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ABSTRACT: The inherent sensitivity of molecular vibrational
frequencies to their local chemical environment allows for the
investigation of how small molecules interact within engineered
cavities in molecular imprinted polymers (MIPs). These
interactions arise via weak yet collective intermolecular
interaction between the polymer and small molecule. Herein,
intermolecular interactions between methacrylic acid-based
MIPs and acetaminophen, aspirin, and caffeine are evaluated
using shifts in the vibrational frequencies and changes in
bandwidths of Raman-active modes. Recognition between these
materials is measured experimentally and compared to modeled
binding energies. Upon evaluation of Raman signals for the analgesics, intermolecular interactions such as hydrogen bonding
and other weak interactions between the molecules and polymer backbone are quantified. Finally, dissociation constants and
imprinting efficiencies are estimated for selectivity evaluation. This exploitation of the sensitivity of Raman-active vibrational
band frequencies to collective intermolecular interactions for binding studies could facilitate the development and assessment of
MIPs for small molecule recognition.

■ INTRODUCTION

Noncovalent intra- and intermolecular interactions including
hydrogen bonding as well as electrostatic, π−π, and van der
Waals interactions drive rapid and reversible processes1 that
produce metastable systems that can adapt in various pH,2

ionic strengths,3 pressures,4 solvents,5 and temperatures.6

These cooperative interactions are relevant in biological
mechanisms, molecular structure determination, and recog-
nition. For example, antibody−antigen couples exhibit a
combination of noncovalent interactions to promote selective
binding. The energetics of these interactions can be
experimentally quantified in terms of dissociation constants
(Kd), which are related to Gibbs free energies and binding
energies. These quantitative values are often used to compare
and contrast various binding/recognition conditions. Protein−
ligand interactions, for example, were characterized using
surface plasmon resonance spectroscopy, and Kd values were
compared to evaluate the binding affinity of analytes and
varying receptors.7 In addition, these interactions were
observed in careful surface-enhanced Raman scattering
(SERS) studies where the interactions between protein
receptors and bacteria were identified through shifts in
vibrational features upon binding.8

Vibrational spectroscopy, in general, is a powerful tool for
studying these cooperative, noncovalent intra- and intermo-
lecular interactions in chemical systems. A variety of
techniques, including infrared and Raman spectroscopies,
have been used for this purpose. One compelling example of
this is in understanding the effect solvation has on vibrational

frequencies for the nitrile functional group.9,10 Vibrational
modes such as CN symmetric stretches, which are stabilized
via intermolecular interactions, red-shifted with increasing
solvent polarity while isonitrile, which does not exhibit the
same intermolecular interactions with solvent, was independ-
ent of solvent polarity. In another study, reduction in hydrogen
bond length was shown to induce small (1−3 cm−1) but
reproducible blue-shifts in vibrational frequencies associated
with ionic liquids.11 Vibrational frequencies are also sensitive
to small chemical environmental changes such as phase
transitions,12 pressure,13 and temperature.14 For example,
acetonitrile exhibits two stable phases: α and β. All vibrational
modes for these phases are unique including when phase
transitions occur because of volume and entropy changes.12 In
all cases, vibrational frequencies have been shown to shift,15

broaden,15 and/or develop shoulders16 upon changes to these
chemical and physical parameters.
These same intermolecular and local environmental changes

occur in both natural and artificial biological recognition
couples. One engineering-based approach that has been met
with modest success is noncovalent molecular imprinted
polymers (MIPs) for the recognition of small molecules.17−19

For instance, the functional monomer methacrylic acid (MAA)
can be crossed linked in the presence of template molecules
using ethylene glycol dimethacrylate (EGDMA) to form a
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sorbent that contains size specific cavities with modest affinities
and selectivities.18−22 The recognition tunability of these
engineered materials has been generated for target molecules
including drugs,18,23−25 explosives,26 enzymes,18 hormones,27

and sterols.28 In all cases, the carboxylic acid groups in the
MAA backbone can serve as either hydrogen-bond donors or
acceptors,29 which in combination with properly sized cavities
form selective recognition sites.30 The selectivity31 and as a
result the analytical utility of these materials to their target
molecule depend on solution pH, ionic strength, and solvent as
well as on the homogeneity of the polymer particle size and
surface area to volume ratio.17 While designing new MIPs is
labor-intensive, previous studies demonstrated successful
binding formulations and conditions through systematic
variations in solvent composition, pH, and ionic strength.32

