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ABSTRACT: Thin, imprinted poly(4-vinylphenol) (PVP)
films were produced by spin coating using nicotine or its
metabolite, cotinine, as template molecules. The template
molecules were extracted from these films and later
reloaded (or cross-loaded) from solution. Depth sensing
nanoindentation was applied to measure the nanomechan-
ical properties of the imprinted polymer films. Changes in
the nanomechanical properties were correlated to the func-
tional state of the imprinted polymer, allowing identifica-
tion of the films in their “as produced” state, “template
removed state or “reloaded” state. In addition, the nano-
mechanical properties were capable of identifying which

of the two template molecules were inserted in to a film.
Reinsertion of a template molecule into a “template
removed” film was found to increase the nanohardness
over the values recorded for the “as produced” film. This
behavior was discussed in terms of the hydrogen bonding
characteristics of the materials (through density functional
calculations) and the physical properties of poly(4-vinyl-
phenol) coatings. © 2011 Wiley Periodicals, Inc. ] Appl Polym
Sci 124: 2798-2806, 2012
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INTRODUCTION

Molecular imprinting is a technique that allows for
the production of molecule specific receptors that
are analogous to biological receptor binding sites
without the cost or environmental sensitivity of the
natural systems.'™ Molecularly imprinted polymers
(MIPs) may be based on either covalent or noncova-
lent binding between the host polymer and the tar-
get or template molecule. The wet phase inversion
procedure®” for preparation of MIPs involves a
polymerized starting material that is dissolved with
the template in a theta solvent. A template-host net-
work is allowed to form in solution and precipitated
by immersion in a nonsolvent. Originally developed
to produce MIP membranes, we have adapted this
procedure to the production of thin, 300 nm to
5 um, films via spin coating'®"? and hydrogen bond
interactions between the template and host polymer.

Nicotine is a characteristic component of tobacco
smoke, and cotinine is a major metabolite of nicotine
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that is detected in the urine of smokers. Other
reports of nicotine MIPs have appeared in the litera-
ture. For example, a nicotine-targeted MIP based on
the synthesis of the polymer from methacrylic acid
monomers has been previously reported.'” In this
report, we describe the production of a poly(4-vinyl-
phenol) (PVP)-based MIP film produced by combin-
ing the phase inversion process with spin coating.
We have previously reported'*'* on the use of depth
sensing nanoindentation'®* to study the nanome-
chanical properties of MIP films. We have reported
the nanohardness and elastic modulus to be depend-
ent upon the functional state of the MIP. That is,
whether the MIP is in an “as-produced” state, has
had the template molecule removed or has had the
template (or a related molecule) reinserted into the
emptied MIP. In this report, we describe these nano-
mechanical measurements for the nicotine- and coti-
nine-containing MIPs and provide a rationale for the
observed changes in these measurements with
changing functional state.

EXPERIMENTAL
Production of MIP films

Poly(4-vinylphenol) is a less commonly used poly-
mer, but its aromatic nature and hydrogen bonding
potential make PVP an ideal host matrix for MIPs.
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Figure 1 Control (dark green), as produced MIP (blue), template extracted MIP (red) and template reinserted MIP (light
green) infrared spectra for (a) nicotine and (b) cotinine templated films. [Color figure can be viewed in the online issue,

which is available at wileyonlinelibrary.com.]

The PVP films are produced by spin coating; a
simple deposition technique that is sensitive to the
composition and viscosity of the solution and the
rotating speed of the plate.”*

