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Abstract

Molecular imprinting is a chemical technique for the production of molecule-specific cavities. Spin casting with amino acids, aromatic mol-
ecules, carbohydrates or pesticides used as template molecules produces thin, selectively imprinted films of nylon-6 and other polymers. The
film recognition activity is clearly coordinated with the appearance of nanometer-sized pores. The mechanical properties of the imprinted net-
work reflect the various functional states of molecularly imprinted polymer films. Three specific functional states of the MIP were observed.
Pores filled by template molecules may be distinguished from empty pores due to the variation in the elasticity modulus, the viscoelasticity
and the hardness. The presence of the template molecule makes the polymer matrix stiffer due to strong hydrogen bonds (or other interactions)
with the polymer chains. Films with empty pores have a higher viscoelasticity than those with filled pores. Changes in the polymer network are
directly related to the nanomechanical properties and systematically studied in this work.
� 2006 Elsevier Ltd. All rights reserved.
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1. Introduction

Depth sensing indentation [1e3] is becoming a popular
technique to measure the mechanical properties of nano-
meter-deep thin films. Load and penetration depth are simulta-
neously recorded during both loading and unloading. Hardness
may be size-dependent, that is, hardness at small indentation
depth is often greater than at large depths [1,2,4]. Polymers
present a special problem, since their viscoelasticity may
introduce complications into the typical analysis used in
nanoindentation experiments. The current literature for nano-
indentation in polymers [5e17] concentrates on extensions
of current evaluation models and the development of proper
measuring procedures, including time effects. An overview
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of the polymer indentation process, including details such as
machine compliance, the use of different tip shapes and
indenter systems is given in Ref. [5].

The standard OliverePharr model [3] does not take into
account the creep effects that may be present in materials with
a time-dependent response, such as polymers and biological tis-
sue. For example, the unloading curve in viscoelastic materials
may have a negative slope if a small unloading rate and a rela-
tively high load are used. Investigations of standard polymers,
such as PMMA, have been reported using ramp loading and
step loading histories to measure creep compliance [8]. Using
either a Berkovich or spherical indenter, the time-dependent re-
sponse under certain loading conditions for a linearly viscoelas-
tic material was analyzed. Recently, amorphous polymers were
investigated using variations in total penetration depth and un-
loading rates [14]. The elastic modulus was found to correlate
strongly with the unloading strain rate, whereas its correlation
with the indentation depth was statistically not significant.
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Multi-cycling indentation combines quasi-static features
with relatively slow repetition cycles and has been reported
for investigations of mechanical properties in metals and semi-
conductors [4,18,19]. Depth dependent properties can be
obtained using an effective time regime and, in such cases,
pressure induced phase transformations are characterized by
hysteresis loops. This method is ideally suited to the study
of polymer materials and some initial reports have appeared
[9,11,17]. If the unloading curve is not purely elastic, such
as for polymer systems, hysteresis loops appear reflecting
the viscoelastic energy loss. We have described a more de-
tailed analysis of the loadetime concepts used in multi-
cycling indentation in thin nylon films in a previous paper
[20].

Molecular imprinting of polymers is a chemical technique
for the production of molecule-specific cavities that mimic
the behavior of natural receptor binding sites, but may be cre-
ated for any target molecule [21e29]. The concept is outlined
in Fig. 1 and briefly described here. In the most general form,
MIPs are prepared from the appropriate monomers in the pres-
ence of a template molecule that ‘‘binds’’ to the network via
covalent, hydrogen bonding or other weak interactions. After
polymerization, the template is removed and the polymer ex-
hibits the ability to recognize the template with a high degree
of selectivity. The figure shows these two states of a generic
MIP. Typically, the MIP prepared according to the general
procedure involves polymerization of a methacrylate mono-
mer with photoinitiators in the presence of the template. The
MIPs described here employ a crystalline polymer with
a suitable theta solvent to eliminate the polymerization step.
The MIP is created by dissolving the polymer in the presence
of the template, allowing the new network to form in solution
and, then, precipitating the MIP or casting it as a film. When
dissolved the crystalline polymer is separated into elongated
chains and the template molecules form bridges between
the polymer chains. Evaporation of the solvent during spin
coating produces the film.