Detection methods such as infrared spectroscopy were shown
to indirectly and specifically detect target molecules using
MIPs.24,27,33,34 While these methods yielded large signals, the
observed spectral signatures were typically broad and difficult
to measure in aqueous environments.35,36 Furthermore,
spectral sensitivity to intermolecular interactions were not
evaluated for these same reasons.
Herein, we demonstrate that Raman spectroscopy can be

used to evaluate collective intra- and intermolecular
interactions and/or other chemical environmental changes
between noncovalent MIPs and three small analgesics
including acetaminophen, aspirin, and caffeine through
changes in vibrational mode frequency shifts induced at
engineered binding cavities. To do so, binding energies (EB)
and intermolecular interactions that drive these interactions are
modeled using density functional theory (DFT). Raman bands
for acetaminophen, aspirin, and caffeine that are sensitive to
intermolecular interactions and restricted motion within
binding cavities are used. By evaluating the responses with
respect to nonimprinted polymers, binding site densities in the
MIPs, dissociation constants (Kd) of each drug−MIP complex,
and drug imprinting efficiency ratios are estimated. While MIP
recognition capabilities provide modest selectivity, evaluation
of shifts in vibrational frequencies can be used to identify
selective binding even in the presence of nonspecific binding.
All in all, the combination of modest MIP selectivity and the
sensitivity of vibrational band frequency variations to the local
environment is expected to establish new methods for small
molecule analysis.

■ EXPERIMENTAL METHODS
Materials. Acetonitrile (C2H3N), 2-acrylamideo-2-methyl-

1-propanesulfonic acid (C7H13NSO4), acetaminophen
(C8H9O2N), aspirin (C11H11O6), azobisisobutylonitrile
(AIBN), caffeine (C8H10N4O2), ethyl acetate (C3H8O2),
ethylene glycol dimethacrylate (C10H14O4), glycidyl methacry-
late (C7H10O3), 1-hydroxycyclohexyl phenyl ketone (Irgacure
184), 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid
(HEPES), tetrahydrofuran (THF) (C4H8O), toluene (C7H8),
and 3-trimethoxysilylpropyl acrylate (C8O8H12Si) were pur-
chased from Sigma-Aldrich (St. Louis, MO). An over-the-
counter migraine medication was purchased from a local drug
store. All other chemicals were purchased from Fisher
Scientific (Pittsburgh, PA). Chemicals were used as received
unless otherwise stated. Water (18.2 MΩ·cm−1) was obtained
using a Nanopure System from Barnstead (Dubuque, IA).
MIP Fabrication and Characterization. MIPs were

prepared according to previous reports.28,37 Briefly, caffeine

imprinted MIPs (MIPcaffeine) were prepared by combining and
equilibrating the following for 30 min: 103 μmol of caffeine
(20 mg), 30 μL (356 μmol) of methacrylic acid, 235 μL (1246
μmol) of ethylene glycol dimethacrylate, 0.7 mg of the
photoinitiator Irgacure 184, 184 μL of DMSO, and 551 μL of
THF. Aspirin templated methacrylate-based polymers (MI-
Paspirin) were prepared by combining and equilibrating (30
min) 266 μmol of aspirin (48 mg), 30 μL (356 μmol) of
methacrylic acid, 235 μL of ethylene glycol dimethacrylate
(1246 μmol), 0.7 mg of Irgacure, and 735 μL of THF. For
both MIPaspirin and MIPcaffeine, polymerization occurred using
an OmniCure Series 1500 UV lamp with a 250−450 nm filter
(P = 15 mW) for 30 min. Lyophilization of the polymers was
performed using a Thermo Scientific Modulyo Freeze-Dryer
for at least 24 h. Acetaminophen imprinted MIPs (MI-
Pacetaminophen) were prepared by combining and equilibrating
(30 min) 112 μmol (17 mg) of acetaminophen, 30 μL (356
μmol) of methacrylic acid, 235 μL (1246 μmol) of ethylene
glycol dimethacrylate, 5 mg of AIBN, and 735 μL of THF.
Next, the monomer solution was purged with N2. The vials
were capped and placed in a 60 °C oven for 24 h to cure. The
resulting MIPacetaminophen were lyophilized for at least 24 h to
remove solvent.
Drug templates were removed from the MIP via Soxhlet

extraction for 8 h with dichloromethane, methanol, and ethyl
acetate for caffeine, acetaminophen, and aspirin, respectively.
Drug removal was confirmed using Raman difference spectra.
To improve polymer uniformity, the MIPs were ground using a
mortar and pestle and sieved (mesh size 707−230). The 0−63
μm fraction was collected and used for subsequent analysis.
Nonimprinted polymer standards were synthesized using
identical procedures used above and previously reported
literature,38 except no template molecules were included.
Size analysis of fractionated MIPs was performed using DLS