Solutions composed of 10 mL of methanol (Acros
Organics; ACS Reagent Grade 99.8%) with 10 wt %
of PVP powder obtained from Polysciences, Inc.
(MW = 22,000; T, 150°C) and 5 wt % of nicotine
(Sigma-Aldrich; PESTANAL® Analytical Standard)
or cotinine (Sigma; ~ 98%) were nitrogen purged,
covered, and stirred at room temperature for 24 h.
Control films (NIPs) were similarly produced but
without the nicotine or cotinine. This procedure dif-
fers from the conventional MIP production process
and is related to the so-called phase inversion pro-
duction method. It is a preferred process for film
production, as MIPs produced by the conventional
process would still require later dissolution before
casting. Films were spin cast from these solutions
onto 22-mm-square glass microscope cover slips.
Typically, the slides are cleaned in nitric acid and
then prewashed on the spin coater with spectro-
scopic grade isopropanol and acetone before poly-
mer deposition. The coating solution was dropped
onto a stationary substrate, and the spin coater was
operated at 4000 rpm for 30 s with negligible ramp
up time. The rotation spreads the solution evenly
over the surface and also causes the solvent to evap-

orate leaving a thin film of solid material on the sub-
strate. The concentration of PVP in the casting solu-
tion is the dominant variable for the film thickness,
which increases rapidly with increasing concentra-
tion (solution viscosity), as shown in previous
reports.'” We have not completed a comprehensive
study of film thickness as a function of these param-
eters but have measured the thickness of films made
under the conditions cited here to be typically near
1 pm. Cast films are quite stable and may be stored
for an indefinite time.

The template molecule was removed from the film
by immersion in deionized water for 5 h. Nicotine
(or cotinine) removal was confirmed by FTIR meas-
urements. Template reinsertion (or reinsertion of the
complementary template molecule) was accom-
plished by immersion of the template extracted (or
control) film in a 5 wt % solution of the template
molecule in deionized water for 2.5 h. This reinser-
tion, as with the template removal procedure, is an
equilibrium-controlled  process and reinsertion
occurs to ~ 50% of the initial concentration (via
qualitative FTIR measurements). Additional immer-
sion time was not found to increase the relative
amount of template molecule reinserted into the
film. FTIR spectra were recorded at 1 cm™' resolu-
tion over the energy range from 4000 to 1000 cm .
Typical spectra are shown in Figure 1 for both
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templates. In terms of qualitative indications of tem-
plate presence, the band between ~ 3400 and 2900
cm™! for the —OH stretch of PVP broadens, and
some of the weak discrete transitions grow in when
hydrogen bonded to nicotine or cotinine. In addi-
tion, at ~ 1700 cm™, the presence of the carbonyl
band of cotinine confirms the interaction of that tem-
plate with the polymer in the film. The presence of
either template will result in the observation of a
weak carbon-carbon band at ~ 1500 cm™'. The
surface topography of the films is characterized by
average roughness measurements, R, using scan-
ning force microscopy (SEM). It is defined as the av-
erage deviation of the profile from a mean line or
the average distance from the profile to the mean
line over the length of the assessment. The surface
roughness, R,, is given by the sum of the absolute
values of all the areas above and below the mean
line divided by the sampling length.

Nanoindentation measurements

All nanoindentation experiments were performed
using the electrostatic transducer of the Hysitron
triboscope in the UBI 1 as described in a previous
publication.”® Briefly, the data consist of a load-dis-
placement curve. For soft samples such as polymers,
the stiffness of the internal springs holding the in-
denter must be subtracted from the applied load to
obtain the sample stiffness. Hardness, H, is calcu-
lated in the now standard format,'” as the applied
load, F, divided by the area, A, of the indenter tip
at the contact depth, h,; the area is depth dependent.
The modulus is derived from the slope of the load-
displacement curve upon unloading when the sam-
ple elastically recovers. Investigations are performed
with a blunted 90° diamond cube corner tip. The cal-
ibration of the tip to determine the depth dependent
area function A.(h.) was obtained with the standard
curve-fitting method using fused quartz with its
known reduced modulus as the reference material.
Additionally, calibration with a sharp silicon grating
was performed.”® Thermal drift is measured and the
effect is compensated in the resulting data. Typical
drift rates range up to 0.5 nm/s. The penetration
depth of the indent should not exceed 30% of the
polymer film thickness to avoid substrate effects.
Our experiments have been performed with penetra-
tion depths less than 30% of the total thickness.

