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1. Introduction

Per- and polyfluoroalkyl substances (PFAS) are a diverse class
of synthetic chemicals that have widespread uses in
consumer, commercial, and industrial products."”” They

Role of the diffusion boundary layer in the
molecular imprinting of PFAS in poly(ortho-
phenylenediamine) toward improving MIP-based
sensors

Cameron S. Malloy, Matthew J. Danley, Daniel A. Bellido-Aquilar,
Logan E. Chung and Suchol Savagatrup (iD}4

Molecularly imprinted polymers (MIPs) and electrochemical sensors offer a promising route for rapid and
onsite detection of per- and polyfluoroalkyl substances (PFAS). The quantity and quality of the imprinted
cavities in MIPs underpin the selective recognition and sensing performance of MIP-based sensors. Thus,
understanding the role of various synthesis parameters during the electropolymerization of MIPs is crucial
to control the imprinting process for various PFAS templates. Herein, we demonstrate that the synthesis
scan rate used during electrosynthesis of MIPs can be leveraged to modulate the imprinting efficiency of
PFAS with different tail lengths within a poly(ortho-phenylenediamine) (PoPD) film. Specifically, we test the
hypothesis that increasing the scan rate, which reduces the thickness of the diffusion boundary layer during
electropolymerization, significantly increases the density of imprinted PFAS in the resulting MIP-based
sensors. We characterize the total amount and the spatial distribution of the imprinted cavities via cyclic
voltammetry (CV) and X-ray photoelectron spectroscopy (XPS) sputter depth profiling (SDP), respectively.
We demonstrate that both properties depend on the nature of the diffusion boundary layer and the identity
of the PFAS templating molecules (i.e., perfluorooctane sulfonic acid, PFOS; perfluorohexane sulfonic acid,
PFHxS; perfluorobutane sulfonic acid, PFBS). We further show that the cyclic voltammogram during the
electrosynthesis can be modeled using finite element analysis to describe the effect of different synthesis
scan rates. We anticipate that our results will provide further insights into the development and
optimization of PoPD MIP-based sensors for perfluoroalkyl sulfonic acids (PFSA) towards the applications
of decentralized sensors.

standard in terms of selectivity and sensitivity, it is
economically prohibitive and requires well-equipped
5,7,10,17

laboratories and trained specialists. The development
of reliable, robust, cost-effective, and deployable sensing
platforms could significantly advance research, enable rapid

have also been linked to adverse health effects due to their detection, and enhance efforts in environmental
toxicity, bioaccumulative properties, and environmental  remediation.™*'®
persistence.">* " Thus, there is an urgent need to develop Molecularly imprinted polymer (MIP)-based sensors have

decentralized sensors with the capability of large-scale
mapping of PFAS to better understand their fate and
transport in the environment.>®'® Currently, the United
States Environmental Protection Agency (EPA) has approved
liquid chromatography with tandem mass spectrometry (LC-
MS/MS) as the only analytical technique for quantitative
PFAS analysis.”>'*™'® While LC-MS/MS provides the gold
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emerged as a promising alternative for the detection of
PFAS.'"319728 For example, the seminal work of Ugo and
coworkers demonstrated an MIP-based sensor with a limit of
detection (LOD) of 0.04 nM for perfluorooctane sulfonic acid
(PFOS) with minimal interference from other PFAS." Further
development by Dick and coworkers led to the detection of
hexafluoropropylene oxide dimer acid (HFPO-DA or GenX)
with a LOD of 250 fM in surface water.”> Additionally, Wang
and coworkers reported a portable MIP-based sensor for
perfluorooctanoic acid (PFOA) with a LOD of 47.4 pM.*®

These successful proof-of-concept Sensors have
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demonstrated the potential for rapid and cost-effective
detection of several legacy PFAS with appropriate detection
limits. However, several performance issues (e.g., sensing
reliability, mechanical degradation, and selectivity) must be
addressed in order for MIP-based sensors to serve as a viable
screening alternative.'?

