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We evaluated the adsorbability and selectivity of (S)-valine anilide imprinted molecularly imprinted 
polymer (MIP) using a batch procedure that is both independent and precise. This study revealed important 
information about the relationship between the performance of MIPs and experimental factors such as the 
components of MIP synthesis and a reaction solvent. Herein, we also describe the problems associated with 
the preparation of a “non-imprinted polymer,” which is often used to evaluate the effect of a template mol-
ecule, and we propose a new type of reference polymer, “blank polymer.”
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Molecularly imprinted polymers (MIPs)1–4) are widely used 
as a powerful tool for molecular recognition, due to their high 
adsorbability and selectivity. Although several methods are 
available to evaluate the performance of MIPs, the measure-
ment of the separating factor (α-value) using an HPLC column 
filled with a MIP as a stationary phase5,6) is the most com-
monly adopted method owing to its simplicity and practical 
utility.

The α-value, however, is affected by many chromatographi-
cally experimental factors such as the type of eluent (mobile 
phase),7) the substrate,8) and the theoretical plate number of 
the column, and it depends on a large number of recycling 
adsorption-desorption processes in the stationary phase.

The batch procedure,9) on the other hand, directly measures 
the concentration of the substrate in a reaction mixture, which 
allows the precise and independent observation of adsorb-
ability and selectivity. Hence, the batch procedure would be 
amenable in a study of the relationship between the synthesis 
conditions of a MIP and its ability.

During the course of our trial to evaluate the performance 
of MIPs using the batch procedure, we gained important in-
formation about the relationship between the performance of 
MIPs and the many factors involved in the processes of syn-
thesis and measurement.

In this paper, we report the factors that directly affected the 
properties of the MIPs. We also describe the problems associ-
ated with the preparation of a “blank polymer,” which is often 
used as a reference polymer for the sake of comparison.

Experimental
General ​ Ethylene glycol dimethacrylate (EGDM), meth-

acrylic acid (MAA) and chloroform were freshly distilled 
prior to use. Alanine, valine, phenylalanine, methacryloyl 
chloride, 2,2′-azobis(isobutyronitrile) (AIBN), tert-leucine, 
1,6-diaminohexane, 2-aminoethanol, p-toluenesulfonyl chlo-
ride, cyclohexane, dimethyl sulfoxide (DMSO), and propio-
nitrile were purchased and used without further purification. 
n-Hexane, isopropanol, EtOH, and acetonitrile were all HPLC 
grade and used without further purification. Tetrahydrofuran 

(THF) (dehydrated) and CH2Cl2 (dehydrated) were purchased 
(Kanto Chemical, Co., Inc.), stored under an argon atmo-
sphere and used without further purification. Ethyl acetate and 
MeOH were purified by distillation.

Synthesis
Amino Acid Derivative ​ All amino anilides (1–5) were 

synthesized according to a previously reported procedure 
that included the protection of the amino moiety by a tert-
butoxycarbonyl (BOC) group, and subsequent amidation using 
a mixed anhydride method10) followed by the removal of the 
BOC group.11) All compounds were previously reported, and 
compounds 1–7 were identified by 1H-NMR.

(S)-Valine Anilide (1) and (RS)-Valine Anilide (2)12): Pale 
yellow oil; 1H-NMR (300 MHz/CDCl3) δ: 9.49 (1H, br s), 
7.62–7.61 (2H, m), 7.35–7.29 (2H, m), 7.12–7.06 (1H, m), 3.38 
(1H, d, J=3.1 Hz), 2.49–2.40 (1H, m), 1.05 (3H, d, J=7.0 Hz), 
0.88 (3H, d, J=7.0 Hz).

(RS)-Alanine Anilide (3)12): Pale yellow oil; 1H-NMR 
(300 MHz/CDCl3) δ: 9.47 (1H, br s), 7.62–7.58 (2H, m), 
7.36–7.28 (2H, m), 7.12–7.07 (1H, m), 3.65 (1H, q, J=7.1 Hz), 
1.44 (3H, d, J=7.1 Hz).
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(RS)-Phenylalanine Anilide (4)12): Pale yellow solid; 1H- 
NMR (300 MHz/CDCl3) δ: 9.41 (1H, br s), 7.61–7.58 (2H, m), 
7.37–7.24 (7H, m), 7.14–7.08 (1H, m), 3.75 (1H, dd, J=9.5, 
4.0 Hz), 3.39 (1H, dd, J=13.6, 4.0 Hz), 2.79 (1H, dd, J=13.6, 
9.5 Hz).