If loading and unloading are repeatedly per-
formed at the same location on the sample surface,
depth dependent mechanical properties are
obtained.””'®?! Eight cycles of multi-indentation
have been performed to calculate the depth depend-
ent hardness and the indentation modulus, as shown
in Figure 2. As described in previous reports,” mul-
ticycling means, after loading to a maximum load,
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Figure 2 Load-time function for multi-indents with eight
cycles as used in this study.

Frax, the sample is partially unloaded to a minimum
load, Fiin = 0.1 to 0.25 F,ay, required to prevent 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
(Fmax + AF) and the cycle is repeated. Multicycling
delivers a set of data that includes the entire mate-
rial response. Average values are obtained from sev-
eral measurements at different locations on the same
sample set.

COMPUTATIONAL DETAILS

All optimizations were performed with NWChem, a
Computational Chemistry Package for Parallel Com-
puters, v5.1,”” with no symmetry or geometric con-
straints. The correlation and exchange effects were
calculated using the Perdew-Burke-Ernzerhof (PBE)
exchange-correlation functional®® with the 6-31G* ba-
sis set” for all atoms. Several initial orientations of
the PVP molecule(s) relative to nicotine or cotinine
were optimized to ensure that the total energy of the
complex was not dependent upon this factor. All
calculations were run in parallel on a Linux cluster
comprised of 94 Quad-Core (2x) AMD Opteron
nodes (752 cpus) and 6 Quad-Core (2x) Intel nodes
(48 cpus). In aggregate, the Linux cluster has 3 tera-
bytes of memory and more than 35 terabytes of disk
space. Geometric structures were visualized using
Avogadro.*

RESULTS AND DISCUSSION
Control PVP and MIP film general features

The structure of the MIP and NIP films depends
upon several factors. These include temperature and
spin casting conditions such as speed and deposition
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TABLE I
Measured Surface Roughness Over a 130 X 130 pm
Nicotine Film Sample

Functional state® R, (nm)
NIP 11.5
As produced 69.2
Template removed 441
Template reinserted 33.1

“

? Functional state definition: PVP-X indicates an “as
produced” MIP where N = nicotine and C = cotinine);
PVP-X-Y indicates a MIP imprinted with X, which is
subsequently removed and Y is inserted from solution.

time, and the PVP concentration of the solution.
Measured values for surface roughness, R,, for a 130
pm square measurement area of nicotine films are
presented in Table I. The pure PVP films deposited
from the casting solution containing 10% polymer
have a characteristically smooth morphology. In the
investigations presented in this article, the pure PVP
NIP film has a surface roughness of 11.5 nm. No sig-
nificant morphological features are found in the con-
trol PVP films; i.e. the films are flat. The “as pro-
duced” MIP films containing nicotine template
molecules show a different surface morphology in
comparison to the control films. Surface stripes, rep-
resenting different heights, are the main surface fea-
ture. The surface roughness of this type of sample
was measured to be 69.2 nm. SFM images on the
stripes as shown in Figure 3(a) represent flat areas
with a nanosize ripple structure. Removal of the nic-
otine from the MIP results in a loss of the stripe
morphology and the observation of a number of
pores in the surface, Figure 3(b). The pores are appa-
rently formed during the solidification process of the
polymer films and are caused by the presence of the
template molecules and the porogen solvent during
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the film growth process.'> The assumption is that
the pores are present in the “as produced” samples
but lie beneath the stripe morphology. The template
molecules are smaller than the size of the pores
observed in our films. The additional volume of the
measured pores results in part from the geometrical
form of the template molecule, the arrangement of
that molecule within the polymer host, and the
evaporation of the solvent through the solidifying
polymer film. Pores are a desirable property for the
MIPs; they allow for more contact between an ana-
lyte solution and molecular cavities within the bulk
of the film. The surface roughness of the nicotine-
removed MIP is 44.1 nm. Reinsertion of nicotine into
this MIP partially restores the strip morphology but
has minimal effect on the roughness of the surface
(R, = 33.1). The different film morphology in the
SFM images is characteristic for the presence or
absence of the template molecules.

