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Molecular Imprinting by 4-Hydroxybenzoic Acid: A
Two-Site Model

Lucy Yue Hu and Robert A. Orwoll
Departments of Applied Science and Chemistry, College of William and Mary,
Williamsburg, VA, USA

4-Hydroxybenzoic acid (4HBA) imprinted polymer was synthe-
sized with the functional monomer, acrylamide, and the crosslinking
agent, ethylene glycol dimethacrylate, in acetonitrile. Hydrogen
bonding between the template and the monomer not only controls
the template molecules in and out of the binding sites, but also con-
tributes to special binding sites in the resulting polymer resin. Batch
analyses showed that the 4HBA-imprinted polymer has a special
affinity for the para-substituted hydroxybenzoic acid, but not for
its meta-substituted isomer (3HBA), nor for benzoic acid (BA).
The binding behavior of 4HBA can be interpreted with a simple
two-site model with one kind of site in the resin being special for
4HBA and the other kind being general with similar affinities for
4HBA, 3HBA, and BA. These general binding sites found in both
the imprinted resin and the non-imprinted reference resin have
greater affinity, but are less numerous than the sites unique to the
imprinted resin.

Keywords 4-hydroxybenzoic acid (4HBA); binding affinity;
hydrogen bonding; molecular imprinting; two-site
model

INTRODUCTION

Molecular imprinting has been widely accepted in various
disciplines with most of the research mainly focused on the
utility of the method, addressing its effectiveness as a tool
for the separation and identification of drugs (1,2), herbi-
cides (3,4), metal ions (5), micro-organisms (6), proteins
(7,8), steroids (9), amino acids (10,11), sugars (12), nuclei
acids and their derivatives (13), and polynuclear aromatic
hydrocarbons (14). However, in the recognition-based
applications of molecularly imprinted polymers (MIPs), a
notable difficulty is the low yield of high affinity binding
sites (15). Other difficulties reside in the understanding
and characterization of the binding sites in MIPs.

In attempts to understand the phenomenon of molecular
imprinting by modeling, the Scatchard method (16) is com-
monly employed, either the simple form in which only one

kind of binding site is identified or a Scatchard-like treat-
ment of two independent classes of binding sites. In the
second case, the analyses have treated one kind of binding
over one range of concentration and the second kind of
binding over a different range of concentration, rather than
both over the continuum of concentrations. In another
attempt to model molecular imprinting, the affinity-
spectrum approach (17–21) heavily emphasizes the distri-
bution of binding affinities among the sites in an MIP resin
and results in a complex mathematical model.

In general, MIPs are prepared by copolymerizing a suit-
able monomer and a crosslinking reagent in the presence of
a nonreacting template species. The template is then
extracted from the resulting resin, leaving behind sites that
are especially suited for binding to that template species.
The resin can then be used in chromatographic and batch
analyses. A control resin, or non-imprinted polymer
(NIP), is also prepared by the same procedure in the
absence of a template and is typically used for comparing
binding behaviors with MIP. Notwithstanding the impor-
tant fact that the NIP also binds solute species, only rarely
have investigators included the NIP in the binding affinity
studies of imprinted systems quantitatively. Some studies
(22–25) only reported binding isotherms for MIP and
NIP without further analyses. Others either analyzed bind-
ing parameters, i.e., the association constant Ka and the
density of the binding sites, of MIP and NIP independently
(26), or artificially divided the concentration range into two
distinct regions, followed by subtracting the NIP isotherm
from the MIP isotherm to yield separate Ka values for
binding in each concentration range (27,28).

The phenolic compounds have attracted interest for
both the food and pharmaceutical industries due to their
antioxidant properties. In the food production, such as
wine and olive oil, these compounds are the main pollu-
tants in its liquid waste (20). Among the wide group of
phenolic compounds, 4-hydroxybenzoic acid is one of the
simple forms. It has been imprinted using a monomer,
either 4-vinylpyridine or acylamide, in the solvent mixture
of either toluene=dodecanol (29) or methanol=water (30) in
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an ultrasonic bath by thermal polymerization. Their
binding behavior was examined via chromatography. In
this paper, 4-hydroxybenzoic acid imprinted polymer and
its reference NIP are polymerized in acetonitrile by ultra-
violet initiation. Based on their equilibrium binding and
selectivity properties, a simple two-site model is proposed
which modifies the Scatchard-like treatment of two inde-
pendent classes of binding sites so that both classes of bind-
ing sites are operative over the full range of concentrations.