Thin, selectively imprinted films of nylon-6 and other poly-
mers are produced by spin casting with amino acids, aromatic
molecules, carbohydrates or pesticides used as template mole-
cules [25e28]. The film recognition activity is clearly coordi-
nated with the appearance of nanometer-sized pores both on
the surface and within the film [28]. Changes in the polymer

Fig. 1. Schematic of the procedure used to produce the imprinted polymer

(here, nylon-6 and glutamine). Films with the template embedded (a) and

the template removed (b). The polymer is shown as a backbone and the tem-

plate molecule as a ball and stick model. Atom code: dark blue¼ nitrogen,

red¼ oxygen, black¼ carbon and blue¼ hydrogen.
network due to the polymer content in the spin coating process
or the inclusion of different template molecules are directly
causative to variations in the nanomechanical properties and
are systematically studied in this work. The nanomechanical
properties of the imprinted network reflect the various func-
tional states of molecularly imprinted polymer films. Three
specific functional states of the imprinted polymer were ob-
served: as-produced films (with template still incorporated in
the network), extracted films (template has been chemically
removed, but the binding site remains) and reinserted template
(again, by chemical means). In addition, the properties of
a control film (template never included) serve to distinguish
it from the three states of the functionalized films. Changes
in indentation modulus, hardness and viscoelastic energy
loss may be used to distinguish quickly among these different
functionalized states. The aim of our investigations here is to
develop a proper measuring procedure that accounts for the
internal relaxation time of the imprinted films, the properties of
the functionalized state and the rationale for the observations.

2. Experimental

Polymer films are produced from solutions that are 10% by
weight solid polymer. Molecularly imprinted polymer (MIP)
solutions contain 5e10% template molecule in addition to
the polymer. The solvent is chosen so that both polymer and
template are readily dissolved. For example, formic acid is
employed for the nylon/amino acid system and methylethyl
ketone/toluene for the Saran�/nitrobenzoate system. A com-
plete list of polymers and templates used in these nanoinden-
tation experiments is shown in Table 1. Thin films are
produced using spin coating technology. Spin coating is
a simple deposition technique sensitive to the composition and
viscosity of the solution and the rotating speed of the plate.
Our films were spin cast onto 18 mm square glass microscope
cover slips that were pre-washed in concentrated nitric acid
and cleaned with spectroscopic grade isopropanol and acetone
prior to polymer deposition. The coating solution with the
template embedded was dropped onto the spinning substrate
and the spin coater was operated at speeds from 2000 to
9000 rpm for 30e60 s. The rotation spreads the solution
evenly over the surface and causes the solvent to evaporate,
leaving a thin film of material on the substrate. The substrate
may be baked immediately after spin casting to remove any
remaining solvent. Film thickness was measured using
a Tencor Instruments Alpha Step 500 stylus profilometer and

Table 1

Summary of polymer/template systems employed in the MIP functional state

analysis

MIP system number Polymer Template

1 Nylon-6 Glutamine

Nylon-6 Alanine

Nylon-6 Glycine

2 Poly-methylmethacrylate Fructose

3 Saran� F-310 Methyl-4-nitrobenzoate

4 Polyvinylphenol Fructose
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a Micro-Xam Surface Mapping Microscope [25,26,28]. The
concentration of polymer in the casting solution is the domi-
nant variable for the film thickness, which increases with
increasing polymer concentration. Samples with film thick-
nesses between 500 nm and 1.5 mm were used for the investi-
gations reported in this paper. FTIR spectra were recorded
over a narrow region of interest to confirm the chemical and
functional nature of the polymer film [28]. Roughness mea-
surements, Ra, were obtained by atomic force microscopy.
The roughness varies with film components, but as typical
values, the Ra of control nylon films and MIP films at scan
size 30 mm� 30 mm is w100 nm and 150e300 nm, respec-
tively. The template can be removed by a proper choice of
solvent to leave behind the cavity specific to the template
molecule and may be subsequently reintroduced into the
cavity.

