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Abstract (Eng.) 

The thesis combines designing and synthesizing new carbazole functional monomers (FMs) 

and then using them to devise and fabricate molecularly imprinted polymers (MIPs) based 

electrochemical chemosensors.  With these chemosensors, we have selectively determined 

chosen pharmaceutical drug substances, cilostazol (CIL) and duloxetine (DUL), of health 

importance.  First, several investigations were conducted to determine the most stable pre-

polymerization complexes of the analytes with the designated functional monomers.  The 

Gibbs free energy gains of complex formation were calculated using density functional theory 

(DFT) with the B3LYP functional and 6-311+G(d,p) basis sets.  Moreover, molecular 

mechanics (MM) and molecular dynamics (MD) were used for modeling molecular cavities 

formed in MIPs, which helped predict the chemosensor's selectivity.  Guided by computer 

simulations, the most promising MIPs were prepared either by chemical or electrochemical 

polymerization, with the analytes playing the role of templates.  The templates' presence in 

MIPs, then their extraction from the MIPs was confirmed by HPLC and PM-IRRAS 

measurements.  For analytes determining, different electrochemical transduction techniques 

were used to reach high sensitivity, detectability, and selectivity.  The deposited MIPs 

nanoparticles were characterized spectroscopically (UV-vis and DLS), electrochemically (CV, 

DPV, and EIS), and microscopically (AFM and SEM), while MIP films electrochemically (CV 

and DPV) and microscopically (AFM and SEM).  Moreover, recognizing film enforcement 

with conducting single-walled carbon nanotubes (SWCNTs) scaffolds increased the analytical 

performance of the chemosensor for DUL.  The developed chemosensors' detectability of the 

analytes in human plasma was higher than the threshold adopted in clinical analysis.  The high 

chemosensors' selectivity allowed discriminating the analytes from their common biological 

interferences, including structural analogs.  Langmuir, Freundlich, and Langmuir-Freundlich 

isotherms were fitted to DPV sorption data to determine the sorption parameters allowing to 

elucidate homogeneity or heterogeneity of the imprinted cavities.  Furthermore, in-situ 

EPR/UV-vis-NIR spectroelectrochemistry combined with quantum-chemical calculations 

helped understand the behavior difference and origins of radical cations' stability in thiophene-

appended carbazole polymer films formed during electrochemical doping and de-doping.    
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Abstract (Pol.) 

Praca łączy projektowanie i syntezę nowych karbazolowych monomerów funkcyjnych, a następnie 

ich wykorzystanie do opracowania i wytworzenia chemosensorów elektrochemicznych opartych 

na polimerach wdrukowanych molekularnie (MIP).  Za pomocą tych chemosensorów selektywnie 

oznaczyliśmy wybrane farmaceutyczne substancje lecznicze, cilostazol (CIL) i duloksetynę 

(DUL).  W badaniach wstępnych określiliśmy najtrwalsze pre-polimeryzacyjne kompleksy 

analitów z tymi monomerami.  Zmiany entalpii swobodnej tworzenia kompleksów obliczyliśmy 

za pomocą teorii funkcjonału gęstości (DFT) z funkcjonałem B3LYP i zbiorami bazowymi 6-

311+G(d,p).  Ponadto do modelowania struktury wnęk molekularnych wdrukowanych w MIP-y 

wykorzystaliśmy mechanikę molekularną (MM) i dynamikę molekularną (MD), co pomogło 

przewidzieć selektywność chemosensorów.  Kierując się symulacjami komputerowymi, za omocą 

polimeryzacji chemicznej lub elektrochemicznej zsyntetyzowaliśmy najbardziej obiecujące MIP-

y, w których anality pełniły rolę szablonów.  Obecność szablonów w MIP-ach, a następnie ich brak 

po ekstrakcji potwierdziliśmy za pomocą pomiarów HPLC i PM-IRRAS.  Do oznaczania analitów 

zastosowaliśmy różne elektrochemiczne techniki przetwarzania sygnału rozpoznawania 

chemicznego, aby osiągnąć wysoką czułość, wykrywalność i selektywność. Osadzone nanocząstki 

MIP-ów scharakteryzowaliśmy spektroskopowo (UV-vis i DLS), elektrochemicznie (CV, DPV i 

EIS) i mikroskopowo (AFM i SEM), natomiast ciągłe warstwy MIPów -  elektrochemicznie (CV 

i DPV) i mikroskopowo (AFM i SEM).  Wzmocnienie warstwy rozpoznającej za pomocą 

rusztowań z jednościennych nanorurek węglowych (SWCNT) podwyższyło analityczną 

sprawność chemosensora do oznaczania DUL.  Wykrywalność chemosensorów względem ww. 

analitów w ludzkim osoczu była wyższa niż ich próg detekcji przyjęty w analizie klinicznej.  

Wysoka selektywność chemosensorów umożliwiła odróżnienie analitów od typowych 

biologicznych substancji przeszkadzających w ich oznaczaniu, w tym analogów strukturalnych.  

Do danych sorpcji DPV dopasowano izotermy Langmuira, Freundlicha i Langmuira-Freundlicha, 

aby wyznaczyć parametry sorpcji umożliwiające wyjaśnienie jednorodności lub niejednorodności 

wdrukowanych wnęk.  Ponadto spektroelektrochemia EPR/UV-vis-NIR in-situ w połączeniu z 

obliczeniami kwantowo-chemicznymi pomogła zrozumieć różnicę w zachowaniu i przyczynę 

trwałości kationów rodnikowych, wytworzonych w polimerowych warstwach karbazolu z 

dołączonym tiofenem, powstałych podczas elektrochemicznego domieszkowania i od-

domieszkowania. 
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Chapter 1 

1.  Introduction  

The present chapter provides the main characteristics of literature studies required to 

comprehend the experiments described in the thesis results and conclusions.  The chapter's first 

section covers the significance and necessity of quantifying drug substances to monitor the 

world's rising population health.  Next, the chemosensor and point-of-care systems are briefly 

explained.  Then, the state-of-art section describes molecularly imprinted polymers (MIPs) 

syntheses, types, and applications.  This latter section is crucial.  It presents significant 

improvements that have been made so far in the field.  The final section focuses on a critical 

evaluation of the literature describing strategies for cilostazol (CIL) and duloxetine (DUL) 

drugs quantification.  This section provides an overview of the field's status quo and the issues 

it faces.  The final part of the Introduction describes the research objectives. 

1.1  Background  

1.1.1  The importance of health monitoring  

The rapidly increasing human population has led to the surging growth of healthcare, hence 

the pharmaceutical industry and new biomedical issues.1  In recent years, we have witnessed 

an enormous boom in drug production, quality control, and delivery.  Moreover, consumers 

spend billions of dollars annually on detecting and quantifying analytes in clinical settings, 

e.g., routine blood testing;  still, drug overdosing and personalized health monitoring remain a 

concern.2  For instance, in 2019, according to National Center for Health Statistics, 70,630 

deaths were recorded from the toxic effects of a drug overdose in the United States,3 which 

was by 4.8% higher than in 2018.  In Scotland, 49% of the drug treatment-seeking population 

had experienced a drug overdose.4  It is estimated that at least 8238 overdose deaths occurred 

in the European Union in 2017.5  Drug overdose deaths remain a persistent and urgent public 

health problem worldwide.6,7  Furthermore, timely health monitoring can decrease human 

suffering and medical costs, particularly the early diseases diagnoses, leading to improved 

alternatives for the patient’s medical treatment.  Therefore, there is an urgent need for sensitive, 

selective, portable, and cost-effective techniques for drug quantification in patients from the 
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point of view of personalized drug dosage.8  But the main challenge of medical clinics and 

pharmaceutical institutions is the large-scale quantification of the drugs, i.e., in a large number 

of samples.  Until now, many drug quantification methods use such analytical techniques as 

high-performance liquid chromatography (HPLC), (liquid chromatography)-(electrospray 

ionization tandem mass spectrometry) (HPLC-ESI/MS/MS), and gas chromatography-mass 

spectrometry (GC-MS).  However, the instruments used to execute these techniques are 

expensive, require high-grade solvents, sophisticated handling, trained personnel to operate 

them, and determinations are time-consuming.  Therefore, cheaper and easier-to-use 

alternatives are explored.  One is developing determination methods using chemical or 

biochemical sensors (chemo- and biosensors). 

1.1.2  What are chemo and bio-sensors?  

A chemosensor, also known as a molecular sensor or probe, is a molecular or supramolecular-

based measurement device that can transform the act of analyte recognition into a readable 

signal.9  On the other hand, a biosensor is an analytical device that uses biochemical reactions, 

mediated by isolated enzymes, immune systems, tissues, organelles, or whole cells, to detect 

and determine chemical compounds, usually via generating electrical, thermal, or optical 

signals.10  The chemo- and biosensors are generally composed of two integrated units, vis., the 

receptor or recognition, and transduction unit.   

 Chemosensors can be categorized based on their receptors working principle as affinity 

and catalytic chemosensors.  They can also be divided based on signal-transducing, including 

electrochemical,11–13 capacitive,14 calorimetric,15 fluorometric,16 piezoelectric,17 optical,18 and 

piezoresistive19 sensors.  Chemosensors are easy to prepare, have a low limit of detection 

(LOD) and quantification (LOQ), are generally stable, and are reusable or disposable.  

Moreover, they can detect and quantify ions, small molecules, biomolecules, including 

proteins, peptides, nucleic acids, and even whole microorganisms, like bacteria, etc.  Therefore, 

the number of chemosensors has over the past decade rapidly grown and made to provide non-

invasive monitoring and real-time information acquiring of, e.g., a patient’s health status in 

daily life.   
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1.1.3  Point-of-care (PoC) systems  

Point-of-care (PoC) devices serve diagnostics that can readily be used in hospitals, airports, 

and, remarkably, patients at homes due to providing an adequate LOD, easy use, cost-

effectiveness, and rapid response.20–22  For the last decade, there has been a tremendous 

improvement in developing PoC systems to overcome several problems, including long 

awaiting the determination results and handling sophisticated instruments used in the 

traditional clinical analysis.22  The ASSURED principle is assumed for PoC devices, which 

stands for affordable, sensitive, specific, user-friendly, rapid and robust, equipment-free, and 

deliverable to end-user operations.23  PoC systems have made the patients’ lives easier, 

especially in the diagnosis based on the determination of biomolecular compounds.24,25  

1.2  State-of-art  

1.2.1  Molecularly imprinted polymers (MIPs) 

A molecularly imprinted polymer (MIP) is an artificial receptor made by imprinting a template 

molecule in a polymer matrix.  It works based on the so-called “lock and key” principle.26,27  

Simply, molecular imprinting (Scheme 1-1) involves the formation of a pre-polymerization 

complex of functional monomers (FMs) with the target analyte in a solution, which serves as 

the template at this first imprinting stage.  Then, this complex is polymerized, often in the 

presence of a cross-linking monomer (CLM), to assure appropriate robustness, rigidity, and 

permeability of the resulting MIP.  Next, the template is removed from the MIP via, e.g., 

solvent extraction, thus vacating imprinted molecular cavities.  The size and shape of these 

cavities and the orientation of their recognizing sites complement the size, shape, and 

orientation of binding sites of the template molecule.27,28  For compatibility of the molecular 

cavity and the analyte molecule, the template often used in the first stage of MIP preparation 

is either the analyte itself or its close structural analog.  Based on the binding mode used to 

prepare the pre-polymerization complex, the imprinting can be classified into three categories, 

i.e., covalent, semi-covalent,29 and non-covalent imprinting.30  Molecular imprinting in 

polymers leads, among others, to synthetic receptors of selectivity nearly as high as that of 

their biological counterparts.   
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 Covalent imprinting involves a molecular imprinting strategy whereby covalent bonds are 

formed between the template molecule and one or more FM molecules to form a “template–

monomer” pre-polymerization complex by a chemical step independent of polymer 

formation.31  This imprinting is particularly useful in the case of compounds with no 

functionalities.  The most common way of covalent imprinting involves reversible 

condensation reactions forming boronate ester, ketal/acetal, and Schiff's base in the complex.  

The main advantage of covalent imprinting consists in strict control of stoichiometry of the 

template molecule binding with FMs molecules resulting in the homogenous molecular 

cavities formation in the polymer and, therefore, limited non-specific binding.  Moreover, the 

strength of the covalent bond is independent of the dielectric properties of the medium.  

However, covalent imprinting has its drawbacks; for example, the formed complexes are very 

sensitive to the water presence, preventing the use of emulsion and suspension polymerization 

methods and harrowing template extraction. 

 Another approach to MIP preparation involves using FMs that can form a covalent 

complex with the templates on the one hand and are capable of non-covalent interaction with 

the analyte after polymerization and template removal on the other.  This approach, referred to 

as semi-covalent imprinting, was introduced by Whitcombe in 1995.32  Most often, this 

imprinting involves the formation of ester bonds.  Then, these bonds yield free carboxyl groups 

in the polymer cavities that can bind the analyte through hydrogen bonds.  Moreover, this 

procedure can be used to generate cavities featuring recognition sites interacting with the 

analyte that contains other than the carboxyl group, e.g., the hydroxyl or amine group.  This 

imprinting, similarly to covalent imprinting, allows forming of homogenous molecular 

cavities.  

 Non-covalent imprinting is the most commonly used imprinting procedure.  It allows for 

a straightforward pre-polymerization complex formation via weak electrostatic interactions, 

including hydrogen bonds, van der Waals forces, and hydrophobic interactions.  Its main 

advantage is the ease of subsequent template removal from the MIP.  Moreover, it requires 

much less chemistry than the pre-synthesis of covalent adducts. 

 Over the years, the MIPs preparation field has enormously expanded due to the freedom 

of computer-aided molecular designing of monomers and polymers, giving artificial receptors 

a significant advantage over those natural.  Their frameworks are not restricted to mostly 
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proteins, unlike natural receptors.  Different molecular skeletons, e.g., long carbon chains, 

fused aromatic rings, etc., can enhance MIPs' stability, flexibility, durability, etc.  Moreover, 

MIPs can feature recognizing sites not encountered in nature.  Furthermore, if necessary, by 

using appropriate functionalities, the stimuli-activated polymers can be prepared that are 

triggered by photoirradiation, abrupt change of the pH, electric or magnetic field, and others. 

 

   

 

 

Scheme 1-1.  A scheme of consecutive steps of a molecularly imprinted polymer (MIP) 

preparation. 

 MIP designing needs the selection of proper FMs.  The FMs are compounds that hold 

different functionalities.  These functional groups or sites are capable of analyte binding.  

Often, they are called recognizing moieties interacting with the template molecule.  Moreover, 

the FMs contain a polymerizing moiety.  Sometimes, according to the need, a spacer between 

the polymerizing and recognizing moieties is introduced to create molecular cavities of pre-

defined properties (Scheme 1-2).  The purpose of the polymerizing moiety is to form a polymer 

while the functionalities interact with template molecules effectively.  
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Scheme 1-2.  A schematic view of a functional monomer molecule featuring three different 

parts of (1) the recognizing moiety, (2) the spacer, and (3) the polymerizing moiety. 

 Molecular imprinting in polymers is versatile.33,34  It opens doors to many applications, 

including purification and separation,35–39 drug delivery,40,41 chemosensing,28,42 catalysis,43 

diagnosis,44,45 and analyte determination46–48 to name a few.  The latter has already been 

employed to determine a broad assortment of target analytes ranging from small-molecule 

compounds (e.g., amino acids and sugars) to macromolecular compounds (e.g., peptides, 

proteins, nucleic acids, etc.), cells, and even whole microorganisms.40,49,50  Several reports 

claim MIPs as alternatives to antibodies.50–52  The most impressive advantage of MIPs is their 

physical and chemical resistance, straightforward preparation, and easy coupling to different 

substrates or integration with various chemosensor transducers.  Recently, MIPs have been 

applied in PoC devices.53,54 

 MIPs first emerged in 1981 thanks to K. Mosbach and B. Sellergren.55,56  They focused on 

using non-covalent interactions between the host and the target, leading to bulk polymers.27  

Typically, bulk polymerization requires a template, different monomers, and a suitable initiator 

to form a highly cross-linked monolith rigid type polymer matrix (Scheme 1-3a).  Therefore, 

its cavities accessibility is low.  The polymerization is followed by grinding and sieving, which 

is time-consuming and causes the loss of a substantial amount of the MIP material.  This rigid 

and condensed monolith structure hinders the complete removal of the template, and some 

trapped “dead” sites in the imprinted polymer are left.  Moreover, the bulk MIP grinding yields 

non-uniform particles where the binding sites are heterogeneously distributed.  MIPs prepared 

via traditional bulk polymerization are heterogeneous.  Their mass transfer and recognizing 

ability are relatively low.57,58  For overcoming these limitations, MIPs nanoparticles 

(nanoMIPs) were devised.50,59  They can be prepared by various chemical polymerization 
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methods, including solid-phase extraction, precipitation, dispersion, emulsion, and suspension 

polymerization.   

 Surface imprinting has attained enormous attention in improving MIP performance 

because it eliminates the difficulty of limited mass transfer and template removal encountered 

in the standard molecular imprinting procedure.  This advancement is highly valuable if 

imprinting macromolecules, where diffusion limitation is a key issue (Scheme 1-3b). 

 NanoMIPs have attracted much attention because of their advantageously high surface-to-

volume ratio, providing high cavities accessibility for target molecules and significantly 

enhancing the recognizing ability and kinetics.  However, this ability relies on the precise 

parameters selection that influence the imprinting.  Several vital issues, including selecting 

FMs60–62 and CLMs,63 porogenic solvents,64 initiators,65 polymerization procedures,66 

polymerization time,67 and polymerization temperature,67 influence the imprinting.  

 

Scheme 1-3.  An illustration of two main strategies for macromolecule imprinting (a) “bulk” 

imprinting and (b) “surface” imprinting (adapted from68,69). 

 A wide range of different FMs, varying from those capable of forming non-conducting, 

e.g., acrylic and silane polymers, and self-assembled monolayers (SAMs) to conducting-

polymer-forming FMs, were used for preparing MIP-based recognition units of chemosensors.  

MIP formats with relatively high recognizing properties expect an enhancement in the 

performance and suit the desirable final application, such as beads, films, or nanoparticles. 

 Fortunately, advances in software development and an increase in computational computer 

capacity have enabled the application of molecular simulations based on mathematical 

modeling.  Various modeling methods, including molecular mechanics (MM) and molecular 

a 

b 
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dynamics (MD), semi-empirical,  as well as density functional theory (DFT) “ab initio” have 

been introduced to select functional monomers and estimate their recognizing modes.  As a 

result, researchers can now estimate the Gibbs free energy gains due to pre-polymerization 

complex formation using various methods.  The DFT-based approach at various approximation 

levels and basis sets has been extensively explored due to this method's high accuracy and low 

computation cost.  A higher negative gain in this energy indicates a higher possibility of stable 

complex formation.  However, some investigations suggest that an MIP chemosensor can be 

insensitive to the analyte even though the DFT calculation result was promising.  A possible 

reason for that could be a very high negative gain in Gibbs free energy, indicating a firm contact 

between the analyte molecule and the recognizing sites of the polymer cavity preventing facile 

analyte extraction.70  With this preliminary screening step, the strongest binding functional 

monomers can be identified and hence advantageously used for imprinting a particular target 

analyte.  This first modeling step of MIP preparation saves money for chemicals and time for 

laboratory imprinting tries and errors.  Moreover, modeling the MIP cavity interactions with 

the analyte and interference molecules is possible.  These results can help in cross-validating 

the experimental analysis with simulations' results.  

 The MIP selectivity and sensitivity play an essential role in MIP-based chemosensor 

preparation.  Moreover, the undesired non-specific binding of the analyte in the MIP, i.e., 

outside the imprinted cavities, is a crucial factor.  Therefore, an essential measure of the 

imprinting efficiency of the MIP is its imprinting factor, IF (Equation 1-1).  The higher the IF, 

the higher is the binding capacity and eventually low non-specific binding.  Moreover, the MIP 

recognizing mechanism of analyte molecules is mainly associated with the degree of spatial 

structure matching of recognizing sites and the analyte molecule.  In other words, the MIP 

selectivity (Equation 1-2) depends on the efficiency of binding between the template and 

monomer molecules and the shape and rigidity of the template and the cavity.  

 

𝐼𝑚𝑝𝑟𝑖𝑛𝑡𝑖𝑛𝑔 𝑓𝑎𝑐𝑡𝑜𝑟 (𝐼𝐹) =
𝐹𝑟𝑎𝑐𝑡𝑖𝑜𝑛 𝑜𝑓 𝑎𝑛𝑎𝑙𝑦𝑡𝑒 𝑏𝑜𝑢𝑛𝑑 𝑡𝑜 𝑡ℎ𝑒 𝑀𝐼𝑃 

𝐹𝑟𝑎𝑐𝑡𝑖𝑜𝑛 𝑜𝑓 𝑎𝑛𝑎𝑙𝑦𝑡𝑒 𝑏𝑜𝑢𝑛𝑑 𝑡𝑜 𝑡ℎ𝑒 𝑁𝐼𝑃 
 (Equation 1-1) 

 

𝑆𝑒𝑙𝑒𝑐𝑡𝑖𝑣𝑖𝑡𝑦 𝑓𝑎𝑐𝑡𝑜𝑟 (𝛼) =
𝑆𝑙𝑜𝑝𝑒 𝑜𝑓 𝑡ℎ𝑒 𝑐𝑎𝑙𝑖𝑏𝑎𝑟𝑡𝑖𝑜𝑛 𝑝𝑙𝑜𝑡 𝑓𝑜𝑟 𝑡ℎ𝑒 𝑎𝑛𝑎𝑙𝑦𝑡𝑒 

𝑆𝑙𝑜𝑝𝑒 𝑜𝑓 𝑡ℎ𝑒 𝑐𝑎𝑙𝑖𝑏𝑎𝑟𝑡𝑖𝑜𝑛 𝑝𝑙𝑜𝑡 𝑓𝑜𝑟 𝑡ℎ𝑒 𝑖𝑛𝑡𝑒𝑟𝑓𝑒𝑟𝑒𝑛𝑐𝑒
 (Equation 1-2) 
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1.2.2  Molecularly imprinted polymers for sensing drug substances 

MIPs are widely used in chemosensing, but their use is not restricted to electrochemical 

sensing.71  Other transductions are also employed to devise handy and simple-to-use 

chemosensors (Table 1-1).  In recent years, the number of research papers on chemosensors 

using MIP recognition has enormously increased,72 and acrylic-based monomers accounted for 

more than half of all contributions, outnumbering (conducting polymer)-forming FMs 

(Figure 1-1).  Notably, there has been considerable development in MIP-based optical sensors 

with luminescence transduction; however, electrochemiluminescence MIP chemosensors 

share only a small part. 

 Similarly, when it comes to "electrochemical sensors," a comparable survey indicates a 

more significant contribution of acrylic-based MIPs.73  Because no direct channel for electron 

transfer from the recognizing sites of molecularly imprinted cavities to the electrode surface 

exists, it appeared impossible to manufacture an electrochemical sensor using the acrylic-based 

MIPs.  Incorporating these non-conducting recognition units in films with conducting 

scaffolds, notably carbon allotropes, helped overcome these challenges.  Furthermore, the 

breakthrough of various transduction methods, such as capacitive impedimetry (CI) and 

piezoelectric microgravimetry (PM), not requiring any recognition unit to be conductive, has 

broadened the range of acrylic-based MIPs uses in electrochemical sensors.   
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Figure 1-1.  The number of publications on (a) MIPs used for chemosensor development in 

1993–2018.  (b) Contribution of different functional monomers to the preparation of all MIP-

based chemosensors.  (c) Optical transduction used for chemosensors, published in 2018.  

(d) Distribution of publications on electrochemical chemosensors according to types of 

transductions.  UV-vis - ultraviolet-visible (spectroscopy); SPE - solid-phase extraction; 

IR - infrared (spectroscopy); SPR - surface plasmon resonance (spectroscopy); 

ECL - electrochemiluminescence (spectroscopy); IF - interferometry (adapted from72–74).

a b 

12.1% 

 
6.3% 

 
3.8% 

 
0.6% 

d c 

14.6% 

 19.7% 
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Table 1-1.  Polymerization methods of MIPs preparation, their advantages and disadvantages, 

recent representative examples of drug substances determination with different MIP 

chemosensors, and signal transduction methods.  

Polymerization 

method 

Advantages Disadvantages Exemplary 

template drug 

substance 

Transduction 

method 

Ref. 

Precipitation 

polymerization 

The most 

straightforward 

polymer particle 

formulation; no 

stabilizer (surfactant) 

is required; generally 

spherical particles; 

reasonably 

homogeneous size 

distribution 

Final particle size is 

highly dependent 

on component 

thermodynamics; 

the need to 

thermodynamically 

facilitate 

precipitation limits 

monomer-porogen 

compatibility 

Midazolam Voltammetry  75 

(S)-Propranolol Spectro- 

fluorometry 

76 

Paracetamol Fluorescence 

spectroscopy 

77,78 

Emulsion 

polymerization 

Better heat control of 

the process; water-

compatible, Regular 

shape MIP 

microspheres are 

obtained 

Requires 

emulsifying 

surfactant for 

synthesis 

Metronidazole Fluorescence 

spectroscopy 

79 

Penicillin G (PenG) Reflectometric 

interference 

spectroscopy  

80 

Suspension 

polymerization 

Synthesis parameters 

can control particle 

size; water-

compatible process 

Requires integrated 

mechanical mixing 

for suspension & 

stabilizing agents 

Chlorpromazine Square wave 

voltammetry 

81 

Ephedrine Optical  82 

Solid-phase 

polymerization 

"Soluble" particles 

are suitable for in 

vitro applications. 

Affinity separation 

isolates the best-

formed receptors, 

leading to the highest 

specificity and 

sensitivity of 

contemporary MIP 

formats 

Low capacity & 

yield 

Diazepam, 

nordiazepam, 

oxazepam, 

temazepam and 

nitrazepam 

Liquid 

chromatography-

tandem mass 

spectrometry 

83 

Core-shell 

swelling 

polymerization 

Particle size can be 

controlled; large sizes 

can be obtained – 

results in highly 

uniform material 

suitable as a column 

packing media 

The time-

consuming 

multiple-step 

process to grow 

particles to size; a 

stabilizer is often 

necessary 

Paracetamol Differential pulse 

voltammetry 

84 

Diclofenac Surface plasmon 

resonance 

spectroscopy 

85 

Capecitabine Square wave 

voltammetry 

86 
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Particles 

embedding in 

thin polymer 

layers  

Separation of particle 

and layer synthesis 

gives more leeway 

for facile 

optimization; sub-frit 

sized particles can be 

used, and the size 

effect is minimized 

Separation of 

synthesis steps 

increases  

inter-device 

irregularly 

Chlorambucil Voltammetry 87 

Timolol Square wave 

voltammetry  

88 

Sertraline Differential pulse 

voltammetry 

89 

Thin polymer 

films, layers, and 

membranes 

Highly suitable for 

specific sensor 

applications; greatest 

level of interface 

between transducer 

and MIP; individual 

properties can be 

tuned accordingly 

Poor control of 

layer thickness; 

susceptible to the 

"gate effect." 

Acetaminophen Voltammetry 90 

Paracetamol Amperometry 91 

Dextromethorphan Potentiometry 92 

Doxycycline Electrochemi-

luminescence 

spectroscopy 

93 

 

1.2.3 Acrylate-based molecularly imprinted polymers for sensing drug substances 

Acrylates are acrylic acid salts, esters, and conjugate bases.  They reveal intriguing 

bifunctionality, i.e., their vinyl group can be used for polymerization and the carboxyl for 

carrying various functionalities.  Acrylate polymers display various features, including high 

glass transition temperature, Tg,
94 thermal stability,95 appealing mechanical properties, and 

transparency,94,96 allowing for wide use, including MIPs.   

 In MIPs, the most successful non-covalent imprinting is based on methacrylic acid 

(MAA), cross-linked with ethylene glycol dimethacrylate (EGDMA) because the MAA 

carboxyl serves as both hydrogen donor and acceptor.97  Moreover, MAA can form stable 

cyclic hydrogen bonds with suitable templates.98  A library of acrylate-based monomers is used 

to synthesize MIP-based recognition sites in MIP chemosensors (Figure 1-2). 
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Figure 1-2.  Structural formulas of commonly used acrylate-based functional monomers, 

cross-linking monomers, and initiators.   

 Globular MIP beads are commonly fabricated by heterogeneous polymerization, including 

emulsion, suspension, dispersion, precipitation polymerization,99 and solid-phase syntheses.100  

For direct application in chemosensors, MIPs in the particles form are unsuitable.  Therefore, 

some initial chemosensor preparations were attempted by directly immobilizing fine MIP 

particles on different transducers' surfaces.  One exciting method of quantifying the non-

electroactive antibiotic vancomycin drug101 was a solid-phase synthesis yielding highly 
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selective electroactive nanoMIPs.  For that, two ferrocene-derivatized monomers, namely 

vinyl ferrocene and ferrocenyl methyl methacrylate, were exploited.  X-ray photoelectron 

spectroscopy (XPS) verified the content of the ferrocene probe by estimating the population of 

ferrocene moieties in the nanoparticle structure.  The nanoMIPs were anchored to a NafionTM 

film modified electrode by direct self-assembly.  That enabled indirect electrochemical 

vancomycin determination by the change in redox behavior of the ferrocene probe upon 

chemosensor exposure to vancomycin.  A linear dynamic vancomycin concentration range was 

83 to 410 µM with the sensitivity of 0.146 µM−1 and high repeatability (relative standard 

deviation, RSD = 6.7% at n = 3), evidencing high chemosensor reliability.  

 The above techniques have all been adopted, with a high or low success, in MIPs 

preparing, the most widely used being precipitation polymerization.102  This polymerization 

method was developed by the Stöver group in 1993.103  Generally, precipitation polymerization 

is a heterogeneous polymerization that commences as a homogeneous reaction in a continuous 

phase, where the monomer and initiator are soluble in the solvent used.  But after initiation, 

the produced polymer is insoluble and, hence, precipitates.  Several strategies of precipitation 

polymerization, based on conventional free radical polymerization, have so far been 

elaborated, including traditional thermo-induced precipitation polymerization,104–108 

photoinduced precipitation polymerization,109 and distillation precipitation polymerization, all 

leading to homogenous cross-linked globular polymer particles.  Ye et al.110 first applied 

precipitation polymerization to MIPs preparation by synthesizing MIPs beads in a sub-

micrometer size range.  This polymerization is relatively facile, resulting in evenly dispersed 

micro- and nanobeads without additives, including stabilizers, use.102,111  However, as 

indicated above, HPLC and GC-MS techniques are usually exploited for analyte quantization 

because of no reporting units incorporated in acrylate polymers.  Therefore, there is a need to 

prepare a suitable transducer on which these acrylate-imprinted polymers can be immobilized.  

Remarkably, integrating electrochemical and optical transducers with MIPs leads to a more 

sensitive chemosensor. 
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 Recently, numerous advancements in transduction units for acrylate-based MIP 

chemosensors, prepared by precipitation polymerization, have been scrutinized.  Because of 

simplicity and low limits of detection, fluorescence-based determinations have become a 

popular signaling approach in recent years, spurring the development of different fluorescence-

based chemosensing schemes.  One involves the luminescent “double recognition” method 

using an aptamer-MIP, in conjunction with upconversion nanoparticles, UCNPs, 

(NaY0.78F4:Yb0.2,Tm0.02) to determine the enrofloxacin antibiotic.  In this study, aptamers were 

immobilized on the UCNP surface, and an aptamer complex with enrofloxacin was formed 

(Figure 1-3).  The proposed sensing method was applied to determine enrofloxacin in different 

fish samples.  Recovery and RSD values, 87.05 to 96.24% and 1.19 to 4.83%, respectively, 

were high, with the limits of detection and quantification of 0.04 and 0.12 ng/mL, respectively.  

Moreover, selectivity to fluoroquinolones (FQs) interferences was high.  

 

Figure 1-3.  (a) Schematic representation of the apta-MIP/UCNPs and (b) luminescent spectra 

of apta-MIP/UCNPs at different enrofloxacin concentrations; UCNP - upconversion 

nanoparticle.  (adapted from.112)  

 In another research, a one-pot synthesis led to highly efficient, hydrophilic, and fluorescent 

nanoMIPs (Figure 1-4).  An optical chemosensor using these nanoMIPs quantified a 

tetracycline (Tc) broad-spectrum antibiotic directly in the real, undiluted complex biological 

serum with the LOD of 0.26 μM and recovery of 98 to 102%.  The introduction of hydrophilic 

polymer brushes and fluorescence labeling onto/into the nanoMIPs significantly improved 

analyte binding-induced fluorescence quenching properties.  However, despite the benefits of 
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luminescence-based measurements, such as simplicity, low detection limits, etc., there is little 

research on MIP-based fluorescence sensors for non-fluorescent analytes.   

 

 

Figure 1-4.  (a) AFM images of the grafted fluorescent Tc-MIP, (a1) Tc-control polymer, 

(a2) nanoparticles; inset is a height profile of cross-section (white line).  (b–d) Profiles of a 

water drop on the films of the ungrafted and grafted fluorescent Tc-MIPs/Tc-CPs, (b) their 

dispersion photographs in pure water (1 mg/mL) at 25 °C after settling down for 1 h (under 

daylight irradiation), (c) photographs of their homogeneously dispersed samples in water 

(1 mg/mL) under 365 nm UV light irradiation.  (d) The samples from left to right are the 

ungrafted Tc-MIP (1)/Tc-CP (2) and grafted Tc-MIP (3)/Tc-CP (4) (adapted from113); Tc - 

tetracycline.  

 Moreover, MIP particles were integrated within, e.g., chitosan,114,115 polydopamine,116 or 

a conducting polymer (CP) film by electropolymerization on an electrode surface.42,117  This 

integration led to immediate signaling by the actuator upon any event of binding of an analyte 

molecule.  Noticeably, these attempts were considered to be the preliminary steps for the 

fabrication of real electrochemical chemosensors.   
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1.2.4  Electrosynthesized MIP-based sensors  

An interesting approach in which electrochemistry meets imprinting technology has led to 

designing composite sensing materials based on the entrapment of chemically prepared MIP 

particles into the electropolymerized films.  The electrochemical characteristics of the target 

analyte often guide the measurement techniques selection.  According to the analytical signal 

output, the measurement is the potential (V) in potentiometry, the current (A) in voltammetry 

and amperometry, the resistance (Ω) in impedance, and the conductivity (S) in the conductance 

technique.  The current generated in amperometry or voltammetry can be used to quantify 

electroactive substances; however, non-electroactive targets may alter the MIP film's 

conductivity and or porosity.  This alteration could indirectly be regulated and monitored using 

CV, conductometry, or electrochemical impedance spectroscopy (EIS) with an external redox 

probe.  Redox probes, including hexacyanoferrate(III), hexaammineruthenium(II), or 

ferrocene, are most commonly used with MIPs for indirect determinations because of their fast 

charge transfer at several chemically modified and or unmodified transducers.  Figure 1-5 

demonstrates the general concept of direct and indirect transduction systems involving the 

MIP. 

 

 

Figure 1-5.  Graphical sketch of generic (A) direct and (B) indirect electrochemical 

measurements combined with MIPs (adapted from118).  

 

[Fe(CN)6]4−                [Fe(CN)6]3- 
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 Hutchins and Bachas described the first example of apparent coupling the molecular 

imprinting technology and electrochemical polymer synthesis.119  They developed a 

potentiometric nitrate sensor by “electrochemically mediated molecular imprinting,” i.e., by 

electro-synthesizing polypyrrole (PPy) in a NaNO3 aqueous solution.  However, the nitrate 

template was not deliberately removed from the prepared nitrate-doped PPy before the sensing 

tests, as is now usually done in each MIP using the procedure of sensing.  They showed how 

electrochemical factors might affect selective nitrate recognition and reported substantial 

interference from thiocyanate and hydroxide. 

 The electrochemical method combined with molecular imprinting is an intriguing option 

for developing improved sensors for various applications.120–123  Electrochemical entrapment 

of chemically synthesized MIPs, compared to all-chemical MIP sensor fabrication, allows for 

film thickness control via electrochemical conditions and may often be accomplished using 

aqueous solutions.  However, some site heterogeneity, common in MIPs, appears to be 

addressed nowadays by using novel electropolymerizable monomers with various functional 

groups.124  Hybrid techniques are getting popularity as a promising way to create more 

sophisticated sensitive devices.  In this regard, the proper coupling of electrochemical 

techniques with nanomaterials and/or chemically synthesized MIPs could be critical in 

developing MIP chemosensors in the future.120   

1.2.4.1  Polydopamine and polytyramine based molecularly imprinted polymers for 

sensing 

A comprehensive study revealed polydopamine (PDA) suitability in surface coating for 

molecular sensing and affinity separation for pharmaceutical studies and clinical applications 

owing to its peculiar physicochemical properties.125–127  PDA was first used in MIPs to quantify 

nicotine.  The MIP film formed in an inert environment by potentiodynamic 

electropolymerization was compact and insulating.127  Because of its intrinsic spontaneous 

chemical reactivity toward nucleophiles and the possibility of interference from redox peaks 

depending on layer thickness and morphology, caution should be taken while designing PDA-

based electrochemical sensors.128   

 Tyramine, 4-(2-aminoethyl)phenol, contains amino and phenolic groups in its molecular 

structure.  In an acidic aqueous solution, studies elucidated the polymerization route through 

the phenolic moiety and protonation of the amino group to produce polytyramine (PTy) film 
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(Figure 1-6a).129  Fourier transform infrared (FTIR) spectroscopy and XPS supported the 

formation of a polymer with a strong polycationic character.  This amino group has been 

attached to organic molecules or biomolecules of interest.130–132  For instance, this group can 

covalently bind through a carboxamide or phosphoramidate bond to an oligonucleotide and 

anchor to the transducer.133  At even sub-attomolar concentrations, it is also employed for 

antibody immobilization, and enzyme and antigen detection.134,135 

 

 

 

 

Figure 1-6.  (a) A reaction scheme of tyramine electropolymerization.  (b) Multi-cyclic 

potentiodynamic curve for electropolymerization of 0.1 M tyramine hydrochloride in 0.3 M 

NaOH-methanol on the glassy carbon electrode in the -0.10 to +1.70 V vs. Ag/AgCl potential 

range at 0.5 V s-1 for 40 cycles (adapted from136,137). 