EXPERIMENTAL

Materials and Reagents

4-Hydroxybenzoic acid (4HBA), 3-hydroxybenzoic acid
(3HBA), benzoic acid (BA), ethylene glycol dimethacrylate
(EGDMA), and 2,20-azobisisobutyronitrile (AIBN) were
purchased from Aldrich. Acrylamide (AA) was purchased
from Bio-Rad Laboratories. Acetonitrile was of HPLC
grade. All the other reagents were of analytical grade.

After being washed with a 15% aqueous sodium hydrox-
ide solution and then saturated sodium bicarbonate
solution, EGDMA was dried over calcium chloride and
subsequently with calcium hydride. Before use, EGDMA
was distilled in vacuo from calcium hydride and its purity
was checked by gas chromatography=mass spectrometry.
AIBN was recrystallized from methanol before use and
acetonitrile was dried over 4 Å molecular sieves.

INTERACTION STUDY BETWEEN 4HBA AND AA BY
TITRATION EXPERIMENT VIA 1H-NMR

Stock solutions of 4HBA (0.1mol=L) and AA (1.6mol=
L) were prepared in deuterated acetonitrile (CD3CN).
0.40mL of the 4HBA solution was pipetted into NMR
tubes, and different volumes of AA and CD3CN were
added to yield ratios of AA (varying concentrations) to
4HBA (0.05mol=L) ranging from 2 to 16 in a total volume
of 0.80mL. Also, for controls, the proton spectra obtained
from a series of solutions containing only AA in CD3CN
were at the same concentrations as the AA concentrations
in the 4HBA-AA solutions. All 1H-NMR spectra were
obtained at a normal probe temperature through a Gemini
NMR 400, and the chemical shifts were reported in ppm (d)
with tetramethylsilane as an internal reference.

Preparation of MIP with 4HBA (MIP4HBA) and
Non-Imprinted Polymer (NIP)

After 4HBA (the template; 0.1380 g, 1.0mmol) had been
dissolved in 5.00mL acetonitrile, AA (the monomer;
0.4260 g, 6.0mmol), EGDMA (the crosslinker; 5.70mL,
30.0mmol), and AIBN (the initiator; 0.0301 g, 0.18mmol)
were combined in a 50-mL flask. Then another 5.00mL
acetonitrile was added. The mixture was transferred into
an 18mm OD� 180mm long borosilicate glass tube con-
taining a small Teflon coated magnet. After it was sparged

with nitrogen for 20min, the sample was degassed three
times by alternately submerging the tube in liquid nitrogen,
reducing the pressure to 0.06 Torr for at least 15min and
then thawing. While thawing, a magnetic rod was used to
move the small magnet up and down for the removal of
bubbles from the solution. Following the above treatments,
the tube was sealed at low pressure.

A second tube was prepared according to the same pro-
cedure but without the 4HBA template. The resulting resin
is designated NIP. The amount of functional monomer
used for synthesis of NIP was the same as that for the
MIP to ensure that the differences in selectivity would not
result from differences in functional groups concentrations.

The two sealed tubes were cooled to 4�C, agitated for
20min, and then irradiated together for 48 hours with
UV light from an ACE 7825-34 mercury vapor UV lamp
(450W). During this period, both tubes were kept at 4�C
and rotated slowly.

After polymerization, the tubes were opened and the
bulk polymer that formed was ground in short repeated
cycles using an electric mill. Between each grinding cycle,
the products were dry sieved through a 38-mm screen.
The particles which passed through the sieve were collected
and added to acetonitrile. The mixture was sonicated. After
30min of sitting undisturbed, the supernatant liquid in
which the finest particles were suspended was decanted
and discarded while the sediment was saved. The same pro-
cess was repeated three times. The sedimented particles
were dried in vacuo at room temperature and then loaded
into a cellulose Soxhlet thimble. The template and a small
amount of other soluble residue were extracted from the
resin over 24 hours using 100mL acetonitrile-acetic acid
(4:1, v=v). A second Soxhlet extraction with 100mL aceto-
nitrile was performed over another 24 hours to remove
the acid. The washing solutions were saved for analysis
by a Perkin-Elmer Lambda 35 UV=Vis spectrophotometer,
and the polymers were obtained for further study after dry-
ing in vacuo at room temperature. These imprinted resins
are designated MIP4HBA. Micrographs of the MIP4HBA
particles were obtained using an Amray Model 1810 scan-
ning electron microscope.