All nanoindentation experiments were performed using the
electrostatic transducer of the Hysitron triboscope in the UBI 1
[30]. The transducer consists of a three-plate capacitor, the
mid-plate of which carries the impression tool fixed to a thin
stylus. Application of a DC voltage generates an electrostatic
force driving the indenter into the sample surface. Simulta-
neously the capacity change as a measure of penetration depth
is recorded resulting in a forceedepth curve. The stiffness of
the internal springs holding the center plate needs to be mea-
sured and subtracted from the applied force in order to obtain
the true sample stiffness. This electrostatic force constant
(EFC) is calculated by performing an indentation in air, where
the only resistance arises from the internal springs. The value
of the EFC was checked several times during the experiments.
Hardness, H, represents the mean contact pressure under load
and is obtained by the applied load, F, divided by the projected
area, Ac, of the indenter tip at the corresponding contact depth,
hc. The indentation modulus is derived from the slope of the
forceedisplacement curve upon unloading as the material re-
covers elastically. The tip elastic properties can effectively be
ignored for polymeric materials. Investigations are performed
with a 90� diamond cube corner tip. The calibration of the tip
to determine the depth dependent area function Ac(hc) was
obtained with the standard curve-fitting method using fused
quartz with its known reduced modulus as the reference mate-
rial. Thermal drift and creep behavior of the piezoelectric
scanner may affect the measurements and must be minimized.
At the nanoscale, drift is measured and compensated for in the
resulting data. This compensation factor in the standard UBI
software is known as the drift correction [30]. This drift cor-
rection measurement is performed before each indent and its
actual value is determined. Typical drift rates range up to
0.5 nm/s. In cases where the drift speed was larger, the inden-
tation result was not used. The penetration depth of the indent
should not exceed 30% of the polymer film thickness to avoid
substrate effects. Most experiments have been performed with
smaller penetration depths.

Depth dependent mechanical properties are obtained
through indentation tests where repeated loading and unload-
ing are performed at the same location on the sample surface
[4,9,17,19] resulting in multi-cycling indents. In general,
multi-cycling means, after loading to a maximum load,
Fmax, the sample is partially unloaded to a minimum force,
Fmin¼ 0.1e0.25Fmax. This residual force is required to pre-
vent the tip from losing contact with the sample and sliding
to a new lateral position. The sample is then reloaded to the
same or an increased maximum load (FmaxþDF ) and the
cycle is repeated. After the onset of plastic deformation (yield-
ing), the loading curve is an overlap of both plastic and elastic
deformations. If the unloading curve is not purely elastic, hys-
teresis loops appear which allow the analysis of viscoelastic
properties. The analysis of the loops gives insight into the
materials properties that change due to the applied contact
pressure from the tip. Multi-cycling delivers a set of data
that includes the entire material response, from the first
indenteresample contact to the maximum penetration.

3. Results and discussion

3.1. Nylon thin films

Before applying nanoindentation to imprinted films, it is
important to demonstrate that all analysis techniques may be
satisfactorily applied to a more characterized, but related ma-
terial. A pure nylon film serves very well in this capacity and
those used in the study were spin cast at 4500 rpm from 10%
nylon (3 mm pellets with Tm 276 �C) in formic acid solution
after stirring for 24 h. Single indent unloading curves for
pure nylon (both semi-crystalline and amorphous) have a con-
vex shape; an indication of viscoelasticity [1]. The bending of
the unloading curve is more pronounced for slower loading
rates or longer indentation times. As the time of the nanoin-
dentation process is increased, the penetration of the tip into
the material increases. Moreover, the requested maximum
peak load is not attained; the nylon film is so soft and elastic
that a large fraction of the applied load is used to stretch the
spring that supports the center plate in the capacitor. The
actual load on the sample varies between 60% and 70% of the
setup load with loading rates between 1 mN/s and 100 mN/s.
This indicates that the loading rate changes during the penetra-
tion process and is effectively diminished due to the measuring
procedure. A loading function optimized to overcome this
situation utilizes holding segments. The indentation depth is
measured at peak load after holding. Variation in the holding
time can be considered a creep test and gives valuable insight
into the behavior of the material. If the holding time is suffi-
ciently long (here, w10 s), the slope in the graph changes,
creep is diminished and saturation with respect to relaxation
is reached. This holding time should be taken as an estimation
of the point at which relaxation effects become less important
and is the minimum holding time required.