The performance of MIP-based sensors depends on several
fabrication parameters during the electropolymerization,
which controls the resulting physical properties of the
polymer film.>® Recently, our group reported that the
fabrication parameters (i.e.,, potential window, scan rate,
molar ratio between the monomer and templating molecules)
significantly impact the mechanical and sensing properties
of MIP films fabricated from poly(ortho-phenylenediamine)
(PoPD) and templated with PFOS."” Notably, we
demonstrated that increasing the synthesis scan rate and
reducing the ratio between templating molecules and the
monomer (PFOS to ortho-phenylenediamine, oPD) led to
improvement in the reproducibility of the sensing signals.
This improvement directly correlated with an increase in
mechanical robustness and the elastic recovery as measured
by atomic force microscopy (AFM)-based nanoindentation.
Thus, we further hypothesize that the synthesis scan rate,
which controls the size of the diffusion boundary layer,****
dictates the transport of the monomer and the templating
molecules during the polymerization, thereby affecting the
imprinting efficiency and the spatial distribution of binding
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sites in the MIP film. We sought to understand this
relationship toward creating design principles for MIP-based
sensors targeting a variety of PFAS.

In this work, we investigated the influence of the diffusion
boundary layer on the molecular imprinting of several
perfluoroalkyl sulfonic acids (PFSA) in PoPD toward the
fabrication of MIP-based sensors. We hypothesized that the
thickness of the diffusion boundary layer modulates the
relative mass transport between the monomer and
templating molecules to the electrode surface, which impacts
the distribution and density of the template in the resulting
MIP films after polymerization. We first varied the synthesis
scan rate to change the diffusion boundary layer thickness
during the electrochemical polymerization. We quantified the
spatial distribution of PFOS embedded in the MIP films
using both electrochemical and spectroscopic measurements.
Specifically, we wused cyclic voltammetry with a redox
mediator to probe the presence of imprinted sites and X-ray
photoelectron  spectroscopy (XPS) depth profiling to
characterize the location of the templating molecules.
Additionally, we used finite elemental analysis (FEA) to
predict the effects of scan rate during the electrochemical
polymerization. Lastly, we evaluated the effects of synthesis
scan rate on the imprinting of different PFSA with varying
lengths of the fluorinated tail (i.e., perfluorooctane sulfonic
acid, PFOS; perfluorohexane sulfonic acid, PFHxS;
perfluorobutane sulfonic acid, PFBS).
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(@) Schematic of the effects of the diffusion boundary layer on the mass transport of PFSA (red circles) and oPD (blue circles) to the

electrode during electropolymerization. Higher synthesis scan rate reduces the thickness of the diffusion boundary layer, leading to a higher
imprinting efficiency of PFSA. (b) Chemical structures of oPD and the three different PFSA used in this study. (c) Representative linear
voltammograms (current vs. potential) during the electrosynthesis of POPD MIP films at high and low synthesis scan rates. An increase in the total
current at high scan rate is attributed to the decrease in diffusion boundary layer thickness and a higher flux of oPD toward the electrode. (d)
Representation of the electrode potential vs. time during an oxidative scan, depicting the time differences between 1st and 2nd oxidations for high

and low scan rates.
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2. Experimental design
2.1 Fabrication of molecularly imprinted polymers (MIPs)

We fabricated poly(o-phenylenediamine) (PoPD) MIP films
from a solution of o-phenylenediamine (oPD) with PFSA as
the templating molecule using methods adapted from
previous reports.">'**”** Briefly, all MIP films were prepared
using anodic electrochemical polymerization in acetate buffer
containing 10 mM oPD and 0.25 mM PFSA via cyclic
voltammetry by scanning 25 cycles in the potential range
from 0 to 1.25 V (vs. Ag/AgCl). To test the hypothesis that the
thickness of the diffusion boundary layer controls the relative
transport rates of the monomer (i.e., oPD) and the templating
molecules (i.e., PFSA) to the electrode surface (Fig. 1a and b),
we varied the synthesis scan rates (i.e., 50, 100, 150, and 200
mV s') to generate different MIP formulations. We focused
on tuning the synthesis scan rate because it has been
previously shown to control the thickness of the boundary
layer,>®*' the physical properties,*?* and the mechanical
and sensing properties of MIP-based sensors."? Specifically, it
influences both the reaction kinetics and mass transport of