Batch Analysis of MIP4HBA and NIP

Portions of the MIP4HBA were added one at a time to
acetonitrile solutions of 4HBA, 3HBA, or BA. The phase
ratio was a commonly used one: 0.01g solid=1mL solution
(3,26,31,32). The process was repeated with NIP for compari-
son. In separate experiments, pure solvent was added to
MIP4HBA or NIP to determine if any template remained
after the extraction. Each resin mixture was stirred for 24
hours at room temperature. After centrifugation, the super-
natant was transferred into a scintillation vial through a
0.45-mm syringe filter. Because 4HBA, 3HBA, and BA
acetonitrile solutions have their maximum UV absorbance
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at 251nm, 294nm, and 225nm, respectively, the concen-
tration of free 4HBA in the supernatant was determined by
measuring its UV absorbance at 251 nm; 3HBA, at 294nm;
and BA, at 225nm.

RESULTS AND DISCUSSION

Hydrogen Bonding Between 4HBA and AA

The selectivity and affinity of MIPs are mainly affected
by the interactions between the monomer and the template.
Therefore, an understanding of the physical and chemical
processes governing the formation of monomer-template
complexes in the imprinting process and the subsequent
recognition is fundamental for the design of MIPs. Lübke
and coworkers proposed (33) that the structure of the
template-functional monomer complex existing in solution
prior to polymerization remains unchanged during poly-
merization and the resulting sites are not modified by
shrinkage upon the template removal.

A 1H-NMR titration experiment gave evidence for the
hydrogen bonding (34) between the template and the
monomer before the polymerization. From the NMR spec-
tra of AA in deuterated acetonitrile, broadening of the two
amide protons peaks in AA by proton exchange is evident.
The chemical shifts of AA’s two amide protons increased
with the increasing concentrations of AA. We attribute
these shifts to the increasing amount of hydrogen bonding
as the AA solutions become more concentrated. 4HBA was
added to these solutions to make all of them 0.05mol=L in
4HBA. The chemical shifts increased with the addition of
4HBA as would be expected if 4HBA hydrogen bonded
to the amide protons of AA. Figure 1 shows a comparison
of the two sets of NMR spectra. Consistent with the con-
clusion that the 4HBA forms hydrogen bonds with AA,
the effect of adding 4HBA to AA solutions is greatest in
dilute solutions where the fraction of hydrogen bonds with
4HBA would be the greatest. Possible hydrogen bonds
between 4HBA and AA were shown by Serena Software,
PC Model (Version 5.13) in Fig. 2, in which the molecular
models of 4HBA and AA in a minimum energy confor-
mation were simulated using the MP3 method and their
assembled space structure was optimized until the energy
of the system was minimized.

Preparation of MIP4HBA

The MIP resins were prepared using a free-radical poly-
merization initiated with UV light. A white solid first
appeared after the reactants had been irradiated for three
hours. In the case of MIP4HBA, 90% of the template that
was initially present in the reaction mixture was extracted
from the washings of the resulting resin, as determined
by UV=Vis spectrometry.

Scanning electron micrographs reveal the size and
texture of MIP4HBA particles. The particle sizes were

controlled by sieving and sedimentation. Their shapes were
irregular (Fig. 3(a)). MIP4HBA showed a rough surface,
the darker areas being pores (Fig. 3(b)).

Substrate Selectivity of MIP4HBA and NIP

The selectivity of MIP4HBA for different substrates was
studied by measuring the resin’s capacity for absorbing
3HBA and BA, both of which are related structurally to
the 4HBA template (see Fig. 4). In carrying out this parti-
cular study, batch analyses were performed with both
MIP4HBA and NIP resins.

