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ABSTRACT

The interaction between morphine (MQ), a very potent analgesic psychoactive drug,
and five electroactive polymers, poly(3,4-ethylenedioxythiophene) (PEDOT), poly(3-
methylthiophene) (P3MT), polypyrrole (PPy), poly(N-methylpyrrole (PNMPy) and
poly[N-(2-cyanoethyl)pyrrole] (PNCPy), has been examined using theoretical
calculations on model complexes and voltammetric measures considering different pHs
and incubation times. Quantum mechanical calculations in model polymers predict that
the strength of the binding between the difference polymers and morphine increases as
follows: PEDOT < PNMPy < PPy << P3MT ~ PNCPy. The most relevant characteristic
of P3MT s its ability to interact with morphine exclusively through non-directional
interactions. On the other hand, the variations of the electroactivity and the anodic
current at the reversal potential evidence that the voltammetric response towards the
presence of MO is considerably higher for P3MT and PNCPy than that for the other
polymers at both acid (P3MT > PNMPy) and neutral (P3MT ~ PNCPy) pHs. Energy
decomposition analyses of the interaction of MO with different model polymers indicate
that the stronger affinity of MO for PSMT and PNCPy as compared to PEDOT, PNMPy,
and PPy is due to more favorable orbital interactions. These more stabilizing orbital
interactions are the result of the larger charge transfer from MO to P3MT and PNCPy
model polymers that takes place because of the higher stability of the single occupied
molecular orbital (SOMO) of these model polymers. Therefore, to design polymers with
a large capacity to detect MO we suggest looking at polymers with high electron

affinity.



INTRODUCTION

Because their chemical and physical properties may be tailored over a wide range of
characteristics, the use of polymers is finding a permanent place in sophisticated
electronic measuring devices such as sensors.'® Among this wide family of organic
materials, electroactive polymers (EPs) have emerged as attractive candidates for
sensing elements due to its unique electrochemical, electrical and optical properties.
Thus, properties of these n-conjugated organic materials have been observed to change
at room temperature when they are exposed to low concentrations of chemical species,
making EPs useful as sensors of gases,®® metallic ions,®*? biomolecules,***° etc, for
environmental and clinical monitoring.

To rationalize and complete experimental sensing information, molecular modeling
investigations are extremely useful. Within this context, first principle theoretical
studies through sophisticated quantum mechanical (QM) calculations are known to be
useful tools for quantifying both intramolecular and intermolecular interactions that
govern sensor---analyte binding.2%?° Indeed, such methods provide accurate molecular
geometries, give access to the conformational energetic and are able to delineate the
sensor---analyte interactions pattern. Indeed, our QM investigations on complexes
formed by model EPs and different types of analytes (e.g. metallic cations,?4%
neurotransmissors,?® DNA bases??® and vapor of solvents®®) have been devoted to
establish a relationship between the experimental sensing information and both the
interaction pattern and the binding energies.

We are currently interested in the development of EP-based biosensors to detect
certain types of narcotic drugs with clinical applications. Within this specific context,
the development of advanced systems to detect morphine (MO; Scheme 1), which is the

principal active component in opium, is particularly interesting since it is frequently



used in medicine to relieve severe pain of patients. However, this extremely potent
analgesic psychoactive drug, which affects drastically the individual abilities of the user,

IS very toxic in excess or when abused.
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Scheme 1. Molecular structure of MO.

Currently, detection of MO in clinical assays is carried out using high-performance
liquid chromatography followed by UV spectroscopy®® and conventional
electrochemical methods.?**? Recently, the excellent properties of poly(3,4-
ethylenedioxythiophene) (Scheme 2), abbreviated PEDOT, were used to propose a more
convenient method to detect MO.333* PEDOT and its derivatives were settled among the
most successful EPs due to their high electrochemical and environmental stability, high
conductivity, high transparency and high biocompatibility.>>2° Detection of MO with
PEDOT was carried out using immobilized molecularly imprinted polymer (MIP)
particles, this procedure being successful for drug concentrations ranging from 0.01 to
0.2 mM.® More recently, Atta and co-workers® investigated the electrochemical
determination of MO at PEDOT modified platinum electrodes in presence of sodium
dodecyl sulfate. Specifically, the detection procedure proposed by these authors was
based on the oxidation of the phenolic group of MO at +0.41 V.