the electroactive species during the
electropolymerization.”®>' For example, Fig. 1c depicts
representative linear voltammograms of two different

syntheses of MIP films templated with PFOS at high and low
scan rates. With a higher scan rate, the total current
increases due to the shrinkage of the diffusion boundary
layer, which led to a higher flux of the electroactive oPD
toward the electrode.’®?"' Furthermore, we hypothesized that
the relative time differences (At) between the first and second
oxidations of oPD significantly influence the properties of the
resulting MIPs.>"**3> As shown in Fig. 1d, a higher scan rate
would reduce At. Thus, we sought to understand the
underlying relationship between the synthesis scan rates and
the resulting properties of MIP films (e.g., imprinting
efficiency). Full details of the synthesis of MIP films are
provided in SI, section S1.5. As controls, we also fabricated
non-imprinted polymer films (NIPs) using the same
parameters without the presence of PFSA.

2.2 Choice of templating molecules

We selected three different PFSA with varying length of the
fluorinated tails to evaluate the effects of molecular size on
the imprinting efficiency into MIP films. Thus, we chose
PFBS (4-carbon tail), PFHXS (6-carbon tail), and PFOS
(8-carbon tail) as the templating molecules. We hypothesized
that the longer fluorinated tails increase the
hydrophobic interactions with the aromatic oPD monomer
and lead to higher imprinting efficiency during
polymerization. Additionally, PFSA with longer fluorinated
tails have been shown to possess higher surfactant
effectiveness, which leads to more favorable surface
adsorption.**®* We also suspected that the varying synthesis
scan rates would have a different impact on the mass
transport of each PFSA. Ultimately, we sought to develop a
design rule for the fabrication of MIP films using different

would

© 2025 The Author(s). Published by the Royal Society of Chemistry

View Article Online

Paper

templating molecules with varying molecular
intermolecular interactions, and surfactant behaviors.

sizes,

2.3 Electrochemical measurements and characterization

To characterize the MIP-based sensors, we recorded cyclic
voltammograms in the presence of a reversible redox
mediator, ferrocenecarboxylic acid (FcCOOH), using an
indirect sensing strategy.'®?”> We used a 0.1 M ammonia
buffer (pH = 8.4) containing 0.5 mM FcCOOH (“redox probe
solution”) to evaluate the presence of template-free cavities
within the MIP films. Specifically, the density of these
imprinted cavities can be probed by measuring the current
response (ie., flux of the electroactive redox mediator
through the imprinted film to the electrode surface). To
differentiate the imprinted cavities from non-specific film
defects, we used the differences between the currents
measured from MIP films and the NIP controls (“binding site
currents”). This value would isolate the confounding effects
from differences in film defects and permeability across
different fabrication parameters. Full details of the
electrochemical experimental procedures are provided in SI,
section S1.4.