The effects of molecular structure on binding affinities
in MIP are apparent in a comparison of the binding of
the three species in Fig. 5 to NIP and to MIP. 4HBA,
3HBA, and BA bind almost equally to NIP as shown in
Fig. 5(a). Their saturation concentration on the NIP

FIG. 1. Chemical shifts for the two amide protons in AA as a function of

the concentration of AA. The upper curve (a) for ‘‘Proton #1’’ obtained

for 0.05mol=L 4HBA is compared with the lower curve (b) obtained for

AA in the absence of 4HBA. Curves (c) and (d) are the corresponding shifts

for ‘‘Proton#2’’. The lines were drawn arbitrarily through the data points.

FIG. 2. Probable hydrogen bonding between 4HBA and AA.
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appears to be just above 4 mmol=g. However, in experi-
ments with MIP as shown in Fig. 5(b), 4HBA (the
template) was bound to a greater extent than either
3HBA or BA, with greater binding by BA compared to
3HBA. The MIP was not saturated by any of the three
analytes over the ranges of solution concentrations used.

After the first rebinding of 4HBA, 4HBA was extracted
again from MIP4HBA and NIP resins. Then the dried
resins were stored at room temperature for two months.
A second set of rebinding experiments was carried out
with the same resins and under the same experimental
conditions for comparison. Very similar results were
obtained, showing MIP’s stability and robustness.

Comparison of Batch Analysis and Chromatographic
Evaluation

Zhang et al. (32) used a 4HBA imprinted resin for the
stationary phase in a liquid chromatographic separation
of 4HBA, 3HBA, and BA. Their column not only sepa-
rated 4HBA from the structurally similar compounds,
but also had a higher capacity and greater relative retention
for 4HBA than for 3HBA and BA (Table 1). Values for
selectivity and imprinting efficacy from the current equilib-
rium binding experiments are compared in Table 1. We
find evidence for greater selectivity in our equilibrium bind-
ing measurements than Zhang et al. (32) This is because, in
the chromatographic analysis, the absorption-adsorption
between the analyte and the binding sites does not reach

equilibrium; whereas, in the batch experiment, the binding
is an equilibrium process. However, both experiments
showed that MIP has a significant imprinting performance.

Binding Analyses of MIP4HBA and NIP Resins

The substrate’s binding process can be described as an
equilibrium:

where [M] is defined as the concentration of empty sites in
the resin at equilibrium (mmol of empty sites=g of resin);
[T], the concentration of substrate in solution at equilib-
rium (mmol=L); and [MT], the concentration of substrate
bound in the resin at equilibrium (mmol=g of resin),
with the latter calculated from the difference between the
moles of the free substrate and the initial quantity of
the substrate.

FIG. 5. Binding isotherms of 4HBA, 3HBA, and BA on (a) NIP and (b)

MIP4HBA. [MT], the concentration of BA or 4HBA or 3HBA bound to

0.1 g NIP or MIP4HBA (mmol=g of resin) at equilibrium. Concentration

of resin in solution: 0.01 g=1.0mL; binding time: 24 hours; temperature:

25�C.

FIG. 3. Scanning electron micrographs of MIP4HBA particles at (a)

380� and (b) 10,000� magnification.

FIG. 4. Structures of the substrates used: (a) 4HBA, (b) 3HBA, and

(c) BA.
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The relationship among these quantities can be
expressed as the Scatchard equation (35):

½MT�
½T� ¼ �Ka½MT� þ Ka½MT�max ð1Þ

with the assumption that all the substrate-binding sites
in an MIP are identical. Ka¼ [MT]=([M][T]) and [MT]max

represent the association constant for MT and the
maximum number of binding sites per unit mass of
the resin, respectively.

In accordance with common practice, the porogen acet-
onitrile used in the polymerization was used as the solvent
for the batch analyses (36,37). After the imprinted (MIP)
and non-imprinted (NIP) resins had been subjected to the
extraction, they were immersed in 4HBA-acetonitrile solu-
tions whose concentrations were varied over the range
0–2.0mmol=L. The binding isotherms for 4HBA in both
resins, as determined from the UV-absorbance of the solu-
tions, are compared in Fig. 6. The MIP absorbed more
4HBA than did an equal mass of NIP with the difference
increasing with increasing concentration.