(RS)-tert-Leucine Anilide (5)13): Colorless amorphous solid; 
1H-NMR (300 MHz/CDCl3) δ: 9.00 (1H, br s), 7.59–7.56 (2H, 
m), 7.35–7.30 (1H, m), 7.12–7.06 (1H, m), 3.27 (1H, s), 1.07 
(9H, s).

N,N′-Dimethacryl Hexylenediamide (DMAH) (6): Com-
pound 6 was synthesized by a previously reported proce-
dure.14)

Colorless solid; 1H-NMR (300 MHz/CDCl3) δ: 5.99 (2H, 
br s), 5.31 (2H, s), 5.68 (2H, s), 3.27–3.34 (4H, m), 1.96 (6H, s), 
1.53–1.57 (4H, m), 1.37–1.40 (4H, m).

N-p-Toluenesulfonyl-2-aminoethanol (Ts-C2AA) (7): Com-
pound 7 was synthesized by a previously reported proce-
dure.15)

Colorless solid; 1H-NMR (300 MHz/CDCl3) δ: 7.77 (2H, 
d, J=1.8 Hz), 7.75 (2H, d, J=1.8 Hz), 5.26 (1H, t, J=6.2 Hz), 
3.72–3.68 (2H, m), 3.11–3.08 (2H, m), 2.43 (3H, s), 2.27 (1H, t, 
J=5.04 Hz).

General Procedure for the Preparation of Polymers
Preparation of a Molecular-Imprinted Polymer (MIP), a 

Non-imprinted Polymer (NIP), and a Blank Polymer (BP) 
(Table 1)  We prepared several types of polymers as follows. 
Thus, (S)-valine anilide-imprinted MIP (IP-1) was prepared by 
the polymerization of a mixture of (S)-valine anilide (1), ethyl-
ene glycol dimethacrylate (EGDM), methacrylic acid (MAA), 
and AIBN in chloroform under irradiation followed by an ap-
propriate amount of grinding and washing. In a similar man-
ner, NIP-1 was prepared by following the IP-1 procedure with 
the exception of the absence of template molecule 1. BP-1 
was prepared in the presence of isopropylamine, not tem-
plate molecule 1. In a glass vial, 1 (1.00 mmol) was dissolved 
in chloroform (4.0 mL). To this solution were added MAA 
(4.01 mmol), EGDM (15.9 mmol) and AIBN (0.202 mmol). 
After sufficient mixing, the solution was separated into four 
borosilicate screw-capped test tubes and each test tube was 
flushed with argon gas followed by irradiation with a 100 W 
high-pressure mercury vapor lamp (5°C, 8 h) to form a poly-
mer. Bulk polymers were ground with a mill (OSAKA chemi-
cal, Wonder Blender, WB-1) and a ball mill (Nitto kagaku, 
ANZ-50S). Then these were sieved through a 500 µm mesh 
filter, and particles of <500 µm were collected. The polymer 
was washed (by soxhlet extractor (MeOH–AcOH=​7 : 3), 20 h), 
filtered (kiriyama funnel (filter paper: No. 5B)), then washed 
again (CH2Cl2) and dried in vacuo.

General Procedure for Evaluating the Ability of a MIP 
Using the “Batch Procedure” ​ In a glass vial, 2 (5.2 µmol) 

was dissolved in CH2Cl2 (20 mL). This concentration was 
defined as [2]0, which was an average of [2]S0 (concentration 
value of (S)-form) and [2]R0 (concentration value of (R)-form). 
To this solution was added MIP (55.2 mg, 15.6 µmol as recog-
nizing sites), followed by stirring at 24°C for 2 h.16) The MIP 
was filtered off, and the concentration of this filtrate was de-
fined as [2]S and [2]R.

[2]0 and [2] were determined by HPLC,17) and Ts-C2AA(7) 
was used as an internal standard. The adsorbed amount and 
selectivity were calculated using the following equations:
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Sad and Rad were used as the indices of adsorbability, and 
e.e.p. was used as an index of selectivity.

Results and Discussion
The Effect of a Solvent ​ The affinity between the sub-

strate in the measurement process and the MIP greatly af-
fected not only the properties of the MIP but also those of the 
solvent, because the adsorption of a compound onto a MIP 
in a suspension is the result of a liquid–solid equilibrium. 
Hence, we first studied the effect of the solvents used in the 
batch procedure. We measured the adsorbability and selectiv-
ity of the (S)-valine anilide-imprinted MIP in a mixed solvent. 
CH2Cl2 was chosen as the base solvent, because of the higher 
solubility of its amino anilides and an appropriate polarity.