2.4 X-ray photoelectron spectroscopy sputter depth profiling

In addition to the electrochemical measurement of the
imprinted cavities, we used X-ray photoelectron spectroscopy
(XPS) with sputter depth-profiling (SDP) to elucidate the
spatial location of the imprinted sites within the MIP films.*’
Fig. 2 illustrates the XPS SDP technique where a
monochromatized Al K-alpha source (Kratos Axis Ultra 165
hybrid photoelectron spectrometer) irradiated the surface of
the MIP films, followed by surface etching using an argon
sputtering source for a pre-determined period of time (a pass
energy of 1.0 keV and a target current of 10 mA). We sought
to minimize the pass energy and target current for each etch
to prevent altering the chemical structures of the MIP films
(SI, section S9). This process was repeated until the entire
MIP film has been fully etched to the gold electrode surface.
While conventional XPS surveys provide the elemental
analysis of the surface layer, XPS SDP produces atomic
concentrations as a function of the film depth. We used the F
1s signature (688 eV) to quantify the presence of the
templating molecules and the N 1s signal (400 eV) to
represent the PoPD MIP films. We then converted the
measured atomic concentration after each etching step to the
atomic profile vs. film height, using the measured initial film
thickness (KLA-Tencore P15 Profilometer) and the calculated
average etch rate for each sample as adapted from previous
reports.>>*°

2.5 COMSOL simulation of MIP electropolymerization

We used COMSOL finite element analysis (FEA) as a
comparative simulation tool to evaluate the influence of
synthesis scan rate on the mass transport and reaction
kinetics during the electropolymerization of MIPs.*" To

RSC Appl. Interfaces


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5lf00180c

Open Access Article. Published on 03 settembre 2025. Downloaded on 16/10/2025 11:19:36.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper

View Article Online

RSC Applied Interfaces

1st Etch

2nd Etch

nth Etch

C— 0 @ O G G

Electrode = >

=PoPD @ =PFOS

. . .
N1s C1s Au 4f

O1s
A A S 2p —
=2
(=
3
A A 73
&.
7 ,HEM ji‘ihi -~ . H__—__.L,L -n’
Au 4p Au 4d ~
1 1 1 1 n
800 600 400 200 0

Binding Energy (eV)

Fig. 2 Schematic of the X-ray photoelectron spectroscopy (XPS) sputter depth profiling (SDP) technique of an MIP film imprinted with PFOS. The
XPS source irradiates the film to detect the ejected photoelectrons to quantify the elemental composition using the photoelectric effect as shown
in the elemental survey trace. After sputter etching of the film, another elemental survey trace is obtained. The cycle of XPS and SDP is repeated
until the entire film has been profiled and etched resulting in Au peaks from the surface of the working electrode.

simulate the process, we used the Poisson-Nernst-Planck
(PNP) equations to describe both the mass and charge
transports in the presence of electric fields and migration.
This system of partial nonlinear differential equations is
provided in full detail, along with boundary conditions and
kinetic models in SI, section S12. To define the
stoichiometric relationship during the electropolymerization,
we proposed a simplified two-step reaction mechanism
adapted from Losito and coworkers comprising (1) the
oxidation of oPD and (2) chain propagation with competing
oxidative coupling and intramolecular oxidation of the
oligomers.*"*>

3. Results and discussion

3.1 Characterization of MIPs with PFOS as the templating
molecules

We began by fabricating four different samples using the
same concentrations of the monomers and PFOS at
different synthesis scan rates (i.e., 50, 100, 150, and 200
mV s'). We selected PFOS as the first model study
because it has been previously shown to imprint well into
PoPD-based MIP films and to produce functional MIP-
based sensors.'>'®?”? To evaluate the imprinting capacity
of each sample electrochemically, we used cyclic
voltammetry to measure the changes in the anodic redox
peak of a reversible redox mediator (ie.,, FcCOOH) as a
proxy for the presence of binding sites. Specifically, we
collected cyclic voltammograms from (1) the initial bare
working electrode (black curves), (2) the MIP films right
after synthesis (“pre-template removal”, red curves), and
(3) the MIP films after the templating molecules were
removed via solvent extraction (“post-template removal”,
blue curves) (Fig. 3a). The difference in the measured
currents between pre- and post-template removal described