(Beckman Coulter DelsaNano C particle analyzer) and TEM
(JEOL 1230). The MIPs were prepared for DLS by suspending
1.74 mg of the dried MIP in 10 mM NaCl in water, sonicating
for ∼2 min, and incubating the samples at room temperature
for 30 min prior to analysis. The resulting hydrated diameters
were estimated assuming a Gaussian distribution. Nonhydrated
particle diameters and MIP particle morphology were imaged
using TEM. These samples were prepared by suspending 0.25
mg of MIP in 50% ethanol, pipetting 10 μL of the solution
onto a carbon Formvar-coated copper grid (400 mesh, Ted
Pella, Redding, CA), and air drying overnight. The resulting
images were analyzed using Image Pro Analyzer, and at least 35
polymer particles were evaluated per sample to estimate dried
particle dimensions.
The effective surface potential of the MIP particles was

quantified using their electrophoretic mobility at 25 °C using a
Malvern Zetasizer (Worcestershire, UK). The MIPs were
suspended in buffer with pH ranging from 1.5 to 12. Ionic
strengths were adjusted to 75 mM using a 1 M NaCl stock
solution. All solutions were sonicated for ∼2 min and then
incubated at room temperature for 3+ h prior to analysis. The
zeta potential of a material standard was used as a reference so
that day-to-day measurements could be rigorously compared.
Measurements were performed in triplicate, and error bars
represent the standard deviation of these.

Raman Microscopy. All Raman spectra were collected
using an Examiner532 Raman spectrometer (DeltaNu)
mounted on an Olympus IX71 microscope equipped with a
10× objective lens and a Hamamatsu ORCA-ER camera. The
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laser was focused into the polymer portion of the sample to
minimize spectral contributions from the solution. Raman
spectra were collected using the following parameters:
excitation wavelength (λex) = 532 nm, power (P) = 8−12
mW, integration time (tint) = 8−15 s, and at least 10 averages.
Raman intensities were collected in terms of photon counts
(cts) but reported in units of cts mW−1 s−1 to account for
slight laser power variations and integration time differences.
The integrated areas of vibrational bands that are sensitive to
intermolecular interactions were used for quantification. The
vibrational features most sensitive to these are located at 558
cm−1 (C−N−CH3 deformation), 1173 cm−1 (phenyl bend-
ing), and 1034 cm−1 (CH3 rocking) for caffeine, acetamino-
phen, and aspirin, respectively. Zero-point crossings of first-
derivative spectra were used for determining vibrational mode
frequencies. Vibrational features were also analyzed using
Origin Pro 9.1 for spectral deconvolution of overlapping bands
(e.g., overlap of 1037.8 cm−1 (CH3 rocking, aspirin) and
1044.3 cm−1 (C−C stretch, polymer)) and for quantification
of band widths. The vibrational band frequencies and
intensities for drugs bound to the polymer were estimated
using Gaussian functions. Next, vibrational band areas were
divided by the Raman band areas of the polymer C−C−O
stretch at 600 cm−1 to account for sampling differences.
Measurements were performed in triplicate, and error bars
represent the standard deviation of these data.
Binding Assays. MIPs serve as hydrogen bond donors

with the selected molecules when the solution pH is within ∼1
pH unit lower than effective MIP pKa (from the carboxylic acid
in the MIP backbone). MAA polymers, however, must
undergo some swelling to promote intermolecular interactions,
and this only occurs if the solution pH is higher than its pKa

39

or a swelling agent is added.40 Thus, ideal binding conditions
were optimized prior to these studies. 25 mM HEPES (pH
8.5) or 25 mM phosphate (pH 6.0) buffers were prepared with
slight pH adjustments made with 1 M NaOH. Acetaminophen
solutions were prepared in the HEPES buffer, and the ionic
strength of the drug solutions was adjusted to 75 mM using
NaCl. A 25 mM phosphate buffer (pH 6.0) was used for
preparing both the caffeine and aspirin samples. This buffer
was previously shown to prevent the formation of salicylic acid
for aspirin.41 This solution was spiked with 0.3% methanol to
slightly swell the polymer to promote intermolecular
interactions between the analgesic and polymer.39 All solutions
were filtered using a 0.2 μm nylon filter (Whatman, Middlesex,
UK) prior to use. For Raman measurements, polymer particles
were suspended in 2 mg/mL drug solutions and incubated for
12+ h. The dissociation constant and the maximum number of
binding sites for each MIP were estimated using a Langmuir
isotherm model (Origin Pro 9.1). Over-the-counter drug
assays were performed by grinding and dissolving the pills in
25 mM HEPES buffer (pH 8.5) for the detection of
acetaminophen or in 25 mM phosphate buffer (pH 6, 0.3%
methanol) for aspirin and caffeine. These solutions were
sonicated for 2 h, and the nonsoluble drug fillers were removed
by centrifugation for 10 min at 5000g. The supernatant was
collected and used for subsequent assays. Control studies were
performed using nonimprinted polymers, and all experimental
conditions were identical to those using MIPs.
Imprint Site Geometries. The imprint site volume/

orientation was modeled using Spartan (Spartan ’10, Version
1.1.0). Simplified binding site geometries were modeled to
provide insight into intermolecular interactions between

multiple methacrylic acid monomers and either acetamino-
phen, aspirin, or caffeine. Calculations were performed in series
starting with a Hartree−Fock 3-21G basis set, followed by
DFT B3LYP 6-31G*, DFT B3LYP 6-31+G*, and finally DFT
B3LYP 6-311+G** with water as the solvent, which was
simulated using the SM8 quantum mechanical aqueous
continuum solvation model.42 Performing the calculations in
series ensured that the calculations converged successfully (i.e.,
energy minimized and optimized binding site geometries
obtained).