Since the focus of this work is depth dependent nano-
mechanical properties, these lessons learned from the single
indent experiments described above must be applied to multi-
cycling processes as well. Fig. 2 presents the depth dependent
nanohardness and indentation modulus data for a typical
w1 mm thick nylon film obtained with an optimized multi-
cycling load function with holding segments [20]. The
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nanohardness and indentation modulus are nearly depth inde-
pendent and measured to be 0.31 (�0.06) GPa and 6.03 (�1.2)
GPa, respectively. It is always necessary to check the polymer
film without template molecule as a reference, since the mor-
phology in the polymer matrix may change if the film changes
from semi-crystalline to amorphous. Analysis of the hysteresis
loops, obtained with an incrementally increasing five-cycle
load function, indicates that the viscoelastic energy loss
[9,17,20] is irreversible (increases with each cycle) and that
the loss is greater in the amorphous material than in the
semi-crystalline films. The relative energy loss is up to 50%
in the former and approximately 33% in the latter. The behav-
ior of the two types of nylon films may be rationalized in terms
of a simple model. Adhesion energy is especially large when
the polymer molecules are aligned, as they are in the solution
used to cast the films and especially in the semi-crystalline
films. The elastic behavior of the material under the indent
is a result of the gliding of the aligned nylon chains after
the adhesion energy between molecules has been overcome.
Twisted nylon molecules are the basis for the observed visco-
elastic effects. These chains are stretched by indentation and
may either return to their original conformation or remain in
a stretched state, as the indenter is unloaded. The hardness
of amorphous and semi-crystalline nylon films does not differ
too much, because of competing effects. The indentation

Fig. 2. Optimized multi-cycling load function with holding segments (a) and

depth dependent hardness and indentation modulus for pure semi-crystalline

nylon films (b).
modulus for semi-crystalline nylon films is remarkably larger
and the viscoelastic energy loss is much smaller than that for
amorphous nylon films.

3.2. Imprinted nylon films

Imprinted nylon films were produced as described above,
but the solutions included 5% by weight of the imprint mole-
cule, which in this case was an amino acid (glutamine, glycine
or alanine). An example of the morphology of an alanine
imprinted nylon film measured by atomic force microscopy
(AFM) is shown in Fig. 3, alongside a control nylon film.
Pure nylon films do not have pores, whereas all MIP films
with any template molecule show characteristic pores. The
size of the pores varies in dependence with the template mol-
ecule size and the extent of chemical interaction among tem-
plate molecules and with host polymer molecules. Thus, the
small alanine molecule results in pores with a diameter of
about 285 nm and the glycine molecule has pores of
w850 nm size. Pore size in the nylon films is estimated to
be �25%. The morphology of the imprinted film does not sig-
nificantly change when the template is extracted or subse-
quently reinserted. By means of infrared spectroscopy, three
different functional states of the films could be assigned.
The films could be as-produced (AP) in which the template
molecule is still contained within the cavities of the film.
The template could be removed (TR) typically by soaking
for 30 s in a 5% aqueous acetic acid solution. The cavities re-
main but are now emptied of the original template. Finally, the
template molecule could be reinserted (RE) by soaking for
2 min in a 5% aqueous formic acid solution that also contains
5% by weight of the template molecule.

While the AFM images show little differences among the
three functional states of the imprinted films, significant vari-
ances in nanomechanical properties were recorded among the
three states. The investigation of porous materials by nanoin-
dentation is a challenge as recently reported [31,32] and was
successfully applied to MIP films [17]. A summary of the re-
sults obtained in this work is shown in Table 2. For glutamine
imprinted polymers, the change in functional state is reflected
in the measured nanohardness, indentation modulus and the
viscoelastic energy loss (see also Fig. 4). The original, AP
films have a greater hardness and indentation modulus value
than that of the control nylon film. After removal of the tem-
plate molecule, the TR film exhibits a nanohardness and
indentation modulus that are less than that of the control film.
Reinsertion of the template, film RE, returns the hardness
and the modulus values to those recorded for the AP films.
The viscoelastic energy loss is largest for the softest film con-
taining pores without the template molecules.