In this work we present a comprehensive detection study based to compare the

affinity of five different EPs (Scheme 2) towards MO: PEDOT, poly(3-



methylthiophene) (P3MT), polypyrrole (PPy), poly(N-methylpyrrole (PNMPy) and
poly[N-(2-cyanoethyl)pyrrole] (PNCPy). PEDOT has been successfully used to detect
specific nucleotide sequences in DNA4! as well as different small biomolecules,
including drugs.* Comparison between PEDOT and P3MT is expected to provide
useful information about the influence of hydrogen bonding interactions in the detection
of MO (i.e. the oxygen atoms of the dioxane ring in PEDOT repeat unit were found to
form strong intermolecular hydrogen bonds'®2:2841) ppy, PNMPy and PNCPy showed
sensing abilities for the detection of dopamine that, as MO, presents aromatic and
hydroxyl groups.t’:? Indeed, the sensing ability of these EPs to detect dopamine was
found to increase as follows: PPy < PNMPy < PNCPy. Furthermore, a recent study
evidenced the high ability of PPy and PNMPYy to capture MO molecules and to retain

them for a long period.*
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Scheme 2: Molecular structure of the investigated CPs

The present study is based on both theoretical QM calculations and experimental
measures to evaluate the intrinsic detection ability of PEDOT, P3MT, PPy, PNMPy and

PNCPy. More specifically, QM calculations have been used to provide microscopic



understanding of the non-covalent interactions involved in the interaction between the
EPs and MO. For this purpose, the geometry and strength of the binding between each
EP and MO have been evaluated using model complexes. Experimental studies to
examine the sensing ability of the five EPs have been performed using cyclic
voltammetry (CV) considering different pHs and incubation times. QM and CV results
have been found to be fully consistent, the experimentally measured ability to detect
MO increasing with the predicted binding energy. Finally, interactions have been

analyzed by means of energy decomposition analyses at the QM level.

METHODS

Computational methods

Calculations were performed using the Gaussian 09 rev. A02 computer program.*
PEDOT, P3MT, PPy, PNMPy and PNCPy were modeled considering small oligomers
containing n repeat units in the radical cation state (n-EPs, charge= +1 and spin
multiplicity= 2). It is worth noting that the selection of oxidized n-oligomers was based
on our own experimental results (see Results and Discussion section), which indicated
that at the detection potential the polymer is oxidized. MO was considered in its neutral
form and the molecular geometry used as starting point corresponded to the obtained
high resolution X-ray crystallography.*

The structure of n-EPs---MO complexes was determined by full geometry
optimization using the UHF formalism combined with the basis set 6-31+G(d,p).4¢4®
Harmonic vibrational frequencies were computed to verify the nature of the minimum
state of the resulting stationary points. In order to include electron correlation effects in

energy estimations, single-point calculations were performed at the UMP2 level* using



the 6-31+G(d,p) basis set. The basis set superposition error (BSSE) was corrected using
the counterpoise (CP) method.>
Binding energies, AEy, were estimated as the difference between the total energy of
the optimized complex (Eas) and the energies of the isolated subsystems with the
geometries obtained from the optimization of the complex:
AEin= Eas — Ea) — Eg(a) (1)

where Eas) and Eg(a) refer to energies of the subsystem after correct the BSSE. [ElSGHON
densities were calculated at the UMP2/6-31+G(d,p) level using the UHF/6-31+G(d,p)
geometries ~-DISPONIBLES, VER AL FINAL SI LA VALE LA PENA INCLUIRLO
ONO-.