Nanomechanical properties

The elastic behavior of pure PVP films occurs by
deformation of the polymer molecules and movement
of the chains after the adhesion energy has been over-
come. Contact pressure (hardness) will vary even for
homogeneous matter such as the control sample, as
the deformation starts with purely elastic deforma-
tion, and after yielding, the plastic contributions
increase. Multicycling also allows to study visco-
elasto-plastic properties of the polymer."

Typical multicycling load-displacement curves for
MIP films with nicotine and cotinine template
molecules in the casting solution for the spin coating
process are shown in Figure 4. From the load-
displacement curves in Figure 4(a), it is clear that the
“as produced” nicotine-loaded MIP films, PVP-N for

8 30.0 nm
<

8 15.0 nm
m
= 0.0 nm
<
o~
o
<
o (b

1.00 2,00 3.00 400

um

Figure 3 SFM images of size 4 x 4 um of (a) an “as produced” nicotine imprinted film and (b) a “nicotine removed”
imprinted film. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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Figure 4 Load-displacement curves (a) as average values
for nicotine imprinted PVP samples and specific examples
of reloading with the original or alternative template in (b)
nicotine-based PVP-N and (c) cotinine-based PVP-C. PVP-
X indicates an as produced MIP: N = nicotine and C =
cotinine); PVP-X-Y indicates a MIP imprinted with X,
which is subsequently removed and Y is inserted from so-
lution. [Color figure can be viewed in the online issue,
which is available at wileyonlinelibrary.com.]

example, have average indentation depths of
~ 175 nm with a maximum applied load of 300 pN;
removal of the nicotine increases the penetration
depth to nearly 200 nm. Surprisingly, reinsertion of
nicotine reduces the penetration depth to a value
35 nm less than that of the original imprinted film.
Clearly, the reintroduced presence of the template
molecule in the MIP leads to a stiffer film. Analogous
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results are obtained for the cotinine-imprinted films.
The assignment of the basis of the change in nanome-
chanical properties to the template is reinforced by
the fact that a MIP with the template removed is less
stiff than a pure PVP film for the same applied load.
The process of reloading nicotine-based PVP-N and
cotinine-based PVP-C with the same or the alternate
template molecule is investigated in more detail and
results are shown in Figure 4(b,c) using a four-cycle
multi-indentation function. Reloading of the molecule
that was not the original template alters the mechani-
cal properties of the functional state. The results indi-
cated that the slightly larger cotinine molecule could
be inserted in the PVP-N system and an increase of
hardness and reduced modulus in comparison to the
as produced PVP-N state and nicotine reloaded PVP-
N-N functional state was observed. This is reflected in
the load-displacement curves in Figure 4(b). On the
other hand, the reloading of the smaller nicotine mol-
ecule into the PVP-C system created a softer material,
Figure 4(c), as the molecular pore is not completely
filled and the hydrogen bonding to the polymer is
altered. The result is that the PVP-C-N functional state
has a lower hardness and a lower reduced modulus
than that of the as produced PVP-C functional state or
that of the nicotine reloaded PVP-N-N film. However,
these values are still larger than those for the as
produced nicotine imprinted PVP-N film.

The nanomechanical behavior of the polymer films
is summarized graphically in Figure 5 and Table II
with the average values of the depth dependent
hardness and indentation modulus and their stand-
ard deviation. Hardness and indentation modulus
values are fairly constant with indentation depth. At
larger depth, a slight increase in both values is no-
ticeable, which indicates contributions from the
harder glass substrate. The hardness of the control
PVP film has a value of 0.38 GPa with an indenta-
tion modulus of 11.7 GPa. MIP films with cotinine,
PVP-C, are stiffer with a hardness value of 0.59 GPa
and an indentation modulus of 14.7 GPa. Nicotine-
imprinted films, PVP-N, are slightly stiffer than the
control film with a hardness value of 0.43 GPa and a
modulus of 11.6 GPa. Extraction of the template
molecules leaves the molecular cavities present in
the polymer matrix, but the space they once occu-
pied is empty. Thus, the network character and,
therefore, the mechanical properties change; see the
load-displacement curves in Figure 4(a). For exam-
ple, the hardness for MIP films with nicotine
extracted yields a smaller value of 0.31 GPa for the
hardness. Reloading nicotine into a nicotine-
imprinted film from which the template has been
removed or cotinine into an extracted cotinine-
imprinted film results in a film with greater nano-
hardness than the original as produced film. The
percentage increase in hardness is greater for the
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Figure 5 Depth-dependent hardness and reduced elastic
modulus results for various functional states of the
imprinted polymers. PVP-X indicates an “as produced”
MIP N = nicotine and C = cotinine); PVP-X-Y indicates a
MIP imprinted with X, which is subsequently removed
and Y is inserted from solution. Legend: @, PVP-N; H,
PVP-NN; A, PVP-NC and O, PVP-C; O, PVP-CC; A,
PVP-CN. [Color figure can be viewed in the online issue,
which is available at wileyonlinelibrary.com.]