Data for alanine and glycine imprinted films are also con-
tained in Table 2. The MIP AP films with alanine and glycine
template molecules have the same hardness as the control
nylon films. The indentation modulus for the alanine films
with very small pores is larger than that for pure nylon films
and the viscoelastic energy loss, 35%, is comparable to that
of the nylon film, 37%. In the case of MIP films with glycine
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Fig. 3. AFM images of size 40 mm� 40 mm and height scale 1.5 mm for a pure control semi-crystalline nylon film (a), alanine-templated as-produced (AP) MIP

film (b), glycine-templated AP MIP film (c) and AFM images of size 4 mm� 4 mm of alanine-templated (height scale 350 nm) (d) and glycine-templated AP MIP

films (height scale 700 nm) (e).
template molecules, the AP film is much more elastic with
a lower indentation modulus of 1.8 GPa and a higher visco-
elastic energy loss of 40%. Removal of the template molecules
in both MIP films results in a significant softening of the
material indicated by a steep decrease in the hardness and
the indentation modulus and a large increase in the viscoelas-
tic energy loss. Reinserted template molecules make the mate-
rial a bit stiffer, but it is still much softer than that of the AP
films indicating that the reinsertion was not complete.

Computational modeling can provide a rationale for the rel-
ative behavior of the glutamine, glycine and alanine imprinted
films. Here, the intent is to connect the nanohardness to a
specific film structure. Previous work has reported on the two

Table 2

Nanomechanical properties of control and amino acid imprinted nylon

polymers

MIP system Functional state H (GPa) Er (GPa) EL (%)

Nylon control e 0.20 2.2 37

Nylon/glutamine AP 0.25 3.7 32

TR 0.16 2.0 48

RE 0.23 3.4 35

RE with alanine 0.18 2.2 43

Nylon/alanine AP 0.18 3.2 35

TR 0.07 0.09 59

RE 0.13 2.1 49

Nylon/glycine AP 0.18 1.8 40

TR 0.11 1.1 52

RE 0.15 1.3 45

AP: as-produced film, TR: film with template removed, RE: film with template

reinserted.
isomorphs of nylon-6: the a-phase that consists of a zigzag
chain configuration and the g-phase in which the chains are
linearly aligned. The former is denser and this difference is
reflected in higher measured bulk values for the hardness and
Young’s modulus [33,34]. For the imprinted polymer cases,
there appears to be a correlation with the hydrogen bonding
capability of the amino acid. The structure of glutamine lends
itself to at least four possible hydrogen bonding sites (see Figs.
1a and 5a), while alanine and glycine exhibit, at most, two
such sites (see Fig. 5b and c). One might simply assign the rel-
ative hardness to the number of hydrogen bonds between the
template and the host polymer. This undoubtedly is a factor,
however, in an attempt to define a more quantitative correla-
tion, we have employed simple molecular modeling using
a standard (universal force field) potential. While this type
of calculation is not highly accurate for geometric and ener-
getic parameters, the intent here is to define the basic differ-
ences among the possible MIP and control film structures
using relatively inexpensive computational methods. Such cal-
culations result in two different structures for the nylon-6 con-
trol polymer. In the control polymer calculations, a dimer of
nylon-6 was used as the starting point, optimized and then ad-
ditional nylon dimers were added to the system. Two different
structures resulted, depending upon the structure of the initial
dimer. If a linear chain was used, a calculation with up to six
such dimers converged to a structure analogous to the nylon
g-phase. If the structure of the initial dimer was pre-optimized,
resulting in bend at the sp2 carbonyl carbon, a structure that
resembles the zigzag geometry of the nylon a-phase was ob-
tained. These simple tests provide confidence that the force
field calculations are relevant to the experimental polymer
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structure, at least in a qualitative sense. Fig. 5 presents views
of analogous calculations for three different molecules, gluta-
mine, alanine or glycine, in the presence of two nylon-6
dimers. Whether one begins with the linear or the bent nylon
molecules described above, the same final geometries, those
shown in the figure, are attained. In the modeling results, ala-
nine is found to lie between the pair of nylon dimers arranged
in a g-like phase, effectively separating the linear-like nylon
chains to a greater degree than in the control system (see
Fig. 5b). One expects, therefore, that the presence of alanine
as a template would reduce the hardness of the nylon host.
This is exactly what has been observed in the nanoindentation
experiments. The glycineenylon MIP has a computed