The experimental data in Fig. 6 are re-plotted in Fig. 7
with [MT]=[T] graphed as a function of [MT]. For the
NIP, the ratio [MT]=[T] is taken to be a linear function
of [MT] over the range from [MT]¼ 0 to a concentration
approaching saturation of the resin. The slope and inter-
cept of the line representing these data were determined
by the method of least squares, with each point weighted
in proportion to the inverse square of its experimental
uncertainty (38). The large uncertainties in [MT]=[T] are
a consequence of taking the differences between pairs of
small concentrations. The results for NIP yield the equilib-
rium association constant Ka,NIP¼ (4.4� 0.2) (mmol=L)�1

and the maximum number of binding sites [MT]max,NIP¼
(6.7� 0.3) mmol=g.

The data in Fig. 7 for MIP4HBA solutions are not
linear, but concave upwards. To take account of the

nonlinearity of the MIP4HBA data in Fig. 7, the imprinted
resin was treated as having two kinds of binding sites with
different affinities: ‘‘general’’ sites which in this system
dominate the behavior at low concentrations of template
species, and ‘‘special’’ binding sites, dominant at high
concentrations. The general binding sites were assumed
to be the same as those found in the NIP resin. Accord-
ingly, they are assigned the same affinity constant Ka,g¼
Ka,NIP and the same site density [MT]max,g¼ [MT]max,NIP,
both of which are listed under ‘‘general’’ in Table 2.

According to this model, some of the bound template is
adsorbed on the general sites in the MIP4HBA resin while
the remainder of the bound template is found on the special
sites. The concentration of occupied general binding sites

TABLE 1
The selectivity factors from MIP4HBA binding experiment and its chromatographic evaluation (32).a

Binding evaluation
(this work) 4HBA 3HBA BA

Chromatographic
evaluation (32) 4HBA 3HBA BA

aMIP4HBA
b 1 10.71 2.42 a0MIP4HBA

b 1 2.23 7.26

aNIP
b 1 1.08 3 a0NIP

b 1 0.94 2.29
bb 1 9.92 0.81 b0b 5.51 2.32 1.74

aExperimental conditions: for comparison, the concentration for the binding solution of 0.1mmol=mL was selected as the same as
the injected solution’s concentration used for HPLC. 0.1 g MIP or NIP was incubated in 10mL of 0.1mmol=L binding solution.

bIn the binding evaluation, the selectivity factor a is defined as a¼ (amount of 4HBA absorbed)=(amount of analyte absorbed) and
the molecular imprinting efficacy factor b is defined as b¼ aMIP=aNIP; in the chromatographic evaluation, the capacity factor k0 ¼ (tR�
t0)=t0, where tR and t0 are the retention time of the sample and the void marker, respectively; the relative retention value a0 ¼ k0t=k

0
i , the

ratio of capacity factors for any two substances on the same column; and the molecular imprinting factor b0 ¼ k0MIP=k
0
NIP.

FIG. 6. Binding isotherms for 4HBA on MIP4HBA and NIP at 25�C
with an incubation time of 24 hours. [MT], the concentration of 4HBA

bound to 0.1 g NIP or MIP4HBA at equilibrium (mmol=g of resin). The

dashed line at [MT]¼ [MT]max,NIP¼ 6.7 mmol=g is the asymptotic limit

for NIP as explained in the text.
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[MT]g for a given [T] can be calculated from Ka,g and
[MT]max,g using the results of measurements on NIP and
Eq. (2).

½MT�g ¼
Ka;g½MT�max;g½T�

1þ Ka;g½T�
ð2Þ

The concentration of occupied special sites [MT]s in the
imprinted resin is the difference between [MT]total,
obtained from measurements on MIP and [MT]g.

½MT�s ¼ ½MT�total � ½MT�g ¼ ½MT�total �
Ka;g½MT�max;g½T�

1þ Ka;g½T�
ð3Þ

According to the Scatchard plot of the special-site data
determined from Eq. (3) (Fig. 8), the behavior of the special
binding sites is also assumed to follow the Scatchard model
so that

½MT�s
½T� ¼ �Ka;s½MT�s þ Ka;s½MT�max;s: ð4Þ

Substitution in Eq. (3) for Ka,g and [MT]max,g from the
non-imprinted results yielded values for the concentration
of the occupied special sites [MT]s in the imprinted resin.
The latter are plotted in Fig. 8 in the form suggested by
Eq. (4).