reinsertion of nicotine into a nicotine-targeted MIP
than for cotinine into a cotinine-targeted MIP. In
addition, cross reloading, that is nicotine in to an
extracted cotinine-imprinted film or vice versa,
measured hardness is greater than that of an as pro-
duced film for the reloading component. Loading,
extraction and reloading of nicotine or cotinine
in the MIP films are clearly measurable with the
nanoindentation technique. Therefore, the different
functional states can be distinguished by
nanoindentation.

These results support the model of a strongly
hydrogen-bonded network among the polymer
chains via template molecular linkers. In the ideal
case, a molecular cavity with a nicotine template
molecule is formed with two hydrogen bonds that
crosslink two PVP molecules; cotinine has three such
potential hydrogen bonding sites. However, the
imprinting process can be incomplete with fewer
than the maximum number of hydrogen bonds
established. Template molecules can bond to the
polymer molecule at several points along the chain
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with efficiencies dependent upon the number and
distribution of template molecules in the MIP film.
From the nanomechanical investigations, it is sug-
gested that hydrogen bonding of the template mole-
cules between the PVP chains: (1) results in a cross-
linking between the chains, (2) separates the PVP
molecules (preventing an easy movement of the
chains), and (3) reduces the adhesion energy
between pure PVP molecules. This may result in
both mechanically stiffer and softer MIP networks.
We suggest two different molecular mechanisms for
the polymer response during an applied external
contact pressure. In pure PVP, the indentation tip
can cause a deformation of the PVP molecules and a
sliding motion between the chains. The molecular
cavities and micropores change the mechanical prop-
erties in two directions compared to pure polymer
films. Filled cavities (template loaded MIP) show an
increase in hardness in comparison to pure PVP
films. This implies that a stiffer molecular network
is established. In MIP films, the chains are fixed by
hydrogen bonds and the sliding motion is inhibited
in general. The filled molecular cavities prevent
strong elastic deformation. Empty cavities, after
extraction of the template, result in a decrease in the
hardness. This could be attributed to the empty MIP
network more easily squeezed together (the empty
cavities act as structural defects), resulting in a lower
hardness in comparison to the pure polymer net-
work. In MIP films, the PVP chains are fixed by the
hydrogen bonds and the formed molecular cavities,
but the deformation around the empty cavities is
flexible (breathing cavities). Therefore, no gliding
motion of the chains occurs. This means, the main
effect for the change of the mechanical properties in
different stages of MIP films originates from the
formed molecular cavities. If they are filled with the
template molecule the material is harder; if the cav-
ities are empty, the compression of the cavities leads
to a much softer material. The elastic compression of
the empty cavities and pores acts in the same

TABLE II
Hardness and Elastic Modulus Values for Nicotine- and
Cotinine-Imprinted PVPs

Template/Functional State® H (GPa) E (GPa)
PVP-N 0.41 = 0.03 11.1 = 1.89
PVP-N-N 0.58 + 0.04 189 =29
PVP-N-C 0.7 = 0.03 20.0 = 2.1
PVP-C 0.59 = 0.03 14.7 = 1.2
PVP-C-C 0.69 + 0.04 15.7 = 1.2
PVP-C-N 0.48 = 0.01 12.6 + 0.6

“

2 Functional state definition: PVP-X indicates an “as
produced” MIP where N = nicotine and C = cotinine);
PVP-X-Y indicates a MIP imprinted with X, which is sub-
sequently removed and Y is inserted from solution.