In addition, with the aim of achieving a better comprehension of the interaction
between MO and the different polymers, energy decomposition analysis®** (EDA)
were performed on the UHF/6-31+G(d,p) optimized geometries of 3-EPs model
polymers by means of the Amsterdam Density Functional package (ADF).*>%¢ The
EDA has been performed with the TZ2P basis set of Slater type orbitals (STOs)*’ of
triple-§ quality containing two sets of polarization functions. The core shells of carbon,
nitrogen, oxygen and sulfur were treated by the frozen-core approximation. Energies
were calculated with the generalized gradient approximation (GGA) using the BP86-D

functional,*®-%! which includes the dispersion-correction as developed by Grimme®%©3

for a correct treatment of the stacking interactions.

In the EDA, the interaction energy (AEint) between the MO and the model polymer
is analyzed in the framework of the Kohn-Sham molecular orbital model using a
quantitative decomposition of the bond into electrostatic interaction, Pauli repulsion,
orbital interactions, and dispersion energy terms represented as: AEint = AEpauli + AVelstat

+ AEoi + AEqisp.>>™* In particular, the orbital interactions component (AEoi) accounts for



charge transfer (i.e., donor—acceptor interactions between occupied orbitals on one
fragment with unoccupied orbitals of the other) and polarization (empty—occupied
orbital mixing on one fragment due to the presence of the other fragment). Finally,
Hirshfeld charges were also calculated to analyze the charge transfer between MO and

the 3-EPs.%*

Experimental methods

Materials. 3,4-ethylenedioxythiophene (EDOT), 3-methylthiophene (3MT), pyrrole
(Py), N-methylpyrrole (NMPy) and N-(2-cyanoethyl)pyrrole (NCPy) monomers and
acetonitrile (all analytical reagent grade) were purchased from Aldrich and used as
received. Anhydrous LiClOa, analytical reagent grade from Aldrich, was stored in an
oven at 80 °C before use in the electrochemical trials. MO solution also was purchased
from Aldrich, and used as received. TRIS buffer solutions, purchased from Aldrich,
were adjusted to different pH values: pH=2 and 7 with HCI (purchased from Panreac),
and pH=8.5 with NaOH (purchased from Panreac).

Preparation. PEDOT, PPy, PNMPy and PNCPy films were prepared by
chronoamperometry (CA) under a constant potential of 1.40 V using polymerization
times of 6= 300, 600, 600 and 1200 s, respectively. P3MT was obtained using recurrent
potential pulses (RPP) of 50 s between 0.70 and 1.70 V, details on the experimental
conditions being reported previously.®® These synthetic procedures allowed us to obtain
films of similar thickness in all cases (i.e. 2.1-2.6 um as determined by optical
profilometry using a WYKO 9300NT optical profiler - Veeco, Plainview, NY). Anodic
electropolymerization and electrochemical experiments were performed on a VersaStat
Il potenciostat-galvanostat using a three-electrode two-compartment cell under nitrogen

atmosphere at 25 °C. For the polymerizations by CA the anodic compartment was filled



with 40 mL of a 10 mM monomer solution in acetonitrile containing 0.1 M LiCIO4 as
supporting electrolyte, while the cathodic compartment contained 10 mL of the same
electrolyte solution. P3MT films were produced using 0.2 M monomer acetonitrile
solutions with 0.1 M LiClOa. Platinum sheets of 1 cm? area were employed as working
electrodes, whereas counter electrodes were made of steel AISI 316 in all cases. The
reference electrode was an Ag|AgCI electrode containing a KCI saturated aqueous
solution.

Electrochemical measurements for detection of MO. Electrochemical detection was
carried out by CV using an PGSTAT302N AUTOLAB potenciostat-galvanostat
(Ecochimie, The Netherlands) equipped with the ECD module to measure very low
current densities (100 nA-100 pA), which was connected to a PC computer controlled
through the NOVA 1.6 software. Electrochemical experiments were performed at room
temperature using TRIS buffer solutions adjusted to pH = 2, 7 and 8.5. It should be
noted that, although the useful buffer range of TRIS solutions is 7-9, the pH of the
solutions adjusted to 2 will not be altered by oxidation and reduction processes carried
out in this study because of the used potentials. The glass cell used for detection assays
was equipped with saturated Ag|AgCl as reference electrode and platinum (Pt) wire as
counter electrode. Voltammograms were recorded in the potential range from -0.50 to
1.60V at a scan rate of 50 mV-s! unless other scan rate is explicitly specified. Before to
record the voltammograms, EP films deposited on Pt were subjected to the following
experimental conditions: (a) immersion at room temperature in TRIS buffer solutions at
pH= 2, 7 and 8.5 during 3 h, 12 h and 24 h (blank samples); and (b) incubation at room
temperature during 3, 12 and 24 h in 3.5 mM MO TRIS buffer solutions at pH= 2, 7 and

8.5 (incubated samples).