 The PTy growth is self-limited, resulting in a considerably thinner film than most 

conducting polymer films.  The electro-oxidation of tyramine, a phenol derivative, produces 

phenoxy radicals, reacting then with tyramine to form a para-linked dimer.  Further oxidation 

leads to oligomers, eventually producing a passivating insulating thin film, resulting in its self-

limiting property (Figure 1-6b).138,139  Therefore, substrates and products diffuse more 

effectively through the PTy films.  Moreover, these films are permselective, which helps 

prevent interfering species from fouling the electrode surface.  In effect, fast response and high 

selectivity can also be expected for the non-conducting PTy films (Figure 1-6b).140  

 Recently, a PTy film was utilized for embedding nanoMIPs.141,142  To monitor trace 

amounts of N-formyl amphetamine in aqueous samples, a highly sensitive capacitive 

chemosensor was devised.  To do so, the recognition element, i.e., MIP nanoparticles 

synthesized using thermo- and UV-initiated polymerization, were embedded in the PTy film 
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deposited on the gold electrode.  The linear dynamic concentration range varied from 10 to 

250 μM N-formyl amphetamine.  The LOD was 10 μM in the flowing waterways, such as 

sewers, springs, rivers, etc., as determined using the capacitive chemosensor.  The capacitive 

signals for the N-formyl amphetamine analyte were three times higher than structurally similar 

compounds.  Moreover, the synthesized nanoMIPs were compared to commercially available 

MIPs to validate the selectivity and selectivity of the chemosensor devised.   

1.2.4.2  Carbazole-based molecularly imprinted polymers for sensing drug substances 

Over the last few decades, the conducting polymers (CPs) field has expanded significantly.  

CPs are classified as intrinsically- and extrinsically-conducing polymers.  The former CPs have 

a solid backbone composed of extensive π-conjugated systems responsible for conductance.143  

The adjacent π-molecular orbitals overlap along the backbone of a conjugated polymer, giving 

rise to an analogical band structure to inorganic semiconductors.  Therefore, CPs are also 

categorized as organic semiconductors.  However, extrinsically-conducing polymers own their 

conductivity to the presence of an externally added component.  

 Now, organic semiconductors, a class of materials comprising small organic molecules 

and polymeric materials, are applied in electronic144–146 and electrochromic devices,147 

corrosion protection,148–150 and as recognition materials for chemosensors.151–153  CPs are in 

high demand for the latter application because of their advantageous properties, including 

facile derivatization with various recognition sites, low-temperature manufacturing, and a 

relatively high electric conductivity.  Furthermore, chemical and electrochemical procedures 

are generally used for their production.  Chemical synthesis uses an (NH4)2S2O8 or FeCl3 

oxidant to generate CPs in liquids or bulk solids.  In contrast, electropolymerization is 

commonly used to deposit CP films on suitable conducting substrates.  The benefits of this 

process include the ability to control (i) the rate of polymer nucleation and growth by selecting 

the optimal electropolymerization conditions, (ii) the CP film thickness governed by the 

amount of charge passed during film deposition, and (iii) the film morphology controlled by 

the appropriate solvent and supporting electrolyte selection.  

 CPs are classified as p- or n-type semiconductors, whether easily oxidized or reduced.  

Positive charges can be stabilized by n-type polymers with electron-rich structures, whereas p-

type polymers can stabilize negative charges with electron-deficient networks.  A CP can be 
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doped using a suitable potential or an oxidizing or reducing agent.  Depending upon the doping, 

positive or negative radicals or diradicals (polarons or bipolarons) charge carriers are 

fabricated that can produce electron paramagnetic resonance (EPR) signals due to their spin of 

S = ½ or 0, respectively (Figure 1-7b to 7d).  These carriers are delocalized over the polymer 

chains, facilitating electronic conductivity.  When a polymer backbone is oxidized, π electrons 

of this backbone are lost.  This loss changes, e.g., the PPy, polyaniline (PANI), poly(3,4-

ethylenedioxythiophene) (PEDOT), etc., structures from benzoid to quinoid, generating a 

radical (polaron) in the backbone.  This radical (polaron) creates a localized electronic level 

within the band structure.  Because of the removal of the π electron, this radical (polaron) is 

then further oxidized to a diradical (bipolaron).  This benzoid to quinoid transformation is 

faster in the case of diradicals (a spinless quantity or bipolarons).  If further oxidized, diradical 

(bipolaron) orbitals overlap again, creating a small band within the main band structure with 

the lowest energy band gap (Figure 1-7a).143 

 New sub-gap energy states formation and structural changes in a polymer film are 

reflected in alterations in the ultraviolet-visible (UV-vis), electron paramagnetic resonance, 

infrared, and Raman spectra.  Furthermore, the potential range of CP electroactivity is 

controlled by its chemical structure, which can be varied by organic synthesis. 

 So far, different CPs have been investigated for sensing applications.  With that regard, 

polyacetylene,154–156 PPy,157 o-phenylenediamine,158 polythiophene (PT),159 PEDOT,160–162 

polycarbazole,163–165 and their derivatives are of particular interest.  Among them, PPy is one 

of the most extensively studied CPs.  Its monomer is affordable, water-soluble, and readily 

oxidizable.  Furthermore, PPy has several advantages, including environmental stability, redox 

activity, and the capability to contribute to high electric conductivity.  However, the use of PPy 

in MIPs is limited to water-soluble analytes, and therefore, other polymerizable candidates are 

explored.  

 Carbazole and its derivatives are one broad class of heteroaromatic nitrogen compounds 

with a large-conjugate system, rigid fused rings, intense fluorescence, and excellent electrical 

and charge transport properties.166  Their physical and chemical properties can readily and 

conveniently be altered by functionalizing them with different substituents at (3,6), (2,7), and 

(1,8) positions, as well as the nitrogen atom position.167–169  These alterations lead to valuable 

materials with improved thermal stability, processability, and solubility in organic solvents.  
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Those materials find their applications in dyes,170 photoelectrical devices,171,172 supramolecular 

recognition materials,173 sensing materials,174 and as medicinal agents.175,176  w 

 

 

Figure 1-7.  A general illustration of the (a) electronic bands in the undoped, radical (polaron), 

diradical (bipolaron), and fully doped states, (b) structural formulas of p- and n-type doped 

polythiophene (PT).  In situ spectroelectrochemical EPR spectra of poly(2-

methoxynaphthalene) during (c) p-doping and (d) n-doping (adapted from177,178). 

 By electro-oxidation, carbazoles generate polycarbazoles with an oxidation potential 

lower than their parent monomers.  Notably, the number of responses to the "Carbazole" 

keyword in SciFinder is now 61253, which is by 3100 more than in the previous 2020 year.   
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This number is annually increasing substantially, reflecting extensive carbazole use.  The long 

list of associated advantages makes carbazole one of the most suitable candidates for various 

applications.  

➢ Carbazole monomer derivatization is easy. 

➢ Carbazole monomer derivatization often does not affect its conductivity. 

➢ Carbazole polymers are thermally, chemically, and electrochemically stable. 

➢ Carbazoles can be processed in doped and undoped forms, electro-oxidatively or 

electro-reductively. 

➢ Carbazole monomer oxidation potential of 1.15 V vs. Ag quasi-reference electrode is 

lower than that of widely used thiophene monomers.  

➢ Polycarbazoles are readily synthesized by oxidative chemicals or electrochemical 

polymerization.  Moreover, versatile synthetic procedures developed for carbazole 

derivatives, easy functionalization, and unique, easily tunable electric properties make 

these polymers attractive for sensing applications.  

 Like any other electropolymerizable compound, carbazole can be electropolymerized 

under potentiodynamic, potentiostatic, or galvanostatic conditions.  Potentiodynamic 

electropolymerization is most widely used because it can produce an undoped polycarbazole 

film whose thickness can readily be adjusted by varying the number of potential scans and or 

the potential scan rate. 

 The electropolymerization mechanism is an essential feature of carbazole molecular 

electrochemistry (Figure 1-8).  A series of electrode and chemical alternating reactions 

(E'C'E"C"...) begins with the production of oligomers, followed by polymer nucleation and 

growth, and culminating in fabricating a polymer material.  That is, one and two electrons are 

abstracted per the carbazole and dicarbazole molecule, respectively, during the oxidation.  In 

fact, galvanostatic oxidation usually indicates the transfer of 2.5 to 2.8 electrons because of the 

possible formation of two products (Figure 1-8b).179  Dimers or oligomers were postulated to 

form via intermediates of radical cations at their 3,6 position.180  Importantly, because the 

dimer is conjugated more than the monomer, the monomer oxidation requires a higher potential 
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(1.15 V vs. Ag quasi-reference electrode) than the bicarbazole oxidation (0.90 V vs. Ag quasi-

reference electrode).   

 

 

Figure 1-8.  Reaction mechanism for the (a) chemical and (b) electrochemical oxidation of 

carbazole (adapted from181). 

 Advantageously, polycarbazoles have been extensively exploited in sensing metals,182  

ions,183,184 explosives,185,186 biomolecules,187 contaminants,188 and particularly drugs.189  

Another exciting carbazoles' application is their use as functional and cross-liking monomers 

in MIP syntheses.  Due to overall low solubility and structural rigidity, carbazoles contribute 

to MIPs' appropriateness as imprinted matrices.  These features aid in retaining the integrity of 

the imprinted cavities after template removal.  

 Over the years, the use of electropolymerizable monomers in molecular imprinting has 

expanded due to a simple, easily controlled one-step preparation of conductive and non-

b 

a 
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conductive polymers (Figure 1-9).  The charge passed during the electropolymerization easily 

controls the thickness of the resultant MIP film.  Worth mentioning, the selectivity of acrylate-

based MIPs is merely similar to the CP-based MIPs.  However, the latter MIPs detectability is 

higher thanks to analyte preconcentration.   

 

 

 

 

 

 

 

 

 

 

Figure 1-9.  Progress in functionalized polymers investigated for MIP chemosensor 

fabrication.   

 Over a decade ago, a stimulating application of the carbazole derivative was reported.190  

Along with a series of electropolymerizable terthiophenes, that derivative was used to fabricate 

an MIP for determining naproxen, theophylline, and paracetamol.190  Bicarbazole monomers 

substituted with carboxyl (G1CBzCOOH) and hydroxyl (G1CBzOH) functionalities were 

more effective than their monocarbazole counterpart (G0CBzCOOH) and the bicarbazole 

amine monomer (G1CBzNH2) for imprinting (Figure 1-10).  These findings emphasize the 

importance of cross-linking monomer participation in electropolymerization.  In another case, 

porosity was incurred in the MIP by introducing an ionic liquid (IL) as the porogen instead of 

a cross-linking monomer.191   

 Recently, an aripiprazole antipsychotic drug was molecularly imprinted using thiophene 

derivatized carbazole functional and cross-linking monomers.192  Those new thiophene-

carbazole monomers were synthesized to prepare monomers of desirably low oxidation 

potentials.  The atomic force microscopy (AFM) imaging revealed thinning of the MIP film 

after template removal (Figure 1-11a and 1-11b).  The EG-FET chemosensor’s linear dynamic 

concentration range was 30 to 300 pM, with LOD = 22 fM aripiprazole (Figure 1-11c).  An 

1990 2021 
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apparent imprinting factor of the MIP equaled IF = 4.95.  The devised chemosensor was highly 

selective to glucose, urea, and creatinine interferences.  Moreover, the chemosensor 

successfully quantified aripiprazole in human plasma.192   

   

 

Figure 1-10.  Structural formulas of carbazole and dicarbazole derivatives (adapted from190). 

 Besides films, carbazole has also been utilized to synthesize water-compatible nanoMIPs 

for paracetamol sensing.  Fluorescence spectroscopy was used for signal transduction in one 

research, while differential pulse voltammetry (DPV) was in the other.  In both cases, a similar 

procedure was adopted.  An amphiphilic copolymer was designed with carbazole, carboxylic 

acid, and cross-linkable methacrylate groups.  As expected, the electrochemical chemosensor 

sensitivity to paracetamol was superior to other chemosensors.78,193   
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Figure 1-11.  AMF images of the MIP-aripiprazole film (a) after and (b) before aripiprazole 

extraction in 0.1 M HCl;  all films were deposited on Au film-coated glass slides.  (c) The EG-

FET calibration plots for electrodes coated with the film of (curves 1’- 4′) MIP-aripiprazole 

and (curve 5′) NIP for (curves 1′ and 5′) aripiprazole, (curve 2′) glucose, (curve 3′) urea, and 

(curve 4′) creatinine (adapted from192). 

 For bulk MIPs, the residual template left in the polymer matrix slowly leaches out during 

different steps of polymer operation.  This leaching disrupts the solid-phase extraction (SPE) 

or LC eluate, resulting in systemic inaccuracies in trace analysis.  Furthermore, one of the main 

hurdles to a more extensive MIP deployment as a separation matrix is the possibility of analyte 

contamination by the residual template during analyte detection.   

 Unfortunately, confirming a complete template removal from acrylate MIP grains is very 

difficult.  However, that is not the case for conducting MIP films.  Commonly used XPS and 

FTIR spectroscopy confirmed the presence and absence of the template before and after 

extraction, respectively. 

1.2.5  Preparation of hybrid composite MIP electrochemical sensor  

A three-dimensional nanohybrid electrode architecture provides an increased interfacial 

communication area by offering highly reactive sites for drug template molecules, thus 

improving reactivity.194  The assumption underlying the development of those hybrid systems 

is that the "templating" will result in affinity and or selectivity higher than those demonstrated 

by the biomolecule alone.195  A hybrid composite MIP chemosensor contains a second 

material.  That can be used as either the support or as the transducer.  These second materials 

can be, e.g., metal nanoparticles, quantum dots (QDs), magnetic and non-magnetic metal 

oxides, optical fibers, etc.72,196   

 



28 
 

 Advantageous electrochemical activity, bio-compatibility, rich surface chemistry, and 

high resistance to bio-fouling made carbon materials, including carbon nanotubes (CNTs), 

graphene, carbon dots, or nano-diamonds, helpful in building electrochemical chemosensors 

for determining bio-compounds.197  Combining these carbon nanomaterials with other 

materials resulted in MIP mechanical stability, high conductivity, and enhanced signal 

transduction,198–200 thus improving MIP chemosensors' sensitivity and detectability.201  In 

particular, CNTs, a graphite monolayer rolled up to form a cylinder with a well-ordered 

arrangement of sp2 hybridized carbon atoms linked via  bonds, have been extensively 

exploited in biosensing platforms as an attractive conducting scaffold material.197,198 

 Single-walled carbon nanotubes (SWCNTs) are single-layered seamless cylinders, 

whereas multi-walled carbon nanotubes (MWCNTs) are composed of two or more single 

layers of coaxial cylinders interlinked by van der Waals interactions.  Furthermore, the surfaces 

of CNTs may be easily modified in various ways, including covalent and non-covalent 

functionalization.  Introducing various organic functional groups can lead to this 

functionalization, thus resulting in a high physical sorbing surface area, tunable surface charge, 

and a supply of protons for chemical ionization.202  

 Several studies used MWCNTs, associated with Fe3O4 magnetic nanoparticles,203 Au 

nanoparticles,204 or others,205 instead of SWCNTs, as the support for MIPs.206  Those hybrid 

sensing platforms were built for determining medications, including kanamicin,207 

ciprofloxacin,208 and ampicillin.209  Using those materials enhanced the electron transfer, 

electrocatalytic properties, and sensor sensitivity.   

 Towards that, an interesting strategy for ketamine determination was proposed.  First, in 

one step, tyramine, the (functionalized multi-walled carbon nanotubes)@gold nanoparticles (f-

MWCNTs@AuNPs) nanocomposite, and ketamine were electropolymerized on a pencil 

graphite electrode (PGE) to prepare the chemosensor.  Then, the deposited nanoMIPs, 

embedded in the PTy film, were characterized microscopically and spectroscopically (Figure 

1-12).210  This nanoMIPs chemosensor revealed two linear dynamic concentration ranges, i.e., 

from 1 to 50 nM and 50 to 1000 nM ketamine, with LOD = 0.7 nM.  Other procedures, where 

metal-organic framework/graphene nanocomposite (MOFs@G) modified screen-printed 

electrode was used, showed similar detectability.211  Both chemosensors demonstrated 
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excellent stability, high reproducibility and repeatability, and high sensitivity and selectivity 

towards ketamine.   

 

 

Figure 1-12.  (a) The transmission electron microscope (TEM) image of the f-

MWCNTs@AuNPs nanocomposite, (b) the SEM image of polytyramine/sol-gel/f-

MWCNTs@AuNPs MIP/PGE, and (c) XRD patterns of (a) f-MWCNTs and (b) f-

MWCNTs@AuNPs nanocomposite;  f-MWCNT - functionalized multi-walled carbon 

nanotube (adapted from210). 

 Furthermore, the electrochemically imprinted chemosensor was successfully applied to 

determine ketamine in biological samples.  A gemcitabine anti-neoplastic drug was imprinted 

in a microporous metal-organic framework.  That was achieved by one-step 

electropolymerization of aniline moieties of p-aminothiophenol gold nanoparticles along with 

gemcitabine on the surface of the gold electrodes.  Intriguingly, no cross-linker was used.  

Linear sweep voltammetry (LSV) was employed to characterize and investigate the modified 

electrodes.  A calibration plot was constructed for the linear dynamic concentration range of 

3.8 fM to 38 nM with LOD = 3 fM gemcitabine.212 

 Various transductions,213,214 including surface plasmon resonance (SPR) spectroscopy,85 

have been used to devise nanoMIP-based chemosensor for diclofenac, an anti-inflammatory 

drug.  Covalent nanoMIPs immobilization on the surface of the SPR gold chips using N-ethyl-

N′-(3-(dimethylamino)propyl)carbodiimide/N-hydroxysuccinimide (EDC/NHS) constructed 

the chemosensor (Scheme 1-4).  The ∼132.3 (±3.2) nm particle size with a 0.1 polydispersity 

index confirmed the high quality of synthesized nanoMIPs.  The diclofenac drug was then 

successfully determined in the concentration range of 1.24 to 80 ng mL−1.  The nanoMIP 

chemosensor surface was regenerated using glycine hydrochloric acid solution, and the kinetic 

data analysis provided the dissociation constant of 1.48 × 10−9 M.  Moreover, the nanoMIPs 
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affinity to diclofenac was confirmed by passing a diclofenac solution through an SPE 

nanoMIPs column and analyzing the eluent using LC-MS. 

 

 

Scheme 1-4.  Schematic illustration of the fabrication of the chemosensor assay for diclofenac 

(adapted from85).
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1.3 Literature review and research goals for the analyte targets 

Continuing our research on determining pharmaceutical drugs using MIP chemosensors, in the 

present research, we aimed to fabricate selective MIP chemosensors for CIL and DUL. 

1.3.1  Cilostazol, CIL 

Over the last decades, the number of patients affected by intermittent claudication (IC), an 

initial symptom of peripheral artery disease (PAD), has increased severely.215  PAD is a 

progressive disorder caused by the occlusion of large or medium lower body arteries.  Over 

200 million people worldwide are afflicted by PAD.216,217  Moreover, the cardiovascular and 

diabetic mortality rate increases 15-fold by IC.216  Many different drugs are being 

administered alone or in combinations to cure this disorder.  Cilostazol, 6-[4-(1-cyclohexyl-

1H-tetrazol-5-yl)butoxy]-3,4-dihydro-2(1H)-quinolinone (CIL) is one of them (Figure 1-13). 

218,219 

 

 

Figure 1-13.  Structural formulas of cilostazol (CIL) and 3,4-dehydocilostazol (dhCIL). 

 Cilostazol is an orally administered selective cyclic nucleotide phosphodiesterase 3 

(PDE3) inhibitor with antiplatelet, vasodilatory, and antimitogenic effects.220,221  This inhibitor 

increases 3',5'-cyclic adenosine monophosphate (cAMP) that, in turn, increases protein 

kinase A in its active form, directly related to inhibition in platelet aggregation and cell 

proliferation.222,223  

https://en.wikipedia.org/wiki/Protein_kinase_A
https://en.wikipedia.org/wiki/Protein_kinase_A
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Scheme 1-5  Cilostazol uses (adapted from224). 

 Moreover, CIL is helpful for the treatment of the diabetic,217–219,225 and Alzheimer’s 

patients,226–230 strokes,231 and hypertension.232  A recent study revealed its importance in 

COVID-19 diagnosis (Scheme 1-5).224  Currently, CIL is undergoing several clinical 

trials.233,234  Furthermore, a CASTLE long-term study (Cilostazol:  A Study in Long-term 

Effects, CASTLE) evaluated CIL efficacy and tolerability in PAD patients.  Several small-scale 

clinical trials were conducted for evaluating the efficacy of CIL in patients with mild cognitive 

impairment (MCI),235 Alzheimer’s disease (AD), and cardiovascular disease (CVD).227–229  

Moreover, new therapeutic applications of CIL alone or in combination with other drug 

substances are under extensive clinical development.236  For examining these effects on a larger 

scale, randomized placebo-controlled phase II trials are ongoing on patients with MCI and 

AD.226  Therefore, a fast and reliable method for the non-invasive CIL determination in large 

sets of clinical samples is highly demanded.  Independent studies revealed that after (50 to 

200)-mg dose oral administration of CIL, its concentration in plasma increased to 

806 (±238) µg/L after 3 h, and then decreased to ≥ 20 µg/L while in the urine samples, the 3,4-

dehydrocilostazol (dhCIL) metabolite predominated.  Apparently, metabolic rather than 

urinary excretion is the primary elimination route for CIL.219  Significantly, dhCIL is five times 

more potent than its CIL parent drug.237  
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 CYP3A4 and CYP2C19, two isoenzymes of the cytochrome P450 system, metabolize CIL 

to 11 different metabolites, dhCIL (Figure 1-13) and monohydroxycilostazol (not shown) 

being primary pharmacologically active metabolites.237  These metabolites are responsible for 

inhibitory effects on platelet aggregation.238  For CIL determination in biological matrices, 

several analytical procedures were developed, including simultaneous determination of CIL 

and dhCIL, along with anti-inflammatory drugs.237,239–241  Nowadays, CIL is determined in 

human serum using methods mostly involving ESI/MS/MS,241 HPLC,242,243 (liquid 

chromatography)-(electrospray ionization tandem mass spectrometry) (LC-

ESI/MS/MS),239,244 or spectrofluorimetry.245  Unfortunately, these methods are laborious, time-

consuming, and require expensive instrumentation.  Moreover, they all need highly skilled 

operators to perform reliable determinations.  Therefore, there is a need for an inexpensive, 

sensitive, and easy-to-operate sensor for selective CIL and dhCIL determination. 

 Recently, a very sensitive electrochemical chemosensor for CIL with an α-vanadium-

manganese oxide (α-MnO2-V2O5) composite nanorods (NRs) recognition unit was prepared.  

Its linear dynamic concentration range at pH = 7.0 was 0.11 to 100 µM with LOD = 2.48 × 

10−8 M.246  However, lack in interferences study like others247,248 emphasized the need of 

continuing the research to provide better tools for CIL and dhCIL sensing in human plasma 

where matrix effect is considerable.  Another luminescence-based chemosensor with low LOD 

was constructed.249  However, it was devised for CIL determination in pharmaceutical 

formulations and was not tested in real plasma samples.  Therefore, no biological matrix effect 

was examined.   

 Chapter 4 reports on two new chemosensors capable of selective CIL sensing in light of 

these considerations.  The chemical recognition units of these chemosensors were (thiophene-

appended carbazole)-based conducting MIP film and nanoMIPs, both imprinted with CIL.  The 

signal was transduced with DPV and EIS.  The recognition unit adds the desired selectivity to 

the sensor, whereas DPV provides sensitivity to the combined chemosensor device.  

Furthermore, no other MIP-based chemosensors for CIL have been described to date. 

https://en.wikipedia.org/wiki/CYP3A4
https://en.wikipedia.org/wiki/CYP2C19
https://en.wikipedia.org/wiki/Isoenzyme
https://en.wikipedia.org/wiki/Cytochrome_P450
https://www.sciencedirect.com/topics/pharmacology-toxicology-and-pharmaceutical-science/active-metabolite
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1.3.2 Duloxetine, DUL 

Major depressive disorder (MDD) has always been a long-standing global problem, 

irrespective of the country’s health care system.250,251  Moreover, it increases the risk of 

suicidal ideation and attempted suicide.252  Decreased concentrations of neurotransmitters, 

such as serotonin (5-HT) and norepinephrine (NE), in the central nervous system cause this 

disorder.  Older generation antidepressants, selective serotonin reuptake inhibitors (SSRIs) 

(Figure 1-14b), have been well exploited, but because of their poor selectivity and considerable 

side effects, new-generation antidepressants were developed.253   

 

 

Figure 1-14.  (a) The structural formula of duloxetine hydrochloride and (b) the selective 

serotonin reuptake inhibitor (SSRI) mechanism of action (adapted from254). 

 Duloxetine DUL (Figure 1-14a), propanamine, is a selective serotonin-norepinephrine 

reuptake inhibitor (SNRI), effective in major depressive disorder,250,252,255 anxiety disorder,256 

and fibromyalgia.257  Absorption of DUL begins 2 h after oral administration, and the 

maximum plasma concentration is reached within 6 h.256  Several combinations of 

antidepressants have been tried to treat depressive illness, such as DUL-mirtazapine,258 DUL-

amitriptyline,259 and venlafaxine.260  Patient-level post hoc studies revealed no differences 

between DUL and other SSRIs in the sum score of the Hamilton Depression Rating Scale 

(HDRS-17-sum) in clinical trials.261   

 

a b 

https://www.sciencedirect.com/topics/medicine-and-dentistry/suicidal-ideation
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Table 1-2.  Analytical techniques for DUL determination compared with some of those 

reported earlier, and analytical parameters of these techniques.   

Chemosensor 

composition or 

determination 

principle 

DUL linear 

dynamic 

concentration 

range 

DUL limit  

of detection 

(LOD) 

Transduction 

technique 

Ref. 

Ion-selective 

membrane electrode 

on a Cu wire 

10 µM – 10 mM     10 µM Potentiometry 262 

Ion-selective 

membrane 

electrode 

10 µM – 10 mM 6.31 µM Potentiometry 263 

Carbon paste 

electrode 

0.2 – 5.0 µM 

0.07 – 1.0 µM 

6.0 nM (LSV) 

21 nM (SWV) 

Voltammetry 

(LSV, SWV) 

264 

Multiwall-carbon 

nanotubes modified 

carbon paste 

electrode 

3.0 µM – 0.2 mM 0.4 µM Voltammetry 

(CV, SWV) 

265 

Screen-printed 

disposable electrode 

1.0 µM – 10 mM 0.5 µM Potentiometry 266 

- 59 nM – 1.19 µM 8.9 nM Spectrofluorimetry 267 

LOD – limit of detection, LSV – linear sweep voltammetry, SWV – square wave voltammetry, CV – cyclic 

voltammetry. 

Analytical methods using HPLC268–272 and spectrofluorimetry273,274 are sensitive in 

determining DUL.  However, their lengthy analysis time, relatively low user-friendliness, and 

expensive instrumentation open doors for other more straightforward procedures.  There is a 

continuous trend in looking for methods, which are simple, easy to develop, highly selective, 

sensitive, and reconstructable.  Analytical parameters of some of the techniques previously 

reported for DUL determination are compared in Table 1-2.  Given this, the molecular 

imprinting in polymer technique could be beneficial.   

 Chapter 5 describes a newly devised MIP nanohybrid chemosensor for DUL.  For that, we 

first prepared nanoMIPs imprinted with DUL and then embedded them, along with SWCNTs 

serving as electronic bridges and scaffolds, in a PTy film.  This procedure allowed increasing 

the chemosensor signal significantly.  Therefore, selective determining DUL in human plasma 

became possible. 
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1.4 Research objectives 

Many financial investments are made to develop simple, highly effective, low-cost sensing 

methods and sensitive, selective, durable, and reusable tools every year.  The pharmaceutical 

institutions' main challenge is quantifying the drugs in a large number of samples.  Some 

studies suggest using analytical procedures relying on HPLC and MS techniques for drug 

quantization.  However, these methods reveal significant deficiencies, including expensive 

instrumentation, long drug determination time, and large volumes of high-purity organic 

solvents.  Besides, the main disadvantages of these methods from the patient standpoint are 

their limited accessibility and rather difficult practical use.  Many research types have been 

accomplished to produce cheaper sensing alternatives, one of which is chemosensor 

preparation.  However, initially devised chemosensors suffered from many deficiencies, 

requiring further improvement. 

 Therefore, the current project's overall objective was to design, fabricate, characterize, and 

validate chemosensors for selective drug determination in human plasma.  Two drug 

substances, CIL and DUL, were chosen as templates for designing three different artificial 

recognizing systems to complete the research goals.  CIL is an antiplatelet agent treating 

intermittent claudication, whereas DUL is a selective serotonin and norepinephrine reuptake 

inhibitor (SNRI) that cures fibromyalgia, depressive disorder, and other diseases.  Thus, their 

determination in body fluids is vital from the personalized drug dosage point of view.  Keeping 

that in mind, we devised sensitive and selective chemosensors using molecularly imprinted 

polymers as recognition units.  We envisioned our chemosensors' potential application as 

point-of-care user-friendly tools to tackle daily quantifying the drugs in clinical and 

pharmaceutical practice.   

 Moreover, we synthesized new carbazole derivatives capable of electrochemical 

polymerization to achieve those goals.  Furthermore, we attempted to understand some 

fundamental issues related to the mechanism of electropolymerization of some of the 

monomers.  Therefore, the research described in the thesis can significantly contribute to early 

clinical diagnosis and, in consequence, will help save human lives.  

 After this survey, the “Experimental section” part will be provided in Chapter 2, including 

a description of chemicals and materials used (Chapter 2.1), “Procedure of monomers 

syntheses” (Chapter 2.2), and “Experimental techniques and instrumentation” (Chapter 2.3).   
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 Chapter 3 explains why some carbazole derivatives form polymer films during oxidative 

electropolymerization while others do not despite being both electrochemically active.  We 

thoroughly studied the selected monomers' electro-oxidation spectroelectrochemically using 

UV-vis-NIR and EPR spectroscopy and CV simultaneously to unravel the reasons for this 

unusual behavior.  Comparative spectroelectrochemical studies of the monomers undergoing 

electropolymerization and those undergoing only electrochemical oxidation allowed 

rationalizing the behavior observed.   

 Chapter 4 discusses the methods developed for CIL and its primary metabolite selective 

determining in real human plasma samples.  To this end, we have attempted to come up with 

two approaches.  (i) In one, we developed CIL-imprinted MIP nanoparticles and devised a 

method of their immobilization on the electrode surface to fabricate chemosensors.  (ii) In 

another approach, we tested direct electrochemical deposition of polycarbazole MIP films and 

their use as chemosensor recognition units.   

 The CNTs/nanoMIPs hybrid recognition unit fabrication in the chemosensor for DUL 

sensing in human plasma samples is described in Chapter 5.  This chemosensor was cross-

validation with HPLC-UV.  Electrochemical transduction based on the indirect approach using 

redox probe was used in all developed chemosensors. 

 Finally, an Appendix characterizes electrochemical, spectroscopic, and SEM properties of 

the polymer films of two new thiophene-appended carbazole monomers synthesized within the 

project.  Moreover, it contains information on theoretical electronic absorption spectra of 

CNZ1 and FM2 monomers and their dimers in acetonitrile calculated at the TD-DFT level of 

theory.  A procedure to prepare CIL-spiked artificial serum is also mentioned. 
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Chapter 2  

Experimental Section  

The present section describes chemicals and materials and provides the main characteristics of 

the experimental techniques, instrumentation, and procedures used in the present research.  

2.1  Chemicals and materials 

Table 2.1.1  Templates/analytes 

No. Name (CAS) Structural formula  Source 

1. Cilostazol, CIL 

(73963-72-1) 

NH

O N

N
N

N
O  

MedChemExpress 

2. 3,4-Dehydrocilostazol, 

dhCIL 

(73963-62-9) 

NH

O N

N
N

N
O

3

4

 

Toronto Research 

Chemicals, Canada 

3. Duloxetine, DUL 
O

S

NH
CH3

 

Synthesized at the 

Łukasiewicz 

Research Network-

Pharmaceutical 

Research Institute, 

Warsaw, Poland 
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Table 2.1.2  Cross-linking monomers (CLMs) 

No. Name (CAS) Structural formula  Source 

1. Ethylene glycol 

dimethylacrylate, EGDMA 

(97-90-5) 

CH2

CH3

O

O
O

O

CH2

CH3

 

Sigma-Aldrich 

2. N, N’-

methylenebisacrylamide, 

BIS 

(110-26-9) 

CH2 NH

O

NH

O

CH2

 

Sigma-Aldrich 

3. 4-Bis(3,6-di(thiophen-2-yl)-

9H-carbazo-9-yl)benzene,  

CLM 

 

Synthesized 

elsewhere 

 

  

https://www.sigmaaldrich.com/DE/en/search/110-26-9?focus=products&page=1&perPage=30&sort=relevance&term=110-26-9&type=cas_number
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Table 2.1.3  Functional monomers (FMs) 

No. Name (CAS) Structural formula  Source 

1. Methacrylic acid, MAA  

(79-41-4) 

CH2

CH3 O

OH

 

Sigma-Aldrich 

2. Itaconic acid, IA 

(97-65-4) 

O

OH

CH2 O

OH

 

Sigma-Aldrich 

3. 4-Vinyl pyridine, 4-VP 

(100-43-6) 

N

CH2

 

Sigma-Aldrich 

4. Acrylamide, AA 

(79-06-1) CH2

O

NH2  

Sigma-Aldrich 

5. N-(2-hydroxypropyl) 

methacrylamide, HPMA  

(21442-01-3) 

CH2

CH3

NH

O

CH3

OH  

Sigma-Aldrich 

6. 4-[3,6-Di(thiophen-2-yl)-9H-

carbazo-9-yl]benzoic acid, 

FM1 

 

Synthesized 

herein 

7. 9-Benzyl-3,6-di(thiophen-2-

yl)-9H-carbazole, FM2 

 

Synthesized 

herein 

8. 9-(Naphthalen-2-yl)-3,6-

di(thiophen-2-yl)-9H-

carbazole, 

FM3 

 

Synthesized 

herein 
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Table 2.1.4  Initiators 

No. Name (CAS) Structural formula  Source 

1. 2,2'-Azobis(2,4-dimethylvaleronitrile), 

ABDV 

(4419-11-8)  

 

CH3

CH3

N

N

N

CH3

N

CH3

CH3

CH3  

DuPont 

Chemicals 

 

 

 

2. 2,2′-Azobis(2-methylpropionitrile), 

AIBN  

(78-67-1) 

CH3

CH3

N

N

N
CH3

NCH3  

Sigma-Aldrich 

 

 

 

 

Table 2.1.5  Interferences 

No. Name (CAS) Structural formula  Source 

1. β-D(+) Glucose 

(492-61-5) 

 

Sigma-Aldrich 

2. Cholesterol  

(57-88-5) 

 

Sigma-Aldrich 

3. Urea 

(57-13-6) 

 Sigma-Aldrich 

4. Creatinine 

(60-27-5) 

 

 

Sigma-Aldrich 

5. Dehydroaripiprazole-d8 

(129722-25-4) 

 

Toronto Research 

Chemicals, Canada 

https://www.sigmaaldrich.com/DE/en/search/78-67-1?focus=products&page=1&perPage=30&sort=relevance&term=78-67-1&type=cas_number
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Solvents  

• Anhydrous acetonitrile, CAS No. 75-05-8, Sigma-Aldrich 

• Octanenitrile, CAS No. 124-12-9, Sigma-Aldrich 

• Anhydrous dichloromethane, DCM, 98 %, CAS No. 75-09-2, Sigma-Aldrich 

 

Other chemicals  

• Ferrocene, 98%, CAS No. 102-54-5, Sigma-Aldrich 

• Tetrabutylammonium perchlorate, ≥99%, (TBA)ClO4, CAS No. 1923-70-2, Sigma-

Aldrich 

• Glacial acetic acid, Sigma-Aldrich 

• Sodium hydroxide, NaOH, CAS No. 1310-73-2, 99%, Chempur 

• Tyramine form Sigma-Aldrich 

• Single-walled carbon nanotubes SWCNT (outer diameter < 2 nm, length 1 - 5 m), 

SES Research (Houston TX, USA) 

• Potassium hexacyanoferrate(III), K3Fe(CN)6, Sigma-Aldrich 

• Potassium hexacyanoferrate(II), K4Fe(CN)6, Chempur 

• Monopotassium phosphate (analytical grade), KH2PO4, POCH 

• Disodium phosphate (analytical grade), Na2HPO4, POCH 

 

All reagents and solvents were of analytical grade, unless stated otherwise, and used as 

received except for 4-VP, purified by distillation under decreased pressure before use.   
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2.2  Procedures 

2.2.1  Monomers syntheses and their purification methods 

Herein, a library of fifteen electroactive carbazole derivative monomers was prepared 

(Figure 2-3).  Among those, three monomers were thiophene-appended carbazoles substituted 

with naphthalene and benzyl substituents and functionalized with benzoic acid groups at the N 

position.  Syntheses of carbazole monomers, vis., 9-(naphthalen-2-yl)-9H-carbazole CNZ1,173 

N-benzyl-9H-carbazole CNZ2,275 9-(4-phenylbutyl)-9H-carbazole CNZ3,276 9-phenyl-9H-

carbazole CNZ4,173 4-(9H-carbazol-9-yl)benzoic acid CNZ5,277 N-benzoyl carbazole 

CNZ6,278,279 9-(4-methoxyphenyl)-9H-carbazole CNZ7,280 methyl 4-(9H-carbazol-9-

yl)benzoate CNZ8,280 9-(4-nitrophenyl)-9H-carbazole CNZ9,281 4-(9H-carbazol-9-yl)aniline 

CNZ10,279 9-(naphthalen-1-yl)-9H-carbazole CNZ11,282 and 2BrCNZ1 282 were accomplished 

as per the literature.  The Ullmann coupling reaction was performed using the already known 

procedure to synthesize the cross-linking monomer, 1,4-di(9H-carbazol-9-yl)benzene 

CLM2.283–285  Moreover, three new functional monomers with thiophene moieties, 3,6- 

attached to carbazole, were synthesized and characterized.  The syntheses were performed 

through a multi-step process involving Ullmann coupling and a Suzuki-Miyaura reaction.  