Fig. 4. Forceedepth curves for a pure control nylon film, a glutamine-tem-

plated (AP) MIP film and an alanine reinserted template into the glutamine

template removed MIP film (a) and the corresponding depth dependent hard-

ness (b) and indentation modulus (c) for the three different functionalized MIP

states.
structure that locates the nylon chains in the a-like phase,
but the nylon chains are more separated than that observed
in the modeled alanine or glutamine MIPs (see Fig. 5a and
c). Glycine appears to prefer another glycine as a hydrogen
bonding partner, rather than a nylon molecule. This creates
a softer film (in comparison to the control polymer or to the
alanine-templated MIP) with larger than expected pores due
to the clustering of the amino acid. Experimentally, one indeed
observes a softer structure, since the indenter more easily
passes through the large pored, more weakly hydrogen bonded
MIP. In contrast to the alanine and glycine cases, the presence
of glutamine has directed the nylon into a slightly helical (a-
like phase) form with the amino acid packed relatively tightly
into the cavity created by the host. Qualitatively, the density of
this material would appear to be greater than that of the control
sample and we expect and observe that the hardness increases
relative to pure nylon-6.

The molecular cavities and micro-pores resulting from the
imprinting process (see Fig. 3) change the mechanical

Fig. 5. Universal force field calculations for the structure of glutamine (a),

alanine (b) or glycine (c) in a model nylon-6 host.
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properties of a MIP with a glutamine template in two direc-
tions compared to pure nylon films: (1) filled cavities (a tem-
plate loaded MIP) result in a small, but significant increase in
hardness, a large increase in the indentation modulus and
a small decrease in the viscoelastic energy loss. This repre-
sents a stiffer molecular network; and (2) empty cavities
(extracted template molecules, but a polymer network still
present) cause a large decrease in the hardness and the inden-
tation modulus and a large increase in the viscoelastic energy
loss. The empty MIP network can be easily squeezed together
and results in a less stiff material in comparison to the pure ny-
lon network. The chains are fixed by the polymer bonds, but
the deformation around the cavity is flexible. Therefore, there
is no gliding motion of the chains, but increased viscoelasticity
(breathing cavities). The model and the process of employing
nanomechanical properties to test the functional state of an
imprinted polymer may be put to a test by attempting to insert
a related template molecule, for example alanine, which is
structurally similar, but smaller, into the glutamine-templated
film. Here, the reinsertion process is applied as in the normal
case, but after the process the slide is not washed with distilled
water, as is normally done. Washing removes the alanine from
the pores, as detected by infrared spectroscopy. This procedure
results in a nanohardness that is only slightly larger than the
TR nylon/glutamine film, as shown in Table 2 and Fig. 4.
That comparison also indicates that the indentation modulus
is slightly increased and the viscoelastic energy loss is a bit
diminished. This result might be expected based on the model
presented above. Alanine ‘‘fits’’ into the pores because it is
smaller than the template, but it does not hydrogen bond to
the nylon or, if it is coincidentally aligned with a nylon nitro-
gen or oxygen atom, it does not bond as strongly as the
template glutamine molecule (see the results of the alanine-
templated film in Table 2). This is reflected in the ease with
which the indenter passes through the film. The MIP films
with glycine as the template molecule also reflect the weaker
hydrogen bonding with the nylon. Alanine and glycine are
smaller molecular structures as compared with glutamine
and this, too, contributes to the difference in stiffness. In the
case of MIP films with glycine, all functionalized states are
softer than the nylon control film as represented by a smaller
hardness and a smaller indentation modulus and a large visco-
elastic energy loss (see Table 2).