RSC Appl. Interfaces

the flux of the redox mediator through the MIP film
toward the working electrode. Fig. 3b-e demonstrated the
measured cyclic voltammograms from the four MIP films
fabricated at different scan rates. We observed that the
differences in monotonically increased with
increasing scan rate. Specifically, MIP films fabricated at
low scan rate of 50 mV s ' exhibited minimal current
differences after post-template removal, unlike the films
fabricated at high scan rates (>150 mV s™'). While these
results suggested that the amount of PFOS imprinted in
MIP films correlated well with the increasing scan rate,
the increased current may account for both the formation
of selective imprinted cavities and non-specific film
defects. That is, structural defects could contribute to the
increase in the redox current, potentially leading to an
overestimation of the imprinting efficiency. Thus, to
deconvolute the contributions from these two effects, we
sought to directly measure the presence of PFOS using
elemental analysis via XPS SDP to map the spatial
distribution of the imprinted PFOS in the MIP films. We
note here that we observed minor variations in the
surface morphology and surface roughness across the MIP
films fabricated at different synthesis scan rates.
Additional atomic force microscopy (AFM) images and
water contact angles are provided in SI, section S15.

To support the results from our electrochemical
characterization that suggested a correlation between scan
rate and imprinting efficiency of PFOS, we performed an
elemental analysis of the MIP films right after synthesis
(“pre-template removal”). We used a monochromatized Al
K-alpha source for high resolution XPS survey to probe the
surface layer with a detection depth of 3 to 5 nm. In order
to complete the analysis of the entire MIP films, we
performed sequential etching using an argon monatomic
ion sputter source, in conjunction with XPS profiling to

current

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 (a) Schematic of the electrochemical characterization of MIP films imprinted with PFOS, starting with the bare working electrode (black

curves), the MIP films right after synthesis (“pre-template removal”, red curves), and the MIP films after the templating molecules were removed
via solvent extraction (“post-template removal”, blue curves). (b-e) Representative cyclic voltammograms from MIP films fabricated at the
synthesis scan rates (“syn. scan rate”) of 50, 100, 150, and 200 mV s™*. All cyclic voltammograms were obtained using a potential window of 0 to
0.6 V vs. Ag/AgCl and the measurement scan rate of 50 mV s™. The representative curves are the averages of five scans. Additional experimental

details are provided in SI, section S1.

generate the chemical profiles as a function of the film
height. Fig. 4 shows the XPS elemental atomic
concentrations of nitrogen (N 1s) and fluorine (F 1s) for the
representative samples fabricated using four different
synthesis scan rates. We used the N 1s signal to designate
the presence of the MIP films and the F 1s for the presence
of imprinted PFOS. For all scan rates, we observed that the
F 1s photoelectron signature increased with film height.
This result implied that the imprinted PFOS was located
closer to the top surface of the MIP films and away from
the working electrodes. We defined two distinct regions
within the MIP films: a PFOS-poor region (F 1s < 1%) and
a PFOS-rich region (F 1s > 1%). Interestingly, we observed
that the percentage of the PFOS-poor region decreased with
increasing scan rate. That is, for the MIP films fabricated at
low scan rate (50 mV s '), the PFOS-poor region extended
beyond half of the MIP films. This result provides a stark
contrast to MIP films fabricated at high scan rate, where
the PFOS-poor regions comprised only a small fraction. We
note here that the results in Fig. 4 demonstrated the
original film thicknesses, prior to the template removal
process via solvent extraction with minor variations across

the different synthesis scan rates. However, these
differences were within the margin of error of the
measurement. Similar to previous reports, the film

13,32

thickness decreased after the template removal process.

© 2025 The Author(s). Published by the Royal Society of Chemistry

This reduction is associated with the removal of weakly
adhered polymer layers. However, the trend remained
consistent when accounting for the final film heights after
template removal (SI, section S10). The measurements for
the film thicknesses are also provided in SI, section S10.

3.2 Effects of the synthesis scan rate and diffusion boundary
layer on imprinting of PFOS into MIPs

Our objective was to evaluate the influence of synthesis scan
rate on the imprinting efficiency of PFSA into MIP films. We
hypothesized that the diffusion boundary layer controls the
relative transport rates between the templating molecules
and the oPD monomers. As shown previously, the thickness
of the diffusion boundary layer can be reduced by increasing
the scan rate selected during electrosynthesis.***" Thus, we
reevaluated our electrochemical and depth-profiling results
from the MIP films imprinted with PFOS using different
synthesis scan rates along with the non-imprinted (NIP)
controls.