The nuclear magnetic resonance (NMR) spectra were recorded at room temperature with 

BRUKER AVANCE II (300 or 500 MHz 1H, 100 MHz 13C) for each synthesized compound. 

Chemical shift, δ, values were reported in ppm relative to that of Me4Si (δ 0.00), D2O (δ 4.79), 

CDCl3 (δ 7.26), DMSO-d6 (δ 2.5) for 1H, and CDCl3 (δ 77.00) and DMSO-d6 (δ 39.52) for 13C.  

The following symbols were used to indicate signal multiplicity: s – singlet, d – doublet, q – 

quartet, and m – multiplet.  

2.2.1.1  Thin-layer chromatography (TLC)  

Thin-layer chromatography (TLC) is used to separate non-volatile mixtures.  It also monitors 

the reaction progress, identifies compounds in the studied mixture, and determines the product 

purity.286  A thin glass or plastic plate coated with a thin layer of a gel of aluminum oxide or 

silica acts as the stationary phase, while the mobile phase is a solvent solution chosen according 

to the properties of the components in the mixture.  The principle of TLC is the distribution of 

a compound between the stationary phase and a liquid mobile phase, i.e., eluting solvent, that 
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is moving over the stationary phase (Figure 2-1).  A small amount of a product mixture is 

placed immediately above the bottom of the TLC plate as a starting point.  For instance, if a 

normal-phase silica gel is used as the stationary phase, it can be considered polar.  Given two 

compounds that differ in polarity, the more polar compound more strongly interacts with the 

silica and is, therefore, more capable of dispelling the mobile phase from the binding places. 

 

 

 

 

 

  

 

 

Figure 2-1.  Development of TLC plates with compounds of (a) low (b) high retardation 

factor, Rf.   

Retardation factor Rf.  The retardation factor, Rf, defines the position of an individual 

compound on a TLC plate.  It is expressed as a decimal fraction (Equation 2-1).  In general, 

the Rf of a substance whose structure resembles the stationary phase is low (Figure 2-1a), while 

that similar to the mobile phase is high (Figure 2-1b). 

 

𝑅f =
𝐷𝑖𝑠𝑡𝑎𝑛𝑐𝑒 𝑡𝑟𝑎𝑣𝑒𝑙𝑒𝑑 𝑏𝑦 𝑡ℎ𝑒 𝑐𝑜𝑚𝑝𝑜𝑢𝑛𝑑 𝑓𝑟𝑜𝑚 𝑡ℎ𝑒 𝑠𝑡𝑎𝑟𝑡𝑖𝑛𝑔 𝑠𝑝𝑜𝑡

𝐷𝑖𝑠𝑡𝑎𝑛𝑐𝑒 𝑡𝑟𝑎𝑣𝑙𝑙𝑒𝑑 𝑏𝑦 𝑡ℎ𝑒 𝑠𝑜𝑙𝑣𝑒𝑛𝑡 𝑓𝑟𝑜𝑚 𝑡ℎ𝑒 𝑠𝑡𝑎𝑟𝑡𝑖𝑛𝑔 𝑠𝑝𝑜𝑡
 (Equation 2-1) 

 

2.2.1.2  Column chromatography 

Column chromatography, known as liquid chromatography (LC), is a simple and popular 

separation and purification technique.  Both solid and liquid samples can be separated and 

purified by LC.  An LC column consists of a stationary solid phase that sorbs and separates the 

compounds passing through it with the help of a liquid mobile phase.  Compounds get retained 

and then eluted according to their chemical nature.  Various stationary phases, including silica, 

alumina, calcium phosphate, calcium carbonate, starch, magnesia, and solvent solutions of 

different compositions based on the nature of compounds separated and isolated, are used in 

a 

Rf = 0.45 

Rf = 0.87 

b 
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LC.  The method optimizing is an essential task in separating different compounds in extracts.  

In LC, a cylindrical glass tube, plugged at the bottom by a piece of glass wool or porous disc, 

is filled with a slurry of stationary phase particles and a suitable solvent.  Samples to be 

separated are mixed with silica, loaded on the top of the column, and allowed to move with the 

solvent.  Compounds are retained at different column regions according to their polarity 

differences and eluted with solvents of suitable polarity.  The compound of higher retention 

ability will remain at the top, and that with the lower will appear at the bottom.  By the mobile 

phase addition at the top, compounds get retained and then pass through the column; this 

process is called elution.  A schematic diagram of the LC column is shown in Figure 2-2.287  

All compounds mentioned in this thesis were purified using LC.  

 

 

Figure 2-2.  Liquid chromatography, LC, fundamentals.  (a) Packing an LC column with the 

stationary phase.  (b) Compound purification by separation via elution with a mobile phase 

(adapted from287,288). 

b a 
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2.2.1.3  General syntheses procedure for thiophene appended carbazole functional 

monomers  

 
Scheme 2-1.  The synthetic route of 4-[3,6-di(thiophen-2-yl)-9H-carbazo-9-yl]benzoic acid, 

FM1.  

 The general procedure for the FM1 synthesis is presented in Scheme 2-1 and can be found 

elsewhere.192  Briefly, to prepare 2, 4-iodobenzoic acid methyl ester (684 mg, 2.0 mmol), 

and 1 (650 mg, 2.5 mmol) were dissolved in anhydrous dioxane (15 mL) in a 100-mL 

three-necked round-bottom flask.  Next, CuI (40 mg, 0.2 mmol), K3PO4 (964 mg, 4.5 

mmol), and 1,2-diaminocyclohexane (0.2 mmol) were added.  Then, the reaction 

mixture was stirred for 12 h at 110 °C under an inert gas atmosphere.  After cooling to 

room temperature, the mixture was poured into distilled water (50 mL).  The resultant 

solution was three times extracted with dichloromethane, DCM (30 mL).  Finally, the 

organic phase was collected, dried with MgSO4, and then the solvent was evaporated 

under decreased pressure.  The crude product was purified by LC using ethyl 

acetate : hexane (1 : 1, v/v) with 1 vol% of triethylamine as the eluent.  (610 mg, 64.2% 

yield).   

 4-[3,6-di(thiophen-2-yl)-9H-carbazo-9-yl]benzoic acid FM1.  Methyl ester 2 

(600 mg, 1.2 mmol) was hydrolyzed in a mixture of MeOH (1 mL) and 1.0 M NaOH 

(0.4 mL).  The reaction mixture was refluxed for 10 h.  After cooling to room 

temperature then pouring into distilled water (10 mL), the mixture was acidified with 

1.0 M HCl (40 mL), resulting in solid precipitation.  The precipitate was filtered off, 

then washed with water, and then dried in a desiccator.  The crude product was purified 

by LC on a silica gel using ethyl acetate : hexane (1 : 1, v/v) as the eluent.  The product 

was obtained as a yellowish solid (yield 455 mg, 77.5%).  The monomer and its polymer 



47 
 

are electrochemically, spectroscopically, and microscopically characterized in 

Appendix. 

1H NMR (500 MHz, DMSO, δ ppm) : 13.09 (s, 1H), 8.72 (d, J = 1.3 Hz, 2H), 8.25 (d, J = 8.5 

Hz, 2H), 7.83 (d, J = 8.5 Hz, 2H), 7.78 (dd, J = 8.6, 1.7 Hz, 2H), 7.60 (d, J = 2.7 Hz, 2H), 7.53 

(dd, J = 13.3, 5.2 Hz, 4H), 7.18 (dd, J = 5.0, 3.6 Hz, 2H). 

13C NMR (DMSO, 100 MHz, δ ppm): 185,5; 163,2; 161,4; 157,5; 150,4; 147,9; 144,1; 

139,8; 128,2; 127,9; 124,5; 123,5; 122,7; 119,1; 110,3. 

IR (cm-1): 3106, 3067, 1691, 1600, 1483, 1472, 1413, 1363, 1283, 1226, 1166, 800, 

685. 

 

    

 

Scheme 2-2.  Synthetic route for 4-[3,6-bis(thiophen-2-yl)-9H-carbazol-9-yl]-benzyl, FM2. 

 For 9-benzyl-3,6-dibromo-9H-carbazole (2BrCNZ2), first, CNZ2 (500 mg, 1.9 mmol) was 

added to anhydrous DMF (15 mL) at room temperature while stirring.  The resulting mixture 

was stirred at room temperature for another 15 minutes.  N-bromosuccinimide (765 g, 4.3 

mmol) in anhydrous DMF (10 mL) was added dropwise to the mixture at 0 °C in an inert 

atmosphere.  The resulting solution was allowed to reach room temperature and continued 

stirring overnight.  This solution was poured into ice water.  The milky white precipitate 

formed was filtered and dissolved in DCM and then was dried with anhydrous MgSO4.  After 

solvent evaporating, the product was purified by LC on a silica gel column with the ethyl 

acetate : hexane (70 : 30, v/v) eluent.  The product was obtained as an off-white solid (yield 

210 mg, 29%).  

1H NMR (CDCl3, 300 MHz, δ ppm): 8.18 (d, J = 1.5 Hz, 2H), 7.54 (d, J = 1.9 Hz, 1H), 7.51 

(d, J = 1.9 Hz, 1H), 7.28 – 7.23 (m, 4H), 7.22 (s, 1H), 7.09 – 7.04 (m, 2H), 5.47 (s, 2H). 
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 4-[3,6-Bis(thiophen-2-yl)-9H-carbazol-9-yl]-benzyl FM2 was prepared by reacting 9-

benzyl-3,6-dibromo-9H-carbazole (0.120 g, 0.29 mmol), thiophene-2-boronic acid pinacol 

ester (0.152 g, 0.72 mmol), Pd(PPh3)4 (0.017 g, 0.014 mmol), aqueous Na2CO3 (2.0 M, 5 mL), 

DMF (30 mL) were mixed in a round bottom flask (Scheme 2-2).  The mixture was deaerated, 

then refluxed for 48 h under an argon atmosphere.  After cooling, abundant water was added, 

then the mixture was extracted three times with DCM.  Next, the organic phase was dried with 

MgSO4.  After solvent evaporating, the product was purified by LC on a silica gel column with 

the DCM : hexane (1 : 9, v/v) eluent.  A yellowish powder was obtained (yield 83 mg, 68.03%).  

Electrochemical, spectral, and microscopic features of the monomer and its polymer are 

described in Appendix.  

1H NMR (CDCl3, 300 MHz, δ ppm): 8.37 (s, 2H), 7.72 (d, J = 1.8 Hz, 1H), 7.69 (d, J = 1.8 

Hz, 1H), 7.38 – 7.34 (m, 5H), 7.26 (s, 3H), 7.17 (s, 2H), 7.11 (dd, J = 5.2, 3.6 Hz, 3H), 5.53 

(s, 2H). 

IR (cm-1): 3102, 3068, 3026, 2860, 2930, 1634, 1605, 1480, 1425, 1290, 1205, 1053, 1157, 

700, 787. 

 

 
 

Scheme 2-3.  Synthetic route of 3,6-bis(thiophen-2-yl)-9-(4-naphthalen-2-yl)-9H-carbazole, 

FM3.  

 3,6-Dibromo-9-(naphthalen-2-yl)-9H-carbazole 2BrCNZ1.  First, CNZ1 (1.2 g, 

4.09 mmol) was added to anhydrous DMF (15 mL) at room temperature while stirring.  The 

resulting mixture was stirred at room temperature for another 15 minutes.  N-

bromosuccinimide (1.6 g, 9 mmol) in anhydrous DMF (10 mL) was added dropwise to the 

mixture at 0 °C in an inert atmosphere.  The resulting solution was allowed to reach room 
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temperature and continued stirring overnight.  Then this solution was poured into ice water.  

The milky white precipitate formed was filtered, then dissolved in DCM, and then dried with 

anhydrous MgSO4.  The solvent was removed under a high vacuum.  A yellowish solid was 

obtained (yield 1.45 g, 80.5%).  

1H NMR (500 MHz, CDCl3, δ ppm) : 8.23 – 8.22 (m, 2H), 8.08 (d, J = 8.5 Hz, 1H), 7.98 (t, J 

= 3.1 Hz, 2H), 7.93 – 7.89 (m, 1H), 7.63 – 7.60 (m, 2H), 7.58 (dd, J = 8.6, 2.1 Hz, 1H), 7.51 

(dd, J = 8.7, 1.9 Hz, 2H), 7.30 (d, J = 8.7 Hz, 2H). 

Preparation of 3,6-bis(thiophen-2-yl)-9-(4-naphthalen-2-yl)-9H-carbazole FM3 followed 

Scheme 2-3.  First, 3,6-dibromo-9-(naphthalen-2-yl)-9H-carbazole (1.4 g, 3.1 mmol) was 

reacted with thiophene-2-boronic acid pinacol (3.0 g, 6.8 mmol), Pd(PPh3)4 (0.23 g, 0.2 mmol), 

2.0 M Na2CO3 (5mL), DMF (30 mL) in a round bottom flask.  The mixture was deaerated and 

then refluxed for 48 h under an argon atmosphere.  After cooling, abundant water was added, 

and then the mixture was extracted three times with DCM.  The organic phase was dried with 

MgSO4.  After solvent evaporating, the product was purified by LC on a silica gel column with 

the DCM : hexane (1 : 4, v/v) eluent.  A light green powder was obtained (yield 1.0 g, 71.42%). 

Electrochemical, spectral, and microscopic features of the monomer and its polymer are 

described in Chapter 3.  

1H NMR (500 MHz, CDCl3, δ ppm ): 8.42 (d, J = 1.7 Hz, 2H), 8.09 (d, J = 8.7 Hz, 1H), 8.05 

(d, J = 1.9 Hz, 1H), 8.02 – 7.97 (m, 1H), 7.93 (dq, J = 6.8, 3.3 Hz, 1H), 7.71 (t, J = 2.8 Hz, 

1H), 7.69 – 7.65 (m, 2H), 7.63 – 7.59 (m, 2H), 7.45 (d, J = 8.5 Hz, 2H), 7.39 (dd, J = 3.5, 1.1 

Hz, 2H), 7.29 (dd, J = 5.1, 1.1 Hz, 2H), 7.15 – 7.11 (m, 2H).   

13C NMR (CDCl3, 100 MHz, δ ppm): 145.9; 141.6; 135.3; 134.57; 133.1; 130.6; 128.6; 128.5; 

128.4; 127.7; 127.5; 127.2; 125.7; 125.5; 124.5; 124.4; 122.9; 118.6;110.9. 

IR (cm-1): 3111, 3050, 3036, 1626, 1598, 1476, 1423, 1370, 1283, 1222, 1166, 1142, 792, 690.
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Figure 2-3.  Structural formulas of the herein synthesized carbazole monomers.  
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2.2.2 Preparation of molecularly imprinted and non-imprinted polymers 

The following three different MIPs were prepared.  

1. NanoMIP-A – polymer nanoparticles molecularly imprinted with cilostazol, CIL 

2. MIP-CIL film – a polymer film molecularly imprinted with cilostazol, CIL 

3. NanoMIP – polymer nanoparticles molecularly imprinted with duloxetine, DUL  

The above MIPs were investigated compared to their respective control non-imprinted 

polymers (NIPs).  NIPs were prepared by deposition from the template-free solutions using the 

same electropolymerization procedures as those for MIPs. 

2.2.2.1 Preparation of Au-layered glass slides  

Au-layered glass slides (size 7 × 21 mm) were prepared by evaporating a thin (100 nm) Au 

layer over a thin (15 nm) Ti underlayer.  These slides were used as supports for the deposition 

of polymer films and then applied for further investigations, i.e., AFM, SEM, and PM-IRRAS 

studies.  Before each film deposition, Au-glass slides were cleaned with the "Piranha" solution 

for 10 min, then rinsed with Milli Q water, next with isopropanol, then ultrasonicated in an 

IS-3R ultrasonic bath (160 W power) of InterSonic, Olsztyn, Poland for 15 min, and finally 

dried before use.  (Warning.  The "Piranha" solution is hazardous if it comes in contact with 

skin or eyes.) 

2.2.2.2  General procedure of polymer preparation and its deposition on electrodes  

A general procedure of preparation of MIP and NIP (Scheme 2-4) was completed in 5 steps.   

 The pre-selection of functional monomers initiated it.  This step was completed based on 

experience, chemical intuition, and a literature survey.  

 The second step involved computational calculations of stability of the pre-polymerization 

complex and its structure optimization.  For that, structures of a template molecule, functional 

monomer molecules, and their complexes were optimized separately.  Next, Gibbs free energy 

change (G) corresponding to optimized complex molecules' formation was calculated.  The 

G values for complexes of different compositions and stoichiometry were compared to select 

those most promising for the MIP formation.  Therefore, complexes of the most negative G 

values were chosen for the next step.  
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 The functional monomers, selected by computational calculations, were dissolved in a 

suitable solvent solution with the template and cross-linking monomers to form a pre-

polymerization complex in the solution spontaneously. 

 In the fourth step, these complexes were polymerized under potentiodynamic conditions 

or by using thermal initiators, and the resulting polymer nanoparticles or films were deposited 

on the electrodes' surface (i.e., 2-mm Au-glass slides, 0.75-mm diameter Pt disk electrode) in 

the supporting electrolyte solution.  The potentiodynamic technique used allowed for 

controlling the roughness and thickness of the MIPs deposited.  After the deposition, the 

fabricated sensors were rinsed with abundant solvent to remove excess of the supporting 

electrolyte and non-polymerized monomers.  

 The fifth step involved template extraction.  This step was dependent on the type of 

analyte-polymer interactions.  It led to emptying molecular cavities imprinted in the MIPs.  

The deposited-on electrodes, MIP films constituted recognition units of chemical sensors; they 

were ready in this form for analyte selective detection and determination. 

 

 
 

Scheme 2-4.  Flow chart of consecutive steps of a general MIP film preparation procedure. 

1. • Pre-selection of the functional monomers

3. • Pre-polymerization complex formation in solution

2. • Computational modeling

4. 
• Chemical or electrochemical polymerization and 

polymer deposition

5. • Template extraction
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2.2.2.3  Preparation of polymer nanoparticles molecularly imprinted with cilostazol, CIL 

For nanoMIPs preparation, a mixture of CIL (0.2 mmol), MAA (1.6 mmol), EGDMA 

(5 mmol), and ABDV (0.04 mmol) was dissolved in acetonitrile (15 mL) in a glass vial sealed 

with a silicone septum.  The (functional monomer)-to-template molar ratio used was excessive, 

equaling 8 : 1, to drive the self-assembly complexation equilibrium toward forming a pre-

polymerization complex.  The resulting complex solution was deoxygenated with a nitrogen 

purge for 15 min on ice.  The polymerization was allowed to proceed overnight at 40 °C and 

then ceased by exposure to air.  Subsequently, precipitated nanoMIPs were collected by 

centrifugation, then triply rinsed, under agitation, at 60 °C with the methanol : (acetic acid) 

(9 : 1, v/v) solution, followed by double rinsing with the ethanol : (acetic acid) (9 : 1, v/v) 

solution, afterward double rinsing with ethanol, and then one rinsing with methanol.  Finally, 

the nanoMIPs were dried overnight (16 h) under decreased pressure (3 mbar) at room 

temperature (25 °C).  Control, non-imprinted polymer nanoparticles, nanoNIPs, were 

synthesized the same way, except for the absence of CIL.  Moreover, three other nanoMIPs 

and their corresponding nanoNIPs were prepared using 4-VP and IA functional monomers in 

either acetonitrile or octanenitrile solvent (15 mL).  

2.2.2.4  Synthesizing and depositing the CIL-imprinted MIP film 

Under potentiodynamic conditions, the MIP was synthesized and simultaneously deposited as 

a thin film on the electrode surface.  A DCM solution of 0.1 mM CIL template, 0.3 mM FM1 

functional monomer, 0.3 mM CLM cross-linking monomer, and 0.1 M (TBA)ClO4 supporting 

electrolyte was used for this electropolymerization.  Two potential cycles between 0 and 1.0 V 

vs. Ag quasi-reference electrode were performed at a 100-mV s-1 scan rate.  After that, the 

electrode was twice rinsed with DCM.  Finally, CIL was extracted from the MIP film with 

10 mM NaOH for 30 min.  The NIP films were deposited without the CIL template and treated 

similarly to the MIP films.  Polymer films were deposited on Pt disk electrodes of 0.75 mm in 

diameter or Au film-layered glass slides.  Before electropolymerization, Pt electrodes were 

cleaned with the "Piranha" solution.  Then, these electrodes' surface was matted by wiping 

them with sandpaper of the grain size of 1000.  
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2.2.2.5  Preparation of DUL-imprinted polymer nanoparticles via precipitation 

polymerization  

For the nanoMIPs preparation, a mixture of DUL (0.1 mmol), MAA (0.5 mmol), EGDMA (2 

mmol), and AIBN (0.02 mmol) was prepared.  A five-fold molar excess of the MAA functional 

monomer to the DUL template was used to increase the chance of creating a sufficient number 

of responsive imprinted cavities in the resulting nanoMIP.  All the components were dissolved 

in a 15-mL sample of anhydrous chloroform in a glass vial fitted with an airtight septum.  

Afterward, the resulting solution was deoxygenated by purging nitrogen for 15 min on ice.  

Polymerization was performed overnight at 65 °C in an oil bath.  After polymerization, NPs 

were collected by centrifugation.   

 Non-imprinted polymer NPs, nanoNIPs, were synthesized as described above, except 

using a DUL analyte.  DUL was removed from nanoMIPs by batch solvent extraction with 

methanol which was 10% in acetic acid (v/v), then ethanol which was 10% in acetic acid (v/v), 

next twice with ethanol, followed by one round of methanol until no template peak was 

detected in the extracting solvent solution in HPLC.289  Subsequently, nanoMIPs were dried in 

a vacuum overnight.   

2.2.2.6  NanoMIPs and nanoNIPs immobilizing in polytyramine films on electrodes 

CIL-imprinted nanoMIPs or nanoNIPs (0.250 mg each) were suspended in 10 mM tyramine 

in 25 mM H2SO4 (0.250 mL).  The resulting suspension was ultrasonicated for 5 min.  For the 

NPs sedimentation, a 2-mm diameter Au disk electrode was fixed upside down, then a 1-mL 

pipette tip with a cut-off end was mounted on its top.  Next, this tip was filled with the 

suspension to allow NPs sedimentation for 3 h (Figure 2-4).  On this electrode surface, 

subsequently, a polytyramine film was potentiodynamically deposited using 15 potential 

cycles between 0 to 1.50 V vs. Ag quasi-reference electrode at a 50-mV s-1 potential scan rate 

for the NPs embedding in this film.142  Afterward, the electrode was rinsed with 25 mM H2SO4 

then acetonitrile to remove residual unreacted monomers.  The same procedure was followed 

to immobilize the nanoMIPs on Au-layered glass slides for SEM and AFM imaging.  This slide 

was then mounted in the homemade Teflon electrochemical cell with a 2-mm diameter O-

ring. 
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 Similarly, DUL-imprinted nanoMIPs and nanoNIPs were immobilized on SWCNTs, 

deposited on the gold disk electrode by potentiodynamic electropolymerization of tyramine.  

That way, they were integrated with the resulting thin polytyramine film via matrix 

entrapment.290,291   

 For that, SWCNTs (10 mg) were first dispersed in 10 mM tyramine in 25 mM H2SO4 for 

150 min using an ultrasonic homogenizer.  Then, following the so-called “one-pot synthesis,” 

nanoMIPs (0.5 mg) were added to this dispersion (0.5 ml), and then this was ultrasonicated for 

5 min.  Next, the dispersion was allowed to sediment for ~75 min, followed by tyramine 

potentiodynamic electropolymerization where the potential was five times cycled between  

-0.10 and 0.40 V vs. Ag quasi-reference electrode at 50 mV s-1.  Afterward, the electrode was 

rinsed with deionized water to remove any residual tyramine monomer, free SWCNTs, and 

nanoMIPs from the deposited composite film.  Before further examining, the film was air-

dried.  The same procedure was followed to immobilize the nanoMIPs on Au-layered glass 

slides for SEM and AFM imaging.  This slide was then mounted in the homemade Teflon 

electrochemical cell with a 2-mm diameter O-ring. 

 

 

Figure 2-4.  Photo of a pipette tip (blue) with cut-off end mounted on top of the upside-down 

fixed Au disk electrode used for sedimenting polymer nanoparticles and SWCNTs and then 

embedding them in the polytyramine film deposited by electropolymerization on this electrode.   
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2.3  Experimental techniques and instrumentation 

2.3.1  Computational molecular modeling with molecular mechanics (MM), molecular 

dynamics (MD), and density functional theory (DFT)  

The MIPs structures and interactions were simulated using Discovery Studio 2017R2 BIOVIA 

software.292  Molecular structure of all the compounds in solvents was optimized using the 

DFT method at the B3LYP/6-311+G(d,p) level, implemented in the Gaussian 16 program.293  

The so-called electrostatic potential (ESP) atomic partial charges on the atoms were computed 

using the Breneman model,294 reproducing the molecular electrostatic potential (MEP).  All 

molecular structures were visualized using GaussView 5.0 software.  Possible interactions of 

FMs and CLMs with the analytes in the pre-polymerization complexes and with the molecular 

cavity imprinted in the polymer were examined by MM and MD using the CHARMm force 

field295 implemented in the appropriate module of Discovery Studio 2017R2.  The particle 

mesh Ewald (PME) summation technique was implemented to accurately describe electrostatic 

interactions where all bonds to hydrogen atoms were constrained using the SHAKE algorithm 

and Leapfrog Verlet integration, allowing the set time step.296  The solvation effect was 

considered using PACKMOL software.297 

 The Gibbs free energy change (Gbind) accompanying the polymer matrix binding of the 

template, analyte, or interference molecules were calculated using Equation 2-2 

 

 Gbind = Gsystem – Gcavity – Gtemplate/analyte (Equation 2-2) 

 

where Gsystem is the Gibbs free energy change attributed to the formation of a complex of the 

imprinted cavity with the template or analyte or interference molecule, Gcavity is the Gibbs 

free energy change accompanying cavity formation, and Gtemplate/analyte is the Gibbs free 

energy change due to the template or analyte, or interference formation.   

2.3.2  Electroanalytical techniques 

An SP-300 potentiostat/galvanostat computerized electrochemical system of Bio-Logic, SAS, 

controlled by EC-Lab V10.37 software of the same manufacturer, was used for electrochemical 

measurements.  In these measurements, a three-electrode one-compartment V-shaped glass 
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electrochemical mini-cell was used.  A 0.75-mm diameter Pt disk sealed in a soft glass tubing, 

or a Teflon shrouded 2-mm diameter Au disk and Ag and Pt wires served as the working, 

quasi-reference, and counter electrode, respectively.  The mini-cell and electrodes were 

designed and fabricated in the IPC PAS mechanical shop.   

2.3.2.1  Cyclic voltammetry (CV) 

Cyclic voltammetry, CV is one of the most widely practiced electroanalytical techniques.  It is 

used for simultaneous deposition of an electropolymerizable species and for studying analyte 

electrochemical properties in solution and adsorbed on the electrode.  Generally, a V-shaped 

glass three-electrode electrochemical mini-cell was used (Figure 2-5), which housed the 

working, reference, and counter electrodes.  

Usually, during CV measurements, the potential is scanned forth and back linearly with 

time, between the initial (Ei) and the final (Ef) switching potentials at a constant rate using 

triangular potential waveform (Figure 2-6a).  

 

 

Figure 2-5.  The cross-section sketch of a three-electrode electrochemical mini-cell setup. 

The scanning starts at a slightly negative potential (A) in a typical voltammogram for a 

one-electron reversible redox process (Figure 2-6b).  The current increases as the working 

electrode potential increases in an anodic scan.  Then a current peak is evolved at Epa, with the 
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Ei 

  

Ef 

  

current value of Ipa, indicating that oxidation occurs.  Then it decays because of the depletion 

of the redox species at the electrode surface.  A similar process happens during the cathodic 

scan, and a peak is observed at Epc, with a corresponding current value of Ipc.   

 

 

 

 

 

 

 

  

 

 

Figure 2-6.  (a) The cyclic voltammetry (CV) potential-time waveform with switching 

potentials (Ei – initial potential, Ef – final potential) indicated.  (b) The cyclic voltammogram 

for an electrochemically reversible one-electron redox process.  Epa and Epc stand for the anodic 

and cathodic peak potential, respectively, while Ipa and Ipc for anodic and cathodic peak current.  

 

 

Figure 2-7.  Cyclic voltammograms of an (a) reversible, (b) quasi-reversible, and (c) 

irreversible electrode reaction (adapted from 298). 

2.3.2.1.1  Nernstian (reversible) redox system 

Providing that the charge transfer reaction is reversible, there is no surface interaction between 

the electrode and the reagents, and that the redox products are stable, the ratio of the anodic-
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to-cathodic peak currents, Ipa/Ipc = 1.0 (Figure 2-7a).  Moreover, this system's Epa and Epc peak 

potentials are independent of the potential scan rate and redox substance concentration.  The 

peak potentials' separation is  

 

∆𝐸𝑝 = 𝐸𝑝𝑎 − 𝐸𝑝𝑐 =
0.059

𝑛𝑒
 𝑉   (Equation 2-3) 

 

where ne is the number of electrons exchanged in the elementary electrode reaction.  The peak 

current, Ip, for the potential forward sweep in a reversible system at 298 K is expressed by the 

Randles-Ševčik equation. 

 

Ip = (2.69 × 105) n3/2AD1/2v1/2c (Equation 2-4) 

 

where A (cm2) is the active area of the working electrode, while D (cm2 s-1), v (V s-1), and c 

(M) are the diffusion coefficient, potential scan rate, and bulk concentration of the electroactive 

compound, respectively.  For a quasi-reversible process, the rate of the electrode process is 

close to the rate of diffusion (Figure 2-7b).  Then, the anodic and cathodic peak potential 

difference is higher than Equation 2-3 predicts. 

2.3.2.1.2  Irreversible redox system 

For irreversible processes (those with an electron exchange slower than diffusion), the peaks 

are smaller than reversible and more widely separated.  Moreover, the peak potentials depend 

on the potential scan rate.  For irreversible electro-oxidation, the anodic peak current is still 

proportional to the bulk analyte concentration depending upon the charge transfer coefficient 

of an anodic process, αa (Figure 2-7c). 

 

Ipa = (2.99 × 105) 𝛼a
1/2𝐷1/2𝐴𝑣1/2𝑐 (Equation 2-5) 

In MIPs studies, CV is often applied to deposit a homogenous polymer film192,299 or 

immobilize MIP nanoparticles on the electrode surface.300,301  Moreover, sometimes it is 

explored as a transduction method.302 
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2.3.2.2  Differential pulse voltammetry (DPV) 

Differential pulse voltammetry (DPV) is a voltammetric technique that measures the current 

immediately before each potential change.  The accompanying current variation is plotted as a 

function of the potential applied.  Here, potential pulses of small constant amplitude (Figure 

2-8) are applied to eliminate background capacity currents and significantly increase the 

detectability.  The pulse height used is 10 to 100 mV and is maintained constant for the base 

potential.303 

 

 

Figure 2-8.  The potential-time program in DPV.  ∆Ep is the pulse amplitude, 1 and 2 is the 

time just before pulse application and at the end of the pulse, at which currents are sampled, 

respectively (adapted from 303). 

The current difference, δI = I(t1) - I(t2), is recorded versus the potential base ramp, where 

t1 is the time just before pulse application, and t2 is the time just before the end of the pulse 

(Figure 2-8).  The pulse width is selected from the range of 5 to 100 ms.  The peak current is 

proportional to the analyte concentration 

 

𝐼p =
𝑛𝐹𝐴𝐷1 2⁄ 𝑐

√𝜋𝑡𝑚
 (

1−𝜎

1+𝜎
) (Equation 2-6) 

 

Where 

 

𝜎 = exp [(
𝑛𝐹

𝑅𝑇
) (

∆𝐸

2
)]  (Equation 2-7) 

 

and ∆Ep is the pulse amplitude.  The peak potential can be identified by 
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𝐸p = 𝐸p 2⁄ −
∆𝐸p

2
 (Equation 2-8) 

 

Due to high sensitivity, DPV allows for analyte determination at concentrations as low as 

10−8 M.  Hence, DPV is mainly used herein for the batch analysis determinations.  

Recently, in MIP studies, the DPV techniques have been extensively used as an indirect 

proof of template imprinting, then template extracting from MIP molecular cavities, and then 

analyte determination by exploiting the so-called "gate effect" (Figure 2-9).304,305   

The "gate effect" involves the change in the redox probe diffusive permeability through 

the MIP film resulting from interactions of recognizing sites of MIP imprinted cavities with 

the binding sites of the analyte.  This effect is often used for signal transduction.  The faradaic 

current of the redox probe at the MIP film coated electrode is sensitive to the presence of the 

analyte because analyte binding by the analyte-selective polymer changes the accessibility of 

the probe to the electrode surface. 

2.3.2.3  Electrochemical impedance spectroscopy (EIS) 

Electrochemical impedance spectroscopy (EIS) is one of the most complex electrochemical 

techniques.  An alternating voltage of a fixed frequency and small amplitude, typically 10 mV, 

is applied to the working electrode for measuring impedance (Figure 2-10).  This voltage is 

described by Equation 2.9.  The EIS results allow determining the polarization resistance (low-

frequency region), the solution resistance (high-frequency region), and the double-layer 

capacitance.306 

 

𝐸𝑡 = 𝐸0 sin(𝜔𝑡) (Equation 2-9) 
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Figure 2-9.  The DPV manifested "gate effect" exemplified with the Fe(CN)6
4-/Fe(CN)6

3- 

redox probe.  (a) Electrochemical oxidation of the probe on the uncoated electrode and the 

resulting well-defined DPV peak.  (b) Hindering of the Fe(CN)6
4-/Fe(CN)6

3- electrode process 

after MIP coating and the corresponding DPV response.  (c) Enabled diffusion of the probe 

through the MIP film after template extraction resulting in a DPV peak.  (d) Partially blocked 

diffusive permeability of the probe through the MIP film cavities occupied by the analyte 

molecules and the corresponding DPV peak of lower intensity (adapted from307).   
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where Et is the potential at time t, V0 is the voltage amplitude, and ω = 2πf is the radial 

frequency of the alternating voltage of frequency, f, applied. 

In a linear system, the current, It, is phase-shifted by a phase angle 𝜑 (Equation 2-10).   

 

𝐼𝑡 = 𝐼0 sin(𝜔𝑡 + 𝜑) (Equation 2-10) 

 

where I0 is a current recorded when the impedance is computed. 

 

 

Figure 2-10.  Current changes incurred by the sinusoidal voltage applied to an ideal capacitor 

(adapted from308). 

Finally, the impedance Z can be calculated for each frequency of an electrochemical cell.  For 

that, Equation 2-11, analogous to Ohm's law, is used.  

 

𝑍 =
𝐸𝑡

𝐼𝑡
=

𝐸0 sin(𝜔𝑡)

𝐼0sin(𝜔𝑡+𝜑)
= 𝑍0

sin(𝜔𝑡)

sin(𝜔𝑡+𝜑)
 (Equation 2-11) 

 

With Euler's relationship, 

 

exp(𝑗𝜎) = cos 𝜎 + 𝑗 sin 𝜎 (Equation 2-12) 

 

where σ is a real number and j = √−1 is an imaginary unit, it is possible to express the impedance 

as a complex function.  The potential is then described as 
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𝐸𝑡 = 𝐸0 exp(𝑗𝜔𝑡) (Equation 2-13) 

 

and the current response as 

 

𝐼𝑡 = 𝐼0 exp(𝑗𝜔𝑡 − 𝜎) (Equation 2-14) 

 

Generally, the complex impedance of an electrode system is given as 

 

𝑍(𝜔) =
𝐸

𝐼
= 𝑍0exp (𝑗𝜎) = 𝑍0 (cos 𝜎 + 𝑗sin 𝜎) = 𝑍𝑟𝑒𝑎𝑙 − 𝑗𝑍𝑖𝑚 (Equation 2-15) 

 

where Zreal and Zim are the real and imaginary impedance components, respectively.  The 

impedance at a given ω value in the -Zim against Zreal coordinates is the Nyquist plot (Figure 2-

12). 

For the impedance measurements of a faradaic system, the (polymer film)-coated 

electrode in the presence of a redox probe, e.g., the [Fe(CN)6]
4-/[Fe(CN)6]

3- couple, the 

equivalent electrode circuit adopted is one of the simplest possible models describing processes 

at the electrochemical interface.  It is called the Randles-Ershler equivalent circuit (Figure 2-

11).303 

 

 

Figure 2-11.  Representation of the modified Randles-Ershler equivalent electrode circuit of 

an electrochemical redox system used to fit experimental impedance data. 