RESULTS AND DISCUSSION

Theoretical calculations: Interaction patterns and binding energies

The interaction between the EPs and MO was modeled using a build-up approach
that was previously used to investigate the interaction of dopamine with both PNMPy
and PNCPy.?® For this purpose, n-EP---MO model complexes of growing n, where n
indicates the number of repeat units, were selectively built. More specifically, the
interaction of complexes with n= 1 was examine in a first stage, the resulting complexes
being used to construct the starting structures for 2-EP---MO. Finally, the starting
arrangements of 3-EP---MO were constructed using the optimized geometries of 2-
EP---MO. Analysis of the results has been focused on 3-EP---MO complexes, which are
the most representative.

Geometry optimizations of 12 starting structures for 1-EDOT---MO led to &
different arrangements, which were categorized in six different groups according to the
interaction patterns. The number of starting structures was increased to 20 for all the
remaining 1-EP---MO complexes, the number different arrangements derived from their
optimization being ECIGHGNGIE for 1-3MT---MO, 1-Py---MO, 1-NMPy---MO and 1-
NCPy---MO, respectively. According to the interaction pattern, the optimized
geometries of 1-3MT, 1-Py and 1-NMPy complexes were classified in 6 groups while
those of 1-NCPy---MO were categorized in 8 groups. The most stable structure of each
group were used to construct the starting structures of 2-EP---MO complexes by adding
a new repeat unit. After geometry optimization, 5, 4, 5, 4 and 6 different structures were
obtained for 2-EDOT---MO, 2-3MT---MO, 2-Py---MO, 2-NMPy---MO and 2-
NCPy---MO complexes, respectively. As occurred above, the structures obtained for 2-
EP---MO were used to built the starting arrangement of 3-EP---MO complexes. For

each 3-EP---MO complex, optimized structures with different interaction patterns and
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relative energies (AE) lower than 3.0 kcal/mol with respect to the most stable one were
the only considered for analysis. Thus, the number of structure that fulfilled such
requirements was 4, 2, 4, 3, and 1 for 3-EDOT:--MO, 3-3MT---MO, 3-Py---MO, 3-
NMPy:---MO and 3-NCPy---MO complexes, which are depicted in Figure 1. Both AE
and AEy, values for each complex are listed in Table 1.

The four 3-EDOT:--MO structures (Figure 1a) are within a AE interval of only 0.8
kcal/mol. As it can be seen, all four structures are stabilized by C-H---O interactions
while, amazingly, no conventional O-H---O hydrogen bond is detected. In addition, the
lowest energy structure (3-EDOTa) shows a m-stacking interaction with the two
aromatic rings arranged perpendicularly (i.e. T-shaped disposition). The remaining 3
structures (3-EDOTa-c) only differ in the relative orientation of the two molecules,
which explains their resemblance in terms of AE. The strength of the binding is similar
for the four structures with AE, values ranging from -10.5 to -12.3 kcal/mol. The two
structures obtained for 3-3MT---MO, 3-3MTa and 3-3MTb, are separated by 1.7
kcal/mol. Although these two structures are mainly stabilized by non-specific
intermolecular interactions, the AEy values, -48.2 and =47.1 kcal/mol, are significantly
lower than those obtained for 3-EDOT:--MO structures. This should be attributed to the
fact that the contact surface between the two molecules is larger in 3-3MT---MO than in
3-EDOT---MO, enhancing the contribution of the electrostatic interactions provoked by
the positive charge localized in the 3-3MT oligomer.