■ RESULTS AND DISCUSSION
Promoting Site-Specific Intermolecular Interactions

between Analgesics and MIP Particles. As with any
binding couple, intermolecular interactions between the
polymer and target molecule depend on a combination of
factors including Coulombic forces, London dispersion
interactions, hydrogen bonding, and molecular properties
such as polarizability and lone pair electrons.43 Furthermore,
these intermolecular interactions between MIP particles and
caffeine, acetaminophen, and aspirin depend on particle size,44

uniformity,44 and binding site accessibility.45 As a result, the
size and surface potential of fractionated polymer particles are
first evaluated as shown in Figure 1. Analysis of TEM images
yields mean dehydrated MIP particle dimensions of 421 ± 128
(number of particles (N) = 35), 345 ± 113 (N = 51), and 284
± 117 (N = 35) nm for MIPcaffeine, MIPacetaminophen, and

Figure 1. Characterization of MIPs as a function of (A) size using
DLS and TEM and (B) zeta potential for (1) MIPcaffeine, (2)
MIPacetaminophen, and (3) MIPaspirin. Lines represent Gaussian analysis;
hydrated mean diameters were 740 ± 200, 760 ± 230, and 1140 ±
350 nm for MIPcaffeine, MIPacetaminophen, and MIPaspirin, respectively. The
mean dimensions from TEM are 421 ± 128 nm (n = 50), 345 ± 113
(n = 51), and 284 ± 117 (n = 35) for the same. The estimated pKa
values are 6.05 ± 0.43, 6.74 ± 0.52, and 7.10 ± 0.71 for the same. The
error bars represent the standard deviation of three replicate
measurements. Errors in pKa values are estimated from uncertainty
in linear fittings.
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MIPaspirin samples, respectively (Figure 1A). These size
variations likely arise from slight differences in mechanical
stability of the polymers that depend on the method of
polymerization where larger particle size distributions are
observed for materials synthesized using thermal polymer-
ization (MIPacetaminophen) vs photopolymerization (MIPaspirin
and MIPcaffeine). While TEM provides valuable details regarding
nonhydrated particle morphology, DLS reveals hydrated
particle diameters that are relevant for studying intermolecular
interactions. The hydrated diameters of these samples from
DLS are 740 ± 200, 760 ± 230, and 1140 ± 350 nm for
MIPcaffeine, MIPacetaminophen, and MIPaspirin, respectively (Figure
1A). The differences in mean diameters observed between
DLS and TEM are attributed to polymer swelling in aqueous
environments, possible particle aggregation, and/or irregular
particle morphologies. Importantly, both DLS and TEM
indicate relative uniformity (RSD < 40%) among the polymer
particles, and these structures can be used for subsequent
binding studies and shifts in Raman frequencies.
Solution conditions (pH, ionic strength, organic additives,

etc.) can also be used to promote targeted interactions
between analgesics and polymer particles.43 Previously, zeta
potential measurements46 and DFT47 simulations successfully
guided solvent selection for maximizing MIP−molecule
interactions,48 and the carboxylic acid/carboxylate groups in
the polymer backbone were shown to govern the surface
potential of the polymer particles.49 As such, the log values of
zeta potential are plotted as a function of pH to linearize the
data (Figure 1B). As pH increases from 2 to ∼7 these values
increase linearly, while in more basic solutions these become
approximately constant. Estimated pKa values for the
carboxylate groups for each MIP occur at the intersection of
these two regimes.48 This results in carboxylate pKa values for
caffeine, acetaminophen, and aspirin MIPs of 6.05 ± 0.43, 6.74
± 0.52, and 7.10 ± 0.71, respectively. These data are consistent
with other reports where the pKa of the carboxylic acid group
in MAA increases from 3.5 to 4.5 in monomer form up to ∼7.5
as the degree of polymerization increases.49 Deprotonation of
the carboxylic acid group becomes less favorable as polymer-
ization increases.50 We hypothesize this is related to weakening
of the Lewis acidity of the functional group as polymerization
occurs and/or cross-linking between linear polymers and
electron density in the carboxylic acid groups increase. As a
result, the pKa depends on slight differences in polymer cross-
linking.50 This indicates that MIPaspirin is the most highly cross-
linked polymer and has the lowest binding site density
followed by acetaminophen and caffeine.
Because MAA-based MIPs recognize small molecules