The total impedance is described by Equation 2.16 

 

𝑍 = 𝑅sol +
(𝑅ct+𝑍w)

1+𝑗𝜔𝐶dl(𝑅ct+𝑍w)
 (Equation 2-16) 

 

 

Rct  

Cdl 
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where Rsol is the electrolyte solution resistance, Rct is the charge transfer resistance, Cdl is 

double-layer capacitance, and Zw is the Warburg impedance representing the mass transfer to 

the electrode accompanying the redox process. 

 

                       

Figure 2-12.  The Nyquist representation of the impendence data (adapted from309). 

 

For the impedance measurements of a non-faradaic system, e.g., a (non-conducting 

polymer film)-coated electrode in a supporting electrolyte solution, the equivalent circuit 

applied simplifies to a solution resistance in series with a double-layer capacitance (Figure 2-

13).  The capacitance and resistance of thin polymer films are negligibly small. 

 

 

Figure 2-13.  The equivalent circuit with a non-faradaic electrochemical process for the (non-

conducting polymer film)-coated electrode in a supporting electrolyte solution. 

 

2.3.3  Other instrumentation 

The UV-visible spectra were recorded with a 0.1-nm resolution using a UV 2501-PC recording 

spectrophotometer of Shimadzu Corp (Tokyo, Japan).  
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Polymer surfaces were imaged with AFM using a Multimode 8 microscope under the 

control of a Nanoscope V controller and Multimode v 8.15 software, both of Bruker.  An 

antimony-doped Si tip and cantilevers of 376-kHz resonant frequency and the force constant, 

k = 60 N m-1, were used for sample imagining with the Tapping Mode™.  The MIP and NIP 

films were deposited on an Au layer with a Ti underlayer (7 × 25) mm2 coating glass slides 

using a homemade holder with the Pt plate counter electrode and the Ag wire quasi-reference 

electrode.  For roughness measurements, four points of the sample were imaged at (5 × 5) μm2.  

Then average roughness was calculated from the results obtained for each image.  A single 

image's roughness calculations were performed using NanoScope Analysis v. 1.2 software 

from Bruker.  For determining average film thickness, some parts of the films were carefully 

removed in a few different places from the electrode surface, i.e., scratched with a Teflon™ 

spatula under an optical microscope.  Subsequently, these scratches were imaged with AFM.  

Then, the heights of the resulting steps were measured by averaging the number of points on 

both sides of the step (sufficiently far from its partially detached front).  The difference of the 

average values of points on the step and at its foot determined the height of the step.  Finally, 

step heights measured for different scratches were averaged to get an average film thickness 

value. 

SEM images of polymers deposited on Au-layered glass slides were recorded with Nova 

NanoSEM 450 microscope of FEI (USA). 

Analyte extraction was confirmed with HPLC using an Agilent Infinity 1290 LC system 

equipped with the DAD detector and the Thermo Hypercyl GOLD C18 (100 × 2.1 mm, 1.9 

µm) column of Thermo Fisher Scientific. 

Polarization-modulation infrared reflection-absorption spectroscopy (PM-IRRAS) spectra 

for the MIP and NIP films were recorded with a Vertex 80v spectrophotometer equipped with 

the PMA 50 module and controlled with OPUS v. 7.2 software (Bruker) under ambient 

atmosphere using a liquid-nitrogen cooled B316/6 MCT detector.  The 1024 scans with a 

spectral resolution of 2 cm−1 were acquired and then averaged for each spectrum.  

The DLS measurements were performed using a Zetasizer Nano series (Malvern 

Instruments, Ltd).  Fluorescence data were collected using the FS 900 CDT Spectrofluorimeter 

(Edinburgh). 
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In situ EPR and UV-vis-NIR spectroelectrochemical experiments were performed using 

the optical EPR cavity (ER 4104OR, Bruker, Germany) of the EMX Micro Xband CW 

spectrometer (Bruker, Germany).  UV-vis-NIR spectra were recorded using the Avantes 

AvaSpec2048x14-USB2 spectrometer with the CCD detector and the AvaSpec-NIR 256-2.2 

spectrometer, equipped with the InGaAs detector, and applying AvaSoft 7.5 software.  The 

EPR and the UV-vis-NIR spectrometer were connected to a PG 390 HEKA potentiostat.  The 

PotMaster v2x40 software package (HEKA Electronic, Germany) allowed triggering the 

experiment.  The spectroelectrochemical flat cell with a three-electrode arrangement310,311 

consisting of a laminated indium-tin-oxide ITO film-coated glass slide as the working 

electrode, a Pt wire as the counter electrode, and an Ag wire coated with AgCl as the quasi-

reference electrode was used.  Au-microgrid (1024 meshes/cm2) was positioned between two 

pieces of chemically resistant polyester-based lamination foils (DocuSeal, U.S.A.) to create a 

small, well-defined electrochemically active surface with an insulated electric contact and 

circular holes providing 0.1-cm2 free active electrode surface area.  

2.3.3.1  Spectroscopic techniques 

2.3.3.1.1  UV-vis spectroscopy  

UV-vis radiation comprises only a small part of the electromagnetic spectrum (Figure 2-14).  

UV-vis spectroscopy is an analytical technique that measures UV or visible light absorbed by 

or transmitted through a sample at several discrete wavelengths compared to a reference or 

blank sample.  If light passes through or is reflected from a sample, the amount of light 

absorbed is the difference between the incident and the transmitted radiation.  The amount of 

light absorbed is expressed as either transmittance 

 

𝑇𝑟𝑎𝑛𝑠𝑖𝑡𝑡𝑎𝑛𝑐𝑒 =
𝐼𝑛𝑡𝑒𝑛𝑠𝑖𝑡𝑦 𝑜𝑓 𝑡𝑟𝑎𝑛𝑚𝑠𝑖𝑡𝑡𝑒𝑑 𝑟𝑎𝑑𝑖𝑎𝑡𝑖𝑜𝑛

𝐼𝑛𝑡𝑒𝑛𝑠𝑖𝑡𝑦 𝑜𝑓 𝑖𝑛𝑐𝑖𝑑𝑒𝑛𝑡 𝑟𝑎𝑑𝑖𝑎𝑡𝑖𝑜𝑛
 (Equation 2-17)  

 

or absorbance 

 

Absorbance = -log (Transmittance) (Equation 2-18) 
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The relationship between absorbance and concentration of an absorbing compound is linear.  

Lambert-Beer's law describes it with Equation 2.19 

 

Absorbance = c ξ L (Equation 2-19) 

 

where ξ is the molar absorptivity or extinction coefficient (M-1 cm-1), c is the concentration 

(M), and L is the light beam path length (cm). 

 

 

Figure 2-14.  The electromagnetic spectrum (adapted from312). 

2.3.3.1.2  Fluorescence spectroscopy 

Fluorescence spectroscopy is also known as fluorimetry.  It is used to analyze sample 

fluorescence.  If molecules of a compound are excited, e.g., with the ultraviolet radiation, its 

electrons jump to a higher energy vibrational level.  Then, within a few nanoseconds, they 

lose this energy, e.g., via spontaneous light emission, i.e., fluorescence. 

First, the initial absorption takes the molecule to an excited electronic state for 

fluorescence generation.  Then, the excited molecule collides with surrounding molecules 

releasing energy non-radiatively.  That way, it steps down the ladder of vibrational levels to 
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reach the lowest vibrational level of the electronically excited state.  The surrounding 

molecules may not accept more energy needed to lower the molecule state to the ground 

electronic state.  Therefore, this molecule may survive a long time at this electronically excited 

state until it undergoes spontaneous emission, i.e., fluorescence (Figure 2-15a).  The 

fluorescence frequency is lower than that of the incident radiation because the emissive 

transition occurs after some vibrational energy dissipation to the surroundings (Figure 2-15b). 

 

 

Figure 2-15.  (a) The Jablonski diagram illustrating the fluorescence radiation.  (b) Typical 

excitation-emission spectra (adapted from313). 

2.3.3.1.3  Infrared (IR) spectroscopy 

Infrared (IR) spectroscopy is a powerful non-destructive vibrational spectroscopy technique 

used, among others, to identify molecular orientation in polymer films, functional groups 

present in an unknown compound, thus its composition, and detect molecular impurities.  In 

IR spectroscopy, a sample is irradiated with IR light.  If the IR radiation frequency matches 

the frequency of molecular bond vibration, IR light is absorbed, and the bond is vibrating.  The 

IR spectroscopy measures the wavelength and intensity of IR radiation absorbed by a sample.  

The molecule's vibrational mode's IR absorption probability and frequency depend on 

molecular bonds strength and polarity.  Molecular inter-molecular and intra-molecular 

interactions influence these properties.  Therefore, IR spectroscopy provides structural 

information about the sample.  However, this spectroscopy can detect only IR active 

molecules, i.e., molecules whose bond vibration is accompanied by a change in the electric 

a b 
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dipole moment.  

 In organic compounds, bond vibrations usually occur between 4000 and 1500 cm-1, mostly 

being stretching vibrations.  They are localized and are characteristic of specific functional 

groups.  At wavenumbers below 1500 cm-1, bending vibrations of bonds are involved 

(Figure 2-16). 

 

 

Figure 2-16.  Group frequency and fingerprint regions of the infrared (IR) spectrum (adapted 

from68). 

 In polarization-modulation infrared reflection-absorption spectroscopy, PM-IRRAS, 

incident IR light is modulated in two orthogonal directions, i.e., perpendicular (p-polarization) 

and parallel (s-polarization) to the plane of incidence of IR light (Figure 2-17).  Surface 

selection rules dictate that smooth metal surface illumination with the p-polarized light at the 

grazing angle of incidence leads to constructive interference between incident and reflected IR 

light beams.  This interference causes an enhancement of the electric field component 

perpendicular to the substrate surface.  Therefore, the p-polarized light (Rp) reflectivity is 

sensitive to the adsorbed molecules with transition dipole moments perpendicular to the 

substrate surface.314  

In contrast, illumination under the same conditions using the s-polarized light causes a 

destructive interference between the beams, resulting in the almost complete disappearance of 

the electric field component parallel to the substrate surface.  Therefore, the s-polarized light 
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reflectivity (Rs) is insensitive to molecules' functional groups' vibrations parallel to the metal 

surface.  Consequently, it is used to obtain the background spectrum.   

 

 

Figure 2-17.  The surface selection rule of IRRAS.  The incident beam, hνi, (a) p-polarized or 

(b) s-polarized, is reflected from a smooth metal surface, resulting in the electric field 

enhancing or attenuating, respectively (adapted from315). 

The reflection-absorption spectrum (ΔR/R) is calculated as follows: 

 

(∆𝑅)

〈𝑅〉
=  

|(𝑅𝑝−𝑅𝑠)|

(𝑅𝑝−𝑅𝑠)

2

 (Equation 2-20) 

 

The signal from IR absorption by atmospheric water and CO2 is also removed in this spectrum.  

PM-IRRAS is very useful for examining irreversibly adsorbed MIP films.  

2.3.3.1.4  Spectroelectrochemistry (SEC) 

Spectroelectrochemistry (SEC) is a relatively new technique that integrates electrochemistry 

with spectroscopy characterizing kinetic, thermodynamic, and molecular vibrational processes 

(Figure 2-18a).  SEC has been established as a powerful technique to simultaneously analyze 

some of the most important aspects of chemistry, viz., the energy and mechanism of a redox 

reaction and the identities of the participating species.  In other words, using this technical 

combination, both the questions of "how?" and "what?" can be answered.316,317  Under potential 

control, spectroscopic information about in situ electrogenerated species can readily be 
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obtained, including electronic absorption, vibrational modes and frequencies, light emission, 

and scattering.317  

As the name suggests, UV-vis-NIR absorption spectroscopy utilizes incident light in the 

ultraviolet (ca. 200 - 400 nm), visible (ca. 400 – 750 nm), and near-infrared (NIR, ca. 750 – 

3000 nm) regions to probe the optical transitions in a material.  Since the energy of this range 

(~ 0.4 - 6 eV) predominantly excites electrons from π- or non-bonding orbitals to π* orbitals, 

this technique is particularly suitable for studying π-conjugated organic molecules and 

polymers containing π-bonds. 

 

 

Figure 2-18.  (a) Schematic diagram of the spectroelectrochemical instrumentation (adapted 

from318) and (b) intermediate energy levels formed within the electronic bandgap region upon 

polymer oxidation or reduction. 

Electron paramagnetic resonance (EPR) spectroscopy detects the presence of unpaired 

electrons in electroactive polymers formed during charge injection, thus broadening the 

understanding of electrode processes of the polymer.319  Each electron has an intrinsic angular 

momentum (orbital and spin) in addition to its elementary charge.  This momentum is 

associated with the electron spinning around its axis.  It can assume two states – parallel or 

antiparallel to the external magnetic field.  In the field absence, these two states energetically 

degenerate.  However, in the field presence, the two states are split into a higher (antiparallel 

to the magnetic field) and lower (parallel to the magnetic field) energy state.  This phenomenon 

is known as the Zeeman effect.  The EPR spectroscopy induces a transition between the two 

spin states by irradiating the paramagnetic sample with microwaves.320  The transition energy 

a b 
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(∆𝐸t) between the two spin states, which is also known as the Zeeman splitting energy, is given 

by Equation 2-21 

 

∆𝐸 = 𝑔𝜇B𝐵 = ℎ𝜐 (Equation 2-21) 

 

where 𝑔 is the Landé factor (or 𝑔-factor), B is the Bohr magneton (9.274×10−24 J T-1), 𝐵 is 

the magnetic field intensity applied (that can be measured), ℎ is the Planck constant 

(6.63×10−34 J⋅s), and 𝑣 is the resonance frequency of the microwave radiation.   

 

 

Figure 2-19.  Schematic illustration of Zeeman splitting of the energy levels of unpaired 

electrons under an external magnetic field applied.  An EPR signal is generated by tuning the 

incident beam's microwave frequency (ν) and the magnetic field intensity (𝐵) to achieve the 

resonance condition and induce a spin-flip with the absorption of microwaves.  Typically, the 

first derivative of the absorption vs. the magnetic field intensity curve is acquired and reported 

(adapted from321). 

The value of g can then be calculated, as 
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𝑔 =
ℎ𝑣

𝜇𝐵𝐵
 (Equation 2-22) 

 

Since the splitting energy is linearly proportional to the magnetic field intensity, a common 

way of measuring the EPR spectrum of a sample is by keeping the frequency of the 

electromagnetic wave constant and scanning the magnetic field intensity.  Thus, when the 

splitting energy at a specific magnetic field matches the irradiation energy, the spin of the 

unpaired electrons in the sample is flipped, with the accompanying absorption of the photons 

(Figure 2-19).  

The g-factor of an EPR sample determines the position of the EPR transition in the 

magnetic field at a given microwave frequency.  Equation 2-22 determines g in an EPR 

experiment by measuring the field intensity and the resonance frequency.  If g does not equal 

ge, the implication is that the ratio of the unpaired electron's spin magnetic moment to its 

angular momentum differs from the free-electron value.  In solution, due to molecular 

tumbling, g is averaged.  While for solid-state samples, g has three components (gx, gy, gz) that 

depend on the molecule's orientation against the magnetic field applied.  This anisotropy of the 

electron Zeeman interaction measures the symmetry of the electronic distribution within the 

paramagnetic species.  Therefore, depending on the symmetry of the electronic distribution, g 

can be isotropic (gx = gy = gz, cubic symmetry), axial (gx = gy ≠ gz, where g⊥ is often used for 

gx = gy and gll for gz), or rhombic (gx  gy ≠ gz).   

The absorption signal intensity can then quantify the number of unpaired electrons.  

Moreover, the nature of the species can be investigated because the 𝑔-factor is characteristic 

of a particular paramagnetic species and its local environment.  For example, organic free 

radicals, with only H, O, C, and N atoms, will have a small contribution from spin-orbit 

coupling, i.e., with g-factors very close to the ge-factor of free electron (~2.0023) while g 

factors of much larger species, e.g., metals, may be significantly different from the ge-factor.322 

Peak-to-peak line-width refers to the horizontal distance between the maximum and the 

minimum of a first-derivative lineshape of the EPR signal.323  

2.3.3.1.4.1  In situ EPR-(UV-vis-NIR) spectroelectrochemistry 

In the electrode reaction of a neutral organic redox system, the primary cathodic or anodic 

electron transfer may result in an ion radical.  The choice of the spectroscopic technique is the 
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EPR spectroscopy to detect the resulting paramagnetic structure.  However, either a second 

electron transfer or chemical follow-up reactions of the radicals can result in diamagnetic 

structures that EPR cannot detect.  Therefore, at least one additional in situ spectroscopic 

technique is required to detect the reaction products and the diamagnetic intermediates.  

Developing an optical EPR cavity opened the route to a simultaneous application of EPR and 

UV-vis-NIR spectroscopy in a single in-situ spectroelectrochemical triple technique.324  That 

way, both the paramagnetic and diamagnetic structures in electrode reactions can be followed 

at the same working electrode.  Furthermore, this in-situ combination demonstrates it to be a 

valuable tool for the description of charged states in polymers and oligomers.325  

2.3.3.1.5  High-performance liquid chromatography (HPLC) 

High-performance liquid chromatography (HPLC) is a powerful and versatile 

chromatographic separation technique used in analytical chemistry to identify, separate, and 

quantify each mixture component326,327 (Figure 2-20).  It involves the injection of a small 

volume of a liquid sample into a column filled with porous particles of 3 to 5 µm in diameter 

called the stationary phase.  Individual sample components are moved down the column with 

a high-pressure mobile phase delivered by a pump.  Four major separation modes are most 

often used for HPLC separations.326  In a normal phase mode, the column packing is polar 

(e.g., silica gel, cyanopropyl-bonded, amino-bonded, etc.), but the mobile phase is non-polar 

(e.g., hexane, isooctane, ethyl acetate, etc.).  

However, for our study, reversed-phase HPLC (RP-HPLC) was used.  It features non-

polar stationary and aqueous-(organic polar solvent) moderately polar mobile phases.  One 

typical stationary phase used is silica surface-modified with RMe2SiCl, where R is an n-alkyl 

group such as C18H37 or C8H17.
328,329  With these stationary phases, the retention time is longer 

for less polar eluants, while polar eluants are more readily eluted.  Structural properties of the 

analyte molecule play a vital role in its retention characteristics.330  Overall, an analyte with a 

larger hydrophobic surface area (C–H, C–C, and generally non-polar atomic bonds, such as S-

S) is retained longer because of non-interacting with an aqueous eluent.   
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Figure 2-20.  An HPLC chromatograph flow diagram (adapted from331). 

2.3.3.1.6. Dynamic light scattering (DLS) 

Dynamic light scattering (DLS), also known as photon correlation spectroscopy (PCS), is a 

non-invasive technique to study the diffusion behavior of small particles in dispersion and 

polymer particles in solution.332  The diffusion coefficient, and hence the hydrodynamic radii 

calculated from it, depends on the size and shape of macromolecules.  When particles are 

illuminated with monochromatic and coherent laser light, their scattering intensity fluctuates 

over time.  This fluctuation is caused by the Brownian motion of small particles in the studied 

suspension.  Therefore, the distance between the scatterers in the solution constantly changes 

with time. 

Furthermore, this scattered light then undergoes either constructive or destructive 

interference by the surrounding particles.  Within this intensity fluctuation, information is 

contained about the time scale of movement of the scatterers.  Moreover, DLS measures 

particle zeta potential (related to the magnitude of the electrical charge at the particle surface) 

and molecular weight of large polymeric substances dispersed in water.   
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2.3.3.2  Microscopic techniques 

2.3.3.2.1  Atomic force microscopy (AFM) 

AFM can operate in a contact, semi-contact, or non-contact mode.  Herein, topological 

mapping of the doped and undoped polymer films was accomplished using AFM in a tapping 

mode (also known as the intermittent mode).  Strong repulsive forces (~1 to 10 nN) dominate 

in this mode.  Figure 2-21 shows the basic AFM setup scheme.  That consists of a flexible 

oscillating cantilever with a microscopic tip at one end, scanning the sample's surface and 

recording the height profile at a nanometer scale.  The interactive forces (e.g., van der Waals 

forces) between the tip and the sample lead to deflections of the tip in case of the contact mode, 

the tip is in contact with the sample while scanning the sample surface, which is detected by 

the change in the position of the laser beam on the photodetector.  A feedback loop between 

the photodetector and the cantilever notes the deflection and extension of the cantilever and, 

accordingly, shifts it up or down such that the initially applied force is maintained, thus 

mapping the topography of the sample. 

 

 

Figure 2-21.  Illustration of main components and the working principle of atomic force 

microscopy (AFM).   

Similarly, in the semi-contact mode, the cantilever oscillates, and the change in either 

amplitude, frequency, or phase of the cantilever oscillation can be used as the feedback signal 

to record the sample topography and control the tip movement.  Herein, the oscillating AFM 

tip is brought close to the sample surface, typically a few to tens of nanometer.  At this tip-
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sample distance, the main tip-sample interaction forces monitored are weak attractive forces, 

e.g., van der Waals forces.  The semi-contact mode is useful for studying loosely bound 

molecules.  AFM was here used to determine the MIP and NIP film topography and 

morphology.  Non-contact mode is used primarily in studying long-range interactions between 

the cantilever tip and sample, such as electrostatic or magnetic. 

 

2.3.3.2.2  Scanning electron microscopy (SEM) 

Scanning electron microscopy (SEM) can deliver high-resolution images of a modified 

electrode surface in a high vacuum (at least 10-4 Pa).  A scanning electron beam with energy 

typically ranging from 0.2 to 40 keV is focused on a spot of the sample with a diameter of a 

few nm.  Electrons penetrate the sample and interact with the atoms to a depth of several 

micrometers.  As measured signals, an SEM microscope produces secondary electrons, 

reflected or backscattered electrons and photons of various energies, characteristic X-rays, 

absorbed current, and transmitted electrons.  In the SEM, the most significant signals are those 

of the secondary and backscattered electrons because these vary according to differences in 

surface topography as the electron beam sweeps across the specimen.  Secondary electrons 

originating from a layer located in a sample, a few nanometers from the surface, are detected, 

and a two-dimensional image with a lateral resolution of down to 1 nm can be reached 

(Figure 2-22).  This SEM signal is presented as a variation in brightness on the black-and-

white display.  The ratio of the size of the displayed image to the size of the area scanned on 

the sample defines the magnification.  This magnification can be controlled over a range of ~6 

orders of magnitude, namely, from 10 to 3 000 000 times.  
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Figure 2-22.  Illustration of particles generated from electron-matter interaction and their 

respective information useful for electron microscopes (adapted from68).
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Results and discussion 

Chapter 3 

An insight into the polymerization mechanism of selected 

carbazole derivatives - Why does it not always lead to polymer 

formation? 

The present chapter discusses the research work partially described in a submitted for 

publication manuscript, authored by Jyoti, Evgenia Dmitrieva, Teresa Żołek,  

Dorota Maciejewska,  Krzysztof R. Noworyta,  and  Wlodzimierz Kutner. 

Abstract 

Among numerous carbazole monomers synthesized within this thesis, some show intriguing 

differences in electrochemical polymerization behavior.   Two such carbazole derivatives, 

namely, 9-(4-naphthalen-2-yl)-9H-carbazole (CNZ1) and 3,6-bis(thiophen-2-yl)-9-(4-

naphthalen-2-yl)-9H-carbazole (FM3), were herein studied to a more detail.   The main focus 

of the research was to elucidate the electropolymerization mechanism of both 

compounds.   The monomers were electro-oxidized to form polymer films on 

electrodes.   When CNZ1 and FM3 were electro-oxidized, the overall charge passed amounted 

115 and 1500 µC, respectively, suggesting the formation of a very thin pCNZ1 film and, in 

contrast, a thick pFM3 film.  The polymers showed reversible electrode behavior.   They were 

characterized by UV-vis-NIR spectroelectrochemistry and electron paramagnetic resonance 

(EPR) spectroscopy.  The UV-vis-NIR absorption intensity for the pCNZ1 film was 10 times 

lower than for its monomer; however, for pFM3 absorption spectra, no such trend was seen. 

Furthermore, the EPR signal for CNZ1 was over-modulated to receive a reliable 

response.   The number of radicals formed in pCNZ1 was 30 times lower than in 

pFM3.  Scanning electron microscopy (SEM) imaging revealed a continuous and spherical 

structure of pCNZ1 and pFM3 films, respectively.  The pFM3 film was porous, beneficially 

for ion diffusion.  UV-vis-NIR and EPR spectroelectrochemistry coupled with quantum-

chemical calculations enabled us to explain the differences in the observed behavior.  For 

CNZ1, the radical is delocalized over the whole molecule.  That leads to a lower chance of the 
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radical cation coupling, thus preventing the formation of longer polymeric chains.  In contrast, 

the radical delocalization is much more restricted to the carbazole-thiophene moiety for FM3.  

Consequently, this leads to the formation of longer polymeric chains. 



82 
 

3.1  Introduction  

Carbazoles polymerize upon electro-oxidation to form corresponding polycarbazoles with an 

oxidation potential lower than their parent monomers.  Moreover, the oxidation potentials of 

some non-derivatized carbazole monomers are relatively high, hindering the 

electropolymerization of these monomers.333,334  Furthermore, the high potential application 

causes polymer degradation (overoxidation), slowing the electropolymerization.335  To 

overcome this problem, the monomer conjugation is extended to lower the oxidation potential 

significantly.  That is performed by introducing other aromatic moieties in the 3 and 6 positions 

of the carbazole moiety.  A variety of modifications has been studied in this regard.336–338  

Noteworthy, some published research reports state that electro-oxidization of N-substituted 

carbazoles leads to reactive radicals, which form only dimers181,339 or oligomers.340,341  

However, the substituent influence on the electrode process and radical stability has not been 

extensively studied yet. 

Herein, carbazoles derivatized with the naphthalene moiety at the nitrogen atom, with and 

without thiophene substituents at 3 and 6 carbon atoms were synthesized, and their 

electrochemical properties studied.  It transpired that the 9-(4-naphthalen-2-yl)-9H-carbazole, 

CNZ1, monomer (Scheme 3-1) did not form stable polymer films upon electro-oxidation while 

still being electrochemically active.  On the other hand, the 3,6-bis(thiophen-2-yl)-9-(4-

naphthalen-2-yl)-9H-carbazole FM3 monomer containing thiophene moieties (Scheme 3-1) 

formed readily a conductive polymer upon electro-oxidation.  We aimed to understand this 

behavior difference and origins of the stability of the radical cation formed during the doping 

and de-doping of CNZ1 and FM3 during electro-oxidation using in-situ EPR/UV-vis-NIR 

spectroelectrochemistry assisted by quantum-chemical calculations. 

3.2  Experimental procedures  

Potentiodynamic measurements were performed at room temperature, 20 (1) °C, using the 

electrochemical mini cell filled with the 1 mM monomer and 0.1 M (TBA)PF6 anhydrous 

acetonitrile solution at a potential scan rate of 50 mV s−1.  The UV-vis-NIR/EPR experiments 

were performed using the ITO electrode and the above conditions at a 3.0 or 3.5 mV s-1 scan 

rate.  
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3.2.1  3,6-Bis(thiophen-2-yl)-9-(4-naphthalen-2-yl)-9H-carbazole, FM3, monomer 

synthesizing 

A new electroactive monomer, abbreviated FM3, was synthesized through a multi-step 

process.  First, 9-(naphthalen-2-yl)-9H-carbazole was prepared via Ullmann coupling, widely 

exploited in literature.173  Chapter 2 describes the synthesis' details; however, spectral 

characterization, including normalized UV-vis and fluorescence spectroscopy, are provided 

herein. 

3.2.2  Quantum-chemistry calculations 

The initial geometry of all compounds was generated using the GaussView 6.0342 visualization 

program, while quantum-chemistry calculations were performed using the Gaussian 16W 

software package.  The physicochemical properties of the CNZ1 and FM3 monomers and their 

CNZ1a FM3a dimers (Scheme 3.1), as well as their radical cations and the dications, were 

defined using the density functional theory method (DFT) and Becky-Lee-Yang-Parr's three-

parameter hybrid functional (B3LYP)343,344 with the Pople's triple zeta basis set 6-311G(d,p).  

The solvent effect was considered using the Polarizable Continuum Model (PCM), 

implemented in Gaussian, which defines the cavities as envelopes of spheres on atoms or 

atomic groups.  Acetonitrile was the porogenic solvent used in all calculations considering the 

experimental conditions.  Vibrational frequency calculations ensured that the obtained 

structures represented the local minima.  All calculations were performed using standard 

gradient techniques and default convergence criteria.  For the optimized geometries, the 

neutral, radical cation, and dication species, the HOMO and LUMO energy, HOMO-LUMO 

energy gaps, and total electronic energy values were extracted and analyzed.   

Moreover, the following molecular parameters were computed and interpreted to clarify 

the polymeric potency of the selected CNZ1 and FM3 carbazole derivatives.  The unpaired 

electron spin density distribution for the radical cations and the UV-vis spectra parameters 

(electronic transitions, vertical excitation energies, absorbance, and oscillator strengths) were 

calculated using the time-dependent DFT (TD-DFT) methods.345 
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3.3  Result and discussion 

3.3.1  Experimental spectral characterization of the monomers  

As it follows from Figure 3-1, the normalized absorption and emission spectral maxima for 

CNZ1 in acetonitrile are at λabs, max = 328 nm and 342 nm, and λem, max = 379 nm, respectively.  

In contrast, they are at λabs, max = 314 nm, and λem, max = 387 nm, and 408 nm, respectively, for 

FM3.  Notably, the normalized maximum absorption for CNZ1 is red-shifted compared to 

FM3, despite the latter's more extended conjugation system. 

 
 CNZ1 CNZ1a 

 

 

 FM3 FM3a 

 

Scheme 3-1.  Structural formulas of CNZ1 and FM3 monomers and their CNZ1a and FM3a 

dimers, respectively.  

3.3.2  Simulated absorption spectra and electronic properties  

To better understand the nature of the observed spectral changes, the UV-vis-NIR spectra of 

various forms of monomers and dimers (CNZ1, CNZ1+1•, CNZ1+2, and FM3, FM3+1•, FM3+2) 

in acetonitrile were recorded.  The calculated electronic absorptions correspond to transitions 

from the ground to the first excited state.  One-electron excitation from HOMO to LUMO 

frontier molecular orbitals is mainly described.  The theoretically predicted UV-visible-NIR 
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absorption spectra are visualized in Figures 3-2 and 3-3.  The calculated values of the 

wavelength (λ), excitation energy, oscillator strength (ƒo), and electronic transitions are shown 

in TablesA1 and A2 in Appendix.  
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Figure 3-1.  Normalized absorption and emission spectra of 0.5 mM CNZ1 (red) and FM3 

(blue) in acetonitrile.  

At 328 and 342 nm, two bands are in the experimental CNZ1 normalized absorption 

spectrum (Figure 3-1, red spectrum).  However, only one band at 314 nm is in the FM3 

spectrum (Figure 3-1, blue spectrum).  The corresponding calculated absorption bands appear 

at λ = 327.2 nm, ƒo =0.049 and λ = 354.2 nm, ƒo =0.125 for CNZ1 (Figure 3-2), and at λ = 

315.2 nm, ƒo =0.060 for FM3 (Figure 3-2).  The HOMO → LUMO+1 (95.6%) electronic 

excitation contributes to the transition occurring at λ = 327.2 nm, while the HOMO → LUMO 

(95%) excitation corresponds to the band at 354.2 nm, and the HOMO-1→LUMO (88%) 

excitation corresponds to the band at 315.2 nm (Table A1 in Appendix).  Apparently, the 

experimental and calculational results agree well.  

The TD-DFT calculations for the experimental spectra of CNZ1 and FM3 monomers in a 

neutral state (Figure 3-2 and Table A1) confirm the experimental blue shift of the CNZ1 

normalized absorption band compared to FM3.  The calculations indicate that the dominant 

transition for CNZ1 is the direct HOMO-LUMO transition, with LUMO being located on the 

naphthalene moiety and HOMO on the carbazole unit.  On the other hand, the dominant 

electronic transition for FM3 is the HOMO-LUMO+2 transition, with the HOMO spread quite  
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Figure 3-2.  The TD-DFT 6-311G(d,p) simulated UV-vis spectra of the monomer of (a), (a'), 

and (a") CNZ1 as well as (b), (b'), and (b") FM3 in the form of (a) and (b) neutral molecule, 

(a') and (b') radical cation, and (a") and (b") dication.  All spectra were calculated using 

acetonitrile as the solvent. 

  

Figure 3-3.  The TD-DFT 6-311G(d,p) simulated UV-vis spectra of the dimer of (a), (a'), and 

(a") CNZ1a as well as (b), (b'), and (b") FM3a in the form of (a) and (b) neutral molecule, (a') 

and (b') radical cation and (a") and (b") dication.  All spectra were calculated using acetonitrile 

as the solvent. 
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uniformly over the whole carbazole-thiophene moiety and LUMO+2 more concentrated on the 

thiophene units.  Therefore, the extension of the conjugated system length less influences this 

transition. 

3.3.3  Electrochemical characterizing monomers and their polymers 

Following the synthesis and chemical characterization, cyclic voltammograms of the 

carbazole-based monomers, CNZ1 and FM3, were recorded to reveal electrochemical features 

of both the monomers and their formed polymers.  Electropolymerization was carried out for 

1 mM monomer in 0.1 M (TBA)PF6 anhydrous acetonitrile solution under potentiodynamic 

conditions at a potential scan rate of 50 mV s−1.   
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Figure 3-4.  Multi-cyclic potentiodynamic curves for electropolymerization of (a) 1.0 mM 

CNZ1 and (b) 1.0 mM FM3, and CV doping and dedoping polymers of (c) CNZ1 and (d) FM3, 

recorded at the Pt disk electrode in 0.1 M (TBA)PF6, in acetonitrile at a 50 mV s−1 scan rate. 
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The monomers were used without any additional purification.  First, we deposited polymer 

films on Pt disk electrodes by applying ten potentiodynamic cycles (Figures 3-4a and 3-4b).  

Both CNZ1 and FM3 showed irreversible anodic peaks at 1.37 and 0.87 V vs. Ag quasi-

reference electrode, respectively, during the first anodic scan.  In the second cycle, one broad 

cathodic and one broad anodic peak emerged at potentials between 0.32 and 0.80 V and 

between 0.45 and 0.80 V, respectively, for FM3.  However, for CNZ1, only a small anodic 

peak grew with the cycle number at 1.15 V vs. Ag quasi-reference electrode.  With each 

consecutive cycle, the FM3 peaks increased, confirming the deposition of a conducting film.  

In contrast, the CNZ1 peaks raised only marginally.  

The calculated HOMOs values (Figure 3-5), related to the first oxidation potentials of the 

compounds,346 are -5.64 and -5.23 eV for CNZ1 and FM3, respectively.  These values can be 

recalculated against the ferrocene/ferrocenium (Fc/Fc+) redox couple scale by Equation 3-1.346 

 

EHOMO [eV] = -e (Eox [V] + 4.71 V) (Equation 3-1) 

 

Similarly, the LUMO energy can be related to the first reduction potential by Equation 3-2. 

 

ELUMO [eV]= -e (Ered [V]) + 4.71 V) (Equation 3-2) 

 

 Herein, the Fc/Fc+ formal redox potential was 0.28 V vs. Ag quasi-reference electrode.  

Therefore, the calculated oxidation potentials of the CNZ1 and FM3 are 1.21 and 0.80 V vs. 

Ag quasi-reference electrode, respectively.  With the HOMO energy for the irreversible 

oxidation coinciding with the current onset potential, the calculated values are in good 

agreement with the experimental values of 1.27 and 0.85 V vs. Ag quasi-reference electrode 

for CNZ1 and FM3, respectively.  For the CNZ1 and FM3 monomer, the LUMO energy was 

calculated as -1.56 eV and -1.60 eV, corresponding to relatively negative reduction potentials 

of -2.87 and -2.83 V vs. Ag quasi-reference electrode, respectively.  Therefore, the first 

oxidation potential for the FM3 is by 0.4 V lower than that of CNZ1.  That is in agreement 

with the experimental values.  Noteworthy, the HOMOs for both monomers are highly 

delocalized and spread over the whole molecule, while LUMOs are localized on the 

naphthalene moiety (Figure 3-5a and 5b).  Hence, the reduction will predominantly involve the 
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naphthalene moiety while oxidation the carbazole or thienyl-carbazole and naphthalene 

fragments. 

a 

 

b 
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a' 

 

b' 

 

 

Figure 3-5.  Frontier molecular orbitals and energy gaps of monomers and dimers, in 

acetonitrile, of (a) CNZ1, (b) FM3, (a') CNZ1a, and (b') and FM3a.  (The positive and negative 

phases are red and green, respectively). 
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In a monomer-free solution, pFM3 shows broad anodic and cathodic peaks, each 

composed of three ill-developed overlapping peaks (Figure 3-4d), characteristic of doping and 

de-doping highly conductive polymers.  Three anodic peaks were at 0.57, 0.86, and 1.15 V, 

and three cathodic peaks at 0.50, 0.80, and 1.00 V.  For pCNZ1 (Figure 3-4c), two anodic 

at 1.10 and 1.30 V and two cathodic, one weak at 1.13 and the other well-pronounced at 

1.40 V were present.   

Apparently, during CNZ1 monomer oxidation, only a tiny amount of the polymer is 

formed while significant amounts of dimers and or small oligomers are formed at the electrode 

vicinity.  In contrast, mainly a polymer is formed during FM3a electro-oxidation.  The overall 

charge passed during CNZ1 and FM3 electro-oxidation, being 115 and 1500 µC, respectively, 

supports this inference. 