Fig. 5a shows the electrochemical characterization of MIP
and NIP films using different scan rates. These reported
currents are the magnitudes of the oxidative peak of the
redox mediator (~0.35 V vs. Ag/AgCl). Similar to the last
section, these values account for both the presence of the
selective imprinted cavities and non-specific film defects.

RSC Appl. Interfaces
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Fig. 4 Representative elemental analyses using XPS SDP for MIP films imprinted with PFOS using different synthesis scan rates (“syn. scan rate”):
(a) 50, (b) 100, (c) 150, and (d) 200 mV s™*. We used the N 1s signal to designate the presence of the MIP films and the F 1s signal for the presence
of imprinted PFOS. We defined the PFOS-poor region where the F 1s signal was less than 1% of the atomic concentration, and the PFOS-rich
region where the F 1s signal was greater than 1%.
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Fig. 5 (a) Electrochemical characterization of MIP films imprinted with PFOS and NIP controls at varying scan rates. The reported current values
are the magnitude of the oxidative peak of the redox mediator (FcCOOH, ~0.35 V vs. Ag/AgCl). The binding site current is the difference between
the measured currents from MIP films and NIP controls. Values are the averaged values from separate measurements (N > 3). (b) Normalized XPS
depth profiles of the F 1s signal for representative MIP films imprinted with PFOS and the total atomic concentration percentages for the different
synthesis scan rates. Values are the averaged values from separate measurements (N = 3). (c) Schematic representation of the imprinting efficiency
of PFOS (dark blue) into PoPD MIP films (light blue).

Thus, we defined a “binding site” current as the difference
between the measured currents from MIP and NIP samples
to isolate the contribution from non-specific film defects.

RSC Appl. Interfaces

First, we observed that the measured currents for both MIP
and NIP samples increased with higher synthesis scan rate.
That is, there were clear differences between the measured

© 2025 The Author(s). Published by the Royal Society of Chemistry
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currents from films fabricated at 50 and 200 mV s '. This
result suggested that both the imprinting efficiency and film
defects increased with increasing scan rate. This trade-off
could prove problematic for improving the performance of
the resulting sensors, where maximizing binding sites and
minimizing film defects are necessary. We attributed these
structural defects to the result of reduced time difference
between the first and second oxidative events during the
electropolymerization of oPD. Second, we observed a local
optimal value in the binding site current for MIP films
fabricated at 150 mV s '. These results implied that the
imprinting efficiency saturated after a certain synthesis scan
rate, while film defects continued to increase. Notably, this
also indicated that optimization between maximizing binding
sites and minimizing defects is possible by controlling the
synthesis scan rate.

We then aggregated the XPS SDP data to demonstrate the
effects of the synthesis scan rate (Fig. 5b). We focused on the
F 1s signal, which is indicative of the imprinted PFOS, using
the normalized film thickness to account for the varying
synthesis conditions. As shown by the depth profile and the
total atomic concentration, the XPS SDP data generally
agreed with the electrochemical characterization. That is, we
observed higher PFOS imprinted in MIP films fabricated at
higher scan rates. Taken together, both the electrochemical
characterization and XPS elemental analysis showed that the
choice of synthesis scan rate significantly impacted the
formation of the selective binding sites and the spatial
distribution of the imprinted PFOS (Fig. 5c¢). These results
also demonstrate an important trade-off between the
generation of binding sites and film defects. We previously
observed a similar coupled effect when evaluating the
mechanical robustness and the sensing performance of MIP-
based sensors, where the elastic recovery increased and
sensitivity decreased with increasing scan rate.®> Thus,
determining the optimal scan rate that balances the template
imprinting efficiency while enhancing desired physical
properties is a key design parameter towards advancing MIP-
based sensors.