3.3. Saran� and imprinted polymers

Films have been produced from Saran� F-310, a copolymer
of vinylidene chloride and methacrylonitrile. The solvent sys-
tem for these films, methylethyl ketone and toluene, rapidly
evaporates under most any spin coating conditions, leading to
very thin films, typically of the order of 500 nm for casting
from 10% template solutions. The template molecule is
methyl-4-nitrobenzoate and the interaction between the tem-
plate and host polymer is expected to occur via non-covalent
interactions between the oxygen atoms in the template and
the carbonyl groups within the polymer. Preliminary measure-
ments, using a maximum force of 200 mN, indicate that the
nanohardness of the control film is 0.15 GPa and is essentially
independent of depth, but the control film indentation modulus
decreases significantly, from 14 GPa to 10 GPa, over the inden-
tation depth range of 60e170 nm. The templated polymer has
a greater nanohardness, w0.16e0.19 GPa, depending upon
where in the film morphology the measurement is made. The
template film indentation modulus varies in a fashion similar
to the control film, with values from 14.5 GP to 9 GPa over
the same indentation depth range. Early experiments focused
on spectroscopic analysis to follow the production, extraction
(in methanol) and reinsertion (10% benzoate in toluene) pro-
cess for this film and the results indicated that the reinsertion
process was not effective. The reason for this failure was un-
clear until the nanoindentation measurements were completed.
The nanohardness of the RE polymer is significantly greater
than that of either the control or the AP materials, 0.3 GPa at
110 nm. AFM images, Fig. 6, confirm that the reinsertion pro-
cedure thins the film by redissolving the polymer, leaving a ma-
terial that is too thin to provide a suitable path length for optical
measurements and thin enough so that the influence of the sub-
strate is measured in the nanoindentation studies. Fig. 6 also
indicates the changes in morphology for this system. The AP
film, in Fig. 6a, shows crystalline regions (which may be the
source of the depth dependent indentation modulus e the exact
thickness of this region has not yet been determined), the RE
film, Fig. 6b, thinned by the solvent has the templated pores vis-
ible and the TR film, in Fig. 6c, shows evidence of solvent dam-
age where the film has been eroded down to the substrate. The
greater hardness for the AP film, relative to the control film,
results from the presence of the templateehost polymer inter-
actions, which are stronger than those within the host polymer
itself. Most importantly, the ability of nanoindentation mea-
surements to distinguish among the functional states is sup-
ported by these images and measurements.

3.4. Polyvinylphenol and imprinted polymers

Preliminary measurements have also been carried out on
this polymer system, using a solution of 10% fructose (the
template molecule) in methanol as the casting system. These
films are 1e2 mm thick. Fig. 7 presents AFM images of the
control and AP films. The morphologies shown in the figure
are clearly functional state dependent. The control film is
somewhat homogeneous and free of any cavities or pores.
The AP film, on the other hand, has a membrane-like structure
that is unique and results from the templating procedure with
the sugar. This is reinforced by nanoindentation measure-
ments. Both the nanohardness and the indentation modulus
are independent of depth up to 400 nm. The control film has
a nanohardness value of 0.3 GPa and Er of 7 GPa, while the
measurements for the templated, AP, film is 0.03 GPa and
1 GPa, respectively. The effect of the membrane-like structure
on the nanomechanical properties is striking and a reflection of
the cavities present in the AP film. The template has directed
a complex structure that cannot be completely occupied by
the fructose, leaving empty cavities that are easily indented
in the measurement process. Again, the results confirm the
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ability of the hardness measurements to discern the functional
state of the MIP.

4. Summary

We have described a procedure that employs multi-cycling
nanoindentation to differentiate among functionalized states of

Fig. 6. AFM images of size 50 mm� 50 mm of the Saran�/nitrobenzoate sys-

tem: control Saran� F-310 film (a), templated as-produced (b) and, template

removed films (c).
molecularly imprinted polymer films. These interpretations are
confirmed by spectroscopy and AFM images that indicate dif-
ferent morphologies for some of the states. In brief, we have
shown that:

� MIP films show a typical surface morphology with a char-
acteristic pore structure based on molecular cavities. The
pores are larger than the template molecules, but specific

Fig. 7. AFM images of size 20 mm� 20 mm of the polyvinylphenol/fructose

system: control polyvinylphenol (a) and templated as-produced films (b),

a higher resolution, 5 mm� 5 mm, image of the AP film is also shown in (c).
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to the molecule based on both size and chemical
interactions;
� the pores and the available bonding sites of the template

within the polymer matrix modify the mechanical proper-
ties of the host polymer;
� the mechanical properties are different for the various

functionalized MIP states corresponding to filled and
empty pores. The functional states of the films may be
distinguished by nanoindentation and
� computational modeling can provide a rationale for the

relative behavior of different MIP systems and confirms
the experimental results.
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