeine; peak 2: theobromine; peak 3: theophylline.

identical manner.

HPLC Analysis
  Separation characteristic of monolithic MIP columns 
were analyzed using a liquid chromatography system 
containing a Waters 600s Multisolvent Delivery System 
and a Waters 616 pump (Waters, Milford, MA, USA), a 
Waters 486 Tunable Absorbance Detector (Waters, 
Milford, MA, USA), and a Rheodyne injection valve 
(20-µL sample loop). Chromate software (V. 3.0, Inter- 
face Eng. Co. Ltd., Korea) was used as the data acquis-
ition system. The UV wavelength was set at 270 nm. All 
the procedures were performed at room temperature.

  Morphological Characteristics of Imprinted Monolith 
  After the chromatographic experiments had been com-
pleted, the column was washed with methanol/acetic acid 
(4:1, v/v) for 30 min. The bottom column fitting was re-
moved and the monolith inside the column was pushed 
out of the tube using the pressure of the methanol mobile 
phase at a flow rate of 4.0 mL/min. The cylindrical mon-
olith was dried under vacuum at 40 oC for 24 h and then 
cut into pieces using a razor blade. Microscopic analysis 
of the monolith was performed using an S-4200 Scann- 
ing Electron Microscope (Hitachi, Japan) at 15 kV.

Results and Discussion

Molecular Recognition on the Monolithic MIP Co- 
lumns
  To evaluate the molecular recognition ability of the 
monolithic MIP column, a homologous serious of xan-
thine derivatives, caffeine, theobromine, and theophyl-
line, was applied to compare the retention and separation 
on the monolithic MIP column. Compared with our pre-
vious report [27] of a bulk MIP that showed broad and 
conjoint peaks of the three xanthine derivatives, due to 
the low mass transfer originating from irregularly shaped 
and sized particles of the bulk MIP column, baseline sep-
aration of caffeine, theophylline, and theobromine was 

achieved on the monolithic MIP column with sharper and 
more-symmetrical peaks (Figure 3). Moreover, the blank 
monolithic column even provided partial separation due 
to the special macroproporous structure and large surface 
area of the monolith.
  When comparing the separation factor (k) of the three 
xanthine derivatives compounds, it can be seen that the k 
values increased in the order of caffeine, theobromine, 
and theophylline. Theophylline had been imprinted in the 
polymer, and the resulting MIP possessed microcavities 
with a three-dimensional structure complementary in 
both shape and chemical functionality to that of the tem-
plate; thus, theophylline displayed the highest molecular 
recognition. From the structures of the three compounds, 
the amino group in theophylline could form a hydrogen 
bond with the monomer to produce specific sites in the 
polymer. Theobromine molecules also have an amino 
group. Caffeine displayed weak retention and recognition 
ability due to the lack of an amino group in its molecular 
structure and the methyl group providing steric encum-
brance for the hydrogen bond. These results indicate that 
molecular recognition was dependent on the structure 
and arrangement of functional groups of the imprinted 
molecule and the cavities in the MIP.

Effect of Chromatographic Conditions on Separation
  The influence of the mobile phase composition on the 
molecular recognition properties was investigated using 
methanol, acetonitrile, water, and 20 mol/L phosphate 
buffer as mobile phases. The results showed that the 
three xanthine derivatives could not be separated com-
pletely when using methanol, water, or the phosphate 
buffer as mobile phases. The best separation was ob-
tained using acetonitrile as the mobile phase, presumably 
due to its weak hydrogen bonding capacity and, thus, 
limited ability to compete for hydrogen bonding sites on 
the template or at the binding sites. Furthermore, it sol-
vates the polymer backbone well and is polar enough to 
dissolve a large number of compounds. The effects of 
polar additives in the mobile phase on molecular recog-
nition were also evaluated using acetic acid as the polar 
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(a) (b)
Figure 4. Effect of mobile phase composition on retention and separation (k1, k2, and k3 are the retention factors of caffeine, theo-
bromine, and theophylline, respectively; a1 and a2 are the separation factors of theobromine and caffeine, and of theophylline and 
theobromine, respectively).

Figure 5. Effect of temperature on the separation and retention 
(k1, k2, and k3 are the retention factors of caffeine, theobromine, 
and theophylline, respectively; a1 and a2 are the separation fac-
tors of theobromine and caffeine, and of theophylline and theo-
bromine, respectively).