primarily through hydrogen bond formation in engineered
cavities, solution pH is the most important parameter to vary
to promote interactions involving the protonation state of
functional groups and to minimize repulsive Coulombic
interactions between the polymer and analgesics (i.e., aspirin).
The molecular structures for these are shown in Figure 2A, and
results from theoretical binding site predictions between the
polymer and each drug molecule are shown in Figure 2B.
It should be noted that the relevant pKa values for the three

drug molecules are as follows: caffeine (−N=, 0.6),51

acetaminophen (−OH, 9.38),52 and aspirin (−COOH,
3.5).53 This means that each molecule should exhibit unique
intermolecular interactions within the polymer cavities via
hydrogen bond formation. To quantify these interactions,

binding energies (EB) are calculated using DFT and are
attained as follows:54

E E E nEnB monomer template template monomer= − −· + (1)

where Emonomer is the energy of polymer monomer, Etemplate is
the energy of drug template in its (de)protonated or neutral
form, En·monomer+template is the energy of the optimized
configuration of binding sites, and n is the number of
monomers that participate in hydrogen bond formation around
each template molecule. Binding pockets in these noncovalent
MIPs are modeled using this equation assuming that binding
pockets arise from cooperative hydrogen bonding interactions
between either (one or two) protonated or deprotonated
monomers with the analgesics.
The results of these EB are summarized in Table 1, and the

observed trends are consistent with previous results47 that
demonstrated that there are cooperative, energetically
favorable effects in intermolecular interactions (i.e., increasing
number of hydrogen bonds) in these systems. Several trends
are noted. First, caffeine, which can undergo relatively weak
hydrogen bonding between its amide functional groups and
polymer (Figure 2B-1), shows the weakest binding energy
relative to the other two binding couples. This result is
consistent with the strength of this hydrogen bond and with
previous investigations that revealed that MAA-based MIPs
exhibit poor selectivity to caffeine in aqueous solutions because

Figure 2. (A) Structures, (B) Spartan models of energy-minimized
imprint geometries, and (C) Raman spectra of 90 mM (1) caffeine,
(2) acetaminophen in 25 mM HEPES buffer (pH = 8.5), (3) aspirin
in 25 mM phosphate buffer (pH = 6), and (4) the methacrylate
polymer. The unique vibrational modes are labeled and listed in Table
2. Legend in Spartan models: red = oxygen, dark gray = carbon, light
gray = hydrogen, and dotted yellow lines = hydrogen bonds. Raman
parameters: λex = 532 nm, P = 8 mW, tint = 12, 6, 11, and 1 s for
caffeine, acetaminophen, aspirin, and nonimprinted polymer,
respectively.

The Journal of Physical Chemistry C Article

DOI: 10.1021/acs.jpcc.8b07771
J. Phys. Chem. C 2018, 122, 23068−23077

23071

http://dx.doi.org/10.1021/acs.jpcc.8b07771


of nonspecific interactions between the molecule and hydro-
carbon chains from the polymer,55,56 a result also consistent
with our spectroscopic findings (vide inf ra).
Second, the hydroxyl group (in addition to the amide group)

in acetaminophen leads to more favorable hydrogen bonding
interactions to the polymer vs caffeine. A large, ∼10-fold
improvement in energetic favorability is estimated when both
interactions are considered (Figure 2B-2). Finally, aspirin,
which contains carboxylate and ester functional groups,
exhibits the most energetically favorable interactions with
MAA as shown in Figure 2B-3. This suggests that if the
Coulombic repulsive forces between the net negatively charged
polymer and net negatively charged molecule can be overcome
(i.e., through swelling), the most energetically favorable
intermolecular interactions should be observed between aspirin
and MIP binding site cavities vs the other two engineered
binding partners.
Identification of Vibrational Bands That Are Sensitive

to Collective Intermolecular Interactions between the
Analgesics and Polymers. Raman spectra contain narrow
vibrational features that have been successfully used for
detection of small molecules using MIPs.17 Because we
hypothesize that these modes are sensitive to cooperative
intermolecular interactions, vibrational band assignments must
be made before changes in these vibrational frequencies can be
evaluated. To do this, Raman spectra of 90 mM (1) caffeine,
(2) acetaminophen, and (3) aspirin in buffer along with the
(4) methacrylate-based nonimprinted polymer are collected
and analyzed (Figure 2C and Table 2). The drugs and polymer
exhibit both overlapping and unique vibrational bands
(complete analysis in Table S1); however, vibrational
frequencies located at 558 cm−1 (C−N−CH3 deformation),57

1173 cm−1 (phenyl bending),58 and 1034 cm−1 (CH3
rocking)59 for caffeine, acetaminophen, and aspirin, respec-
tively, are selected as they participate directly in intermolecular
interactions and/or exhibit restricted motion (bending modes)
upon binding to three-dimensional cavities in the MIP.
Importantly, because the amount of polymer present in the
focal volume could change (because of polymer density
variations), the Raman band associated with the methacrylate
stretch at 600 cm−1 is used as an internal standard as it neither
changes upon polymerization nor overlaps with the selected
vibrational modes.60,61