The calculations of the HOMO and LUMO energy levels for the CNZ1a and FM3a dimers 

(Figure 3-5a' and 5b') confirmed the expected trend of making both energy levels more positive 

than those of the monomers.  In CNZ1a, the HOMO and LUMO energy levels are -5.30 and 

 -1.65 eV, respectively, while for FM3a, the HOMO energy is increased to -4.86 eV, with 

LUMO energy raised to -2.08 eV.  These energy changes translate to less positive oxidation 

and more positive reduction potentials.  Notably, the calculated first oxidation potential of the 

FM3a dimer is much less positive than that of the CNZ1a dimer.  That is understandable given 

more extensive conjugation in the thiophene-appended carbazole monomer.  These calculation 

results agree with electrochemical studies of the deposited polymers in a monomer-free 

solution (Figures 3-4c and 3-4d).  The onset of the oxidation potential for pFM3 (Figure 3-4d) 

is 0.30 V vs. Ag quasi-reference electrode, while for pCNZ1, it can be estimated as 0.90 V 

vs. Ag quasi-reference electrode.  Interestingly, the experimental oxidation onset potential of 

pCNZ1 is quite close to the theoretically calculated value for the first oxidation of the CNZ1a 

dimer (0.87 V vs. Ag quasi-reference electrode).  On the other hand, the oxidation onset 

potential of 0.32 V vs. Ag quasi-reference electrode for pFM3 is by 100 mV lower than the 

theoretically calculated potential for FM3a dimer (0.43 V vs. Ag quasi-reference electrode).  

Most likely, CNZ1 oligomers are relatively short compared to relatively longer polymer chains 

of FM3. 
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We performed EPR/UV-vis-NIR spectroelectrochemical experiments, accompanied by 

extensive quantum-chemistry calculations, for better understanding differences in 

electropolymerization mechanisms of both monomers. 

3.3.4  Scanning electron microscopy (SEM) imaging of pCNZ1 and pFM3 films 

Scanning electron microscopy imaging revealed morphological features of the pCNZ1 and 

pFM3 films.  The SEM images were taken at two different magnifications, i.e., (2.5  2.5) µm2 

and (10  10) µm2 (Figure 3-6).  The film is relatively smooth with the undefined pattern for 

pCNZ1 (Figure 3-6a and 6b).  However, the pFM3 film exhibits a globular structure.  The 

higher magnification image indicates increased film porosity, effective for ion diffusion in and 

out of the film during electrode processes in pFM3 

 

 

Figure 3-6.  The (a,a') high- and (b,b') low-magnification SEM images of the (a,b) pCNZ1 and 

(a',b') pFM3 film on the ITO electrode.   
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3.3.5  UV-vis-NIR spectroelectrochemical examining monomers and polymer films 

The UV-vis-NIR spectroelectrochemical technique helps analyze the products of 

electrochemical reactions.  Herein, thin polymer films were potentiodynamically deposited on 

ITO-layered glass slides under conditions similar to those in Figure 3-4.   

Figure 3-7 shows changes in the UV-vis-NIR spectra recorded in the course of 

potentiodynamic experiments.  During initial electro-oxidation of CNZ1, a new well-defined 

absorption band at 415 nm and a broad band in the 900 to 1200 nm region appear around the 

monomer oxidation onset (Figure 3-7a).  The rather sharp band at 415 nm can be assigned to 

π-π* transition.  CNZ1a dimer calculations confirm that findings as they show that this band is 

linked to HOMO-LUMO transition (Figure 3-3a and Table A2), which in this case are π and 

π* orbitals, respectively.  Both transitions would occur in neutral oligomeric species.  These 

bands can be assigned to forming radical cations (polarons).  Further potential increase 

increases intensities of both the band at 415 nm and that between 900 and 1200 nm.  Especially, 

bands centered at 947 and 715 nm emerges at the potential of 1.25 V.  In accordance with 

calculations (Figure 3-3a'') this band can be assigned to dications formed during further 

oxidation of oligomers.  Subsequently, the band at 715 nm, at the oxidation potential of the 

monomer, dominates the spectrum.  After electro-reduction, the spectra resemble those of the 

neutral compounds.  That is, no new bands are generated, indicating the electrochemical 

process reversibility and lack of the following chemical reactions.   

The TD-DFT calculated UV-vis-NIR spectra of neutral and positively charged CNZ1 

molecules (Figure 3-2a, 2a', 2a" and Table A1) show transitions at 710 and 1494 nm if the 

radical cation, CNZ1+1•, is formed (Figure 3-2a').  That leads to a spectrum with one band at 

730 nm and a broad asymmetric band centered at 1500 nm.  Interestingly, the dication 

formation leads to the appearance of essential transitions at 660 and 704 nm and the 

suppression of the transition in far NIR (Figure 3-2a'').  The spectral shape shows an almost 

intact band at 730 nm and a suppressed NIR tail.  That implies that the experimental band at 

715 nm and a broad band between 900 and 1200 nm are associated with radical cations 

formation during monomer electro-oxidation.  However, the band at 415 nm is not considered 

in the computations, nor is the growth of the narrower band at 947 nm seen in the spectra 

estimated. 
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If the formation of the (6-6')-coupled CNZ1a dimer is considered, then spectra of this 

dimer in the neutral and charged state can be such as those presented in Figures 3-3a, 3a', and 

3a" and Table A2 in Appendix.  The neutral dimer exhibits two dominant transitions at 338 

and 386 nm, red-shifted compared to the monomer.  The CNZ1+1• formation leads to relatively 

strong transitions at 1051 and 1311 nm, while the dication formation - to the transitions at 1016 

and 1498 nm.  Moreover, both charged CNZ1a forms exhibit dominant transitions in the farther 

NIR region, i.e., at 2000 nm. 
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Figure 3-7.  The UV-vis-NIR spectra evolving during the first scan of electro-oxidation of 

(a) CNZ1, (b) FM3, (c) pCNZ1, and (d) pFM3, recorded at the ITO electrode vs. Ag/AgCl in 

0.1 M (TBA)PF6, in acetonitrile, at a 3-mV s-1 scan rate.  Each monomer concentration was 

1 mM. 

In the oxidized FM3 spectra (Figure 3-7b), the absorption band at 314 nm disappears, and 

new broad radical cation bands at 385, 512, and 1085 nm are formed.  The band at 892 nm is 
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the most pronounced at a high oxidation potential.  All bands intensity increases with the 

potentiodynamic cycle number (Figure 3-7b).  The appearance of broad bands upon oxidation 

proves polymer film formation on the electrode surface, then the polymer film doping with the 

formation of radical cation and then dication.  The band at 395 nm appears in the spectra of 

the first-cycle return potential scan.  Its intensity further increases with the cycle number.  That 

indicates that the band originates from electronic transition occurring in the neutral conjugated 

polymer chain.  

The TD-DFT calculated UV-vis-NIR spectra of the neutral and charged FM3 monomers 

(Figure 3-2b, 2b', and 2b" and Table A1 in Appendix) show critical transitions at 306, 313, 

336, and 366 nm.  Upon oxidation, transitions at 841 and 1030 nm and at 877 and 951 for 

cation radical and dication, respectively, appear.  The FM3 radical cation exhibits transition in 

far NIR, i.e., at 1878 nm.  In this range, the dication shows much weaker transitions at 1800 

and 2028 nm.   

On the other hand, the calculated spectra of the FM3a dimer (Figure 3-3b, 3b', and 3b" 

and Table A2 in Appendix) show a transition at 431 nm and a dominant one at 521 nm for the 

neutral dimer.  Dimer oxidation generates transitions at 873 and 1024 nm for the radical cation 

and 995 and 1317 nm for the dication.  Moreover, for both charged forms of the FM3a dimer, 

intense signals in the far NIR region of 2000 to 3000 nm appear and are the strongest. 

Furthermore, pCNZ1 and pFM3 polymers deposited on ITO electrodes were investigated 

in a monomer-free electrolyte solution (Figures 3-4c and 3-4d, respectively).   

During neutral pCNZ1 oxidation, the intensity of the neutral polymer band at 318 nm 

decreased, and a radical cation new band at 430 nm and in the range of 600 to 2000 nm 

appeared.  However, the absorption signal was weak.  These radical cations were further 

oxidized to dications at higher potentials generating the transition at 795 nm.   

During neutral pFM3 oxidation, bands at 516, 712, and 1250 nm emerged while the one 

at 398 nm decreased.  Upon further potential increase, bands at 633 and 1250 nm, ascribed to 

the radical cation, dominated the spectrum.  After reaching 1.00 V, the bands at 560 and 1030 

nm became important.  Presumably, the radical cations were further oxidized, generating 

dications responsible for these new bands' emergence.  This inference is supported by the FM3a 

dimer radical cation and dication calculated spectra (Figures 3-3b' and 3-3b", and Table A2 in 
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Appendix), where the dication formation leads to stronger electronic transition at 995 nm at 

the expense of the transition at 1024 nm for the radical cation. 

 Changes of the absorbance at the wavelength corresponding to characteristic bands 

observed during CV measurements on the CNZ1 and FM3 monomer solutions (Figure 3-8) 

offer insight into the origin of these bands.  For the CNZ1 monomer, absorbance corresponding 

to the band at 1000 nm (Figure 3-8a) increases with the onset of the anodic peak recorded in 

the course of monomer electro-oxidation.  During the cathodic scan, the absorbance of this 

peak decreases.  During the first three oxidation-reduction cycles, the absorbance increases 

then it remains nearly constant.  That would indicate that this band is a dicationic electronic 

transition.  The band at 520 nm (Figure 3-8a') has an interesting double-peak shape, with 

maxima appearing at the potential of 1.20 V vs. Ag/AgCl during both anodic and cathodic 

scans.  This band has a saddle point at the potential of 1.40 V.  That is consistent with the 

formation of the radical cation, which is then further oxidized to dication during the anodic 

scan.  The reverse process occurs during the return cathodic scan, i.e., the dication is reduced 

to the radical cation, then to the neutral monomer.  The band's behavior at 308 nm, which is in 

the range of absorption corresponding to neutral molecule electronic transitions, is somewhat 

curious (Figure 3-8a").  In the first cycle, absorption slightly increased at the potential scanning 

started from 1.20 V.  However, in the return scan, the absorption increased below 0.70 V, 

reaching maximum at 0.35 V, then slowly decreased through the rest of the cathodic and 

beginning of the subsequent anodic scan.  Then, the absorption abruptly declined from the 

potential of 0.80 V during the next cycle.  This sequence of events is repeated in consecutive 

cycles, increasing the maximal absorption in each cycle.  Presumably, this behavior indicates 

the formation of new species following electro-oxidation of the CNZ1 monomer.  Typically, 

oligomer species are formed in the electrode vicinity through radical coupling. 

A similar analysis has been performed for the FM3 absorbance during oxidation-reduction 

cycles (Figure 3-8).  In the first cycle, the band at 1126 nm increased when the potential 

reached 0.80 V vs. Ag/AgCl, coinciding with the FM3 anodic peak potential (Figure 3-8b"). 

Then the absorbance reached the maximum at 1.15 V and then decreased until the potential 

reached 0.20 V, which coincides with the end of the cathodic peak of the polymer formed.  In 

subsequent cycles, absorbance at 1126 nm increased at 0.30 V, which corresponds to the 
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onset of the polymer oxidation current, then reached the maximum at 1.19 V and then 

decreased for the potential reaching 0.20 V.  This sequence was repeated in consecutive 

cycles, but the absorbance maximum increased until the third cycle and then remained 

relatively stable.  This behavior suggests that the broad band centered at 1100 nm corresponds 

to the oxidation of polymer chains, i.e., the formation of radical cations, which are then reduced 

during the return potential scan. 

 

Figure 3-8.  The absorbance changes, at selected wavelengths, with applied potential recorded 

during multi-cyclic electro-oxidation of (a), (a'), and (a") CNZ1 as well as (b), (b'), and (b") 

FM3 at the ITO electrode in 0.1 M (TBA)PF6, in acetonitrile, at a 3-mV s-1 scan rate.  Each 

monomer concentration was 1.0 mM. 

In the first potential cycle, absorbance at 399 nm increased at 0.80 V, i.e., where the FM3 

monomer is oxidized (Figure 3-8b').  Next, it reached a plateau at 1.20 V, then increased 

rapidly during the cathodic scan from 0.90 V to 0.00 V.  Subsequently, it became constant 

until the potential of 0.35 V was reached during the next anodic scan.  The second increase 

of the absorbance coincided with the beginning of the reduction of the polymer formed in the 
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return scan.  Afterward, the absorbance decreased and reached a minimum at 1.20 V.  

Importantly, the absorbance did not decrease to zero but remained substantial during the 

oxidation of the pFM3 film formed.  This pattern was repeated in consecutive cycles.  This 

behavior is consistent with the conclusion that the band centered at 400 nm corresponds to 

the absorption of the neutral polymer.  During film doping, radical cations are generated at the 

expense of the intensity of the neutral polymer band.  The effect is opposite during the 

reduction of the preliminary oxidized polymer film. 

The absorption at 311 nm substantially decreased during first oxidation, starting from 

potential 0.80 V, then reached negative values (Figure 3-8b).  The signal at this wavelength 

most likely originates from a neutral FM3 monomer present in the solution, which is then 

oxidized to form a polymer film on the electrode.  After reaching the absorbance minimum at 

1.20 V, the absorbance slightly increased until attaining the potential of 0.60 V during the 

cathodic scan.  Then there was a plateau for potentials up to 0.30 V followed by a further 

absorbance increase until the next anodic scan.  This behavior can be associated with partial 

reduction of the non-polymerized FM3 monomer or its dimer to the neutral form.  This redox 

pattern was repeated in successive potential cycles.  That is, the absorbance at 311 nm 

decreased from the potential of 0.70 V till 1.20 V in the anodic scan, then increased in two 

steps in the cathodic scan and at the beginning of the following anodic scan until attaining the 

potential of 0.70 V.  However, the absorbance changes in subsequent cycles were much smaller 

than during the first cycle.  That means that the bands are linked to oxidation and reduction of 

species in solution, most probably FM3 dimers or trimers. 

Interestingly, changes of absorbance at 540 nm with potential (not shown) are quite similar 

to those at 1126 nm except for the formation of the plateau in the potential range of 1.00 to 

0.89 V.  It indicates that the band originates from polymer doping and de-doping leading to the 

formation of radical cations and dications, respectively. 

3.3.6  EPR spectroelectrochemistry studies 

EPR spectroelectrochemical measurements were carried out to gain information on the radical 

products of electrochemical reactions.  For CNZ1, the EPR signal was over-modulated to 

receive a reliable response for the monomer-containing and monomer-free solutions.  For the 

monomer CNZ1 solution, the EPR signal (Figure 3-9a) in the potential range of 1.25 to 1.30 
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V vs. Ag/AgCl was broad with the g-factor of 2.00285 and a linewidth of 0.80 mT.  A narrow 

signal appeared in subsequent potential cycles with the nearly identical g-factor of 2.00284.  

Its intensity increased with the cycle number.  The EPR spectra shape indicates the formation 

of a relatively delocalized radical interacting with numerous nuclei even during the first 

potential cycle.  The delocalization increased in subsequent potential cycles.   

 

 

Figure 3-9.  (a) The EPR signal for 1.0 mM CNZ1 monomer measured at the monomer anodic 

peak potential of 1.30 V; inset is the EPR signal for the CNZ1 monomer.  (b) The (blue) curve 

of spin concentration change vs. potential during oxidation and then reduction of CNZ1, 

compared with the (red) CV curve.  (c) The EPR signal for 1.0 mM FM3 measured at the 

monomer anodic peak potential of 1.07 V; inset is the EPR signal for the FM3 monomer.  (d) 

The (blue) curve of spin concentration change vs. potential during oxidation and then reduction 

of FM3, compared with (red) the CV curve.  

However, the measured g-factor was consistent with radicals interacting with highly 

electronegative atoms (here, presumably, nitrogen atoms or carbon atoms neighboring nitrogen 

atoms) or extended conjugated systems, e.g., naphthalene.347–349  The EPR signal double 
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integration resulted in the potential dependence of the total spin concentration.  For CNZ1, the 

number of spins remained zero until the potential of 1.10 V vs. Ag/AgCl was reached 

(Figure 3-9b).  When the potential attained the range of the carbazole oxidation, i.e., exceeded 

1.10 V vs. Ag/AgCl, the spin concentration commenced increasing till the potential of 1.25 V 

was reached and then decreased.  During the return scan, the spin concentration still decreased 

to the potential of 1.30 V and then increased to 0.90 V.  When the potential became lower 

than 0.90 V, the spin concentration decreased once again.  This effect originates from radical-

cation-bearing species generated in the potential range of 1.10 to 1.25 V, then the 

simultaneously formed bipolaronic species with paired spins.  In the return potential scan, the 

radical cation formation became dominant in the range of 1.30 to 0.90 V.  Finally, reduction 

of the formed compounds leads to the formation of neutral molecules.  However, the total spin 

number does not return to zero.  That is typical for organic polymers and is known as residual 

spins.  Therefore, the oxidation product formed remained partially oxidized. 

On the other hand, for the FM3 monomer solution, a well-defined EPR signal appeared at 

1.07 V vs. Ag/AgCl in the first anodic scan and at 0.70 V vs. Ag/AgCl in subsequent cycles 

(Figures 3-9c and 3-9d).  The g-factor of the signal is 2.00258, which is lower than for CNZ1.  

Moreover, for FM3, the EPR signal shape points to delocalization of the radical even during 

the first potential cycle.  The g-factor value indicates that the radical is less coupled with 

nitrogen atoms and more with the carbon and sulfur atoms.348–350  The signal intensity increased 

with the cycle number, and there was no broad signal (Figure 3-9c).  The g-factor slightly 

decreased in subsequent cycles to 2.00252, indicating higher radical delocalization in the 

polymer chains formed.  The EPR signal double integration resulted in the total spin 

concentration dependence on the potential (Figure 3-9d).  Here, this concentration increased at 

potentials exceeding 0.80 V during the oxidation and until the potential of 0.70 V was reached 

during the reduction.  The spin concentration decreased gradually, with the potential decrease 

to 0.00 V.  Significantly, there was no apparent drop in the spin number at potentials exceeding 

the anodic peak potential, indicating the less effective dication formation.   

During CV studies of pCNZ1 in a monomer-free solution, a weak EPR signal appeared at 

1.20 V vs. Ag/AgCl with the g-factor of 2.00285.  This value is the same as that determined 

for polymer deposition, as well as the linewidth of 0.14 mT (Figure 3-10a).  The linewidth 

lower than that measured for pCNZ1 deposition indicates higher electron delocalization in the 
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polymer chains.  However, the unchanged g-factor indicates that the radical coupling to 

carbazole and naphthalene carbon atoms remained largely intact.  Moreover, the EPR double 

integral vs. potential curve follows the trend of the cyclic voltammogram (Figure 3-10b).  This 

result is consistent with electro-oxidational depositing a thin polymer or oligomer film on the 

electrode. 

For the pFM3 film in the monomer-free solution, a clear and strong EPR signal is seen 

(Figure 3-10c).  A high-spin concentration signal is accumulated at the experiment initiation, 

typically for electropolymerized conjugated polymers, indicating that not all cation radicals 

are reduced to the neutral form during polymer electrodeposition.  The relative number of spins 

remained almost constant until the potential of 0.50 V vs. Ag/AgCl was attained (Figures 3-

10c and 3-10d).  When the potential reached the region of the carbazole-thiophene oxidation, 

i.e., above 0.70 V vs. Ag/AgCl, the spin concentration commenced increasing, manifested as 

an increase in the intensity of the EPR signal.  This intensity increased until the potential of 

0.80 V, indicating radical cation formation.  Moreover, ill-resolved anodic and cathodic peaks 

appeared in the cyclic voltammogram during the oxidation and reduction of the polymer 

(Figure 3-10d).  At the potentials exceeding 0.80 V, the spin concentration decreased slightly, 

causing signal broadening.  The partial formation of the spin-less dication explains this effect 

(Figures 3-10c and 3-10d).  

The EPR signal and the spin number increased during the polymer reduction until ca. 

0.70 V and then gradually decreased.  However, both EPR signal and spin number (Figure 3-

10d) did not disappear entirely after the reduction indicating non-complete polymer reduction.  

A more detailed analysis of the g-factor and EPR linewidth evolution with the potential applied 

is shown in Figure 3-10e.  In the organic radicals, it is not easy to specify the g-factor values 

because of their narrow range, i.e., between 2.00 – 2.01, which is close to the free-electron 

value of 2.0023.351  Apparently, the residual spins originating from electropolymerization were 

located mainly on carbon atoms, presumably on the thiophene ring, in the form of polarons as 

indicated by the initial g-factor value of 2.00218.335,352  The g-factor value increase 

accompanies the oxidation of the polymer, first to 2.00221 and then to 2.00229.  This behavior 

is unexpected, as the formation of polaron states leads to a decrease in the g-value, and the 

formation of bipolarons is linked with a g-factor increase.353   
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Figure 3-10.  The EPR spectra for pCNZ1 deposited on the ITO-layered glass slide in a 

monomer-free solution (a) at 1.20 V vs. Ag/AgCl.  (b) The (blue) spin concentration change 

with the potential curve during doping and dedoping, compared with the (red) CV curve.  The 

EPR spectra for pFM3, deposited on ITO, during (c) potentiostatic electrochemical doping, 

(d) the (blue) spin concentration change during doping and dedoping, compared with the (red) 

CV curve.  (e) (red) In-situ determined g-factor and the change in (blue) the EPR signal 

linewidth vs. potential for pFM3.  
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 This observation may indicate some overlap of the redox processes when polaron and 

bipolaron are formed at relatively close potentials.  Noteworthy, the g-factor of 2.00221 for the 

reduced polymer is higher than that initial of 2.00218, indicating slight changes in the polymer 

electronic structure during oxidation-reduction changes.  From Figure 3-10e, the linewidth 

evolution with potential shows its gradual decrease from 0.085 mT until the potential of ca. 

0.70 V when linewidth decreased sharply, reaching 0.055 mT.  The decrease of the signal width 

indicates the formation of polarons during polymer oxidation up to 0.70 V.  Then, the 

linewidth increased substantially with the potential increase reaching 0.105 mT at 1.20 V and 

then decreased with the pFM3 reduction.  The g-factor and linewidth evolution stipulates that 

doping proceeded through oxidation of neutral molecule to radical cations and dications 

located on carbon and sulphur atoms.  The polymer reduction proceeds through the bipolaron 

to polaron, then to a neutral polymer, although the polymer is not fully de-doped in the 

experiment timescale.  Interestingly, at potentials less positive than 0.50 V, the EPR signal 

width rapidly increased back to nearly its initial value.  This behavior is consistent with the 

existence of more localized spin defects remaining after incomplete reduction of the polymer.  
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Figure 3-11.  Comparison of the total number of spins formed (a) during (red) CNZ1 and 

(blue) FM3 potentiodynamic electropolymerization on ITO and (b) in the preliminarily formed 

(red) pCNZ1 and (blue) pFM3 in a monomer-free solution. 

The total number of spins generated during multi-cyclic FM3 monomer oxidation in 

consecutive potential cycles rose much faster than during CNZ1 monomer oxidation, although 

the initially generated number of spins was quite similar for both monomers (Figure 3-11).  

However, the number of radicals formed in pCNZ1 were 30 times lower than in pFM3, in 
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harmony with the much thinner polymer film formed (Figure 3-11).  Nevertheless, the number 

of spins generated during each oxidation-reduction cycle was quite reproducible for both films. 

These findings are supported by spin density maps (Figure 3-12) of radical cations for both 

monomers.  The spin density in the CNZ1 radical cation (Figure 3-12a) is spread throughout 

the molecule.  However, the spin density in the FM3 radical cation is mainly concentrated on 

the carbazole thiophene moiety (Figure 3-12b). 

 

a 

 

b 

 

 

Figure 3-12.  Spin density distribution in radical cations (isovalue = 0.001) of (a) CNZ1 and 

(b) FM3 monomers.  Blue and green colors represent positive (spin-up) and negative (spin-

down) spin polarization, respectively. 

 The experimental findings suggest that the effective polymerization in CNZ1 is lowered 

because the generated radical cation is delocalized over the entire molecule, including the 

naphthalene moiety.  The electrostatic potential surface (EPS) calculations (Figure 3-13) for 

neutral molecules, radical cations, and dications of CNZ1 and FM3 support this finding. 

Generally, the EPS is derived from the electron density.  It enables a better understanding of 

chemical reactivity.  Figure 3-13 depicts the EPS around the CNZ1 and FM3 monomers, with 

red, blue, and green colors representing the highest negative, positive, and neutral electrostatic 

regions responsible for electrophilic or nucleophilic attack.354  The positive (blue) electrostatic 

potential is propagated across all compounds, as seen in the ESP map of investigated 

compounds.  However, the negative (red) electrostatic potential is located inside the carbazole 

moiety and on the thiophene rings for the neutral forms.  The radical cation form produces an 

overall positive electrostatic potential, higher at the center.  The thiophene rings feature the 

lowest positive ESP values ranging between +0.06 and +0.07 a.u.  These findings demonstrate 
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that thiophene substituents at the carbazole ring alter the distribution of ESP around the 

monomers investigated and enhance the reactivity of their radical-cation forms.  A similar ESP 

trend is seen for the CNZ1 and FM3 dimers.   

 

Neutral 

molecule 

CNZ1 

 

 

FM3 

                               

 

Radical cation  

  

Radical 

dication  

  

Figure 3-13.  Visualization of the electrostatic potential (ESP) of CNZ1 and FM3 monomers 

in acetonitrile.  The isodensity surface represents the molecules at 0.001 a.u. of an electron 

density function, colored according to the local ESP.  

   



106 
 

Electrochemical, UV-vis-NIR, and EPR spectroelectrochemical studies, combined with 

DFT calculations, confirmed that the studied CNZ1 and FM3 monomers undergo oxidation, 

forming radical cations.  However, the CNZ1 radical cation is largely delocalized, making 

longer oligomers and polymers' initiation more difficult than in the case of the FM3 radical 

cation. 

3.4  Conclusions 

 The results compare the photo- and electrochemical properties of the naphthalene-

appended carbazole and thienyl-carbazole, as well as their polymers.  Upon oxidative 

electropolymerization, CNZ1 forms a thin film.  However, dominant products are short-chain 

oligomers that do not adhere to the electrode surface.  For FM3, a thick conducting film is 

deposited on the electrode upon electropolymerization.  The UV-vis-NIR and EPR 

spectroelectrochemical experiments combination with quantum chemistry calculations 

allowed understanding differences in mechanisms of the electropolymerization between those 

two monomers.  Both polymer films were electroactive in an acetonitrile solution of the 

(TBA)PF6 supporting electrolyte upon electro-oxidation.  The UV-vis-NIR absorption of 

CNZ1 is linked with the formation of localized cation radicals consisting of oxidized 

monomers and dimers and weak EPR signals. 

 On the other hand, the FM3 showed a strong absorption band, indicating the formation of 

more extensively conjugated systems and a stable EPR signal.  Moreover, reversible EPR and 

UV-vis-NIR spectroscopic features were revealed during polymers' doping and dedoping.  The 

EPR spectroscopy study divulged that paramagnetic and diamagnetic species were formed at 

lower and higher oxidation potentials.  

 Comparison of the experimental results with the DFT calculated spin density maps, 

Mulliken charge distributions, and electrostatic potential surfaces for CNZ1 and FM3 in 

neutral, cation radical, and dication were made.  For CNZ1, the radical delocalization was 

significant, lowering the chance of cation radical coupling reaction and preventing the 

formation of longer polymeric chains.  However, in FM3, the radical delocalization was 

restricted to the carbazole-thiophene unit.   
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Chapter 4 

Molecularly imprinted polymer (MIP) nanoparticles-based 

electrochemical chemosensors for selective determination of 

cilostazol and its pharmacologically active primary metabolite in 

human plasma 

The research work described in Chapter 4 encompasses the study using MIP nanoparticles 

(Section 4.1) and MIP films (Section 4.2) for devising, fabricating, and testing chemosensors 

for selective cilostazol determination in human plasma. 
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4.1  Molecularly imprinted polymer nanoparticles-based 

electrochemical chemosensors for selective determination of 

cilostazol and its pharmacologically active primary metabolite in 

human plasma  

The present Section 4.1 of Chapter 4 discusses the research work partially published in 

Biosens. Bioelectron., 2021, 193, 113542, https://doi.org/10.1016/j.bios.2021.113542 

. 

Abstract 

Molecularly imprinted polymer (MIP) nanoparticles-based differential pulse voltammetry 

(DPV) and electrochemical impedance spectroscopy (EIS) chemosensors for antiplatelet drug 

substance, cilostazol (CIL), and its pharmacologically active primary metabolite, 3,4-

dehydrocilostazol (dhCIL), selective determination in human plasma were devised, prepared, 

and tested.  Molecular mechanics (MM), molecular dynamics (MD), and density functional 

theory (DFT) simulations provided the optimum structure and predicted the stability of the pre-

polymerization complex of the CIL template with the chosen functional acrylic monomers.  

Moreover, they accounted for the MIP selectivity manifested by the molecularly imprinted 

cavity with the CIL molecule complex stability higher than that for each interference.  On this 

basis, a fast and reliable method for determining both compounds was developed to meet an 

essential requirement concerning the personalized drug dosage adjustment.  The LOD at the 

signal-to-noise ratio of S/N = 3 in DPV and EIS determinations using the ferrocene redox probe 

in a "gate effect" mode was 93.5 (2.2) and 86.5 (4.6) nM CIL, respectively, and the linear 

dynamic concentration range was 134 nM to 2.58 µM in both techniques.  The chemosensor 

was highly selective to common biological interferences, including cholesterol and glucose, 

and less selective to structurally similar dehydroaripiprazole.  Advantageously, it responded to 

3,4-dehydrocilostazol, thus allowing for the determination of CIL and dhCIL together.  The 

EIS chemosensor appeared slightly superior to the DPV chemosensor concerning its selectivity 

to interferences.  The CIL DPV sorption data were fitted with Langmuir, Freundlich, and 

Langmuir-Freundlich isotherms.  The determined sorption parameters indicated that the 

imprinted cavities were relatively homogeneous and efficiently interacted with the CIL 

molecule.  

https://doi.org/10.1016/j.bios.2021.113542
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4.1.1  Introduction 

The study described in the present chapter provides a systematic approach to fabricate an 

electrochemical chemosensor for the selective determination of CIL.  The simulations using 

MM, MD, and DFT established the stoichiometry and stability of both the pre-polymerization 

complex of CIL with the chosen functional and cross-linking monomers, as well as CIL and 

each interferent separately, with the molecular cavity imprinted with CIL in nanoMIPs, 

towards nanoMIP selectivity. 

 NanoMIPs with the highest CIL binding efficiency were then chosen to fabricate 

chemosensors to determine CIL and dhCIL.  For that, the nanoMIPs were embedded in a 

polytyramine film, deposited by electropolymerization on Au disk electrodes (Figure 4.1-1).  

The nanoMIPs molecular cavities' binding CIL and dhCIL abilities were evaluated using the 

"gate effect."304,355  Moreover, CIL was determined in human plasma.  Because few earlier 

reported electrochemical chemosensors for CIL lack interferences studies confirming the 

chemosensor suitability for practical use,247,249 we strongly believe that our present research 

provides unique detailed results on the electrochemical chemosensing in the human plasma of 

CIL and dhCIL, in which the matrix effect is considered.  The prepared chemosensor is 

inexpensive, sensitive, easy to operate, and selectively determines CIL and dhCIL. 

 

Figure 4.1-1.  The flowchart of electrochemical chemosensor preparation. 
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4.1.2  Experimental and procedures 

The procedure for synthesizing the CIL-templated MIP nanoparticles and their method of 

immobilization on an electrode with polytyramine has been discussed in Chapter 2.  In the EIS 

experiments, an ac excitation signal of frequency in the range of 1 MHz to 100 mHz and 10-

mV sinusoidal amplitude was used, and signals were measured at the constant potential of 0.20 

V vs. Ag quasi-reference electrode applied.  In DPV measurements, the potential step was 

5 mV, and the amplitude of 50-ms pulses applied was 25 mV. 

4.1.2.1  Samples preparing for the nanoMIPs or nanoNIPs binding cilostazol tests 

A 100 μM CIL stock acetonitrile solution was prepared.  Separately, suspensions of polymer 

NPs (1, 10, and 15 mg) in acetonitrile (500 μL) were prepared and then mixed with the CIL 

stock solution (100 μL).  The final sample volume was next adjusted to 1 mL with acetonitrile.  

Subsequently, the polymer NPs were allowed to bind CIL overnight at room temperature on a 

homemade tube rotator.  Afterward, they were centrifuged off (10 000 rpm, 30 min).  Lastly, 

a supernatant solution (500 μL) was pipetted off and then filtered before HPLC determination 

of CIL in it.  The amount of CIL bound to polymer NPs was calculated by subtracting the 

amount of unbound CIL from its initial amount. 

4.1.2.2  Preparing cilostazol spiked plasma solutions 

For CIL determination in a real sample, a human plasma sample (0.5 mL, with citrate as the 

anticoagulant) donated by healthy volunteers was ten times diluted with acetonitrile (4.5 mL) 

to prepare a stock solution.  This dilution resulted in precipitation of a solid, centrifuged out at 

10 000 rpm for 10 min at 25 C.  Next, ferrocene and (TBA)ClO4 were added to the supernatant 

to reach 10 mM and 0.1 M concentrations, respectively.  Then, measurements were performed 

at known CIL concentrations.  Similarly, 100 times diluted artificial Nortrol serum solutions 

spiked with different concentrations of CIL were prepared following the procedure mentioned 

in the Appendix. 

 After chemosensor fabrication, a 1-ml sample of the above ferrocene redox probe solution 

was placed in an electrochemical cell, and the polytyramine (nanoMIP-A) or polytyramine 

(nanoNIP-A) film-coated electrode was immersed in this solution.  Later, CIL of different 
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concentrations was added, and both DPV and EIS measurements were performed.  The 

resulting changes in the detection signals were then used to construct the calibration plots. 

4.1.2.3  Cilostazol-induced protein precipitating in human plasma 

The UV-vis spectroscopy experiments were performed to evaluate possible CIL interaction 

with human plasma proteins.  For that, a stock acetonitrile solution of CIL was prepared.  Two 

separate CIL samples of this solution (2.7 mL each) were taken to study the possible loss of 

free CIL because of its interaction with the proteins, followed by their precipitation.  Water 

(0.3 mL) was added to one sample while plasma (0.3 mL) was to the other.  These solutions 

were vortexed at room temperature and then centrifuged at 10 000 rpm for 10 min.  Finally, 

1 mL of a supernatant sample was pipetted off for the UV spectroscopy measurements. 

4.1.3  Results and discussion  

4.1.3.1  Optimizing nanoMIPs composition 

To optimize the nanoMIPs composition, we synthesized nanoMIPs at different FM and CLM 

combinations and ratios by assessing their affinity for CIL by HPLC (Figure 4.1-2).  Aiming 

at small, globular particles to interface with an electrode, we found nanoMIP synthesis by 

precipitation polymerization in acetonitrile as a promising opportunity.  This porogenic solvent 

is often used for synthesizing sub-micrometer-sized MIP particles,356 predominantly via 

noncovalent imprinting based on H-bonding.  Thus, the presence of the lactam group on a CIL 

molecule is suitable for H-binding.  High CIL solubility in acetonitrile prompted us to test 

some FMs, commonly used with this solvent, to imprint molecular cavities in nanoMIPs by 

incurring H-bonding.  The tested FMs included MAA, 4-VP, and IA (Table 4.1-1).  Among 

them, MAA is, perhaps, the most widely used to synthesize nanoMIPs.  Moreover, IA is a 

common (carboxylic acid)-based FM, which can afford multiple interactions thanks to its dual 

functionality.  Besides, 4-VP is used to raise π-π stacking in aqueous solutions,357 but it can 

also build a synergistic effect with MAA in the acetonitrile solvent.358  Furthermore, the 

presence of aromatic moieties, such as a tetrazole and a 6-membered ring located close to the 

lactam moiety on a CIL molecule suggests that the application of 4-VP might be promising. 

 The nanoMIPs, prepared solely using the MAA functional monomer, bound CIL stronger 

than other synthesized nanoMIPs did (Figure 4.1-2a).  Surprisingly, the exchange of IA for 
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MAA to serve as the FM did not improve the nanoMIPs properties.  Instead, it slightly 

increased the non-specific binding on nanoNIPs despite twice as many available carboxyl 

groups on the MAA molecule.  Further, replacing acetonitrile with octanenitrile, a lower-

polarity solvent favoring H-bonding, appeared unsuccessful in improving the nanoMIP-C 

binding capacity (Figure 4.1-2c).   
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Figure 4.1-2.  Histograms of 10 μM CIL binding by (black) nanoMIPs and (red) nanoNIPs at 

different polymer NPs concentrations.  The nanoMIPs and nanoNIPs were prepared using 

functional monomers of (a) methacrylic acid, (b) and (c) methacrylic acid, and 4-vinylpyridine 

as well as (d) itaconic acid.  The solvent for polymerization was (a), (b), and (d) acetonitrile 

and (c) octanenitrile.   

 

 Next, for each monomer combination used to prepare nanoMIPs, the binding capacity of 

the nanoMIPs to CIL was determined (Table 4.1-1).  Apparently, this capacity is the highest 

for nanoMIP-A.  Therefore, this polymer was further used for chemosensor preparation.  For 

different nanoMIPs, the order of the determined binding capacity was the same as that of the 
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calculated Gibbs free energy changes (Gcomplex), i.e., predicted stability of the pre-

polymerization complexes formed in solution. 

 Because of a normalized binding capacity to CIL relatively high, nanoMIP-B might be 

another candidate for chemosensor preparation.  However, CIL template complete removal 

from the nanoMIP-B appeared difficult.  Over 50 extraction rounds were needed for that.  

Therefore, nanoMIP-B was not used any further. 

4.1.3.2  Computer simulations procedures 

The stability of the CIL : FM pre-polymerization complex formed in the solution for 

polymerization is crucial for successful molecular imprinting.  The Gibbs free energy changes 

due to the formation of different complexes were calculated to ascertain this stability.  Toward 

that, the boxes containing the CIL molecule were surrounded by sixteen FM molecules to 

obtain the initial complex structures.  For the solution in which two different functional 

monomers were present, such as MAA (FM1) and 4-VP (FM2), the CIL template molecule 

was surrounded by a mixture of FMs in the 1 : 8 : 8 molar ratios.  The monomer molecules 

were randomly located around the template molecule, and then the energy was minimized.  