Journal of Applied Polymer Science DOI 10.1002/app
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(b)

Figure 6 Optimized structures for the cotinine (a) and
nicotine (b) imprint molecules. [Color figure can be
viewed in the online issue, which is available at
wileyonlinelibrary.com.]

direction as the mechanism of deformation and glid-
ing of the PVP chains.

Computational study of hydrogen bonding

Reports in the literature indicate the usefulness of
computational chemistry in selecting a polymer host
for MIP development with a particular target mole-
cule.*® However, computational studies may also be
useful in providing information to understand
experimental MIP results, the task to which we have
applied DFT here. The optimized structures of nico-
tine and cotinine were first obtained for reference
and are shown in Figure 6 with the coordinates
provided in Supporting Information Table I. These
molecules differ only by the addition of a carboxyl
group on the pyrrolidine ring of cotinine. The geom-
etry of the planar pyridine ring, including bond
lengths, in the two molecules is identical and they
differ little in overall size, leading to some expecta-
tion that it would be possible to cross-load MIPs
templated for one or the other of these related mole-
cules. The presence of the oxygen atom in cotinine
results in bond shortening in the pyrrolidine ring,
as well as a further distortion from planarity relative
to the nicotine pyrrolidine ring. The pyrrolidine
nitrogen becomes more sp’-like rather than the

Journal of Applied Polymer Science DOI 10.1002/app
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pyramidal angle observed in the nicotine molecule.
As a final reference point, the 4-vinylphenol (4VP)
dimer structure was optimized and was found to
have a hydrogen bond length of 1.876 A and a
hydrogen bond energy of 0.34 eV. The geometric pa-
rameters of the monomeric 4-vinylphenol molecule
are unchanged in the dimer.

Nicotine has two potential hydrogen binding sites
and cotinine has three such sites. The optimized
structures for the interaction of nicotine with two
monomers and cotinine with three are shown in
Figure 7. In both clusters, the optimized 4-vinylphe-
nol geometry is identical to that of the unbonded

R

(b)

()

Figure 7 Optimized hydrogen bonded structures for (a) a
4VP dimer, (b) a nicotine plus two 4VP molecular cluster,
and (c) a cotinine plus three 4VP molecular cluster. [Color
figure can be viewed in the online issue, which is available
at wileyonlinelibrary.com.]
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molecule and the pyridine ring bond lengths are
unaffected by the hydrogen bond. The hydrogen
bond from 4VP to the pyridine nitrogen in nicotine
has a length of 1.822 A whereas that to the pyrroli-
dine nitrogen is 1.788 A. The C—N bond lengths in
this ring both increase. The total hydrogen bonding
energy is 0.84 eV. In cotinine, only two hydrogen
bonds form. The bond to the pyridine nitrogen has a
length of 1.820 A and that to the carboxyl-oxygen is
1.784 A with a total hydrogen bonding energy of
1.00 eV. Attempts to add a third hydrogen bond at
the pyrrolidine nitrogen site fail, as the additional
PVP molecule is repulsed from the ring. The C—N
bond lengths in the pyrrolidine ring both decrease
upon hydrogen bonding. Finally, we note that
attempts to obtain a n-n complex between cotinine
and 4VP indicate that the ring interactions are repul-
sive. Clearly, the DFT calculations indicate that coti-
nine will complex to the PVP host matrix with a
greater binding energy than the nicotine template,
forming a stiffer network, and the experimental
results reflect the results of those calculations.