To evaluate both specific and nonspecific interactions
between the polymer and small molecules, Raman microscopy
is used. Collective intermolecular interactions between the
analgesics and MIP are expected to be energetically more
favorable and exhibit a greater influence on vibrational band
features than those nonspecifically or weakly adsorbed to the
surfaces of the polymer particles. As such, vibrational frequency
and bandwidth changes for the three drug molecules are
evaluated upon incubation in their respective MIP and
nonimprinted polymer. Changes in these spectral features are
reported with respect to values collected in solution to evaluate
molecules in the binding pockets (cooperative intermolecular
interactions) or at the polymer surface (nonspecific, relatively
weaker interactions).
Representative spectra and first-derivative spectra for each

drug in solution as well as with both nonimprinted and
molecular imprinted polymers are shown in Figure 3. Because
shifts in vibrational frequency upon changes in local
intermolecular interactions are small,63 first-derivative spectra
allow for these small changes to be easily observed. Results of
this analysis as well as changes in vibrational band widths are
summarized in Table 2. Two general trends are observed. First,
the vibration bandwidths for acetaminophen and aspirin
increase 2−5 cm−1 when specifically bound to the MIP vs in
solution or nonspecifically interacting with the polymer. These
variations are consistent with similar line width increases
observed when comparing normal Raman scattering to SERS
spectral features.64 For instance, the CH3 rocking vibrational
mode in aspirin broadens from 14 to 19 cm−1 in width upon
binding to the MIP vs in solution. Previously, similar line
broadening was attributed to an increase in compressive
stress65 and lifetime broadening.66 Because vibrational motion
is restricted upon binding in the engineered MIP cavities, the
excited-state lifetime should decrease upon interaction with the
polymer backbone. Similar trends are observed for most
vibrational modes for acetaminophen and aspirin while only
slight variations are observed for caffeine modes.
Second, some of the selected vibrational modes either red-

or blue-shift upon MIP binding vs in solution or via
nonspecific interactions, thus indicating the nature of the
collective intermolecular interactions between the analgesics
and polymers. Similar results induced from hydrogen
bonding,54,67−70 bond lengthening,42,54,71 and/or increased

Table 1. Relative Binding Energies from DFT

DFT B3LYP6-
311+G**
(hartrees)

EB (hartrees)
(from eq 1)

relative EB
(kcal/mol)

Emonomer,1, MAA
(protonated)

−306.587

Emonomer,2, MAA
(deprotonated)

−306.133

Etemplate(caffeine)
(neutral)

−680.579

Etemplate(aspirin)
(negative)

−648.450

Etemplate(acetaminophen)
(neutral)

−515.646

E1*monomer+caffeine −987.170 −0.005 −2.919
E2*monomer+caffeine −1293.778 −0.026 −16.241
E1*monomer+aspirin −955.074 −0.037 −23.384
E2*monomer+aspirin −1261.698 −0.075 −47.042
E1*monomer+acetaminophen −821.784 −0.004 −2.608
E2*monomer+acetaminophen −1127.952 −0.039 −24.415

Table 2. Unique Vibrational Frequencies (Δν̅, cm−1), Full
Width at Half-Maximum (Γ, cm−1), and Assignments for
Acetaminophen, Aspirin, Caffeine, and Polymera

Δν ̅, Γ (cm−1)

molecule in solution
with

nonimprinted
MIP-
bound assignment

caffeine 558.2 ±
0.05, 21

556.3 ± 0.08,
20

556.2 ±
0.20, 21

δ(C−N−
CH3)

57

polymer not
applicable

600 ± 1, 26 600 ± 1,
27

ν(C−C−
O)60

aspirin 1034.7 ±
0.05, 14

1034.9 ±
0.40, 16

1037.8 ±
0.22, 19

r(CH3)
59

polymer not
applicable

1043.6 ±
0.27, 23

1044.4 ±
0.43, 21

ν(C−C)62

acetaminophen 1173.0 ±
0.03, 15

1171.9 ±
0.10, 14

1170.7 ±
0.26, 16

β(phenyl)58

aAverage ± standard deviations from three replicate measurements.
Abbreviations: δ = deformation; ν = stretching; R = rocking; β = in-
plane bending.