Next, eight FM molecules were chosen by considering the strongest interactions with the CIL 

molecule and the molar ratios according to the synthesis procedure, namely, CIL : FM of 1 : 8 

or CIL : FM1 : FM2 of 1 : 4 : 4.  Then, the obtained complex structures were optimized again.  

Next, twenty-five molecules of CLM were added to the systems, reflecting the stoichiometry 

adopted in the synthetic procedure, and then the Gibbs free energy was minimized.  

Subsequently, the MD simulations for each system of the CIL : FM : CLM ratios of 1 : 8: 25 

and CIL : FM1 : FM2 : CLM of 1 : 4 : 4 : 25 were performed.  Furthermore, CIL molecules 

were removed from the polymers, and the emptied spaces were proposed as theoretical models 

of molecular cavities imprinted in the nanoMIPs. 

 These cavities were then used for sorption and selectivity modeling.  CIL was used in the 

binding efficacy examinations of nanoMIP-A through nanoMIP-D to rationalize the selection 

of the monomer (Figure 4.1-3).  Theoretical selectivity studies were performed by inserting 

molecules of dhCIL, dehydroaripiprazole, cholesterol, or glucose interferences in the 

nanoMIP-A model cavity instead of the CIL analyte molecule.  Those molecules' interactions 

with the cavity in an acetonitrile-water solution were simulated with MD, and the Gibbs free 
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energy change (Gbind) accompanying the polymer matrix binding of the template, analyte, or 

interference molecules were calculated using Equation 2-2.  

 As expected, the Gibbs free energy changes due to cavity interactions with the CIL 

molecule (Gbind) followed those of the experimental binding capacity of the nanoMIPs to CIL 

(Table 4.1-1), thus confirming the experimental results.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.1-3.  Simulated structures of the space-filling models of the (a) nanoMIP-A 

(CIL : MAA : EGDMA = 1 : 8 : 25 in the acetonitrile porogen), nanoMIP-B (CIL : MAA : 4-

VP : EGDMA = 1 : 4 : 4 : 25 in acetonitrile porogen), nanoMIP-C (CIL : MAA : 4-

VP : EGDMA = 1 : 4 : 4 : 25 in octanenitrile porogen), and nanoMIP-D (CIL : IA : EGDMA 

= 1 : 8 : 25 in acetonitrile porogen) with the CIL molecule embedded.  The surface distribution 

of the molecular electrostatic potential (MEP) is colored according to the interpolated (blue) 

positive and (red) negative charge.  

4.1.3.3  DLS determining sizes of nanoMIPs and nanoNIPs 

Dynamic light scattering (DLS) was used for the determination of solvodynamic sizes of 

nanoMIPs and nanoNIPs, which were 160 (±20) nm and 157 (±19) nm, respectively.  

nanoMIP-A nanoMIP-B 

nanoMIP-C nanoMIP-D 
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A relatively narrow range of nanoMIPs size distribution reached herein is crucial for attaining 

the high binding ability of nanoMIPs.289 

Table 4.1-1.  Composition of different CIL-templated nanoMIPs, NPs preparation conditions, 

the binding capacity determined, and the Gibbs free energy change due to the formation of a 

pre-polymerization complex in a solution using the EGDMA cross-linking monomer and the 

ABDV initiator at 40 C (Gcomplex), as well as the complex of the imprinted cavity with the 

CIL molecule (Gbind). 

Polymer  FM1 FM2 

Molar ratio 

of 

CIL : FM1 : 

FM2 

Solvent Normalized 

binding 

capacity for 

15 mg 

nanoMIPs 

per mL  

Gcomplex 

(kJ/mol) 

Gbind
e
 

(kJ/mol) 

nanoMIP-A MAA - 1 : 8 : 0 Acetonitrile     24.8 -323.79a -192.20 

nanoMIP-B MAA  4-VP 1 : 4 : 4 Acetonitrile 5.8 -256.12b -175.17 

nanoMIP-C MAA  4-VP 1 : 4 : 4 Octanenitrile  0.4 -46.45b -75.99 

nanoMIP-D IA - 1 : 8 : 0 Acetonitrile 4.48 -128.14a -94.46 

a Gcomplex = Gsystem – GCIL – 8GFM1 – 25GCL  
b Gcomplex = Gsystem – GCIL – 4GFM1 – 4GFM2 – 25GCL  

Gcomplex Gsystem, GCIL, GFM1, GFM2, and GCL stand for the Gibbs free energy change originating 

from forming a pre-polymerization complex, the whole system, cilostazol, FM1, FM2, and CL in acetonitrile or 

octanenitrile, respectively. 
e 

Values of Gbind
e
 were calculated using Equation 2-2.  

4.1.3.4  Microscopic imagining of nanoMIPs immobilized in the polytyramine films on 

electrodes 

For superior chemosensor performance, optimizing the electrode surface coverage with 

nanoMIPs, embedded in the polytyramine film is crucial.  Accordingly, complete coverage of 

nanoMIPs can block the diffusion of analyte molecules to nanoMIP molecular cavities.  

Furthermore, an insufficient thickness of the film can affect the mechanical stability of the 

polymer NP layer on the other.  The AFM determined average surface roughness and thickness 

of the film were 27 (4) and 170 (30) nm, respectively.  The latter value is close to the DLS 

determined average solvodynamic nanoMIPs and nanoNIPs size of 160 (±20) and 

157 (±19) nm, respectively.  Apparently, the (polytyramine film)-embedded nanoparticles 
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were partially exposed.  The SEM and AFM (Figure 4.1-4a and 4a') imaging confirmed the 

presence of the incompletely encapsulated nanoMIPs in this film.   

 

            

      

 

 

 

 

 

 

 

 

 

Figure 4.1-4.  (a), (b), and (c) SEM as well as (a') and (b') AFM images of (a), (b), and (a') the 

nanoMIPs embedded in the polytyramine film, and (c) and (b') a plain polytyramine film 

deposited on the Au-layered glass slide electrode.   

4.1.3.5  Electrochemical characterizing nanoMIPs immobilized in polytyramine films on 

electrodes  

Choosing the most appropriate nanoMIPs immobilization procedure is vital for effectively 

integrating them with a transducer surface, here on the electrode surface, to prepare an MIP 

chemosensor.  Polymer film deposition by electropolymerization is an attractive alternative to 

chemical polymerization for the robust integration of an MIP recognition element with a 

conducting transducer.359,360  Furthermore, compared to other immobilization procedures, the 

MIP attachment by electropolymerization has an intrinsic ability to control the film's 

morphology by adjusting the appropriate deposition conditions, including the deposition time 

and the potential applied.  Therefore, it is used in various applications to integrate functional 

nanomaterials into deposited films.361,362  Herein, we immobilized polymer NPs in a 

polytyramine film using a multi-cyclic potentiodynamic deposition (Figure 4.1-5b).   

b' a' 

b a c  
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Figure 4.1-5.  The multi-cyclic potentiodynamic curve for 10 mM tyramine in 25 mM H2SO4 recorded 

with a 2-mm diameter Au disk electrode at a 50-mV s-1 potential scan rate in the (a) absence and (b) 

presence of nanoMIPs sedimented on the electrode surface for 180 min.  The curves of (a) CV, (b) DPV 

and (c) EIS at 0.20 V vs. Ag quasi-reference electrode, for 10 mM ferrocene and 0.1 (TBA)ClO4 in 

acetonitrile recorded on (curves 1, 1', and 1'') the 2-mm diameter Au bare electrode and the electrode 

coated with (curves 2, 2', and 2'') the polytyramine film, and (curves 3, 3', and 3'') the polytyramine 

film with nanoMIPs embedded.  Inset in (c) is a magnified part of the Nyquist plots in the low real 

impedance component range. 
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There is one anodic and one cathodic peak at 0.80 and 0.46 V vs. Ag quasi-reference electrode, 

respectively, in the potentiodynamic curve recorded.  The anodic peak decreased in the initial 

few cycles, then increased, and, later, it became constant.  This behavior was similar to that of 

polytyramine potentiodynamic deposition in the absence of NPs (Figure 4.1-5a), indicating 

polytyramine film deposition.  However, there was no direct evidence of nanoMIPs 

immobilization in the polytyramine film.   

 The CV (curve 3 in Figure 4.1-5c) and DPV (curve 3' in Figure 4.1-5d) peak currents in 

the ferrocene solution of acetonitrile at the electrode coated with the polytyramine/nanoMIPs 

film, were suppressed.  Moreover, the polytyramine film alone blocked electro-oxidation of 

ferrocene (curves 2 and 2' in Figure 4.1-5c and 5d, respectively).  However, the diameter of 

the semicircle in the EIS Nyquist plot for the polytyramine/nanoMIPs of 91 k was much 

larger (curve 3'' in Figure 4.1-5e) than that of 8.4 k for the polytyramine film alone (curve 2'' 

in Figure 4.1-5e).  Thus, the polytyramine/nanoMIPs film blocked the electrode more 

extensively. 

4.1.3.6  Optimizing conditions of polymer NPs immobilization on electrodes 

The nanoMIPs were allowed to sediment for four different time intervals, vis., 30, 150, 

180 min, and 24 h (Figure 4.1-6a), followed by potentiodynamic polytyramine film deposition.  

For the firm holding of the polymer NPs, this electropolymerization was optimized using 

different tyramine concentrations (Figure 4.1-6b). 

If nanoMIPs were sedimented for merely 30 min, the resulting chemosensor detectability 

of CIL (curve 2 in Figure 4.1-6a) was similar to that obtained using a genuine polytyramine 

film (curve 1 in Figure 4.1-6a).  Evidently, an insufficient amount of nanoMIPs was 

immobilized during 30-min sedimentation.  For 150-min (curve 3 in Figure 4.1-6a) and 180-

min (curve 4 in Figure 4.1-6a) sedimentations, the normalized DPV peak currents were almost 

the same, substantiating the full settlement of the NPs.  However, 24-h sedimentation 

deteriorated the chemosensor performance (curve 5 in Figure 4.1-6a).  Therefore, 180-min 

sedimentation was used as optimized for subsequent experiments.  If polytyramine was 

deposited from a solution of higher tyramine concentration, the chemosensor lost its 

selectivity.  That is, the detectability of the CIL analyte and dehydroaripiprazole interference 

was similar (curves 1' and 2', respectively, in Figure 4.1-6b).   
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Presumably, that was because of the extensive coverage of the NPs with the polytyramine 

film.  The film deposited in this case was thicker, and diffusion of both the analyte and the 

redox probe through the film was largely hindered, leading to a weak chemosensor response. 
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Figure 4.1-6.  Plots of normalized DPV peak currents vs. CIL concentration in 10 mM 

ferrocene and 0.1 M (TBA)ClO4 in acetonitrile (a) for the polytyramine film deposited on the 

Au disk electrodes (curve 1) without nanoMIPs and with nanoMIPs sedimented for (curve 2) 

30 min, (curve 3) 150 min, (curve 4) 180 min, and (curve 5) 24 h as well as (b) for 

determination of (curve 1') CIL and (curve 2') dehydroaripiprazole at the 180-min nanoMIPs 

sedimentation time.  

4.1.3.7  CIL electrochemical determining with the polytyramine-(nanoMIP-A) and 

polytyramine-(nanoNIP) film-coated electrodes 

When CIL was added to the acetonitrile solution of ferrocene, complementary cavities of the 

polytyramine-(nanoMIP-A) film, deposited on the electrode, bound CIL molecules.  Being 

governed by the gate effect,304 this binding decreased the DPV peak current of ferrocene with 

an increasing concentration of CIL (curves 1 – 8 in Figure 4.1-7a).  It reached saturation at the 

CIL concentration exceeding 2.5 µM.  The normalized DPV peak current 

(IDPV,0 – IDPV,s)/IDPV,0), where IDPV,0, and IDPV,s stand for the initial and actual DPV peak current, 

was linearly dependent on the logarithm of CIL concentration.  The linear dynamic 

concentration range extended from 135 nM to 2.58 µM CIL with the calibration plot obeying 

a semilogarithmic linear regression equation of 

(IDPV,0 – IDPV,s)/IDPV,0) = 0.36 (±0.01)/log [µM] × log {ccilostazol [µM]} + 0.450 (±0.006) (curve 

1'' in Figure 4.1-7c).   



121 
 

 
Figure 4.1-7.  (a) – (c) DPV and (d) – (f) EIS at 0.20 V vs. Ag quasi-reference electrode curves, 

recorded at 2-mm diameter Au disk electrodes, coated with the polytyramine films containing (a) and 

(d) CIL-extracted nanoMIPs, and (b) and (e) nanoNIPs for (curves 1, 1’, 1''', and 1IV) 0 nM (curves 2, 

2', 2''', and 2IV) 134 nM, (curves 3, 3', 3''', and 3IV) 402 nM, (curves 4, 4', 4''', and 4IV) 664 nM, (curves 

5, 5', 5''', and 5IV) 927 nM, (curves 6, 6', 6''', and 6IV) 1.42 µM, (curves 7, 7', 7''', and 7IV) 2.04 µM, and 

(curves 8, 8', and 8''', and 8IV) 2.58 µM CIL in 10 mM ferrocene and 0.1 M (TBA)ClO4 in acetonitrile.  

Calibration plots of (c) DPV normalized peak currents and (f) EIS determined normalized charge 

transfer resistance, constructed using electrodes coated with the polytyramine film containing (curves 

1'' - 5'', and 1V - 5V) CIL-extracted nanoMIPs and (curves 6'' and 6V) nanoNIPs for (curves 1'', 6'', and 

1V, 6V) CIL, (curves 2'' and 2V) dhCIL, (curves 3'' and 3V) dehydroaripiprazole, (curves 4'' and 4V) 

cholesterol, and (curves 5'' and 5V) glucose.  Inset in (d) is the equivalent circuit scheme used for curve 

fitting where Rsol, R1, and R2 is the solution, charge transfer, and polymer film resistance, respectively.  
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Equation y = a + b*x

Weight Instrumental

Residual Sum of 
Squares

0.26404 5.22168 6.55388

Pearson's r -0.97721 -0.84751 -0.90644

Adj. R-Square 0.94594 0.66192 0.78597

Value Standard Error

B
Intercept -0.09979 0.15011

Slope -1.07852 0.10476

C
Intercept -0.37292 0.03411

Slope -0.07339 0.02056

D
Intercept 0.20952 0.0225

Slope -0.1188 0.02475

E
Intercept -0.68939 0.27386

Slope -1.3883 0.33932

F
Intercept -0.0421 0.09273

Slope -0.27292 0.06471

G
Intercept -0.1924 0.07573

Slope 0.2957 0.03401

f
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 The sensitivity and correlation coefficient were 0.36 (±0.01)/log [µM], and R2 = 0.98, 

respectively.  At the signal-to-noise ratio of S/N = 3, the LOD was 93.5(2.2) nM CIL.  For 

the solutions of the same composition, EIS spectra were recorded (Figure 4.1-7d) and the 

normalized ferrocene charge transfer resistance, (Rct,0 - Rct,s)/Rct,0 where Rct,0 and Rct,s denotes 

the initial and actual charge transfer resistance, was determined.  The following linear 

regression equation describes this resistance dependence on the CIL concentration.  

(Rct,0 - Rct,s)/Rct,0 = -1.07 (0.10) [1/µM] × ccilostazol [µM] - 0.09 (0.15).  The sensitivity and 

the regression coefficient were -1.07 (0.10) [1/µM] and R2 = 0.94, respectively.  At S/N = 3, 

the LOD was 86.5(4.6) nM CIL.  

 Under the same solution conditions, the DPV peak current changes (Figure 4.1-7b and 

curve 6" in Figure 4.1-7c) and the charge transfer resistance changes (Figure 4.1-7e and curve 

6V in Figure 4.1-7f) for the nanoNIPs immobilized in the polytyramine film were much smaller 

than those for the nanoMIPs yielding smaller apparent sensitivity of 0.27 (±0.004) 1/log [µM] 

and -0.07 (0.02) [1/µM], respectively.  These results indirectly confirm the presence in 

nanoMIPs of imprinted cavities that enhance CIL binding.  Furthermore, the apparent 

imprinting factor, estimated from the ratio of the slopes of CIL calibration plots for the 

nanoMIPs and nanoNIPs film-coated electrodes, was for DPV surprisingly low (IF = 1.34) and 

for EIS appreciably high (IF = 15.28).  This discrepancy might arise from different effects 

contributing to the signals measured with each technique.   

4.1.3.8 Determining isotherm parameters of polytyramine-(nanoMIP-A) binding of 

cilostazol  

Efforts were extended to determine the parameters of CIL binding by CIL-extracted nanoMIPs 

embedded in the polytyramine film.  Typically, the Langmuir, Freundlich, and Langmuir-

Freundlich isotherms363–365 most accurately describe this binding.  Therefore, herein, these 

three isotherms were tested to describe the ferrocene normalized DPV peak current dependence 

on the CIL concentration in the ferrocene solution alone (Figure 4.1-8a) and the human plasma 

(Figure 4.1-8b).  The Langmuir-Freundlich isotherm best fits the experimental data of CIL 

sorption on nanoMIPs (Tables 4.1-2 and 4.1-4), indicating that the imprinted cavities were 
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relatively homogeneously distributed in the polytyramine matrix, and the CIL analyte was 

chemisorbed in these cavities.   

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.1-8.  The (curves 1, 1', and 1'') Langmuir (red), (curves 2, 2', and 2'') Freundlich 

(blue), and (curves 3, 3', and 3'') Langmuir-Freundlich (green) isotherm fitting to the 

normalized DPV peak current change with the CIL concentration change (a) for (curves 1, 2, 

and 3) CIL-extracted nanoMIPs (solid curves) and (curves 1', 2', and 3') nanoNIPs (dash 

curves) in 10 mM ferrocene and 0.1 M (TBA)ClO4 in acetonitrile, and (b) for (curves 1'', 2'', 

and 3'') CIL-extracted nanoMIPs in the ten times diluted human plasma in 10 mM ferrocene 

and 0.1 M (TBA)ClO4 in acetonitrile.  The nanoparticles were immobilized in polytyramine 

films, deposited on 2-mm diameter Au disk electrodes.   

Table 4.1-2.  Isotherms' parameters for the nanoMIP chemosensor fitted to the normalized 

DPV current vs. CIL concentration curves in acetonitrile (curves 1, 2, and 3 in Figure 4.1-8a). 

 

Isotherm 

type 

Isotherm equation Isotherm fitting parameters R2 

Inormalized 

DPV,max 

K, µM-1 nh 

Langmuir 
∆𝐼normalized DPV =

= ∆𝐼normalized DPV,max

𝐾L𝑐CIL

1 + 𝐾𝑐CIL

 

0.72 

(±0.02) 

1.77 

(±0.15)a 

- 0.993 

Freundlich ∆𝐼normalized DPV = 𝐾F𝑐
CIL

1

𝑛  
- 0.42 

(±0.02)b 

2.43 

(±0.30)d 

0.946 

Langmuir-

Freundlich 
∆𝐼normalized DPV =

= ∆𝐼normalized DPV,max

(𝐾LF𝑐CIL)𝑛

1 + (𝐾LF𝑐CIL)𝑛 

0.69 

(±0.04) 

1.94 

(±0.30)c 

1.07 

(±0.12)e 

0.993 

Inormalized DPV, max – maximum value of normalized DPV peak current, a KL – Langmuir constant, 
 b KF – Freundlich constant, c KLF – Langmuir-Freundlich constant, d Sorption intensity, e nh - Homogeneity factor.  
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 Moreover, the cavities homogeneity was high.  Interestingly, the homogeneity factor was 

substantially higher for nanoMIPs (1.07) than for nanoNIPs (0.80).  Expectedly, this difference 

in factors indicates that CIL binding in nanoNIPs encompasses a broader range of non-

equivalent binding sites. 

4.1.3.9  Polytyramine-(nanoMIP-A) chemosensor selectivity to dhCIL metabolite and 

common interferences 

The nanoMIP-A molecular cavity's selectivity to the dhCIL metabolite and common 

interferences in acetonitrile was estimated as the ratio of the slopes of the calibration plot for 

CIL to that of dhCIL or that of the interference.  Notably, the selectivity to dhCIL (Table 4.1-

3) was low (curves 1'' and 2'' in Figure 4.1-7c, and curves 1V and 2V in Figure 4.1-7f).  Thus, 

the chemosensor is advantageous for determining the CIL analyte and its dhCIL metabolite 

together.  The selectivity to cholesterol (curves 1'' and 4" in Figure 4.1-7c, and curves 1V and 

4V in Figure 4.1-7f) and glucose (curves 1'' and 5" in Figure 4.1-7c, and curves 1V and 5V in 

Figure 4.1-7f) was relatively high (Table 4.1-3) whereas to dehydroaripiprazole (curves 1'' and 

3" in Figure 4.1-7c, and curves 1V and 3V in Figure 4.1-7f) it was moderate. 

Table 4.1-3.  The DPV and EIS determined nanoMIP-A cavity selectivity to metabolite dhCIL 

and interferences, the sorption constant (KLF) calculated from the Langmuir-Freundlich 

isotherm, and the calculated Gibbs free energy change (Gbind) accompanying complexation 

of the nanoMIP-A model cavity with CIL, dhCIL, and the interferences. 

 

Compound 
Experimental selectivity Gbind 

(kJ/mol) 

Sorption constant 

LF DPV EIS 

CIL - - -192.20 1.94 (±0.29) 

dhCIL ~1.13 0.8 -173.16 0.52 (±0.34) 

3,4-Dehydroaripiprazol 3.50 3.9 -104.15 1.23×10-6 (±3.7×10-4) 

Cholesterol 7.90 Very high -111.98 5.66×10-7 (±1.8×10-4) 

Glucose 9.00 9.7 -117.70 0.71×10-3 (±0.05) 

 

 Next, the CIL and dhCIL analyte and interference molecules' interactions with the 

nanoMIP-A cavity were compared theoretically to enlighten the properties of the prepared 

chemosensor.  To sum up, the interferences' molecules were located in the nanoMIP-A cavity 
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in a way different from that of the CIL molecules because they were too large or too small.  

Therefore, their interactions with the cavity are much weaker than those of CIL molecules.  

Hence, the interferences would not disturb the CIL and dhCIL determination together. 

4.1.3.10  Polytyramine-(nanoMIP-A) chemosensor efficiency of CIL determination in 

real samples 

It is crucial for chemosensors' clinical applications to determine their performance in body 

fluids, such as human plasma, to estimate the matrix's effect.  Toward that, gold electrodes 

coated with polytyramine films embedding CIL-extracted nanoMIP-A were herein employed 

to determine CIL in plasma samples.  Accordingly, a plasma sample (with citrate as the 

anticoagulant) was ten times diluted with the acetonitrile solution of 10 mM ferrocene.  That 

resulted in the precipitation of proteins, which were then centrifuged off.  Then, samples of 

this solution were spiked with solutions of CIL of different concentrations.  The UV-vis spectra 

recorded for the supernatant solutions to estimate possible CIL interaction with the plasma 

proteins showed only a negligible CIL binding to the proteins, which then precipitated during 

the dilution (Figure 4.1-9).  Thus, a significant amount of CIL remained in the diluted plasma 

solution.  

 

 

Figure 4.1-9.  The UV spectrum of (curve 1) CIL in the supernatant solution after plasma 

dilution, and (curve 2) CIL in the supernatant in the acetonitrile : water (9 : 1, v/v) mixed-

solvent solution.  

280 290 300 310 320 330 340 350

0.0

0.5

1.0

1.5

 

 

A
b

s
o

rb
a

n
c
e

 ,
 a

.u
.

Wavelength, nm 

1

2



126 
 

Notably, the chemosensor appeared successful in determining CIL in diluted human plasma 

samples (curve 1 in Figure 4.1-10a and curve 1' in Figure 4.1-10b).  Moreover, the slope of 

0.39 (±0.04) [1/log µM] for the calibration plot constructed only slightly deviated from that of 

0.33 (±0.02) [1/log µM] in the acetonitrile-water mixture (9 : 1, v/v) (curve 2 in Figure 4.1-10a 

and curve 2' in Figure 4.1-10b), respectively.   

Table 4.1-4.  Isotherm parameters for the nanoMIP chemosensor fitted to the normalized DPV 

peak current vs. CIL concentration in human plasma depicted in curves 1'', 2'', and 3'' in 

Figure 4.1-8b. 

 

Isotherm 

type 

Isotherm equation Isotherm fitting parameters R2 

Inormalized 

DPV,max 

K, µM-1 n 

Langmuir ∆𝐼normalized DPV

= ∆𝐼normalized DPV,max

𝐾L𝑐CIL

1 + 𝐾𝑐CIL

 

0.92 

(±0.03) 

2.94 

(±0.48)a 

- 0.959 

Freundlich ∆𝐼normalized DPV = 𝐾F𝑐CIL

1
𝑛  

- 0.66 

(±0.02)b 

4.03 

(±0.77)d 

0.86 

Langmuir-

Freundlich 

∆𝐼normalized DPV

= ∆𝐼normalized DPV,max

(𝐾LF𝑐CIL)𝑛

1 + (𝐾LF𝑐CIL)𝑛
 

0.91 

(±0.07) 

2.96 

(±0.58)c 

1.02 

(±0.25)e 

0.949 

Inormalized DPV,max – maximum value of normalized DPV peak current,  
a KL – the Langmuir constant, 
b KF – the Freundlich constant,  
c KLF – the Langmuir-Freundlich constant, 

 d Sorption intensity, 
e nh - Homogeneity factor. 
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Figure 4.1-10.  (a) DPV and (b) EIS calibration plots for CIL determination at Au electrodes 

coated with polytyramine films containing CIL-extracted nanoMIPs in 10 mM ferrocene and 

0.1 M (TBA)ClO4 in (curves 1 and 1') human plasma 10 times diluted with acetonitrile, (curves 

2 and 2') the acetonitrile-water (9 : 1, v/v) solution, and (curves 3 and 3') for dhCIL 

determination in human plasma 10 times diluted with acetonitrile. 

Table 4.1-5.  Results of CIL determination in human plasma with the nanoMIP-A film-coated 

electrode from the DPV calibration plot.  

Sample 

No. 

Concentration  

of added 

cilostazol, µM 

Normalized 

DPV peak 

current 

Calculated  

cilostazol  

concentration, µM 

Recovery, % 

1 0.13 0.32 (±0.11) 0.09 (±3×10-6) 69.2 (±22.1) 

2 0.40 0.51 (±0.10) 0.35 (±1×10-6) 87.5 (±21.7) 

3 0.66 0.60 (±0.09) 0.66 (±0.001) 100.0 (±19) 

4 0.92 0.65 (±0.05) 0.93 (±0.003) 101.0 (±19.9) 

5 1.42 0.72 (±0.04) 1.51 (± 1.20) 106.3 (±15.8) 

6 2.04 0.79 (±0.04) 2.45 (± 1.13) 120.0 (±13.4) 

7 2.58 0.83 (±0.04) 3.23 (± 1.06) 125.1 (±11.4) 

 Average recovery: 101.4 (±17.6) 

 No. of repetitions, n = 3 

 

 The calculated recovery (Table 4.1-5) was adequate for sensing CIL and dhCIL in human 

plasma samples by the prepared chemosensor. Similarly, chemosensor performance appeared 
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superior for cilostazol determination in the 100 times diluted synthetic Nortrol serum (Figure 

A-4). 

4.1.4  Summary and conclusions 

The DPV and EIS chemosensors for CIL and its dhCIL pharmacologically active primary 

metabolite determination, aided by molecular imprinting in polymers, were devised, 

fabricated, and compared.  Four different types of molecularly imprinted with CIL polymer 

nanoparticles (nanoMIPs) were synthesized and examined at various functional monomers 

combinations.  The CIL binding capacity was the highest if methacrylic acid was exclusively 

used as the functional monomer.  The resulting nanoMIP-A particles were then successfully 

embedded by sedimentation, followed by tyramine electropolymerization, in a polytyramine 

film deposited on an Au electrode surface.  Both DPV and EIS chemosensors appeared suitable 

for determining CIL and dhCIL with the LOD of 93.5 (2.2) and 86.5 (4.6) nM CIL, 

respectively, in the linear dynamic concentration range of 0.135 to 2.58 µM, and appreciably 

high selectivity to common interferences including cholesterol, glucose, and moderate to 

dehydroaripiprazole.  Remarkably, these relatively low LOD values for the CIL drug substance 

have not yet been reported for any electrochemical method of CIL determination.  

 Computer simulations permitted analyzing the interactions governed by the analytes' 

sorption at the molecular level.  The Langmuir-Freundlich isotherm best fitted the experimental 

data of CIL sorption on nanoMIPs, indicating that the imprinted cavities were relatively 

homogeneously distributed in the MIP matrix with the CIL molecules chemisorbed in these 

cavities. 

4.1.5  Future prospective 

We have demonstrated that the chemosensors fabricated may help diagnostics within the CIL 

and dhCIL concentration ranges in body fluids required in the future clinical trials of CIL.  Our 

future research will aim to make the chemosensors reusable and to cross-validate their 

performance with LC-MS, GC-MS, etc.  
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4.2  Cilostazol-imprinted polymer film-coated electrode as an 

electrochemical chemosensor for selective determination of 

cilostazol and its active primary metabolite 

The present Section 4.2 of Chapter 4 discusses the research work partially described in 

J. Mater. Chem. B, 2022, advanced paper, DOI: 10.1039/d1tb02186a. 

 

Abstract  

An electrochemical chemosensor for cilostazol (CIL) determination was devised, engineered, 

and tested.  For that, a conducting film of the functionalized thiophene-appended carbazole-

based polymer, molecularly imprinted with CIL (MIP-CIL), was potentiodynamically 

deposited on a Pt disk electrode by oxidative electropolymerization.  Thanks to electro-

oxidation potentials lower than that of CIL, the carbazole monomers outperformed pyrrole, 

thiophene, and phenol monomers, in this electropolymerization.  The pre-polymerization 

complexes quantum-mechanical and molecular dynamics analyses allowed selecting the most 

appropriate monomer from the three thiophene-appended carbazoles examined.  The MIP film-

coated electrode was then used as a selective CIL chemosensor in the linear dynamic 

concentration range of 50 to 924 nM with a high apparent imprinting factor, IF = 10.6.  The 

MIP-CIL responded similarly to CIL and CIL's pharmacologically active primary metabolite, 

3,4-dehydrocilostazol (dhCIL), thus proving suitable for their determination together.  

Simulated models of the MIP cavities binding of the CIL, dhCIL, and interferences molecules 

allowed predicting chemosensor selectivity.  The MIP film sorption of CIL and dhCIL was 

examined using DPV by peak current data fitting with the Langmuir (L), Freundlich (F), and 

Langmuir-Freundlich (LF) isotherms.  The LF isotherm best described this sorption with the 

sorption equilibrium constant (KLF) for CIL and dhCIL of 12.75 × 10−6 and 0.23 × 10−6 M, 

respectively.   Moreover, the chemosensor cross-reactivity to common interferences study 

resulted in the selectivity to cholesterol and dehydroaripiprazole of 1.52 and 8.0, respectively.  

The chemosensor proved useful for determining CIL and dhCIL in human plasma with 

appreciable recovery (99.3-134.1%) and the LOD of 15 nM.  

  

https://10.0.4.15/d1tb02186a
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4.2.1  Introduction 

Our present study aims at engineering an MIP electrochemical chemosensor suitable as a 

potential point-of-care (PoC) tool to determine the CIL concentration in human plasma.  

Accordingly, we have successfully imprinted CIL in a functionalized (thiophene-appended 

carbazole)-based conducting MIP and simultaneously deposited it on an electrode surface as a 

thin film via potentiodynamic electropolymerization.  Being user-friendly, selective, sensitive, 

and allowing for the early detection of many disease symptoms,366,367 electrochemical MIP-

based chemosensors can serve as attractive PoC tools.   

 Potentiodynamic electropolymerization is a well-established technique providing a 

homogenous polymer film coating a transducer, i.e., an electrode in our study.  Likewise, the 

deposited CIL-templated MIP (MIP-CIL) film was then used as a recognition unit of an 

electrochemical chemosensor.  Here, we overcome challenges encountered in our previous 

work300 by achieving a lower LOD, lower linear dynamic concentration range, ease of sensor 

preparation, and cross-validation of CIL and dhCIL in a test solution and the CIL and dhCIL 

spiked human plasma by LC-MS.  The CIL-extracted MIP-CIL affinity to analytes and 

interferences was computationally modeled with the complexation and sorption processes' 

molecular dynamics (MD) simulations. 

4.2.2  Experimental and procedures   

Preparation of CIL-imprinted and non-imprinted polymer films and their deposition on the 

electrodes are discussed in Chapter 2.  All CV and DPV measurements were performed at room 

temperature, 20 (1) °C, using the electrochemical mini cell and 10-mM ferrocene redox probe 

in 0.1 M (TBA)ClO4, in DCM.  In the DPV measurements, the potential was scanned from 0 

to 0.70 V vs. Ag/AgCl with the potential step of 5 mV.  The amplitude of 50-ms pulses applied 

was 25 mV.   

4.2.2.1  Preparing human plasma samples  

Stock solutions of 1.0 mg mL-1 CIL and 0.1 mg mL-1 dhCIL were prepared by dissolving 

weighed portions of the CIL and dhCIL reference standards in methanol.  Working solutions 

were prepared by diluting stock solutions with the mixed methanol : 0.1% formic acid (1 : 1, 
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v/v) solution.  Human plasma samples (with the citrate anticoagulant added) were prepared by 

spiking the blank plasma with the appropriate working solution at a volume ratio of 12.5 : 1.  

The CIL concentration ranged from 27.1 to 8120 nM in the human plasma sample, whereas 

the dhCIL concentration in this sample was 81.6 nM (Table 4.2-4).  The samples were split 

into two parts for simultaneous CIL and dhCIL determining with the MIP-film electrochemical 

chemosensing and LC-MS.  

4.2.2.2  Cilostazol (CIL) and 3,4-dehydrocilostazol (dhCIL) determining in human 

plasma with LC-MS  

In human plasma, CIL and dhCIL were determined using LC-MS.  The liquid-liquid extraction 

with a mixed solvent solution of 1-butanol : chloroform: tert-butyl methyl ether (3 : 20 : 77, 

v/v/v) was used for sample preparation.  The sample components were separated using LC-MS 

on the Zorbax SB-C18 150 × 3.0 mm, 3.5 µm column (Agilent Technologies, USA) at 50 (±2) 

°C.  A mixed solvent solution of 0.01% formic acid, methanol, and acetonitrile (50 : 25 : 25, 

v/v/v) served as the mobile phase.  Positive electrospray ionization mass spectrometry was 

applied with a single-ion monitoring mode to determine CIL and dhCIL.  Isotope-labeled CIL 

(cilostazol-d11) was used as the internal standard.  CIL ions, the internal standard, and dhCIL 

were monitored at the respective m/z ratio of 370.1, 381.1, and 368.0.  The complete analysis 

run time was 10 min.  The method was validated, and the study was performed in compliance 

with the OECD Principles of Good Laboratory Practice.  

4.2.2.3  Cilostazol (CIL) and 3,4-dehydrocilostazol (dhCIL) determining in human 

plasma using MIP chemosensor 

The plasma samples of known CIL concentration, determined with LC-MS, were thawed in air 

and then diluted with DCM.  Next, the resulting mixture was vortexed (3000 rpm) for a few 

minutes and then left to separate the organic and aqueous phases.  Afterward, the organic phase 

was collected, then centrifuged for 10 min at 10,000 gg to separate the slug.  The supernatant 

solution samples, 3518.6 and 8120 nM in CIL (Sample Nos. 4 and 5 in Table 4.2-4), were 

diluted 10 times.  However, samples 27.1, 81.2, and 676.7 nM in CIL and 81.6 nM in dhCIL 

were not diluted at all.  To each sample, (TBA)ClO4 and the ferrocene redox probe were added 

to reach the 0.1 M and 10 mM concentrations, respectively.  A 1-mL sample of the above 

ferrocene solution was placed in an electrochemical mini cell.  The MIP-CIL film-coated 
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electrode was immersed in this solution, and the DPV current was measured.  The resulting 

changes in the DPV peak currents were then used for constructing calibration plots and 

calculating recovery. 

4.2.3  Results and discussion 

4.2.3.1  Selecting functional monomers 

Chemosensors with an MIP film as the recognition unit should recognize the target analyte 

with sufficient selectivity, detectability, and sensitivity.  That is only possible if the analyte 

appropriately interacts with the MIP.  Interactions in the pre-polymerization complex solution 

can define MIP properties, and its components can already be selected at this stage.  Toward 

that, three pre-polymerization complexes (PPCs) consisting of CIL, FM1, or FM2, or FM3, 

and CLM in DCM were constructed.  The resulting PPC1 model containing FM1, of the highest 

negative energy (∆𝐺C = -400.99 kJ/mol) is shown in Figure 4.2-1, and the less favorable models 

of PPC2 and PPC3 containing FM2 and FM3 resulted in ∆𝐺C of -376.48 and -384.13 kJ/mol, 

respectively.  All functional monomers complexed CIL quite strongly, but that formed by FM1 

was the most stable.  Comparing intermolecular interactions in all systems helps explain 

favorable complex features.  Furthermore, PPC1 was selected for modeling the polymer cavity 

and sorption of the analytes. 

4.2.3.2  Electrochemical characterizing of CIL as well as functional and cross-linking 

monomers 

Before the electropolymerization, it is vital to determine the electro-oxidation potential of each 

of its components, vis., the CIL template, and the functional and cross-linking monomers.  This 

information enables choosing monomers with electro-oxidation potential lower than that of the 

template to avoid CIL template electro-oxidation during electropolymerization.  It transpired 

that CIL was electro-oxidized at 1.13 V vs. Ag quasi-reference electrode (Figure 4.2-2a), while 

the selected functional and cross-linking monomers were electroactive at 0.93 and 0.92 V vs. 