3.3 Modeling the electrosynthesis of MIP films

Next, we sought to develop a predictive model to
understand the role of the diffusion boundary layer and
synthesis scan rate. The rationales for developing this
model were (1) to model the complex process of
electrochemical polymerization and (2) to predict and
quantify the effects of various physical transport properties
(e.g., diffusion coefficients). To this end, we used COMSOL
finite element analysis to simulate the experimental cyclic
voltammograms during the electrosynthesis of MIP films.
Fig. 6a shows the first scan of the experimental
voltammograms of the four tested scan rates. The increase
in the total current with increasing scan rate was expected
due to the decrease in the size of the diffusion boundary
layer, promoting the transport of the electrochemically

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 Cyclic voltammograms (a) from experimental data and (b) from
the COMSOL finite element analysis model of the first scan during the
electrochemical polymerization of MIP films imprinted with PFOS.

active oPD to the electrode surface. We also observed the
two expected oxidation peaks during the polymerization of
oPD (~0.4 V and ~0.75 V vs. Ag/AgCl), which were
consistent with previous reports.'*'*?*>” We also observed
the reduction of the second oxidative peak (~0.75 V) with
lower scan rates. Interestingly, the magnitude of the second
peak (~0.75 V) has been linked to the interactions between
oPD and PFOS (SI, section $11)."%"%:26:7

Fig. 6b shows the simulated first scan for different scan
rates using the Poisson-Nernst-Planck (PNP) equations along
with Butler-Volmer kinetics. The simulation produced the
expected general trend, showing the increase in current with
increasing scan rates. We also observed that it adequately
captured the two  oxidative peaks during the
electropolymerization of PoPD, which corresponded to the
initiation step (oxidation of the oPD monomer) and
propagation step (oxidation of the oligomeric species).*"*
Additionally, the simulation captured the passivation of the
electrode surface in the cathodic scan due to the growing
PoPD film, which was also observed in the experimental data.
We note here that we observed several limitations from the
simulated waveform. First, the estimated diffusion coefficient
of oPD from the simulation (1.25 x 10™*° m* s') indicated
poor mobility of the monomers. We attribute this result to
the oversimplified Fickian assumptions, which ignore the
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time-dependent diffusion.**™*® Additionally, the second
oxidative peak, corresponding to the propagation of the
oligomeric chain, was more influenced by kinetic parameters,
particularly the anodic transfer coefficient during
propagation (SI, section S13) and the number of electrons
during initiation (SI, section S14). These results suggest that
the kinetic mechanism for the oPD oligomers is missing the
necessary complexity to fully describe the MIP
polymerization. Despite the kinetic limitations, this
simulation provides important insight into the transport and
kinetic complexity of the electrosynthesis of the PoPD-based
MIP, while also highlighting the potential of the PNP
comparative model.

3.4 Tuning the molecular imprinting of PFBS and PFHxS

The ultimate goal of this work is to develop a set of design
rules to fabricate MIP-based sensors with any choice of
templating molecules. To date, only a small subset of PFAS
has been successfully implemented into MIP films (ie.,
PFOS,">'**” PFOA,*® and GenX??). We hypothesized that
PFSA with longer fluorinated tails will result in a higher

View Article Online
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imprinting efficiency, due to the increased hydrophobic
interactions with the oPD monomers during the
electropolymerization. We also expected that the changes in
synthesis scan rate will impact the PFSA disproportionately
due to their different interfacial behaviors (e.g., adhesion®’
and adsorption'***?*”), which may limit their interactions
with the oPD monomer.>*® Thus, we sought to quantify the
imprinting efficiency of PFSA with varying molecular size
under different synthesis conditions.