The Journal of Physical Chemistry C Article

DOI: 10.1021/acs.jpcc.8b07771
J. Phys. Chem. C 2018, 122, 23068−23077

23072

http://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.8b07771/suppl_file/jp8b07771_si_001.pdf
http://dx.doi.org/10.1021/acs.jpcc.8b07771


pressure and/or van der Waals/London dispersion inter-
actions65,72 are observed. For instance, the C−N−CH3 mode
associated with caffeine red-shifts from 558 cm−1 in buffer to
556 cm−1 when bound to the MIP (Figure 3A,D). A similar
response to the solution value is observed when caffeine is
incubated with a nonimprinted polymer indicating this
response likely arises from nonspecific interactions, through
weak hydrogen bond formation, and/or from caffeine binding
to the surface of the polymer rather than the targeted binding
sites. As summarized in Table S1, most vibrational modes for
caffeine do not shift or exhibit small shifts from solution to the
nonimprinted or molecular imprinted polymers. This result is
expected, as discussed, given the nature of the predicted weak
hydrogen bond and the apolar interactions that give rise to
nonspecific interactions for caffeine and this MIP.55

This response represents a worst-case scenario, and one that
can be improved upon with collective and stronger
intermolecular interactions. Acetaminophen shows a 2 cm−1

red-shift in its in-plane phenyl bending mode (1171−1173
cm−1) upon binding to the MIP vs solution. This vibrational
frequency shift is twice as large as when the assay is performed
with the nonimprinted polymer. While small but reasonable
given the nature of the association, this suggests that the amide

group in acetaminophen participates in hydrogen bonding to
the polymer backbone as modeled in Figure 2B-2. With the
exception of CC modes, similar ∼1−3 cm−1 vibrational
frequency shifts are observed for most modes associated with
acetaminophen incubated MIP (vs the nonimprinted poly-
mer), thus further supporting that collective intermolecular
interactions are being detected (Table S1).
The largest collective intermolecular interactions and site-

specific binding is observed for aspirin. As shown in Figures
3C,F, the CH3 rocking mode blue-shifts from 1035 to 1038
cm−1 upon incubation with the MIP. This mode, which does
not directly undergo hydrogen bonding with the polymer, is
restricted when bound in a site-specific cavity in the MIP
causing this frequency to increase. This is further confirmed as
this vibrational frequency does not shift upon incubation with
the nonimprinted polymer. A similar trend is observed when
comparing the vibrational frequency of this band in solution vs
solid state,73 thus confirming our assertion that vibrational
frequencies are sensitive to collective intermolecular inter-
actions.

Quantifying Intermolecular Interactions between the
Analgesics and Polymer. Building on the premise that
vibrational frequencies associated with the molecules are
sensitive to collective intermolecular interactions, the strength
of these interactions can be quantified. To do this, varying
concentrations of each molecule are incubated with both its
molecular and nonimprinted polymer. First, complete
calibration curves for all three drugs are shown in Figure S1
while difference spectra for varying analgesic concentrations
and the respective MIP-drug complexes are found in Figure S2.
To correct for the nonspecific interactions and varying Raman
cross sections for the selected modes/binding site densities
(see Figure S3), the nonimprinted polymer responses are
subtracted from the specific responses and normalized to the
cross section of the band used for caffeine. These data are
summarized in Figure 4A and reveal that the Raman signals
increase with increasing concentration until saturation of the
binding sites occurs.
To quantify differences between each binding couple and

their unique intermolecular interactions, Langmuir74,75 and
Freundlich−Langmuir adsorption isotherms76 are considered
so that Kd and binding site concentrations in the MIP for the
small molecule can be determined. The equilibrium binding
model describes the drug−MIP interaction as follows:77,78

Kdrug MIP drug MIP where
MIP drug
drug MIPdF+ − =

[ ][ ]
[ − ]

(2)

where Kd is assumed to be dependent on hydrogen bonding
and other collective intermolecular interactions.79 The
adsorption capacity (Qm)

54 is then calculated using equilibrium
concentrations (Ce) as follows:

Q
Q C
K Ce

m e

d e
=

+ (3)

Several trends are noted. The Kd for the respective drugs with
MIPcaffeine, MIPacetaminophen, and MIPaspirin are estimated to be
126 ± 44, 46 ± 6, and 31 ± 12 mM, respectively, as
summarized in Table 3. The values for acetaminophen and
aspirin fall within the range of previously reported for MAA-
based MIPs, which ranged from 1 × 10−3 to 50 mM.80,81 The
largest Kd is observed for caffeine, a response consistent with

Figure 3. Representative Raman spectra and corresponding first-
derivative spectra for 90 mM (A, D) caffeine, (B, E) acetaminophen,
and (C, F) aspirin (1) in solution, (2) nonimprinted polymer, and (3)
MIP. To collect these measurements, 2 mg/mL drug solutions were
incubated with 10−20 mg polymer for 12+h. Unique vibrational
mode frequencies are determined from the zero-point crossing of the
first-derivative spectra. Gaussian function analysis (green, red, and
gray dotted lines) are included to represent drug bound to the MIP,
drug bound to the nonimprinted polymer, and polymer features,
respectively. Spectra are offset for clarity. Raman parameters: λex =
532 nm, P = 8−12 mW, tint = 12, 6, and 11 s for caffeine,
acetaminophen, and aspirin in solution and 8−15 s for drugs with
polymer.
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intermolecular interaction modeling results and indicators of
nonspecific interactions in vibrational frequency shift analysis.
Most importantly, these values are related to Gibbs free
energies (ΔG = −RT ln(1/Kd) and EB. Binding energies for the
three molecules and their MIPs are compared in Figure 4B and
related to shifts in their vibrational frequencies upon binding.
The weak collective intermolecular interactions observed
between aspirin and its MIP result in a binding energy of ∼2
kcal/mol. As these interactions weaken as observed in
acetaminophen and then caffeine, this vibrational frequency
shift and associated binding energies similarly decrease.
To assess the significance of these binding energies, a