Ag quasi-reference electrode, respectively (Figure 4.2-2b and 2c).   
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Figure 4.2-1.  A computer-simulated PPC1 skeleton model of the pre-polymerization complex 

of CIL with FM1 and CLM at the molar ratio of 1 : 3 : 3 in DCM.  Significant intermolecular 

interactions are indicated with dashed lines. 

These monomers have scarcely been exploited in the MIP research despite their ability of facile 

derivatization.  Because their electro-oxidation potentials are lower than the CIL electro-

oxidation potential, they outperform pyrrole, thiophene, and phenol monomers in the 

electropolymerization studied. 

4.2.3.3  Simultaneous depositing and characterizing the MIP and NIP films 

After preparing the pre-polymerization complexes in solutions, those were electropolymerized 

under potentiodynamic conditions to deposit MIP and NIP films on Pt electrodes.  Two 

consecutive potential cycles in the range of 0 and 1.0 V vs. Ag quasi-reference electrode were 

executed to maintain the oxidation potential below that of CIL electro-oxidation (Figure 4.2-

2d).  During the first cycle, the anodic peak was formed at 0.90 V vs. Ag quasi-reference 

electrode.  In the second cycle, one broad cathodic and one broad anodic peak emerged at 

potentials between 0.45 and 0.75 V and between 0.40 and 0.80 V vs. Ag quasi-reference 

electrode, respectively.  The anodic peaks may arise from the formation of the cationic radicals 

of the deposited polymer films.  Moreover, the current increase in each consecutive cycle 

indicates the deposition of the increasing amounts of the conducting polymer.  Notably, it was 

necessary to roughen the electrode surface for enhancing polymer film adhesion.  To this end, 
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the Pt electrode was matted with 1000 grit sandpaper.  Films deposited on electrodes pre-

treated that way were mechanically stable.   

 Furthermore, successful deposition of a stable MIP film was confirmed by changes in 

faradaic currents using the DCM solution of the ferrocene redox probe (Figure 4.2-2).  That is, 

CV peak-to-peak potential separation for the polymer film-coated electrode (curve 2 in 

Figure 4.2-2e) was larger than that for the bare Pt electrode (curve 1 in Figure 4.2-2e) and, 

consequently, the DPV peak current for the polymer film-coated electrode (curve 2' in 

Figure 4.2-2f) was significantly smaller than that for the bare Pt electrode (curve 1' in 

Figure 4.2-2f).  

4.2.3.4  Characterizing deposited MIP and NIP films 

Finally, CIL was extracted from the MIP-CIL film with 10 mM NaOH for 30 min.  This 

extraction resulted in a significant decrease in the DPV peak current of the redox probe.  The 

PM-IRRAS measurements were subsequently performed to confirm CIL template removal 

from the MIP (Figure 4.2-3).  Weak bands at ~3065, ~2965 cm-1, and 2877 cm-1 in the spectra 

of all deposited films may be assigned to C-H bond stretching vibration in aromatic and 

aliphatic moieties, respectively.  Moreover, a well-pronounced band at 1725 cm-1 was present 

in the spectra of all films.  It originated from C=O bond stretching, confirming successful 

copolymerization and deposition of all monomers in the pre-polymerization complex solution.  

This inference is supported by the presence of the 1515 cm-1 band corresponding to C-C 

aromatic ring stretching and a 1604 cm-1 band characteristic for C-C stretching of the carbazole 

moiety.  However, a low-intensity band in the 620 - 700 cm-1 region was not evident in the MIP 

film's spectrum before extraction.  The MIP film was relatively thin, and therefore, its CIL 

content was low compared to the monomers' contents.  Therefore, presumably, this band is 

suppressed when CIL interacts with the polymer film. 

However, it appeared in both the MIP and NIP film spectrum after CIL extraction.  That 

confirms the template CIL presence in the deposited MIP film, then its successful extraction.  
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Figure 4.2-2.  Multi-cyclic potentiodynamic curves recorded at the 0.75-mm diameter Pt disk 

electrode at a 100-mV s-1 scan rate for (a) 1 mM CIL, (b) 1 mM FM1, (c) 1 mM CLM, and (d) 

the two-cycle potentiodynamic curve for MIP film deposition; a DCM solution of 0.1 mM CIL, 

0.3 mM FM1, 0.3 mM CLM, and 0.1 M (TBA)ClO4 was used for this deposition.  The (e) CV 

and (f) background corrected DPV curves for 10 mM ferrocene and 0.1 M (TBA)ClO4 in DCM 

on (curves 1 and 1') the bare electrode, and (curves 2 and 2') the MIP-CIL film-coated 

electrode. 
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 The 2-D surface topography of the films deposited on Au film-layered glass slides was 

analyzed at different stages of the MIP and NIP films preparation, i.e., the electrode coated 

with (i) the CIL-templated MIP film, (ii) the MIP-CIL film, and (iii) the NIP film.  The 

deposited films were homogeneous, being composed of triangular and rectangular grains.  The 

AFM determined MIP film thickness and roughness were 96 (±2) and 12.7 (±0.3) nm, 

respectively.  The CIL removal from the MIP further decreased film thickness to 69 (±5) nm 

while the roughness increased to 13.8 (±1) nm (Figure 4.2-4).  Presumably, that may indicate 

either removal of the outermost film layer or film contraction upon CIL extraction.   
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Figure 4.2-3.  PM-IRRAS spectra for MIP film-coated electrodes (spectrum 1) before and 

(spectrum 2) after 30-min CIL extraction with 10 mM NaOH, and (spectrum 3) the NIP film-

coated electrode.   
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Figure 4.2-4.  AFM images of (a) and (b) MIP and (c) and (d) NIP film-coated (glass 

slide)/Ti/Au electrodes (a) and (c) before, and (b) and (d) after 30-min CIL extraction with 

10 mM NaOH.   

 The as-prepared NIP film thickness and roughness were 44 (6) and 9.5 (±0.1) nm, 

respectively.  Moreover, after CIL extraction, the roughness of the NIP film decreased to 

7.6 (±0.2) nm, indicating the formation of a more uniform film.  Generally, both MIP and NIP 

films were relatively uniform, being composed of irregularly shaped grains.  The average sizes 

of the grains were quite similar for MIP and NIP films, amounting to 87 (±24) and 79 (±20) nm, 

respectively.  CIL template extraction affected only negligibly the grain size, equaling 86 (±24) 

and 83 (±22) nm for the MIP and NIP film, respectively.   

4.2.3.5  Electrochemical determining of CIL using MIP-CIL film-coated electrodes 

After CIL addition to the ferrocene DCM solution, CIL molecules interacted with 

complementary recognition cavities of the MIP-CIL film, thereby decreasing the DPV peak of 

ferrocene (Figure 3a), as a result of the so-called "gate effect".304,355  This current decrease was 

more pronounced at higher CIL concentrations (Figure 4.2-5a, curves 1 - 7).   
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Figure 4.2-5.  Background corrected DPV curves for the (a) MIP (curves 1 - 7) and (b) NIP 

(curves 1’ - 7') film-coated 0.75-mm diameter Pt disk electrodes after CIL extraction, in (curves 

2 and 2') 50, (curves 3 and 3') 99.8, (curves 4 and 4') 134, (curves 5 and 5') 402, (curves 6 and 

6') 665.9, and (curves 7 and 7') 923.6 nM CIL in 10 mM ferrocene and 0.1 M (TBA)ClO4 in 

DCM.  (c) DPV calibration plots for the electrodes coated with the film of (curve 1”) MIP-CIL 

and (curve 2”) NIP.  (d) DPV calibration plots for MIP-CIL film-coated electrode for (curve 

1''') dhCIL, (curve 2''') cholesterol, (curve 3''') dehydroaripiprazole in 10 mM ferrocene and 

0.1 M (TBA)ClO4 in DCM.    

 However, the DPV peak for the NIP film did not differ much after CIL addition 

(Figure 4.2-5b, curves 1' – 7').  The normalized DPV peak current, [(IDPV,0 – IDPV,s)/IDPV,0, 

where IDPV,0 and IDPV,s stand for the initial and actual DPV peak current, respectively], was 

linearly dependent on the logarithm of CIL concentration throughout the considered 

concentration range.  A semi-logarithmic linear regression equation of (IDPV,0 – IDPV,s)/IDPV,0 = 

0.32(±0.03) [1/log µM] × ccilostazol [log µM] + 0.58(±0.02) describes the calibration plot 

(Figure 4.2-5c, curve 1'').  The correlation coefficient and sensitivity were R2 = 0.927 and 

0.32 (±0.03) [1/log µM], respectively.  A linear dynamic concentration range covered 50 to 

923.6 nM CIL with the LOD of 15 nM.   
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 In the case of the NIP film-coated electrode, the normalized DPV peak currents for CIL at 

similar concentrations were smaller (Figure 4.2-5c, curve 2").  The sensitivity was 

0.03 (±0.01) [1/log µM].  This result indirectly confirms the successful imprinting of 

molecular cavities in the MIP.  Accordingly, the apparent imprinting factor was relatively high, 

IF = 10.6.  It was calculated as the ratio of slopes of calibration plots for the MIP and NIP film-

coated electrodes.  Common interferences encountered in body fluids were used to perform the 

cross-reactivity studies for estimating the molecular recognition's selectivity of the MIPs.  

Experimental selectivity was determined as the ratio of the slope of the calibration plot of the 

MIP film chemosensor for CIL to that of dhCIL or that of any interference.  Favorably, the 

selectivity for the dhCIL was very low, vis., 1.06 (Figure 4.2-5d, curve 1'") indicating that the 

chemosensor is not selective to dhCIL and this metabolite is likely to be determined together 

with CIL.  That is understandable because of the only minor difference in the CIL and dhCIL 

structures.  Advantageously, the selectivity for structurally similar dehydroaripiprazole analog 

(Figure 4.2-5d, curve 3'") was high, equaling 8.0.  However, a low selectivity of 1.52 for 

cholesterol (Figure 4.2-5d, curve 2'") indicates that the chemosensor is weakly selective to this 

interference, presumably, because its molecule is smaller than the CIL molecule.  Therefore, it 

can easily penetrate the cavity. 

 Moreover, the MIP film repeatability for the determination of CIL was examined.  Five 

MIP film-coated electrodes were inserted in identical solutions of 50 nM CIL to determine it.  

The current response with the RSD value was 1.02 (0.10) µA.  Evidently, the repeatability of 

the MIP film-coated electrodes towards CIL was high.   

4.2.3.6  Chemosensor analytical performance in determining CIL and dhCIL in human 

plasma  

Estimating the matrix effect on the chemosensors' performance is crucial for analyte 

determination in real samples.  With that respect, an MIP film-coated electrode was applied for 

CIL determination in human plasma.  The plasma samples spiked with CIL of known 

concentration, determined with LC-MS, were thawed in air and then diluted with DCM.   

 Remarkably, the chemosensor determined CIL and dhCIL successfully in spiked human 

plasma, with high recovery (Table 4.2-4).  Notably, the devised chemosensor analytical 

parameters favorably compared with already known chemosensors.  The LOD is lower, but the 

linear dynamic concentration range is broader only for the luminescence-based sensor.  
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However, this sensor was devised for CIL determination in pharmaceutical formulations and 

was not tested for real plasma samples.  Therefore, no biological matrix effect was studied.  

Moreover, the determination procedure described herein is less demanding than that needed 

for luminescence-based chemosensing.  Furthermore, the efforts were extended here to 

determine the parameters of CIL binding by the MIP-CIL film.  Typically, Langmuir (L), 

Freundlich (F), and Langmuir-Freundlich (LF) isotherms most accurately describe this 

binding.363  Therefore, these three isotherms were tested herein to describe the normalized 

ferrocene DPV peak current dependence on the CIL concentration in the ferrocene DCM 

solution (Figure 4.2-6, and Tables 4.2-1a and 4.2-1b).  The LF isotherm fit to the data acquired 

was the best, meaning that CIL molecules predominantly interact with the imprinted cavities 

and not mutually with themselves and that cavity distribution is to some extent heterogenic.  

The homogeneity factor (nh) exceeding 1, determined, indicates that the sorption is favorable 

(Table 4.2-2).  Moreover, the binding constant (KLF) calculated is reasonably high.  
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Figure 4.2-6.  The normalized DPV peak current change with the CIL concentration change 

for 0.75-mm diameter Pt disk electrodes coated with the film of (curves 1, 2, and 3) CIL-

extracted MIP (solid cures) and (curves 1', and 2') NIP (dash curves) in 10 mM ferrocene and 

0.1 M (TBA)ClO4 in DCM.  The data points were fitted with the (curve 1) and (curve 1') 

Freundlich (green), (curve 2) and (curve 2') Langmuir (red), and (curve 3) Langmuir-

Freundlich (blue) isotherms.   
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Table 4.2-1a.  Parameters of isotherms fitted to the normalized DPV peak current dependence 

on the CIL concentration at the MIP film-coated electrode (Figure 4.2-6).  

 

Isotherm 

type 

Isotherm equation Fitted isotherm parameters 

Inormalized 

DPV,max 

K, µM-1 n R2 

Langmuir ∆𝐼normalized DPV =

= ∆𝐼normalized DPV,max  
𝐾L 𝑐CIL

1 + 𝐾L 𝑐CILl

 

0.59 

(±0.048) 

8.53 

(±2.498)a 

- 0.935 

Freundlich 
∆𝐼normalized DPV = 𝐾F 𝑐CIL

1
𝑛  

- 0.65 

(±0.066)b 

2.55 

(±0.574)d 

0.865 

Langmuir-

Freundlich 

∆𝐼normalized DPV =

= ∆𝐼normalized DPV,max  
(𝐾LF 𝑐CIL)𝑛

1 + (𝐾LF 𝑐CIL)𝑛
 

0.47 

(±0.017) 

12.72 

(±1.152)c 

2.09 

(±0.431)e 

0.971 

 

Table 4.2-1b.  Parameters of isotherms fitted to the normalized DPV peak current dependence 

on the CIL concentration at the NIP film-coated electrode (Figure 4.2-6). 

Isotherm 

type 

Isotherm equation Fitted isotherm parameters 

Inormalized 

DPV,max 

K, 

µM-1 

nh 
e R2 

Langmuir ∆𝐼normalized DPV =

= ∆𝐼normalized DPV,max  
𝐾L 𝑐CIL

1 + 𝐾L 𝑐CIL

 

0.93 (±1.181) 0.27 

(±0.411) a 

- 0.794 

Freundlich ∆𝐼normalized DPV = 𝐾F 𝑐CIL

1
𝑛  - 0.19 

(±0.013) b 

1.25 

(±0.177) 

d 

0.876 

Langmuir-

Freundlich 

∆𝐼normalized DPV =

= ∆𝐼normalized DPV,max

(𝐾LF 𝑐CIL)𝑛

1 + (𝐾LF 𝑐CIL)𝑛
 

0.99  0.17  0.77  0.834  

Inormalized DPV – normalized DPV peak current 

Inormalized DPV, max – maximum value of normalized DPV peak current 
a KL – Langmuir constant 
b KF – Freundlich constant 
c KLF – Langmuir-Freundlich constant 
d Sorption intensity 
e nh - Homogeneity factor 
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Table 4.2-2.  Parameters of Langmuir-Freundlich isotherms, fitted to the normalized ferrocene 

DPV peak current dependence on the CIL, dhCIL, cholesterol, and dehydroaripiprazole 

concentration, for the CIL-extracted MIP film-coated electrode. 

Compound Fitted isotherm parameters 

Inormalized 

DPV,max 
KLF

 a, µM-1 n b R2 

Cilostazol 0.47 (±0.02) 12.72 (±1.15) 2.09 (±0.43) 0.97 

3,4-Dehydrocilostazol 1.75 (±0.25) 0.23 (±0.19) 0.48 (±0.19) 0.99 

Cholesterol  0.57 (±0.04) 7.29 (±0.92) 0.47 (±0.02) 0.97 

Dehydroaripiprazole 0.19 0.0001 0.0004 No fit 

a KLF – Langmuir-Freundlich constant 
b nh – homogeneity factor 

 

 

4.2.3.7  Chemosensor selectivity calculated via simulations 

The chemosensor application for analyte determination in real samples should be selective to 

the interferences.  This issue can be modeled by simulating the analyte and interferences 

binding by the MIP.  To this end, the cavity in the MIP-CIL model was simulated based on the 

PPC1 complex structure.  In this model, the cavity was treated as the host for binding, 

separately, molecules of all guest compounds tested.  The molecular structures of the cavity 

and the distribution of the MEP on its surface generated by the FM1 and CLM molecules are 

presented in Figures 4.2-7a and 4.2-7b.  The neutral potential is located deep inside the cavity, 

while the regions with the negative (red) to positive (blue) potentials are close to the cavity 

edge, in heteroatoms proximity.  The binding was simulated for CIL and dhCIL analytes, as 

well as cholesterol and dehydroaripiprazole interferences to assess the chemosensor selectivity.  

The optimized structures of the cavity interacting with the above guest molecules are presented 

in Figures 4.2-7c through 7f.  The calculated Gibbs free energy change (Gbind) and the 

experimental selectivity of the MIP-CIL to each guest compound studied are compared in 

Table 4.2-3.  Apparently, the predicted MIP cavities affinities to CIL and dhCIL are high and 

similar, whereas affinities to dehydroaripiprazole and cholesterol, favorably, are much lower.  

The interactions within the cavity and localization of guest molecules can explain the 

differences in the affinities.  CIL and dhCIL molecules are located in similar cavity regions, 
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and their conformations are almost identical.  Hence, the intermolecular interactions are 

similar. 

 To sum up, the MIP-CIL can be proposed as the recognition unit of a chemosensor for 

selective CIL and dhCIL determination in the presence of the cholesterol and 

dehydroaripiprazole interferences.  Moreover, the impact of solvent on the intermolecular 

interactions was explored.  For a non-covalently imprinted polymer synthesizing, a porogen 

solvent is an essential factor affecting the pre-polymerization complex formation and then 

sorption of the analyte or interferences in the resulting MIP molecular cavities.368  The herein 

adopted simulation strategy considering the solvent in imprinting revealed the DCM 

molecules' participation in intermolecular interactions with molecules of the CIL template, the 

FM1, and CLM monomers, and interferences. 

 

Table 4.2-3.  The determined MIP-CIL cavity selectivity to the dhCIL metabolite and 

interferences, and calculated Gibbs free energy (Gbind) changes accompanying the MIP-CIL 

model cavity complexation of the dhCIL and the interferences. 

Guest compound DPV determined 

selectivity 

Calculated ∆Gbind, 

kJ/mol 

Cilostazol (CIL) - -159.29 

3,4-Dehydrocilostazol (dhCIL) ~1.06 -153.77 

Cholesterol 1.52 -140.75 

Dehydroaripiprazole 8.00 -90.74 
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Figure 4.2-7.  Computer simulated structures of the molecular cavity in MIP-CIL.  (a) The 

skeleton model, (b) surface distribution of molecular electrostatic potential (MEP) colored 

according to the interpolated (blue) positive and (red) negative charge, (c) with CIL (d) dhCIL 

(e) dehydroaripiprazole, and (f) cholesterol molecule entrapped showing interactions with 

dichloromethane.  

Table 4.2-4.  Comparison of CIL and dhCIL methods of determination in the CIL-spiked 

human plasma and a test solution using LC-MS and the MIP-CIL chemosensor.   

Sample 

No. 

LC-MS 

determined 

CIL in the 

test solution, 

nM 

LC-MS 

determined 

CIL in 

human 

plasma, nMa 

Recovery, 

% 

CIL  

concentratio

n in the test 

solution, nM 

MIP 

chemosensor 

determined 

CIL in the test 

solution, nM 

Recovery, 

% 

1 27.1 28.6 105.5 27.1 27.2 (±4.5) 100.3 (±16.6) 

2 81.2 88.2 108.6 81.2 80.7 (±3.9) 99.3 (±4.8) 

3 676.7 717.4 106.0 676.7 734.0 (±3.1) 108.4 (±0.4) 

4 3518.6 3500 99.4 351.8 354.0 (±4.5) 100.6 (±1.3) 

5 8120.0 7626.5 93.9 812.0 1088.9 (±13.4) 134.1 (±1.6) 

dhCIL 81.6 89.8 110.0 81.6 89.5 (±1.4) 109.6 (±1.7) 

 

b 

d 

c a 

e f 
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4.2.4  Conclusions 

The chosen electroactive thiophene-appended carbazole functional and cross-linking monomers 

appeared effective in CIL molecular imprinting in a polymer.  The prepared thin MIP film 

checked itself as the recognition unit of an electrochemical chemosensor for selective CIL 

determination in human plasma.  Its apparent imprinting factor was as high as IF = 10.6, 

indicating efficient imprinting.  The DPV normalized peak current for the ferrocene redox probe 

dependence on the logarithm of CIL concentration was linear between 50 and 924 nM CIL.  The 

attained LOD of 15 nM in CIL was well below the cut-off 135 nM value adopted in clinical 

practice.  Therefore, the chemosensor seems promising for use in clinical analysis. 

 Moreover, the electrochemical MIP chemosensor is an excellent candidate for point-of-care 

(PoC) applications because of the short (< 5 min) time of CIL determination, disposability, 

operation simplicity, repeatability, and low cost, all essential in monitoring the patient's response 

to treatment at home.  Furthermore, the chemosensor response to the dhCIL metabolite is nearly 

identical to that of the CIL analyte.  Therefore, beneficially, they can be determined together.  

Advantageously, the chemosensor is highly selective to dehydroaripiprazole interference.  

However, it is not selective to cholesterol, presumably because its molecule is smaller than that 

of CIL.  Hence, cholesterol molecules can readily become entrapped in the CIL-imprinted 

cavities.  Therefore, cholesterol should be pre-removed from clinical samples.  As a very 

lipophilic substance, it can readily be extracted with highly non-polar solvents, e.g., aliphatic 

hydrocarbons that do not dissolve polar CIL and dhCIL.  Fitting the selected isotherms to the 

sorption data indicated the formation of molecular cavities imprinted in the MIP and these 

cavities' strong CIL binding.  Binding sites distribution in the MIP is somewhat non- 

homogeneous.  Notably, fitting the isotherms for the NIP revealed significantly weaker and 

relatively homogeneous binding of non-interacting molecules.  Computational simulations 

allowed selecting the most appropriate monomers for the MIP synthesis.  The theoretical 

binding model explained the differences in chemosensor selectivity and emphasized the DCM 

solvent role in the intermolecular interaction
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Chapter 5  

Polytyramine film-coated single-walled carbon nanotube 

electrochemical chemosensor with molecularly imprinted polymer 

nanoparticles for duloxetine selective determination in human 

plasma 

This chapter discusses the research work partially described in a manuscript submitted for 

publication, authored by Jyoti,  Teresa Żołek,  Dorota Maciejewska,  Edyta Gilant,  Elzbieta 

Gniazdowska,  Andrzej Kutner,  Krzysztof R. Noworyta,  and  Wlodzimierz Kutner 

Abstract  

We report on an electrochemical chemosensor for selective determination of a duloxetine 

(DUL) antidepressant.  Polyacrylic nanoparticles, molecularly imprinted with DUL (DUL-

nanoMIPs) and then uniformly embedded in a polytyramine film supported on single-walled 

carbon nanotubes (SWCNTs), i.e., a nanoMIPs-SWCNTs@(polytyramine film) surface 

construct, constituted a recognition unit of this chemosensor.  DUL-nanoMIPs and non-

imprinted (nanoNIPs) were immobilized on Au electrodes in SWCNTs supported 

polytyramine films, deposited by potentiodynamic electropolymerization.  Computational 

design at the molecular dynamics (MD) level of DUL-nanoMIPs helped select the most 

appropriate functional and cross-linking monomers and analyze the selectivity of the 

chemosensor.  These monomers contributed to synthesizing three different DUL-nanoMIPs 

and nanoNIPs types by precipitation polymerization.  DUL-nanoMIPs, synthesized from 

respective methacrylic acid (MAA) and ethylene glycol dimethylacrylate (EGDMA) as the 

functional and cross-linking monomer, respectively, revealed the highest affinity to the DUL 

analyte.  The chemosensor was successfully applied for DUL selective determination in human 

plasma.  Linear dynamic concentration range extending from 10 pM to 676 nM DUL and the 

LOD equaling 1.6 pM in the plasma was determined by differential pulse voltammetry (DPV).  

The HPLC-UV measurements confirmed the DUL electrochemical chemosensing.   
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5.1  Introduction 

The objective of the present study was to prepare an electrochemical chemosensor for 

duloxetine (DUL) using DUL-templated MIP nanoparticles as the recognition unit.  For that, 

we first prepared MIP nanoparticles imprinted with DUL (DUL-nanoMIPs) by precipitation 

polymerization.  Next, the sedimentation deposited single-walled carbon nanotubes 

(SWCNTs) and DUL-nanoMIPs on the electrode surface.  Then, we deposited a polytyramine 

film on this electrode by tyramine potentiodynamic electropolymerization.  Due to the 

SWCNTs and polytyramine presence, the recognition unit of the MIP chemosensor thus 

fabricated resembled a network.  NanoMIPs revealed a high affinity to DUL.  SWCNTs served 

as "electrical bridges" for the electron transfer between nanoMIPs, and polytyramine was the 

layer binding these NPs.  Therefore, the selectivity of the developed nanoMIPs chemosensor 

towards DUL was higher than that towards interferences.  Moreover, the chemosensor 

sensitivity, durability, and determination repeatability were high.  The chemosensor was 

successfully used for DUL determination in human plasma.  The HPLC-UV determination 

confirmed the practical usefulness of the chemosensor. 

5.2  Experimental section and procedures  

All DPV and EIS measurements were performed using the electrochemical mini-vessel, 

described in Chapter 2 above, filled with the phosphate-buffered saline, PBS, (pH = 7.2) 

solution of the 10 mM K3[Fe(CN)6] and 10 mM K4[Fe(CN)6] redox probe.  In the DPV 

measurements, the potential was scanned from -0.10 to 0.40 V vs. Ag/AgCl with the potential 

step of 5 mV, and the amplitude of 50-ms pulses applied of 25 mV.  In the EIS experiments, 

an ac excitation signal of frequency in the range of 1 MHz to 100 mHz and a 10-mV sinusoidal 

amplitude was used at the applied potential of 0.15 V vs. Ag/AgCl.   

5.2.1  Preparing human plasma samples for DUL determination 

A 1.0-mg/mL DUL stock solution was prepared by dissolving a weighed DUL portion in 

methanol.  Working solutions were then prepared by diluting the stock solution with 50% 

methanol.  Human plasma samples (with citrate as the anticoagulant) were prepared by spiking 

the blank plasma with the appropriate working solution at a volume ratio of 20 : 1.  Thus, the 
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DUL concentration in the human plasma samples ranged from 33.6 to 840.6 nM.  Each sample 

was split into two parts for DUL determination using an electrochemical chemosensor with the 

nanoMIPs-SWCNTs@polytyramine film as the signal transduction unit and the HPLC-UV 

method.   

5.2.2  DUL determining in human plasma using nanoMIPs-SWCNTs@polytyramine 

film-coated electrode 

The human plasma samples of known DUL concentrations were thawed in air and then ten 

times diluted with PBS (pH = 7.2).  These samples were made 10 mM in the K3[Fe(CN)6] and 

10 mM in the K4[Fe(CN)6] redox probe.  The 1-ml samples of the DUL-spiked human plasma 

solutions containing this redox probe were consecutively placed in the electrochemical mini-

vessel.  Then the nanoMIPs-SWCNTs@polytyramine film-coated electrode was immersed in 

these solutions, and the DPV current peak, IDPV, values were measured for DUL of known 

concentrations.  The resulting changes in the IDPV detection signals were used for constructing 

the DUL calibration plot. 

5.2.3  DUL determining in human plasma using HPLC-UV 

The DUL in human plasma was also determined using HPLC-UV to confirm the DUL 

chemosensing.  The liquid-liquid extraction with the tert-butyl methyl ether was used for 

sample preparation.  The sample components were separated using HPLC-UV on the 

Symmetry C18 150  3.0 mm, 3.5 µm column (Waters, USA) at 25 (±2) °C.  A mixture of 10 

mM ammonium formate and acetonitrile (62.5 : 37.5, v/v) served as the mobile phase.  The 

UV light with a selected wavelength of 230 nm was applied for the DUL detection.  Fluoxetine 

hydrochloride served as the internal standard.  The complete analysis run time was 12 min.  

This determination was performed in compliance with the OECD Principles of Good 

Laboratory Practice (GLP).   

5.3  Results and discussion  

First, the most appropriate functional and cross-linking monomers were selected by computer 

modeling.  These monomers were used at different ratios to find the MIPs with the highest 

affinity towards the target DUL analyte.  After complete characterization, the most promising 

nanoMIP particles were immobilized on gold electrodes.  First, the affinity, cross-reactivity, 
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repeatability, and reproducibility were investigated using PBS samples.  Then, DUL was 

determined in human plasma samples to validate the developed chemosensing system.   

5.3.1  Functional and cross-linking monomers effect on the pre-polymerization complex 

stability 

MIP properties were determined using the modeled structure of the pre-polymerization 

complex built of the DUL template with four different functional and two cross-linking 

monomers.  For that, determining the most appropriate molecular composition of the complex 

was an essential part of the studies preceding nanoMIP synthesis.  First, the complex systems 

of the DUL-to-MAA stoichiometric ratio of 1 : 3, 1 : 4, 1 : 5, and 1 : 6 were analyzed.  The 

systems were generated by surrounding a DUL molecule with twelve MAA molecules.  Then, 

after the energy optimization, the appropriate numbers of MAA molecules, i.e., 3, 4, 5, or 6, 

were selected to create the center of the pre-polymerization complexes.  The main criteria for 

the selection involved the strongest interactions of DUL with the monomers of the hydrogen 

bond and π-π interactions.  Then structures of these complexes were optimized again, and, for 

preserving the internal geometry, an auxiliary restraining potential was applied to the 

monomers in subsequent computations.  With the use of MM and MD, four models of the pre-

polymerization complexes of DUL with MAA and EGDMA were constructed.  The Gibbs free 

energy changes accompanying the complexation were defined by intermolecular interactions 

between the template and functional or cross-linking monomer.  Using these calculations, we 

chose the most appropriate stoichiometric ratio for the nanoMIP synthesis.  In subsequent 

computations, three different functional monomers vis., 4-VP, AA, and HPMA, as well as two 

cross-linking monomers, vis., EGDMA and BIS, were considered by simulating four pre-

polymerization complex systems at the 1 : 5 : 20 molar ratios.  The final stage of structural 

modeling consisted of creating the MIP molecular cavity.  That used the most stable pre-

polymerization complex structure of the DUL: MAA : EGDMA ratio of 1 : 5 : 20, predicted 

for the complex synthesis (Figure 5-1).  

 Next, the template was removed from the resulting MIP, and the space vacated was 

proposed as the theoretical model of the sorption cavity in the nanoMIP.  The cavity model 

was used for analyzing analyte and interferences sorption from aqueous solutions.  The DUL 

analyte and creatinine, urea, glucose, and cholesterol interferences were successively inserted 
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in the cavity, and then the MD simulated their sorption.  The resulting values of the Gibbs free 

energy change, GC, for all systems tested, are presented in Table 5-1.   

 

 

 

 

 

 

 

Figure 5-1.  Simulated skeleton model of the pre-polymerization complex of DUL with MAA 

surrounded by EGDMA molecules at the 1 : 5: 20 molar ratios.  Significant intermolecular 

interactions are indicated with dashed lines.  

Table 5-1.  Compositions of mixtures for preparation of pre-polymerization complexes and 

the Gibbs free energy changes, GC (GC = Gsystem – GDUL – n·GFM – 20·GCLM), for eight 

complex systems simulated.   

Complex system GC 

kJ/mol 

DUL : MAA : EGDMA, 3 : 20 -313.95 

DUL : MAA : EGDMA, 4 : 20 -342.69 

DUL : MAA : EGDMA, 5 : 20 -343.81 

DUL : MAA : EGDMA, 6 : 20 -321.35 

DUL : MAA : BIS, 5 : 20 -39.14 

DUL : 4-VP : EGDMA, 5 : 20 -248.68 

DUL : AA : BIS, 5 : 20 -11.96 

DUL : HPMA : BIS, 5 : 20 -13.23 

MAA – methacrylic acid, 4-VP – 4-vinylpyridine, AA – acrylamide, HPMA – N-(2-hydroxypropyl) 

methacrylamide, EGDMA – ethylene glycol dimethacrylate, BIS – N,N´-methylenebisacrylamide.  The Gsystem, 

GDUL, GFM, GCLM and n symbols respectively stand for the Gibbs free energy change accompanying the 

formation of the system, DUL, functional and cross-linking monomers, and the number of functional monomer 

molecules in the complex. 
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5.3.2  NanoMIPs synthesizing by precipitation polymerization  

Once the functional monomer, cross-linking monomer, and their optimum stoichiometric ratios 

for stable pre-polymerization complex formation were selected through computational 

modeling, nanoMIPs, and their corresponding nanoNIPs were synthesized using the 

precipitation polymerization procedure discussed in Chapter 2 above.   

5.3.3  NanoMIPs and nanoNIPs size and zeta potential determining 

Dynamic light scattering (DLS) determined the hydrodynamic size and zeta potential of the 

nanoMIPs and nanoNIPs.  For DLS measurements, 1-mg mL-1 nanoMIPs and nanoNIPs 

samples were ultrasonicated in deionized water.  The average sizes of nanoMIPs and nanoNIPs 

were 157 (±14) and 529 (±18) nm, respectively.  The zeta potential for the nanoMIPs and 

nanoNIPs was -9.6 and -46.3 mV, respectively.  It revealed the net surface charge and long-

term stability of the nanoparticles.  Since the negative nanoMIPs' zeta potential was relatively 

low, they experienced rapid aggregation (Figure 5-4b); in contrast, nanoNIPs with relatively 

high negative zeta potential were very stable. 

5.3.4  Experimental determining of the duloxetine analyte binding to nanoMIPs  

NanoMIPs should be placed as close as possible to the electrode surface so that after binding 

the DUL analyte, the transducer, here, the electrode, generated a well pronounced analytical 

signal.  For that, herein, we used tyramine which, upon electropolymerization, forms a thin 

polymer film, widely applied for tissue repair and drug release, among others.369   

 Initially, nanoMIPs were immobilized in the polytyramine film using five 

potentiodynamic cycles (Figure 5-2a).  Subsequently, three different sets of nanoMIPs and 

nanoNIPs chemosensors were devised to elucidate their sensitivity towards the DUL analyte.  

The nanoMIP chemosensor prepared using MAA and EGDMA as the functional and cross-

linking monomer, respectively, was very sensitive to DUL (Figure 5-2b).  However, the 

nanoMIPs chemosensor, fabricated using either AA (Figure 5-2c) or HPMA (Figure 5-2d) as 

the functional monomer, DUL binding was weak.  Therefore, nanoMIPs embedded in the 

polytyramine film, synthesized using MAA and EGDMA, were applied in further studies.  
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Figure 5-2.  (a) The multi-cyclic potentiodynamic curve for a mixture of 10 mM tyramine in 

25 mM H2SO4 on a 2-mm diameter Au-disk electrode at a 50-mV s-1 potential scan rate in the 

presence of polymer NPs.  Plots of normalized DPV peak currents vs. DUL concentration in 

10 mM K3[Fe(CN)6] and 10 mM K4[Fe(CN)6] in 0.1 M PBS (pH = 7.2) for the nanoMIPs 

(black) and nanoNIPs (red) embedded in the polytyramine film and prepared using functional 

and cross-linking monomers of (b) MAA and EGDMA, (c) AA and BIS, and (d) HPMA and 

BIS.  

5.3.5  Optimizing polymer NPs integration with electrodes for signal enhancement using 

SWCNTs 

Choosing the most suitable polymer NPs immobilization method is crucial for their successful 

integration with a transducer surface, here, the electrode surface, to construct an MIP 

chemosensor.  Three different ways were used to enhance the MIP/NIP chemosensor signal by 

incorporating single-walled carbon nanotubes.  Moreover, another substituent was considered 

to increase the chemosensor signal.  To this end, MWCNTs were used (Figure 5-3d).  Their 

concentration was thrice higher than that of the SWCNTs.  From Figure 5-3d, it is evident that 

the SWCNTs performed better than the MWCNTs.  
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Figure 5-3.  Plots of normalized DPV peak currents vs. DUL concentration in 10 mM 

K3[Fe(CN)6] and 10 mM K4[Fe(CN)6] in 0.1 M PBS (pH = 7.2) recorded on the Au disk 

electrode for nanoMIPs (curves 1, 1’, and 1”) or nanoNIPs (curves 2, 2’, and 2”) chemosensor 

fabricated using (a) drop-coated SWCNTs (b) drop-coated functionalized SWCNT-COOH and 

(c) a mixture of SWCNTs with tyramine.  (d) The normalized DPV peak current vs. DUL 

concentration plot for the nanoMIP chemosensor fabricated using SWCNTs and MWCNTs as 

signal enhancers.  
 

 Suppose electrodes were first to drop coated with the SWCNTs (Figure 5-3a) or 

functionalized SWCNTs-COOH (Figure 5-3b), followed by electropolymerization of tyramine 

in the presence of polymer NPs.  In that case, the prepared imprinted NPs chemosensor could 

not selectively bind DUL.  However, when SWCNTs, DUL-imprinted NPs, and tyramine 

solution were mixed and sedimented for 75 min followed by potentiodynamic 

electropolymerization, the resulting MIP chemosensor effectively bound DUL (Figure 5-3c), 

in contrast to the NIP NPs.  Therefore, mixing together all three components instead of drop-

coating was preferred for the fabrication of the chemosensor for subsequent experiments.   
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5.3.6  SEM and AFM imaging of nanoMIPs and nanoNIPs 

The changes in morphology and structure of the electrode surface after (nanoMIPs-

SWCNTs)@polytyramine film deposition in five potentiodynamic cycles were monitored by 

SEM imaging.  This imaging confirmed the formation of a web-like structure where nanoMIPs 

were encapsulated in the SWCNTs-polytyramine film (Figure 5-4a and 4b), unlike the 

SWCNTs-polytyramine film (Figure 5-4c).    