Figure 1c displays the four structures obtained for 3-Py---MO, which are comprised
within a AE interval of 2.7 kcal/mol. The lowest energy structure (3-Pya) is stabilized
by a N-H---O hydrogen bond and a C-H---O interaction, which involve the same
hydroxyl group of MO. Although the nature of the intermolecular interactions in the

next structure (3-Pyb), which is destabilized by only 0.3 kcal/mol, is similar to those of

11



3-Pya, some clear differences are identified. The most relevant ones can be summarized
as follows: 1) the relative orientation of the two interacting molecules change with
respect to 3-Pya; 2) the MO hydroxyl group involved in the intermolecular interactions
of the two structures is different; and 3) the oxygen of MO in 3-Pyb forms one N—
H---O hydrogen bond and two C-H---O interactions rather than one interaction of each
type, as in 3-Pya. The third structure (3-Pyc) essentially differs from the lowest energy
one in the relative orientation of the two fragments as well as in the fact that
intermolecular interactions involve two oxygen atoms of MO. Finally, the fourth
structure (3-Pyd) presents a r-stacking, in addition to the N-H---O hydrogen bond and
the C-H---O interaction. In spite of the m-stacking is not present in the three previous
structures, 3-Pyd is disfavored by 2.1 kcal/mol with respect to 3-Pyc. The AEy of these
structures (Table 1) ranges from -25.2 kcal/mol (3-Pya) to -18.2 kcal/mol (3-Pyb)
indicating that MO interacts more favorably with PPy than with PEDOT but less
favorably than with P3MT.

Three different structures separated by a AE interval of 1.4 kcal/mol have identified
for 3-NMPy---MO. The two structures of lowest energy are practically isoenergetic (3-
NMPya and 3-NMPyb in Figure 1d), being stabilized by C-H---O interactions.
Although the number of such interactions is higher for 3-NMPya than for 3-NMPyb
(i.e. 4 and 2, respectively), the strength of such interactions is higher for the latter than
for the former (i.e. H---O distances are larger for 3-NMPya than for 3-NMPyb). This
feature explains not only their isoenergetic behavior but the corresponding AE, values
(Table 1). Although the third structure, 3-NMPyc, also presents C-H---O interactions,
the geometric distortions associated to the binding process provokes a small energy
penalty (i.e. 1.7 kcal/mol). Results indicate that the affinity of PNMPy towards MO is

higher than that of PEDOT but lower than those of PPy and, especially, P3MT.
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Finally, the 3-NCPy---MO only presented one structure within a AE interval of 3.0
kcal/mol (3-NCPya in Figure 1e). This structure, which shows a AEy, of -50.9 kcal/mol,
is stabilized by a strong O-H---N hydrogen bond, with a H---O distance of only 1.87 A,
and a C-H---N interaction. Comparison of AEy values listed in Table 1 allows us to
predict that the strength of the binding between the studied EPs and MO increases as
follows: PEDOT < PNMPy < PPy << P3MT =~ PNCPy. As it can be seen, these EPs can
be categorized in two classes depending on their affinity towards MO: a) those with AEy
values lower than ~ -25.0 kcal/mol; and b) those with AEy values about ~ -50.0 kcal/mol.
Unexpectedly, polymers with highest tendency to act as hydrogen bonding acceptor (i.e.
the oxygen atoms of PEDOT) and donor (i.e. the N-H of PPy) belong to the former
class.

With the aim to understand this surprising trend, we have performed an EDA of the
interaction between MO and 3-EPs model polymers for the most stable structures in
each case. From the values in Table 2 we find that the main factor determining the
different interaction energies is the orbital interaction component. Those polymers that
present the strongest interaction, PNCPy and P3MT, are the ones with the most
stabilizing orbital interaction term (from -27.8 to -44.3 kcal mol™). On the other hand,
the rest of the systems, which present a weaker interaction, have also much less
stabilizing AEi values (from -5.0 to -12.1 kcal mol™?). The rest of terms of the EDA
analysis do not play a determinant role. Hirshfeld charges of MO were calculated to
discuss the origin of the different AEoi values. Let us remind that initially MO is neutral,
whereas the model polymer is charged +1 as a doublet spin state due to its unpaired
electron, which is located in a single occupied molecular orbital (SOMO). The
Hirshfeld charges of MO in Table 2 show a clear difference between the strongly bound