Fig. 7a-c shows characterization of MIP films imprinted
with PFBS. The results from both electrochemical and XPS
techniques pointed to poor imprinting efficiency of PFBS into
PoPD. We observed insignificant values of the binding site
currents across all tested samples, suggesting that the
measured currents were mainly the result of film defects and
that the change in the synthesis scan rate had minimal
effects on the imprinting process. Moreover, we observed
negligible atomic percentage of PFBS via the F 1s signal
throughout the samples and only minimal values (<2%) at
the surfaces of the film. We attributed our results to the poor
molecular interactions between PFBS and oPD, resulting from
the shorter fluorinated tail. Unlike PFBS, PFHxS exhibited a
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Fig. 7 Electrochemical characterization of MIP films imprinted with (a) PFBS and (d) PFHxS along with the NIP controls at varying scan rates.
The reported current values are the magnitude of the oxidative peak of the redox mediator (FcCOOH, ~0.35 V vs. Ag/AgCl). The binding site
current is the difference between the measured currents from MIP films and NIP controls. Values are the averaged values from separate
measurements (N > 3). Normalized XPS depth profiles of the F 1s signal for representative MIP films imprinted with (b) PFBS and (e) PFHxS with
the total atomic concentration percentages for the different synthesis scan rates. Values are the averaged values from separate measurements
(N = 3). Schematic representation of the imprinting efficiency of (c) PFBS (red) and (f) PFHxS (purple) into PoPD MIP films (light blue).
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Fig. 8 Normalized XPS SDP of the F 1s signal for the representative
MIP films imprinted with PFOS, PFHxS, and PFBS at the same synthesis
scan rate of 150 mV s, Values are the averaged values from separate
measurements (N = 3).

clear optimal imprinting efficiency at a moderate synthesis
scan rate of 150 mV s~ (Fig. 7d-f). That is, we observed clear
local maxima for both the binding site current and total
atomic concentration using the F 1s signal. These results
demonstrated that molecular interactions, as well as the
synthesis conditions, influenced the imprinting efficiency of
MIP films. Additional control experiments and raw XPS data
are also provided in SI, section S7-S10. We also note here
that an important design consideration is the relative
molecular size between the redox mediator and the
templating molecules. Specifically, if the redox mediator is
significantly larger than the imprinted cavities, steric
hindrance may restrict its access and reduce the measured
current. Lastly, Fig. 8a demonstrates the comparative atomic
concentration profiles of MIP films fabricated with the three
tested PFSAs at a constant synthesis scan rate of 150 mV s .
We observed a clear correlation between templating efficiency
and longer fluorinated tail, most likely due to the increase in
hydrophobic characteristic (i.e., eight carbon PFOS > six
carbon PFHxS > four carbon PFBS).

4. Conclusion

We report the effects of the diffusion boundary layer, as
controlled by the synthesis scan rate, on the imprinting of
PFSAs into MIP films. We demonstrated that the synthesis
scan rate can be used to modulate the imprinting efficiency
of PFOS through electrochemical characterization and XPS
depth profiling elemental analysis. Using the finite element
analysis based on the Poisson-Nernst-Planck equations, we
developed a model that agreed well with the experimental
data. We also observed clear differences in the imprinting
efficiency from PFSA with varying fluorinated tails.
Specifically, increasing hydrophobic interactions between the
oPD monomers and the templating PFSA led to higher
imprinting efficiency in MIP films. We note here that the

© 2025 The Author(s). Published by the Royal Society of Chemistry
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sensing performance (e.g., selectivity, limit of detection,
sensitivity, and stability) of an MIP-based sensor depends on
multiple important parameters, in addition to the imprinting
efficiency. To provide a fair comparison across the tested
samples in this study and to isolate the variable to solely
focus on the effects of the synthesis scan rate, we did not
perform an optimization to improve the limit of detection.
However, we anticipate that our results will provide insights
towards the improvement in the development of MIP-based
sensors for a variety of PFAS toward the advancement of
decentralized environmental monitoring applications.

Data availability
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The data supporting this article have been included as
part of the SI.
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