 

 

 

 

 

 

 

 

 

 

Figure 5-4.  SEM images at different magnifications of (a) and (b) nanoMIPs embedded in the 

SWCNTs-polytyramine film, and (c) the SWCNTs-polytyramine film without nanoMIP.  Both 

films were deposited on the Au-layered glass slide electrodes.  AFM topography images and 

Young's module map (a''), (b'') and (c'') of the (a') and (a'') nanoMIPs and (b') and (b'') nanoNIPs 

embedded along with SWCNTs in the polytyramine film, and (c') and (c'') the polytyramine 

film with the SWCNTs in the absence of nanoMIPs and nanoNIPs.  All of the films were 

deposited on the Au-layered glass slide electrodes.  

a' b' 

a'' 

c' 

b'' c'' 
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 AFM imaging correlated well with SEM imaging.  It shows reticulated structures, 

composed of SWCNTs, nanoMIPs or nanoNIPs, and polytyramine, irregularly scattered on the 

film surface.  The film between these structures is relatively uniform (Figure 5-4a', 4b', and 

4c').  The (nanoMIPs-SWCNTs)@polytyramine film, (nanoNIPs-SWCNTs)@polytyramine 

film, and SWCNTs@polytramine film roughness (Ra) was 3.3 (± 1.2), 5.7 (± 1.2), and 

1.7 (± 0.3) nm, respectively.  The films are composed of rounded or elliptical 20 to 100 nm in 

size agglutinated grains.  The (nanoMIPs-SWCNTs)@polytyramine, (nanoNIPs-

SWCNTs)@polytyramine, and SWCNTs@polytyramine film thickness was 145 (± 6), 

69 (± 17), and 81 (± 22) nm, respectively.  The examination of the nanomechanical properties 

of the films showed that the (nanoMIPs-SWCNTs)@polytyramine and 

SWCNTs@polytyramine are mechanically homogeneous (Figure 5-4a'', 4b'', and 4c'')).  On 

the other hand, the (nanoNIPs-SWCNTs)@polytyramine film contained domains of different 

hardness (Figure 5-4b'').  They had larger lumps of grains.  The (nanoMIPs-

SWCNTs)@polytyramine, (nanoNIPs-SWCNTs)@polytyramine, and 

SWCNTs@polytyramine film medium Young modulus was 6.0 (± 0.2), 23.1 (± 3.9), and 

1.9 (± 0.3) GPa, respectively.  

5.3.7  Electrochemical characterizing of nanoMIP/nanoNIPs and SWCNTs immobilized 

in polytyramine films on electrodes  

The sedimented nanoMIPs and SWCNTs were immobilized in a polytyramine film using five 

potentiodynamic cycles (Figure 5-5b).  In the multi-cyclic potentiodynamic curve, two anodic 

peaks at 0.99, 1.34 V and one cathodic at 0.61 V vs. Ag quasi-reference electrode were 

present.  In consecutive cycles, anodic currents decreased, indicating electrode coating with a 

thicker after each cycle non-conducting polymer film.  This behavior resembled the 

SWCNTs@polytyramine film potentiodynamic deposition in the absence of nanoMIPs (Figure 

5-5a), confirming polytyramine film deposition.  When SWCNTs were embedded in the 

nanoMIPs@polytyramine film, the peak current was enhanced, demonstrating SWCNTs' vital 

role in the electron transfer.  The slope of the calibration plot of the (nanoMIPs-

SWCNTs)@polytyramine film-coated electrode was almost four times higher than the 

nanoMIPs@polytyramine film-coated electrode (Figure 5-5f).  
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Figure 5-5.  The multi-cyclic potentiodynamic curve for a mixture of 10 mM tyramine in 25 

mM H2SO4 and SWCNTs on a 2-mm diameter Au-disk electrode at a 50-mV s-1 potential scan 

rate in the (a) absence and (b) presence of nanoMIPs sedimented on the electrode surface for 

75 min.  (c) CV and (d) DPV voltammograms, and (e) Nyquist curves at 0.15 V for 10 mM 

K3[Fe(CN)6] and 10 mM K4[Fe(CN)6] in 0.1 M PBS (pH = 7.2) recorded on the Au disk 

electrode coated with the film of (curves 1, 1', and 1'') nanoMIPs@polytyramine, (curves 2, 2', 

and 2'') SWCNTs@polytyramine, and (curves 3, 3', and 3'') nanoMIPs-

SWCNTs@polytyramine.  (f) Calibration plots of normalized DPV peak current constructed 

using electrodes coated with the (black) nanoMIPs-SWCNTs@polytyramine, (red) nanoNIPs-

SWCNTs@polytyramine, (blue) nanoMIPs@polytyramine film. 
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 Expectedly, the K4[Fe(CN)6]/K3[Fe(CN)6] in the PBS (pH = 7.2) peaks in the CV (Figure 

5-5c) and DPV (Figure 5-5d) curves for the (nanoMIPs-SWCNTs)@polytyramine film-coated 

electrode were lower than for the SWCNTs@polytyramine film-coated electrode.  These peaks 

were exploited to confirm the successful immobilization of nanoMIPs in the 

SWCNTs@polytyramine film (Figure 5-5c - 5e).  That is, both CV and DPV peaks for the 

(nanoMIPs-SWCNTs)@polytyramine film-coated electrode (curve 3 in Figure 5-5c and 

curve 3' in Figure 5-5d, respectively) were significantly smaller than those for the 

SWCNTs@polytyramine film-coated electrode (curve 2 in Figure 5-5c and curve 2' in Figure 

5-5d, respectively).   

 Moreover, the semicircle diameter corresponding to the charge transfer resistance, Rct, in 

the Nyquist plot for the (nanoMIPs-SWCNTs)@polytyramine film-coated electrode was larger 

than that for the SWCNTs@polytyramine film-coated electrode (curves 3'' and 2'', 

respectively, in Figure 5-5e), thus manifesting more extensive charge transfer blocking of the 

former electrode.   

5.3.8  DPV and EIS determining of DUL with the (nanoMIPs-SWCNTs)@polytyramine 

film-coated electrode 

(NanoMIPs-SWCNTs)@polytyramine film-coated Au-disk electrodes were used for the DUL 

determination with DPV (Figure 5-6a and 6b) and EIS (Figure 5-6c and 6d) in the presence of 

the K4[Fe(CN)6]/K3[Fe(CN)6] redox probe.  The normalized DPV peak (IDPV,0 – IDPV,s)/IDPV,0), 

where IDPV,0, and IDPV,s stand for the initial and actual DPV peak, linearly depended on the 

logarithm of DUL concentration, cDUL (Figure 5-6e).  The linear dynamic concentration range 

was 10 pM to 676 nM DUL obeying the semi-logarithmic regression equation of 

(IDPV,0 – IDPV,s)/IDPV,0) = -0.39 (±0.021)/log [nM] ×log {cDUL [nM]} -1.00 (±0.038) (Figure 5-

6e, curve 1).  The sensitivity and correlation coefficient were -0.39 (±0.021)/log [nM], and 

0.96, respectively.  At the signal-to-noise ratio, S/N = 3, the chemosensor's LOD was 1.6 pM 

DUL being adequately low for the DUL determination in body fluids.   

 Moreover, the DPV signal for the nanoNIPs-SWCNTs@polytyramine film-coated 

electrode did not change much with the DUL concentration increase, thus indirectly confirming 

successful imprinting.  This signal dependence on DUL concentration is described by the semi-

logarithmic regression equation of (IDPV,0 – IDPV,s)/IDPV,0) = -

0.03 (±0.003)/ log [nM] × log {cDUL [nM]} – 0.14 (±0.007) (Figure 5-6e, curve 6) for the 
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concentration range of 10 pM to 923 µM DUL.  The sensitivity and correlation coefficient 

were -0.03 (±0.003)/log [nM] and 0.89, respectively.  The apparent imprinting factor was 

estimated from the ratio of the slopes of DUL calibration plots for the nanoMIPs-

SWCNTs@polytyramine to nanoNIPs-SWCNTs@polytyramine film-coated electrodes as 

IF = 13.0.   

 Immediately after recording the DPV curves, the EIS spectra were recorded for the same 

solutions to gain insight into mechanistic aspects of the chemosensor response.  In Nyquist 

plots, the semicircles' diameters correspond to the redox probe faradaic processes' charge 

transfer resistance, Rct.  Both for nanoMIPs and nanoNIPs, semicircles were well pronounced 

(Figure 5-6c and 6d).  A modified Randles-Ershler equivalent circuit (Figure 5-6g) fitted well 

to these spectra.  For (nanoMIPs-SWCNTs)@polytyramine, the Rct linearly increased with the 

logarithm of DUL concentration (Figure 5-6f), fulfilling the following semi-logarithmic 

regression equation.  (Rct,0 - Rct,s)/Rct,0 = 0.10 (0.003)/log [nM] × log {cDUL [nM]} + 

0.29 (0.007).  The sensitivity and regression coefficient were 0.10 (0.003)/log [nM] and 

R2 = 0.98, respectively.  At S/N = 3, the LOD was 2.0 pM DUL.   

 However, for (nanoNIPs-SWCNTs)@polytyramine, the Rct did not change much with the 

change of the logarithm of the DUL concentration (Figure 5-6f).  The linear regression 

equation was (Rct,0 - Rct,s)/Rct,0 = 0.01 (0.004)/log [nM] × log {cDUL [nM]} + 0.02 (0.009).  

The sensitivity at S/N = 3 was 0.01 (0.004)/log [nM].  The apparent imprinting factor, 

calculated as the ratio of slopes of the EIS calibration plots for nanoMIPs and nanoNIPs, was 

7.5.   

 Moreover, the selectivity coefficients (α) for glucose and creatinine were 15 and 1.4, 

respectively.  Advantageously, the EIS chemosensor was irresponsive to cholesterol in the 

same concentration range. 

 Analytical parameters of the fabricated chemosensor, including the linear dynamic 

concentration range and LOD, were compared to those already reported in the literature and 

presented in Chapter 1, Section 1.3.2.  Apparently, the present chemosensor outmatches all 

those previously reported.   
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Figure 5-6.  (a) and (b) DPV peaks current, and (c) and (d) Nyquist plots recorded using the 

SWCNTs-polytyramine film-coated 2-mm diameter Au disk electrodes with (a) and (c) 

nanoMIPs and (b) and (d) nanoNIPs in the presence of DUL of different concentrations in 

10 mM K3[Fe(CN)6] and 10 mM K4[Fe(CN)6] in 0.1 M PBS (pH = 7.2) vs. Ag quasi-reference 

electrode. The semilogarithmic calibration plots of the (e) DPV currents normalized peaks 

constructed using electrodes coated with the (curves 1 - 5) nanoMIPs-

SWCNTs@polytyramine and (curve 6) nanoNIPs-SWCNTs@polytyramine film.  Curves 1, 

2, 3, 4, and 5 are respective calibration plots for DUL, creatinine, urea, glucose, and 

cholesterol.  (f) normalized charge transfer resistance against the DUL or interferences' 

concentration constructed using electrodes coated with the SWCNTs@polytyramine film 

containing (curves 1 - 4) nanoMIPs and (curve 5) nanoNIPs.  Curves 1, 2, 3, and 4 are 

calibration plots for DUL, creatinine, cholesterol, and glucose, respectively.  (g) A modified 

Randles-Ershler equivalent circuit used to fit the EIS spectra. 

5.3.9  Cross-reactivity study  

Although the chemosensor detectability of the target DUL analyte is adequate, it was necessary 

to test the chemosensor against common interferences encountered in human plasma (Figure 

5-6e and 6f).  Cross-reactivity experiments were performed with four common interferences, 

including urea, glucose, creatinine, and cholesterol, at concentrations of the same order as DUL 

to determine the selectivity coefficient () values (Figure 5-6e and 6f).  For that, ratios of 

slopes of the DUL calibration plot to that of the interference were calculated.  Advantageously, 

the chemosensor was irresponsive to cholesterol.  In summary, after integrating the 

(nanoMIPs-SWCNTs)@polytyramine film with the electrode surface to devise a complete 

chemosensor, this was appreciably selective to common interferences.   

5.3.10  NanoMIPs-SWCNTs@polytyramine stability and reusability 

Two essential criteria required for any sensing device, on top of sensitivity and selectivity, are 

stability and reusability.  Our chemosensor was stable for at least two months with a merely 

4.0% signal decay (Figure 5-7) and was reused at least five times without significant DUL 

sensing ability loss.  For its reuse, DUL was 30-min extracted with methanol after each 

determination.   
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Figure 5-7.  Calibration plots of normalized DPV peak current constructed using electrodes 

coated with the SWCNTs-polytyramine film containing nanoMIPs after addition of different 

concentrations of DUL in 10 mM K3[Fe(CN)6] and 10 mM K4[Fe(CN)6] in 0.1 PBS (pH = 7.2) 

vs. Ag quasi-reference electrode.  Curves 1 and 2 represent calibration plots for DUL at the 

two-month reused and newly prepared electrode, respectively. 

5.3.11  Computational modeling of the nanoMIP cavity as well as simulating analyte and 

interferences sorption in this cavity 

The model of the cavity imprinted in the MIP was set up based on the DUL : MAA : EGDMA, 

1 : 5 : 20 complex described above.  Figure 5-8a presents the MEP distribution on the cavity 

surface.  The negative potential areas predominate at the back of the cavity in the proximity of 

oxygen atoms of carbonyls and carboxyls, while the positive potential areas are located close 

to the cavity edge.  The positive potential areas are near hydrogen atoms of the hydroxyls.   

a 

 

b 

 

 

Figure 5-8.  (a) Surface distribution of molecular electrostatic potential (MEP) colored 

according to the interpolated (blue) positive and (red) negative charge of a computationally 

modeled structure of the molecular cavity imprinted in DUL-nanoMIP and (b) simulated 

visualization of the DUL analyte in the theoretically generated DUL-nanoMIP cavity. 
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 The computed values of the Gibbs free energy change due to nanoMIPs binding of the 

analyte or interferences (∆Gbind) are presented in Table 5-2.  Clearly, the nanoMIPs strongest 

interactions are predicted for DUL, corresponding well to a high experimental imprinting 

factor.  The free energy changes computed for the creatinine, urea, glucose, and cholesterol 

interferences are much lower.  Hence, those should not interfere with the DUL determination.  

The experimental selectivity coefficient () values correlated similarly, confirming 

computational predictions.   

Table 5-2.  Calculated changes of the Gibbs free energy (Gbind) due to nanoMIP binding of 

the DUL analyte and selected interferences, DPV experimental values of the imprinting factor 

(IF), and the selectivity coefficient (). 

Compound Experimental selectivity 

coefficient  

Calculated Gbind 

(kJ/mol) 

Duloxetine (DUL) - -201.96 

Creatinine/tautomer 

of creatinine 

5.5 -55.54/-100.75 

Cholesterol - -24.45 

Urea 7.8 -68.20 

Glucose 13.0 -36.30 

 

5.3.12  DUL determining in human plasma with the (nanoMIPs- SWCNTs) 

@polytyramine chemosensor 

The practical usability of a newly fabricated chemosensor should be evaluated with real 

samples to estimate the matrix effect.  With that in mind, the present chemosensor performance 

was investigated for DUL-spiked human plasma samples (Table 5-3).  These samples, 

anticoagulated with citrate, were then ten times diluted with PBS (pH = 7.2).  Significantly, 

the chemosensor determined DUL using DPV in plasma samples.  Hence, the chemosensor is 

suitable for DUL determination in plasma.   

 



165 
 

Table 5-3.  Comparison of DUL methods of determination in human plasma and a test solution 

using HPLC-UV and the MIP-DUL chemosensor.   

Sample 

No. 

LC-MS 

determined 

DUL 

concentration 

in the test 

solution, 

nM 

LC-MS 

determined 

DUL 

concentration 

in human 

plasma, 

nMa 

Recovery, 

% 

DUL 

concentrati

on in the 

test 

solution, 

nM 

MIP-

chemosensor 

determined 

DUL 

concentration 

in the test 

solution, 

nM 

Recovery, 

% 

1 33.6 33.2 98.8 3.3 4.0 (±1.25) 121.2 (±39.0) 

2 100.8 100.5 99.7 10.0 10.6 (±2.47) 106.0 (±24.7) 

3 336.2 332.2 98.8 33.6 30.2 (±8.75) 89.8 (±26.0) 

4 571.6 577.0 100.9 57.1 59.5 (±12.8) 104.2 (±22.5) 

5 840.6 802.6 95.4 84.0 89.4 (±11.0) 106.4 (±13.1) 

a 
Arithmetic average (n = 6)   

5.4 Conclusions 

The present research was devoted to developing a sensitive and selective method for duloxetine 

(DUL) determination in human plasma.  For that, we devised, fabricated, and tested a new 

nanoMIPs-based electrochemical chemosensor.  The DUL-imprinted nanoMIPs and SWCNTs 

were sedimented on a transducer (electrode) surface and then immobilized in a polytyramine 

film deposited by electropolymerization.  The functional and cross-linking monomers most 

appropriate to obtain nanoMIPs of a high affinity to the target DUL analyte were selected based 

on the computational simulations performed.  Recognizing properties and stability of the 

nanoMIPs are high.  The linear dynamic concentration range extended from 10 pM to 676 nM 

DUL, outmatching all those previously reported by several orders of magnitude.  The DPV 

and EIS chemosensors engineered herein are suitable for determining DUL at S/N = 3 with the 

LOD of 1.6 and 2.0 pM, respectively, which is well below the limit adopted in clinical practice 

(33 nM).  Nevertheless, the DPV chemosensor outperforms the EIS chemosensor in all aspects 

of DUL chemosensing.  The DPV peaks for the DUL analyte in the presence of interferences, 

https://www.sciencedirect.com/topics/chemistry/amphetamine
https://www.sciencedirect.com/topics/engineering/transducers
https://www.sciencedirect.com/topics/chemistry/tyramine
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commonly encountered in human plasma, were at least five times smaller than for this analyte 

in blank PBS (pH = 7.2).  The chemosensor durability (at least two months), reusability (at 

least five times), and repeatability are appreciably high.  Hence, the chemosensor is beneficial 

for clinical analysis in health protection due to the possibility of DUL monitoring in human 

plasma.   
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Chapter 6 

Research summary and future perspectives 

Over the years, the quantification of pharmaceutical drugs has gained researchers' attention as 

it is vital for diagnosis and the pharmaceutical industry.  For quantifying drugs, chemosensors 

have been successfully used so far.  However, being multi-parametric systems, their fabrication 

was challenging.  Moreover, in this case, the "one optimization, fits all" strategy does not work 

well, and every individual target demands its design.  Therefore, understanding the mechanism 

of interactions between the template molecule and the functional moieties plays an important 

role.  In this regard, huge efforts are made.  Nowadays, the composition of the most stable pre-

polymerization complexes is determined using quantum-chemical calculations for designing 

molecular cavities. 

 The present research used molecularly imprinted acrylate and carbazole polymers as the 

recognition units to build sensitive and selective chemosensors for quantifying chosen drugs.  

As the first step, fifteen monomers of carbazole moiety were synthesized, out of which three 

of thiophene-appended carbazole monomers were newly designed.  Later, three DPV and/or 

EIS chemosensors were successfully designed, fabricated, and tested for CIL and DUL drugs.  

Two separate CIL electrochemical chemosensors were prepared based on two different 

molecularly imprinted polymer recognition units, i.e., MIP nanoparticles (nanoMIPs) and MIP 

films.  Relatively high values of apparent imprinting factors confirmed the formation of 

selective molecular cavities in the imprinted polymers. 

 CIL imprinted nanoMIPs were prepared using functional acrylic-based monomers, 

immobilized on the surface of the transducers in polytyramine film.  Interactions of the MIP 

cavities, formed by functional acrylic or thiophene appended carbazole monomers, with CIL 

were simulated with MM, MD, and DFT.  The LOD at the signal-to-noise ratio of S/N = 3 in 

DPV and EIS determinations using the ferrocene redox probe in a "gate effect" mode was 

93.5 (± 2.2) and 86.5 (± 4.6) nM CIL, respectively, and the linear dynamic concentration range 

stretched from 134 nM to 2.58 µM CIL in both techniques.  That is, the detectability of the 

CIL EIS chemosensor was higher than that of the DPV chemosensor.  The chemosensor 

response to CIL and dhCIL was tested using voltammetric and EIS techniques.  Those revealed 
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appreciable selectivities to the interferences, including cholesterol and glucose, and 

structurally similar dehydroaripiprazole in human plasma.  Thiophene-appended carbazole 

monomers were used as functional and cross-linking monomers to prepare MIP films.  

Chemosensors were exhaustively characterized spectroscopically using PM-IRRAS 

spectroscopy and microscopically using AFM and SEM.  In this case, short (<5 min) time of 

CIL determination, operation simplicity, repeatability, low cost, lower LODs were achieved.  

Moreover, CIL and dhCIL cross-validation in spiked human plasma by LC-MS confirmed the 

MIP chemosensing. 

 For DUL chemosensing, nanoMIPs imprinted with DUL were prepared by precipitation 

polymerization of chosen functional acrylic monomers.  Those nanoMIPs were then uniformly 

embedded in a polytyramine film supported on the SWCNTs nanoarchitecture.  The MM and 

MD simulations, followed by DFT calculations, selected the functional and cross-linking 

monomers best-suited to reach the highest nanoMIPs affinity and sensitivity to the DUL 

analyte.  Both the DPV and EIS chemosensors were suitable for determining DUL with the 

LOD of 1.6 and 2.0 pM, respectively, i.e., it is well below the 33 nM limit adopted in clinical 

practice.  DPV peaks measured after injecting interfering compounds, commonly present in 

human plasma, were at least five times smaller than those for DUL. The chemosensor was 

highly stable (at least two months) and reusable (at least 5 times).   

 Interestingly, from the synthesis point of view, some of the monomers studied did not 

form polymer films upon electro-oxidation while remaining electrochemically active.  

Spectroelectrochemical studies of the selected monomers' electro-oxidation using UV-vis-NIR 

and EPR spectroscopy were conducted to understand the reasons for this behavior.  

Comparative studies of the monomers undergoing electro-oxidative polymerization and those 

undergoing electro-oxidation without polymerization allowed rationalizing the observed 

behavior.  The subsequent quantum-chemistry modeling of the selected monomers capable and 

incapable of electropolymerization provided insight into the radical formation and electronic 

structure of the cation radicals formed. 

 MIPs have tremendous potential for applications as chemosensors and increasing need in 

the field of chemistry, as well as for biotechnology.  Lastly, their applications to the 

chemosensing of pharmaceuticals provide exciting prospects for industries and great benefits 

for society.   
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 The present thesis covers essential information from exploiting the conducting films to 

depositing the nanoMIPs on different substrates using various components to prepare the 

sensing platforms.  Therefore, it is envisioned that the information provided by this thesis will 

assist future research in developing a hybrid sensor platform capable of detecting other 

medications of interest with higher selectivity, stability, and repeatability.  Moreover, 

additional issues arise due to the acquired knowledge, which may be addressed in future 

research. 

Challenges to overcome in future 

1. All human plasma samples were ten times diluted before analyte determination.  The 

analyte concentrations in spiked plasma samples were known.  However, measuring 

the undiluted plasma containing an unknown analyte concentration would be 

impressive.  For that, future collaborations with the hospitals and other medical 

institutions would be valuable.  

2. What is the likelihood of the existing model being commercialized and evolved into a 

point-of-care device?  For that, several improvements should be made in terms of 

practical design.  The concentration of each component used for chemosensor 

fabrication, its sample volume, nanoMIPs and SWCNTs sedimentation time on the 

electrode surface, and post-measurement disposal procedure are pivotal.  The precision 

and cost of the hand-held equipment are also relevant.  However, if money and research 

skills are not limited, it is possible to rapidly develop miniaturization and large-scale 

quality control.   
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Appendix 

A1. Spectral characterization of FM1 and FM2 monomer and their polymer  

The normalized absorption and emission spectrum maxima for FM1 in dichloromethane was 

recorded at λabs, max = 317 nm, 345 nm, λem, max = 484 nm, and whereas for FM2 appeared at  

λabs, max = 267, 312, 341 nm, and λem, max = 386 nm and 406 nm (Figure A-1(a,b)).  However, 

1 mM monomers in 0.1 M TBA(PF6) anhydrous dichloromethane solution were 

electrochemically oxidized utilizing ten potentiodynamic cycles on the ITO electrode vs. Ag 

pseudo-reference electrode at a scan rate of 50 mV s−1 to deposit the polymeric films of FM1 

and FM2.   The normalized absorption for FM1 and FM2 polymer films were observed at λabs, 

max, polymer = 270, 398 nm and λabs, max, polymer = 250, 324, 393 nm, respectively.  It can be 

concluded that polymer shows a bathochromic shift.  
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Figure A-1.  Normalized absorption of monomers (red) and its polymer films (black) and their 

normalized emission spectra (blue) recorded for 0.5 mM (a) FM1 and (b) FM2 in 

dichloromethane.  Polymer films were deposited on the ITO electrode potentiodynamically 

using five cycles in 0.1 M (TBA)PF6 in DCM at 50 mV s−1. 

 

A2.  Simultaneous electrochemical depositing and characterizing the FM1 and FM2 polymer 

films 

The FM1 and FM2 monomers' potentiodynamic electro-oxidation utilizing ten 

potentiodynamic cycles is demonstrated in Figures A-2a and 2c.  Both FM1 and FM2 showed 

irreversible anodic peaks at the same potentials, 0.87 V and 0.87 V vs. Ag quasi-reference 

electrode, respectively, in the first anodic scan.  In the second cycle, one broad cathodic and 
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one broad anodic peak emerged both for FM1 and FM2.  Moreover, with each subsequent 

cycle, the peaks for both monomers increased, confirming conducting film deposition.   
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Figure A-2.  Multi-cyclic potentiodynamic curves for (a) electropolymerization of 1 mM FM1 

(b) doping-dedoping of the polymerized FM1, (c) electropolymerization of 1 mM FM2, and 

(d) doping-dedoping of polymerized FM2, recorded at the Pt disk electrode in 0.1 M (TBA)PF6 

in DCM at 50 mV s−1.  (e) and (f) CV curves for the polymerized FM1 and FM2 in 0.1 M 

(TBA)PF6, in DCM, for different potential scan rates. 
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Then, the electrochemical activity of the deposited polymerized FM1 and FM2 films was 

examined by performing CV measurements in the monomers' absence.  The film-coated 

electrodes were rinsed with DCM between the potential cycling in solutions containing then 

not containing the monomers.  The polymer films showed broad cathodic and anodic peaks 

(Figures A-2b and 1d), characteristic of doping-dedoping of highly conductive polymers.  This 

feature was more pronounced for the polymerized FM2 film.  Furthermore, one ill-defined 

peak at 1.10 V and two cathodic peaks at 0.69 and 0.89 V were seen for the polymerized FM1 

(Figure A-2b).  For the polymerized FM2, the anodic peak at 0.75 V and two cathodic peaks 

at 0.62 and 0.83 V were seen (Figure A-2d).   

 Moreover, the potential scan rate dependence of the peaks was examined for 300, 150, 

100, 50, 10 mV s-1 (Figures A-2e and 2f).   

A3.  SEM imaging of the deposited polymer films of FM1 and FM2  

The SEM served to carry out morphological studies of polymer films of thiophene-appended 

carbazole samples.  The SEM images were taken at different magnifications (Figure A-3).  

Top-view SEM images (Figure A-3a’ and 3b’) reveal a polymerized FM2 film homogeneously 

deposited on the ITO-layered glass slide.  The film of polymerized FM1 presents a 

characteristic cauliflower-like morphological structure (Figures A-3a and 3b), while FM2 

exhibits a globular structure (Figures A-3a’ and 3b’).  Moreover, higher magnification images 

of globules of the FM2 film display more effective plentiful ion diffusion pathways into and 

out of the polymer films during the redox process.  Furthermore, the functional monomers' 

structures were DFT optimized (Figures A-3c and 3c’). 

A4. Preparing an artificial Nortrol serum solution  

For the artificial serum sample study, 0.5 mL of commercial Nortrol serum was diluted with 

4.5 mL of deionized water to prepare a stock solution.  A 500-µL sample of this solution was 

then diluted with 4.5 mL of acetonitrile, resulting in solid precipitation.  This solid was then 

centrifuged off at 10 000 rpm for 10 min at 25 C.  The supernatant, i.e., 100 times diluted 

artificial serum, was made 10 mM in ferrocene and 0.1 M in (TBA)ClO4.  Similarly, 200, 500, 

and 1000 times diluted artificial serum samples were prepared.  Then, CIL added at predefined 

concentrations was determined.   
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Figure A-3.  (a) and (a’) High, and (b) and (b’) low magnification SEM images of the 1 mM 

of (a) and (b) FM1, and (a’) and (b’), and FM2 polymer film deposited on the ITO electrode.  

(c) and (c’) the FM1 and FM2 structures optimized with the DFT method at the B3LYP 6-

311G (d, p) level of approximation. 

 

A5. NanoMIPs chemosensor performance towards CIL determination in diluted artificial 

serum  

For practical applications of chemosensors, their performance in real samples should be 

measured to estimate the matrix's effect.  Toward that, the nanoMIP-immobilized polytyramine 

film was employed to determine CIL in an artificial Nortrol serum sample at different dilutions 

(Figure A-4a).  The slope of the constructed calibration curve for CIL determination in 1000, 

500, 200, and 100 times diluted serum with a 10 mM ferrocene and 0.1 M (TBA)ClO4 were 

found to be 0.15 (±0.01), 0.25 (±0.05), 0.16 (±0.02), and  

0.33 (±0.01) µA/log µM (Figure A-4a).  The best CIL quantification results were obtained in 

100 times diluted artificial serum.  For comparison, solutions of different CIL concentrations 

were added to the acetonitrile-water (9 : 1, v : v) mixture of 10 mM ferrocene and 0.1 M 

(TBA)ClO4.  The constructed calibration curve slope of 0.33 (±0.01) µA/log µM for CIL 

determination in the diluted serum samples (curve 1' in Figure A-4b) was very close to that of 

the calibration curve of 0.33 (±0.02) µA/log µM for CIL determination in an acetonitrile-water 
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(9 : 1, v : v) solution (Figure A-4b, curve 2').  However, the normalized DPV peak current was 

higher for each concentration because of the matrix effect.  
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Figure A-4.  Semilogarithmic DPV calibration plots for CIL at electrodes coated with the 

polytyramine film with immobilized nanoMIPs in 10 mM ferrocene and 0.1 M (TBA)ClO4 (a) 

at different artificial serum dilutions (b) 100 times diluted artificial Nortrol serum (1') and in 

an acetonitrile-water (9 : 1, v : v) solution (2'). Calibration curves 1, 2, 3, and 4 represent 100, 

200, 500, and 1000 times diluted artificial serum.  
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Table A1.  Theoretical electronic absorption spectra of CNZ1 and FM2 monomers in 

acetonitrile calculated at the TD-DFT level of theory. 

Compound Molecular 

charge 

Electronic state 

transition 

λmax, 

nm 

Excitation 

energy, eV 

Oscillator 

strength, 

a.u. 

Electronic transition 

CNZ1 

0 
S1: 77→78 

S2: 77→79 

354.21 

327.20 

3.50 

3.79 

0.125 

0.049 

HOMO→LUMO 

HOMO→LUMO+1 

+1 
S2: 76B→77B 

S3: 75B→77B 

1494.17 

710.64 

0.83 

1.74 

0.1062 

0.1938 

HOMO-1→HOMO  

HOMO-1→HOMO  

+2 

S2: 75→77 

S3: 74→77 

S4: 73→77 

S5: 72→77 

S6: 71→77 

1594.72 

703.74 

660.28 

541.35 

472.96 

0.778 

1.762 

1.878 

2.290 

2.622 

0.062 

0.480 

0.138 

0.061 

0.025 

HOMO-1→LUMO 

HOMO-2→LUMO 

HOMO-3→LUMO 

HOMO-4→LUMO 

HOMO-5→LUMO 

FM3 

0 

S1: 119→120 

S3: 119→122 

S4: 118→120 

S5: 119→123 

S6: 118→121 

365.90 

336.27 

315.23 

313.31 

306.04 

3.389 

3.687 

3.933 

3.957 

4.051 

0.126 

0.504 

0.060 

0.289 

0.505 

HOMO→LUMO 

HOMO→LUMO+2 

HOMO-1→LUMO 

HOMO→LUMO+3 

HOMO-1→LUMO+1 

+1 

S1: 118B→119B 

S2: 117B→119B 

S3: 116B→119B 

S4: 115B→119B 

S6: 113B→119B 

1878.27 

1374.66 

1030.26 

840.57 

762.28 

0.660 

0.902 

1.203 

1.475 

1.626 

0.113 

0.071 

0.198 

0.193 

0.0055 

HOMO-1→HOMO 

HOMO-2→HOMO 

HOMO-3→HOMO 

HOMO-4→HOMO 

HOMO-6→HOMO 

+2 

S1: 118→119 

S2: 117→119 

S3: 116→119 

S4: 114→119 

S5: 113→119 

S6: 115→119 

2028.08 

1799.76 

950.89 

920.54 

919.06 

877.09 

0.6114 

0.6888 

1.3038 

1.3470 

1.3491 

1.4136 

0.0880 

0.0802 

0.2921 

0.0145 

0.0260 

0.539 

HOMO→LUMO 

HOMO-1→LUMO 

HOMO-2→LUMO 

HOMO-4→LUMO 

HOMO-5→LUMO 

HOMO-3→LUMO 
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Table A2.  Theoretical electronic absorption spectra of CNZ1a and FM3a dimers in 

acetonitrile calculated at the TD-DFT level of theory. 

Compound Molecular 

charge 

Electronic state 

transition 

λmax, nm Excitation 

energy, eV 

Oscillator 

strength, 

a.u. 

Electronic 

transition 

CNZ1a 

0 

S1: 153→154 

S2: 153→155 

S3: 153→156 

S4: 153→158 

S5: 153→157 

S6: 152→154 

386.07 

378.55 

369.50 

341.49 

338.16 

329.36 

3.2115 

3.2752 

3.3554  

3.6307 

3.6664 

3.7644 

0.5412 

0.0114  

0.0026 

0.0700 

0.9231 

0.0183 

HOMO→LUMO 

HOMO→LUMO+1 

HOMO→LUMO+2 

HOMO-3→LUMO+4 

HOMO-4→LUMO+3 

HOMO-1→LUMO 

+1 

S1: 152B→153B 

S2: 151B→153B 

S3: 150B→153B 

S4: 149B→153B 

S5: 148B→153B 

S6: 147B→153B 

1998.88 

1403.93 

1311.23 

1212.55 

1051.12  

728.91 

0.6203 

0.8831 

0.9456 

1.0225 

1.1795 

1.7010   

0.4606 

0.0015 

0.1123 

0.0010 

0.1589 

0.0001 

HOMO-1→HOMO 

HOMO-2→HOMO 

HOMO-3→HOMO 

HOMO-4→HOMO 

HOMO-5→HOMO 

HOMO-6→HOMO 

+2 

S1: 152→153 

S2: 151→153 

S3: 150→153 

S4: 149→153 

S5: 148→153 

S6: 147→153 

1753.99 

1505.85 

1498.12 

1396.70 

1015.91 

716.09 

0.7069 

0.8234 

0.8276 

0.8877 

1.2204 

1.7314 

0.4436 

0.0160 

0.1385 

0.0013 

0.8282 

0.0044 

HOMO→LUMO 

HOMO-1→LUMO 

HOMO-2→LUMO 

HOMO-3→LUMO 

HOMO-4→LUMO 

HOMO-5→LUMO 

FM3a 

0 

S1: 237→238 

S2: 237→239 

S3: 237→240 

S4: 236→238 

S5: 237→241 

S6: 237→242 

520.96 

430.95 

429.21 

422.36 

408.12 

407.54 

2.3799 

2.8770 

2.8886 

2.9355 

3.0379 

3.0423 

2.0854 

0.0067 

0.1781 

0.0079 

0.019 

0.0012 

HOMO→LUMO 

HOMO→LUMO+1 

HOMO→LUMO+2 

HOMO-1→LUMO 

HOMO→LUMO+3 

HOMO→LUMO+4 

+1 

S1: 236B→237B 

S2: 235B→237B 

S3: 234B→237B 

S4: 233B→237B 

S5: 232B→237B 

2022.54 

1582.96 

1024.29 

945.82 

872.82 

0.6130 

0.7832 

1.2104 

1.3109 

1.4205 

0.7481 

0.0030 

0.2670 

0.0009 

0.0730 

HOMO-1→HOMO 

HOMO-2→HOMO 

HOMO-3→HOMO 

HOMO-4→HOMO 

HOMO-5→HOMO 
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S6: 231B→237B 760.26 1.6308 0.0011 HOMO-6→HOMO 

+2 

S1: 236→237 

S2: 235→237 

S3: 234→237 

S4: 233→237 

S5: 232→237 

S6: 231→237 

2827.68 

1760.78 

1317.82 

1274.27 

995.30 

816.67 

0.4385 

0.7041 

0.9408 

0.9730 

1.2457 

1.5182 

1.7597 

0.0097 

0.4044 

0.0009 

0.4764 

0.0070 

HOMO→LUMO  

HOMO-1→LUMO 

HOMO-2→LUMO 

HOMO-3→LUMO 

HOMO-4→LUMO 

HOMO-5→LUMO 
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