Table 2 shows the effects of the non-polar co-solvent, cy-
clohexane, which was used as an additive for the batch pro-
cedure in CH2Cl2. Thus, the amount of adsorption for both 
enantiomers (Sad, Rad) was improved in proportion to the added 
amount of cyclohexane. This might have been caused by a de-
crease in the polarity of the liquid phase, as opposed to that of 
a polymer in the solid phase, whereby the polar amino anilide 
gathers preferentially to the polymer rather than to the solvent.

On the other hand, in place of a non-polar co-solvent, the 
addition of polar co-solvents led to the opposite phenomena 
(Table 3). Interestingly, with the addition of polar solvents 
such as MeOH, EtOH and DMSO, the adsorption of the (R)-
amino anilide was decreased more drastically than that of the 
(S)-isomer, and the e.e.p. values were retained.

These results indicated that the polarity of the solvents 

Table  1.  Composition of Polymers

Entry Polymer 1 (mmol) Isopropylamine 
(mmol) EGDM (mmol) 6 (mmol) MAA (mmol) CHCl3 (mL)

1 IP-1 1 — 16 — 4 4
2 BP-1 — 1 16 — 4 4
3 NIP-1 — — 16 — 4 4
4 IP-2 1 — — 16 4 8
5 BP-2 — 1 — 16 4 8
6 NIP-2 — — — 16 4 8
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could be used to regulate the adsorbability of a MIP, but the 
nature of the solvents did not greatly affect the selectivity of 
the adsorption.

Details of the α-Value ​ The valine anilide-imprinted MIP, 
that was used in the HPLC column, can reportedly separate 
the enantiomers of other amino anilides that have a similar 
α substituent.12) But the α-values of the amino anilides were 
apparently different from those of the valine anilide. The 
α-values of the valine anilide, used as a template of the MIP, 
were much larger than those of other amino anilides. Based 
on the α-value, the MIP mostly showed selectivity only for the 
template molecule. To establish a precise evaluation system 
for the MIP, we tried to use the batch procedure to separately 
evaluate the adsorbability and selectivity of a (S)-valine ani-
lide-imprinted MIP (IP-1). A racemic mixture of amino ani-
lide, (RS)-alanine anilide (3), (RS)-phenylalanine anilide (4), 
and (RS)-tert-leucine anilide (5), which had a similar polarity 
but a different size of side chain, were used as the substrates 

in CH2Cl2 (Table 4).
As a result, there were no distinct differences in selectiv-

ity among the substrates, even though extremely different 
α-values were reported by the HPLC evaluation procedure. 
Table 4 shows that the polymer IP-1, imprinted by the (S)-
valine anilide, had almost the same selectivities as substrates 
2–5.

But, as Table 4 shows, the substrates had a different ad-
sorbability (Sad+Rad) to MIPs. Thus, IP-1 interacted equally 
with the (S)-amino anilide (3–5), possessing smaller and 
larger sizes of the α substituent than valine, but the total ad-
sorbabilities of Sad+Rad depended on the steric size of the α 
substituent. Valine anilide had the largest affinity for MIPs, 
Sad+Rad=75%, and lower affinities were shown by the sub-
strates with different sizes of side chain substituents (entries 
1 and 3). These differences in adsorbabilities conclusively 
affected the α-values of each of the substrates. Repeated ad-
sorption–desorption cycles under the solid–liquid equilibrium 

Table  2.  Effects of a Non-polar Co-solventa)

Entry Solvent Sad (%) Rad (%) e.e.p. (%) e.e.s. (%)

1 CH2Cl2 45 30 20 12
2 CH2Cl2–c-Hex=75 : 25 46 29 22 13
3 CH2Cl2–c-Hex=50 : 50 57 40 17 16
4 CH2Cl2–c-Hex=25 : 75 70 56 11 19

a) All experiments were used 2 as a substrate and IP-1 as polymer.

Table  3.  Effcts of Polar Co-solventsa)

Entry Solvent Sad (%) Rad (%) e.e.p. (%) e.e.s. (%)

1 CH2Cl2 45 30 20 12
2 CH2Cl2–EtOAc=90 : 10 38 22 26 22
3 CH2Cl2–CH3CN=90 : 10 43 25 26 13
4 CH2Cl2–CH3CN=50 : 50 30 15 34 10
5 CH2Cl2–MeOH=90 : 10 14 7 34 4
6 CH2Cl2–MeOH=85 : 15 10 <1 >85 5
7 CH2Cl2–EtOH=90 : 10 13 <1 >85 6
8 CH2Cl2–DMSO=90 : 10 6 <1 >85 3
9 CH2Cl2–THF=85 : 15 25 19 12 4

a) All experiments were used 2 as a substrate and IP-1 as polymer.