selectivity assay is performed using a commercial migraine
medication that contains caffeine, acetaminophen, and aspirin
and their respective molecular and nonimprinted polymers. A
selectivity value, which is defined as the ratio between an
imprinting efficiency ratio between the targeted and non-
targeted guest molecule responses, is calculated for each MIP.
For MIPcaffeine, these are 1.3 ± 0.2 and 1.2 ± 0.2 for the
nontargeted molecules of acetaminophen and aspirin,
respectively; for MIPacetaminophen, 1.8 ± 0.2 when the non-
targeted guest molecule is caffeine (note that aspirin exhibited
no interactions with the polymer because of Coulombic
repulsions so was not included); and for MIPaspirin, 2.97 ± 0.74

and 2.49 ± 0.87 when the nontarget guest molecules are
acetaminophen and caffeine, respectively. These values are
consistent with other MAA MIPs55,82 and to our estimated
binding energies. MIPcaffeine shows the lowest selectivity
because of the previously discussed nonspecific intermolecular
interactions to the polymer. Furthermore, MIPaspirin exhibited
more selectivity for acetaminophen than for caffeine, a result
arising from acetaminophen and aspirin exhibiting similar sizes
in the molecular imprinted polymer binding pockets.

■ CONCLUSIONS

In summary, the inherent sensitivity of Raman vibrational
mode frequencies to the chemical environment allowed for
identification and quantification of collective noncovalent
intermolecular interactions between three analgesics and
molecular imprinted polymers. Building on previous work
where up to a 3 cm−1 shift in vibrational frequency was used to
detect similar interactions, shifts in vibrational frequencies
associated with the molecules were compared between solution
and with both their molecular imprinted and nonimprinted
polymers. While hydrogen bond formation was the dominating
intermolecular interaction that drove recognition at binding
sites, each molecule and its engineered polymer exhibited
unique binding energies and selectivities. These binding
energies correlated directly with shifts in vibrational frequency.
Larger frequency shifts were observed when each analgesic was
incubated in their molecular imprinted polymers compared to
control polymers, indicating larger affinities to the binding sites
as well as higher polymer selectivity to the targeted analgesic.
All in all, this suggests that shifts in Raman vibrational
frequencies can be used to evaluate the collective intermo-
lecular interactions between engineered MIPs and small
molecules, thus providing a direct method for the specific
detection of analytes even in the presence of other competing
nonspecific interactions.
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Figure 4. (A) Normalized Raman signals and (B) binding energy
analysis for each MIP relative to the nonimprinted polymer response
for (1) caffeine (Kd = 126 ± 44 mM, EB = 1.21 ± 0.20 kcal/mol), (2)
acetaminophen (Kd = 46 ± 6 mM, EB = 1.80 ± 0.07 kcal/mol kcal/
mol), and (3) aspirin (Kd = 31 ± 12 mM, EB = 2.03 ± 0.23 kcal/mol).
Lines represent Langmuir isotherm analysis. When relevant, the fit
analysis for the nonimprinted polymer data was used for determining
these responses.

Table 3. Summary of Averages (± Standard deviations) in Vibrational Frequency Shifts from Solution to MIP or to
Nonimprinted Polymer, Dissociation Constants (Kd, mM), Imprinting Efficiency Ratios, and Maximum Binding Capacities
(Three Replicate Measurements Were Used)

max binding sites (binding sites/g of hydrated polymer)

molecule
shift in ν ̅ to
MIP (Δcm−1) Kd (mM)

shift in ν ̅ to
nonimprinted
(Δcm−1)

imprinting
efficiency

max binding
capacity (mM) theor exptl %

caffeine 2.2 (±0.20) 126 (±44) 2.1 (±0.09) 1.3 (±0.4) 27.5 (±5.1) 2.23 × 1020 4.52 (±0.85) × 1019 20.3 (±3.8)
aspirin 3.1 (±0.22) 31 (±12) 0.2 (±0.40) 2.1 (±1.9) 19.0 (±6.5) 5.77 × 1020 3.12 (±1.08) × 1019 5.4 (±1.9)
acetaminophen 2.3 (±0.26) 46 (±6) 1.2 (±0.10) 4.6 (±0.9) 109.9 (±9.1) 2.40 × 1020 18.08 (±1.49) × 1019 75.4 (±4.5)
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(6) Jimeńez Rioboó, R. J.; Philipp, M.; Ramos, M. A.; Krüger, J. K.
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