From the slope and intercept of the linear least-square
line in Fig. 8, Ka,s and [MT]max,s were evaluated (Table 2).
These values and those determined from the NIP resin were

FIG. 7. Scatchard plots of MIP4HBA (filled circles) and NIP (open

triangles) for 4HBA. Both lines are trend lines for the experimental data.

TABLE 2
Comparison of the general and special sites in MIP4HBA

resin

Sites type Ka (mmol=L)�1 [MT]max (mmol=g)

General 4.4� 0.2 6.7� 0.3
Special 0.15� 0.01 75� 2

FIG. 8. Scatchard plot for the special binding sites with [MT]s determ-

ined using Eq. (4).

FIG. 9. [MT] vs. [T]. [T], concentration of 4HBA in solution at equilib-

rium (mmol=L). [MT], concentration of 4HBA bound to 0.1 g NIP or

MIP4HBA at equilibrium (mmol=g of resin). The circles and the triangles

are calculated based on the experimental data for MIP4HBA and NIP

resins, respectively. The solid line in bold is a plot of the uptake of

MIP4HBA as calculated from Eq. (5); another solid line is a plot of the

uptake by the NIP resin as calculated from Eq. (2).
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substituted in Eq. (5):

½MT�total ¼ ½MT�s þ ½MT�g

¼
Ka;s½MT�max;s½T�

1þ Ka;s½T�
þ
Ka;g½MT�max;g½T�

1þ Ka;g½T�
: ð5Þ

The ability of this two-site model to predict the binding
behavior in this system was demonstrated in Fig. 9. The two
solid lines in the same figure were drawn using Eqs. (2) and
(5). The upper solid line in bold is for 4HBA in the presence
of a resin imprinted with 4HBA. The lower line was drawn
for 4HBA in the non-imprinted resin, i.e., a resin with no
special sites and [MT]max,s¼ 0. The differences between
the data points and the lines lie within the uncertainties
of the observed values.

Comparison of the General and Special Binding Sites in
MIP4HBA

With this two-site model, Ka,g>Ka,s, the same phenom-
enon was reported in our previous study of 3HBA
imprinted resins (39). Thus, the decrease in the Gibbs
energy for binding at general sites exceeds that for binding
at special sites. If the binding energy between the analyte
and the resin is greater at the special sites than at the
general sites, then it follows that the entropy loss is greater
at the special sites. This is consistent with the general
understanding that binding at special sites is constrained
by the sizes, shapes, and orientations of the binding sites
and the analyte molecules.

The density of special sites [MT]max,s ¼ 75 mmol=g was
found to be about half the number of template molecules
(160 mmol=g) per gram of monomer and crosslinker used
in the polymerization. The earlier study with MIP3HBA
(39) yielded similar results Ka,g>Ka,s and [MT]max,g<
[MT]max,s.

CONCLUSIONS

Binding analyses of 4HBA-imprinted resins showed a
special affinity for the para-substituted 4-hydroxybenzoic
acid, but not for its meta-substituted isomer, nor for
benzoic acid. These results show that an imprinted resin’s
recognition ability is dependent on the target’s size, shape,
and functionality.

The studies described here incorporate the effects of
binding that are found in NIP as well as in MIP resins.
A two-binding-site Scatchard model is proposed for the
imprinted resin: general sites, the same as those found
in the non-imprinted resin, and special sites in the
imprinted resin, the result of imprinting by the template
species. The parameters [MT]max,NIP and Ka, NIP taken
directly from measurements on the non-imprinted resin
characterize the general sites in the imprinted resin. The

special sites in the MIP are assigned values for [MT]max,s

and Ka,s after the effects of the general sites in the
imprinted resin have been subtracted from the total bind-
ing. These results were not obtained by simply subtracting
one Scatchard plot from another. Rather, the new binding
isotherm for the special binding sites was subtracted
from that of the MIP system. While the binding energy
for the template species in imprinted resins is presumed
to be greater at the special sites than at the general sites,
the orientational limitations in the analyte molecule’s
binding result in an equilibrium constant for binding at
the special sites being less than that for binding at the
general sites.

Binding by the two isomers 4HBA and 3HBA and by
benzoic acid is similar in the NIP and at the general sites
in the MIP.
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