General discussion

The mechanical properties of the nicotine and coti-
nine templated PVP MIPs differ from the amino acid
samples investigated earlier,'* as in this study, the
matrix with the reinserted template molecules has a
greater hardness compared to the “as-produced”
MIP polymer state. The hardness and the reduced
modulus increase dramatically from 0.41 GPa and
11.1 GPa for the “as-produced” state, PVP-N, to
0.58 GPa and 18.9 GPa for the reloaded state, PVP-
N-N. This represents a hardness and modulus
increase of 41 and 70%, respectively. The same
responses are observed for the PVP-C material sys-
tem, although the effect on a percentage basis is less
pronounced. Here, the hardness and the reduced
modulus increase from 0.59 GPa and 14.7 GPa for
the “as-produced” state, PVP-C, to 0.69 GPa and
15.7 GPa for the reloaded state, PVP-C-C. The hard-
ness increases by 17% and the modulus by 7%. The
DEFT calculations predicted that the cotinine molecule
would hydrogen bond more strongly with the poly-
mer PVP matrix than the nicotine molecule. There-
fore, the PVP-C MIP would be more stable than the
PVP-N functional state. This is reflected experimen-
tally in a larger hardness and reduced modulus for
the PVP-C “as-produced” system. Reloading of the
complementary molecule results in mechanical prop-
erties approaching those of the as-produced MIP of
the reinserted material; insertion of the cotinine mol-
ecule into the PVP-N template removed MIP results
in an increase of hardness and reduced modulus by
75 and 80%, respectively. Differing geometric param-
eters and bonding generate a strong increase of the
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mechanical parameters. On the other hand, the
reloading of the nicotine molecule into the PVP-C
template removed MIP system creates a softer mate-
rial, as the hydrogen bonding of this molecule to the
polymer is weaker than that of the original cotinine
template; the PVP-C-N functional state presents a
19% lower hardness and a 14% lower modulus than
the “as produced” PVP-C state. These values are sim-
ilar to those of the “as-produced” PVP-N system.
The trend is clear; for both systems, we have found
that the reinsertion of the molecule for which the
MIP has been templated makes the material stiffer
than in the “as-produced” state, even though the
extent of reinserted is 50% of the original film con-
tent. This behavior may be attributed to the fact that
reintroduction of the template occurs primarily in
the upper portion of the film and nanoindentation is
sampling exactly this region. The increase in nano-
hardness with reinsertion of the analyte molecule is
unique among the MIPs we have studied. In other
studies, we have found that reinsertion of the analyte
returns the nanomechanical properties to approxi-
mately, but slightly less than, those of the originally
produced MIP."* The observation here, in a MIP that
is considerably less porous than those for carbohy-
drates or amino acids, may be attributed to shrinkage
of a film from which the template has been extracted
during the aging process. PVP is known to provide
gas-tight coatings in the case of polymer-coated foam
shells.*? In those same studies, the PVP coating was
found to cause a densification of the foam core as the
coating underwent shrinkage. If the bulk of the MIP
film experienced the same shrinkage, in the extracted
state, reinsertion of the template molecule (or the al-
ternative analyte) would result in hydrogen bonding
but not necessarily entirely within the molecular
cavities. The hydrogen bond strengths would not
necessarily differ, but the overall nanomechanical
properties would be altered by these additional, non-
specific hydrogen bonds. As observed experimen-
tally the control films exposed to the same treatment
as the MIPs would not experience this effect, as
the macropores and the molecular cavities were not
present in the NIPs.

CONCLUSIONS

We have measured the nanomechanical properties of
nicotine- and cotinine-imprinted poly(4-vinylphenol)
films using depth sensing nanoindentation. These
measurements have shown that:

* changes in the nanomechanical properties are
correlated to the functional state of the
imprinted polymer, allowing identification of
the films in their “as produced” state, “template
removed” state or “reloaded” state;
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* the nanomechanical properties are capable of
identifying which of the two template mole-
cules, nicotine or cotinine, are inserted into a
film when the templates are cross-introduced
into emptied MIPs;

* the nanomechanical properties reflect the hydro-

gen bonding characteristics of the template mole-

cules as determined through DFT calculations;

reinsertion of a template molecule into a

“template removed” film increases the nano-

hardness over the values recorded for the “as

produced” film as a result of the physical prop-
erties of the polymer.

These results indicate that nanohardness measure-

ments may be used as a reporting tool in the devel-
opment of a new generation of sensors.
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Medical Research Institute through the Richmond Center for
Excellence of the American Academy of Pediatrics.
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