Table  4.  Differences of Substratea)

Entry Substrate Sad (%) Rad (%) e.e.p. (%) e.e.s. (%) α-Valueb)

1 36 25 18 8 4.38

2 45 30 20 12 30.5

3 22 15 20 4 1.51

4 38 26 18 9 —

a) All experiments were wsed CH2Cl2 as solvent and IP-1 as polymer. b) See ref. 12.



May 2013� 549

in the HPLC column amplified the MIP selectivity α-value, 
which is a good index for separation. However, the selectiv-
ity of the MIPs tended to be over-estimated when using the 
α-values from our results shown in Table 4.

The Effect of Changing the Components of the MIP ​
Based on the information concerning the performance of the 
MIP, as described in the previous sections, we increased the 
polarity of the MIP. An improvement in adsorbability was 
needed to attain a higher α-value, as shown in Tables 2–4 
where the anilide substrate clearly gathered preferentially to 
the polar phase. A new MIP, IP-2, was synthesized using the 
amide linker DMAH (6), in place of the ester linker EGDM, 
and its abilities were evaluated via the batch procedure (Table 
5).

Contrary to our expectations, IP-2 showed lower adsorb-
abilities than IP-1 (entry 4). The e.e.p. value of IP-2, however, 
was the same as that of IP-1. Therefore, we speculated that 
IP-2 recognized the molecule in the same manner as IP-1. Be-
cause of the interaction between the carboxylic acid moiety of 
the methacrylic acid (MAA) residue and the amide moiety of 
diamide linker 6, some part of the necessary interaction was 
lost, which left only an insufficient amount of the recognition 
site.

This type of behavior for the functional monomer MAA is 
also expected in the absence of the template molecule. Thus, 
in a non-imprinted polymer (NIP; prepared in the absence of 
the template molecule), which is used for comparison to con-
firm the effectiveness of the template, a similar phenomenon 
would occur and lead to an inappropriate effect for adsorb-
ability when comparing the selectivity of an MIP. Therefore, 
we evaluated the adsorbability of a non-imprinted polymer 
(NIP) and a blank polymer (BP), which was synthesized in 
the presence of isopropylamine, an amine with an unrelated 
steric structure substituent, in place of a template molecule 
(Table 5).

As a result, the total amount of adsorption (Sad+Rad) for the 
NIPs was considerably decreased regardless of the species of 
the cross-linker, the EGDM or the DMAH (entries 3 and 6).

We speculated that most of the MAA would form a dimer 
and polymerize to afford NIPs (Fig. 2b). Therefore, there was 
a limited amount of free carboxylic acid residue to interact 
with the amine moiety of the substrate, which resulted in a 
low adsorbability.

On the other hand, in the case of BPs, the MAA interacted 
with isopropylamine, which prevented the dimerization of 
MAA during polymerization, and many free carboxylic acid 
moieties and spaces remained after the removal of the isopro-
pylamine to give an adsorbability that was higher than that of 
the NIPs and similar to that of the IPs. In the case of BP-1, 

only the affinity for the (S)-valine anilide, Sad, was reduced by 
comparison with that of IP-1. This result obviously shows that 
BP-1 possesses an adsorbability that is similar to that of IP-1 
with the exception of a lack of molecular imprinting for rec-
ognition. Therefore, we clearly concluded that BP is a better 
polymer than NIP for the sake of comparison in order to cor-
rectly judge the effect of a MIP template molecule.

Conclusion
We evaluated the performance of a (S)-valine anilide-

imprinted MIP using the batch procedure in place of a chro-
matographic method (α-value). Thus, the adsorbability and 
selectivity of a MIP could be separately measured, and the 
differences in the properties of MIPs proved to greatly depend 
on the polarity of the solvent and on the component of the 
MIP. For the preparation of a MIP with high separation abil-
ity, the adsorbability and selectivity should be directly mea-
sured using the batch procedure.

The evaluation method used for the preparation of highly 
efficient MIPs is now being used in research to determine a 
monomeric additive that can change the abilities of a MIP.
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Table  6.  Correlation between the Temperature–Reaction Time and Sad/Rad Using IP-1 in CH2Cl2

Entry Temp. (°C) Time (h) Sad (%) Rad (%) e.e.p. (%) e.e.s. (%)

1 0 2 56 45 11 11
2 24 0.5 42 32 13 8
3 24 1 44 35 11 7
4 24 2 46 37 11 8
5 40 2 49 37 14 10

a) All experiments were carried out in CH2Cl2 as solvent, and (RS)-valine anilide was used as substrate.