3-PEs models of PNCPy and P3MT and the rest, as for the former a transfer of almost
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one electron from MO to the polymer is observed with positive charges on MO of 0.74
e for 3-MT and 0.91 e for 3-NCPy. On the other hand, for the weaker interacting
polymers we find that MO keeps almost neutral and uncharged. The charge transfer in
MO---PNCPy and MO---P3MT is favored by the lower energy of their SOMOs as can
be seen Table 2 that gathers the relative energies of the SOMOs of the 3-PEs analyzed.
The higher charge transfer in 3-PEs models of PNCPy and P3MT justify the more
stabilizing AE.i component. Therefore to design polymers that improve detection of MO,
the determinant factor that one should look at is the energy of the SOMO. Polymers
with more stable SOMOs have a high capacity to accept electrons and will result in
improved interactions with MO.

In the next section, the interaction between MO and the polymers will be analyzed
through voltammetric measures to confirm the above discussed quantum chemical

calculations.

Electrochemical behavior of the CPs

Many EPs prepared in aqueous solution are not stable at potentials higher than ~1.1
V, 438887 \which represents a serious limitation. In order to overcome it, EPs were
generated in acetonitrile, which allowed us to ensure the stability of this material in the
whole potential range used in this study (i.e. between -0.50 and 1.60 V). As the
detection assays have been performed considering different incubation times in TRIS
solutions acid, neutral and basic pHs (see next sub-section), in this sub-section we
examine the electrochemical behavior of the five EPs in absence of MO but using the
above mentioned experimental conditions.

Figure 2 compares the control voltammograms of fresh modified electrodes before

any incubation process (i.e. Pt electrodes coated with the EPs after their immediate
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immersion in TRIS solutions with pHs adjusted at 2, 7 and 8.5) with that of Pt. The
electrochemical response of all the EPs, which has been characterized by both the
ability to store charge (electroactivity) and the anodic current at the highest potential
(jmax), depends on the pH. As it can be seen, the electroactivity is significantly higher for
P3MT than for the other CPs at pH= 2 and 7 (i.e. approximately 64-67% and 68-73% at
acid and neutral pH, respectively). Interestingly, the electroactivity decreases in all
cases with exception of PEDOT when the pH increases from 7 to 8.5, this reduction
ranging from 31% (PCNPy) to 60% (P3MT). In the case of PEDOT the electroactivity
increases 82%. The same behavior is observed for jmax, which for P3MT is higher than
60 mA/cm? at pH= 2 and 7 and decreases to 26 mA/cm? at pH= 8.5. This reduction is
less pronounced for the rest of the EPs (i.e. typically from ~25 to ~10 mA/cm?), an

exception being observed for PEDOT (i.e. jmax increases from 34 to 38 mA/cm? with the

pH).

Voltammetric detection of morphine

Control voltammograms of blank and incubated samples (i.e. those immersed in
TRIS solution and MO-containing TRIS solution, respectively) were recorded
considering immersion times of 3, 12 and 24 h and pHs of 2, 7 and 8.5. Figure 3
represents the control voltammograms recorded for systems immersed in solutions with
pH= 2. As it can be seen, the largest difference between blank and incubated samples in
this acid environment occurs for P3TM and PNCPy, independently of the immersion
time. However, differences between blank and incubated samples of some other EPs are
also clearly appreciable for specific immersion times. The ability to detect MO of the
five EPs has been quantified by considering, for each immersion time, the difference of

the electroactivy and jmax values between the incubated and blank samples (AQ in % and
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Ajmax in mAJ/cm?, respectively). More specifically, the EP has been considered as
appropriated only when the two following conditions are fulfilled simultaneously: (i)
AQ> 125% or AQ< 75%; and (ii) Aj> |10] mA/cm? (i.e. MO provokes significant
changes in anodic and cathodic areas as well in the anodic density at the reversal
potential). Results, which are depicted in Figures 4a and 4b, indicate that the ability to
detect MO of the different EPs at pH= 2 decreases as follows: PSMT > PNCPy >> PPy
> PNMPy. Results for PEDOT are completely inappropriate for all immersion times
since the change in the voltammetric response of this EP is very weak.