additive in the range of 0 to 5.0 % (v/v); the results 
showed that the retention factors decreased with an in-
creased proportion of acetic acid in the mobile phase 
(Figure 4). Moreover, the k value of caffeine changed 
slightly, while the k values of theophylline and theo-
bromine change quickly with the change of the pro-
portion of the acetic acid in the mobile phase. The appa-
rent selectivity factor (a) decreased upon increasing the 
acetic acid proportion in the mobile phase, indicating that 
polar additives can interfere with the hydrogen bonding 
interactions between the matrix in the MIP and the func-
tional groups of the analytes. 
  To investigate the effect of temperature on the retention 
and separation, the temperature-dependence of the mo-
lecular recognition of the three analogues was investi- 
gated. Three replicate injections were made for each ana-

lyte at a flow rate of 0.5 mL/min with the temperature 
changing from 25 to 45 oC. The column was equilibrated 
with the mobile phase for ca. 30 min following each tem-
perature change. We found that the retention factors of 
caffeine, theobromine, and theophylline all decreased 
upon increasing the temperature (Figure 5), presumably 
because the analytes have weaker adsorption to the sub-
strate as the temperature increases and, therefore, migrate 
faster through the MIP stationary phase. This situation 
means that the hydrogen bonding and hydrophobic inter-
actions between the template and polymer weakened 
with increasing temperature. Therefore, a relatively low 
temperature will help to provide better separation. 

Morphological Characteristics of the Imprinted Mon- 
olith
  Morphological analysis of the polymers was also inves-
tigated in this experiment. The SEM image in Figure 6 
shows that many macropores and flow-through channels 
were inlaid in the network skeleton of the theophylline 
imprinted monolith. These macropores and channels al-
lowed the mobile phase to flow through the monolith 
with a low flow resistance, and, thus, enabled fast mass 
transfer of the solutes. Moreover, the low backpressure 
allowed their operation at higher flow rates. The relation-
ship between the backpressure and the flow rate on the 
monolithic MIP showed that even at a high flow rate of 
2.0 mL/min, the backpressure was only 9.26 MPa. In 
contrast, the backpressure of the packed column was rel-
atively higher over the whole range of flow rates, due to 
the irregular shape and non-uniform sizes of the packed 
particles.
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Table 1. Thermodynamic Parameters of Xanthine Derivative Separation on Monolithic MIP Column
Analyte △H (kJ.mol-1) △S' (J.mol-1.K-1) △△H (kJ.mol-1) △△S (J.mol-1.K-1)

Caffeine -5.52 -23.85

Theobromine -9.21 -20.12 -9.42 -17.99

Theophylline -9.42 -17.99 -5.52 -23.85

△H and △S' (△S' =△S + R lnφ) were obtained from linear regression of the Van’t Hoff plots by plotting ln k vs. 1/T; △△H and △△S 
were obtained from a plot of lnα vs. 1/T.

Fig. 6. Scanning electron microscopy (SEM) images of the 
monolithic and bulk MIP.

Thermodynamics of Separation on Monolithic MIP
  The retention behavior and thermodynamic parameters 
determined in this study were used to estimate the en-
thalpy, entropy, and Gibbs free energy of association be-
tween the xanthine derivatives and the monolithic MIP.
Data obtained from retention and separation of the xan-
thine derivatives at temperatures ranging from 25 to 45 
oC were processed using the Van’t Hoff equation [10,28] 

to estimate the thermodynamic properties of the separa-
tion (Figure 7):

  In k' = - 


  + In φ

  In α = - 





where R, T, and φ are the gas constant, the absolute 

Figure 7. Van’t Hoff plots obtained by plotting ln k vs. 1/T.

temperature, and the phase volume ratio, respectively. 
The enthalpy (△H), entropy (△S'), enthalpy difference 
(△△H), and entropy difference (△△S) can be calcu-
lated from the slopes and intercepts of the linear portion 
of the above equations. The results are listed in Table 1.
  The values of △H and △S' indicated that theophylline 
has stronger affinity to the recognition sites, and could 
form a more-stable template-MIP complex than could 
caffeine or theobromine during their matching in the mi-
cro-cavities on the MIP. Moreover, the fact that |△△H| 
> T|△△S| indicates that the separation on the monolithic 
MIP column was an enthalpy-controlled process. In gen-
eral, for the temperature range 25∼45 oC, the enthalpic 
contribution to the overall substrate’s transfer energy was  
more significant than the entropic one. In this case, the 
decrease in temperature led to an increase of the separa-
tion factor. This result is consistent with the results of the 
temperature-dependence experiment.

Conclusions

  A monolithic molecularly imprinted stationary phase 
was successfully prepared by in situ thermal-initiated co-
polymerization, and the effects of the specific molecular 
recognition ability for three xanthine derivatives were 
investigated. We found that recognition was dependent 
on the structure and arrangement of functional groups in 
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the cavities of the MIP. Moreover, hydrogen bonding in-
teractions play an important role in the retention and 
separation. The morphological characteristics of the 
monolithic MIP showed that both mesopores and macro-
pores were formed in the monolith. Thermodynamic data 
(△△H and △△S) obtained from Van’t Hoff plots re-
vealed an enthalpy-controlled separation. The present 
method is very simple compared with the conventional 
MIP procedure; the macroporous structure has excellent 
separation properties.
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