Control voltammograms of samples immersed in solutions with pH= 7 are displayed
in Figure 5 while the variation of AQ and Ajmax With the immersion time are represented
in Figures 4c and 4d, respectively. Visual inspection of the voltammograms obtained
indicates that the results obtained at pH= 7 are similar to those achieved in acid
environment for PSMT and PNCPy. Thus, such two EPs exhibit the highest variation in
the voltammetric response, independently of the immersion time. However, some
changes are identified for PEDOT and PPy. More specifically, the detection ability of
the former exhibits an improvement with respect to pH= 2, while the behavior of the
latter becomes clearly worse. Considering the criteria used above, the response of EPs
towards MO can be described as follows: P3SMT ~ PNCPy >> PEDOT. At neutral pH
the response of PPy and PNMPYy is not appropriated for MO detection.

Finally, the cyclic voltammograms recorded in solutions with pH= 8.5 (Figure 6) as
well as of AQ and Ajmax Values (Figures 4e and 4f, respectively) evidence that the
response of all EPs towards MO is weak or even very weak. This has been attributed to
the competition between the hydroxyl and other negatively charged species, especially

dopant anions.
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Stability for the voltammetric detection of morphine

The electrochemical stability quantifies how the ability to store charge a material
decreases upon consecutive oxidation-reduction cycles. This property has been used to
evaluate how repetitive is the measure of electrochemical parameters for the detection
of MO without significant detriment in the intensity of the signals. The effect of
consecutive oxidation-reduction cycles on the voltammetric response of EPs in absence
and presence of MO was examined by considering P3MT (incubation time 3h and 12h
for pH= 2 and 7, respectively) and PNCPy (incubation time 12h and 24h for pH= 2 and
7, respectively), which were the more efficient EPs for sensing at acid and neutral pHs.
Figure 7 represents the voltammograms of blank and incubated samples after 10
consecutive redox cycles. As it can be, seen the largest differences in terms of AQ and
Ajmax at both pH= 2 and 7 are detected for PNCPy. More specifically, the Ajmax
measured for P3MT at pH=2 and 7 is -2.1 and 3.7 mA/cm?, respectively, which
represent a very drastic reduction with respect to the values derived from the first
control voltammograms (i.e. 157 and 26.1 mA/cm?, respectively). However, the Ajmax
determined for PNCPy after 10 cycles, 10.1 and 5.5 mA/cm? at pH= 2 and 7,
respectively, are relatively close to those obtained in the first control voltammogram (i.e.
17.3 and 19.3 mA/cm?, respectively). Inspection of AQ shows similar trends, redox
cycles provoking large and moderate reductions in the difference of electroactivities for
P3MT and PNCPy, respectively. The overall of these results indicate that the latter EP

is the most stable for the voltammetric detection of MO.

CONCLUSIONS

The ability of five different EPs to interact with MO has been evaluated using QM

and voltammetric detection assays. QM calculations on model complexes indicate that
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the affinity of all these EPs towards morphine, with exception of that of P3MT, is
dominated by a combination of different directional interactions: C-H---O (PEDOT,
PPy and PNMPy), n-stacking (PEDOT and PPy), N-H---O (PPy), O-H---N (PNCPy)
and C-H---N (PNCPy). In contrast, P3MT only interacts with MO through non-
directional van der Waals interactions. Calculations predict that the strength of the
interaction between each EP and MO decreases a follows: PNCPy = P3MT >> PPy >
PNMPy > PEDOT. Cyclic voltammetry assays are fully consistent with these results at
acid and neutral pHs. Thus, the MO-induced changes in both the electroactivity and the
anodic current at the reversal potential are larger for PSMT and PNMPYy than for PPy,
PNMPy and PEDOT at pH= 2 (P3MT > PNCPy) and pH= 7 (P3MT ~ PNCPYy). In
contrast, the voltammetric behavior of all investigated polymers is similar in presence
and absence of MO at pH= 8.5. Although the responses of P3MT and PNCPy for the
voltammetric detection of MO are clearly better that those of the other EPs, the stability
of such responses is higher for PNMPy than for P3MT. Finally, energy decomposition
analyses show that the stronger interaction of MO with P3MT and PNCPy as compared
to the other studied polymers is due to the higher stability of their SOMQOs, which
favors the transfer of charge from MO to the polymers leading to stronger orbital
interactions. This allows us to conclude that to design new polymers with a larger
capacity of detecting morphine we should focus on the energy of its SOMO and choose

those polymers with large electron affinity.
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CAPTIONS TO FIGURES

Figure 1. Geometries of the (a) 3-EDOT:--MO, (b) 3-3MT---MO, (c) 3-Py:--MO,
(d) 3-NMPy:--MO and (e) 3-NCPy---MO complexes with AE < 3 kcal/mol derived
from QM calculations. C-H---O and C-H---N interactions are indicated by pink lines,
aromatic---aromatic staking by yellow lines and N-H---O hydrogen bonds by green
lines. The H---O, H---N and aromatic---aromatic (centers of masses) distances are
displayed in A.

(#En aquesta figura cal canviar les etiquetes: 3EDOT per 3-EDOT, etc.#)

Figure 2. Control voltammograms for the oxidation of Pt coated with P3MT,
PEDOT, PPy, PNMPy and PNCPy in TRIS solutions with pH= (a) 2, (b) 7 and (c) 8.5.
The voltammogram recorded for the uncoated Pt electrode has been included for
comparison. Initial and final potentials: -0.50 V; reversal potential: 1.60 V; scan rate: 50
mV-st.

Figure 3. Control voltammograms for the oxidation of Pt coated with P3MT (a),
PEDOT (b), PPy (c), PNMPy (d) and PNCPy (e) in TRIS (solid lines) and MO-
containing TRIS (dashed lines) solutions at pH= 2 and incubation times of 3, 12 and 24
h.

Figure 4. Difference between the incubated and blank samples in terms of
electroactivy, AQ in % (left), and the current density at the reversal potential Ajmax in
mA/cm? (right) for the five studied EPs at pH= (a) 2, (b) 7 and (c) 8.5.

Figure 5. Control voltammograms for the oxidation of Pt coated with P3MT (a),
PEDOT (b), PPy (c), PNMPy (d) and PNCPy (e) in TRIS (solid lines) and MO-
containing TRIS (dashed lines) solutions at pH= 7 and incubation times of 3, 12 and 24

h.
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Figure 6. Control voltammograms for the oxidation of Pt coated with P3MT (a),
PEDOT (b), PPy (c), PNMPy (d) and PNCPy (e) in TRIS (solid lines) and MO-
containing TRIS (dashed lines) solutions at pH= 7 and incubation times of 3, 12 and 24
h.

Figure 7. Control voltammograms for Pt coated with P3MT (a) and PNCPy (b) after
ten consecutive oxidation-reduction cycles in TRIS (solid lines) and MO-containing

TRIS (dashed lines) solutions at pH= 2 and 7 and the indicated incubation times.
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Table 1. Relative energy (AE; in kcal/mol) and binding energy after correct the basis set
superposition error (AEp; in kcal/mol) for 3-EDOT:--MO, 3-3MT:--MO, 3-Py---MO, 3-

NMPy:---MO and 3-NCPy---MO complexes (see Figure 1) at the UMP2/6-31+G(d,p)

level.
AE AEp AE AEp
3-EDOTa 0.0 -11.1 3-Pya 0.0 -25.2
3-EDOTb 0.1 -10.9 3-Pyb 0.3 -18.2
3-EDOTc 0.5 -10.5 3-Pyc 0.6 -19.1
3-EDOTd 0.8 -12.3 3-Pyd 2.7 -19.0
3-3MTa 0.0 -48.2 3-NMPya 0.0 -13.2
3-3MTb 1.7 -47.1 3-NMPyb 0.1 -14.4
3-NMPyc 1.4 -14.1
3-NCPya 0.0 -50.9
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