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Characterization of phenomena occurring at the
interface of chiral conducting surfaces

M’hamed Chahma,* Christopher D. McTiernan and Sara A. Abbas

The ability of the chiral electrode based on L-leucine functionalized terthiophene (poly(1)-Pt) to recognize

and detect biomolecules has been studied as a function of hydrogen bonding between the chiral surface

and a free L-leucine methyl ester. We characterized electrochemically the formation of hydrogen bonds by

cyclic voltammetry (CV). The results show that the capacitive current of the chiral electrode poly(1)-Pt

decreased by 30% due to hydrogen bonding between the chiral electrode and the free added L-leucine

methyl ester. The origin of the hydrogen bonds on poly(1)-Pt has been confirmed by attenuated total

reflection Fourier transform infrared (ATR-FTIR) using trifluoroacetic acid (CF3COOH) as free H-bonding

species. The ATR-FTIR spectrum exhibits functionalities of free CF3COOH that form hydrogen bonds with

the chiral conducting surface of poly(1)-Pt. Due to the insolubility of poly(1), NMR studies were performed

on the parent monomers. The chemical shift of the amide proton in the 1H-NMR of the L-leucine

functionalized terthiophene (1) shifted after addition of L-leucine methyl ester. Similar trends were observed

for the carboxylic carbonyl of L-leucine methyl ester-terthiophene 2 in the 13C-NMR. In addition to the

change in the 13C chemical shift, there is a considerable change in the spin–lattice relaxation time of the

carbonyl carbon in 2 due to the formation of hydrogen bonds between the –COOH of 2 and the imidazole.

Introduction

Surface modification allows for the immobilization of a variety of
organic and bioorganic molecules such as DNA,1,2 proteins,3,4

peptides5,6 and lipids7 on conducting and semi-conducting surfaces,
leading to several applications in different research areas, including
biosensors8–11 and biomaterials.12,13 Being able to control function-
alities on conducting surfaces can help tune the chemical and
electrochemical properties of the modified surfaces, thereby affect-
ing the detectability of immobilized molecules on such surfaces.

Many methods used to immobilize biomolecules directly or
indirectly on conducting and/or semi-conducting surfaces have
been described. For instance, self-assembled monolayers (SAMs)
are commonly used to modify gold (Au) surfaces.14–16 Via reduction
of thiols,17,18 disulfides19,20 or sulfenyl chlorides,21,22 a variety of
organic and bioorganic molecules have been immobilized on gold
surfaces to form S–Au bonds. Moreover, by reducing the aryl
diazonium salts or oxidizing aromatic amines, other organic
molecules have also been grafted on glassy carbon (GC) electrodes
via formation of carbon–carbon (C–C)23–26 and carbon–nitrogen
(C–N)27,28 bonds.

Another strategy has been reported for surface modification
which involves the immobilization of organic/bioorganic molecules

by trapping electroactive polymers such as polythiophene, poly-
aniline, and polypyrrole.29,30 In this method, the attachment of
molecules involves a covalent bond between the biomolecule
and the deposited polymer via electrochemical oxidation on
platinum (Pt) electrode. For example, a glucose-biosensor based
on the electrochemical deposition of polythiophenes bearing
pendant glucose oxidase has been developed.31 In other
instances, polythiophenes have been tuned into electronic trans-
ducers by covalently binding them to bioreceptors such as biotin
with an avidin motif.32–34

Polythiophenes bearing chiral centers have also been prepared
either by electrochemical35,36 or chemical oxidation using FeCl3 as
oxidizing agent.37–39 The resulting chiral polymer were stable and
it was shown that the stereochemistry of the chiral center did not
affect the absorption properties.

Moreover, L-cysteine functionalized polythiophene films have
been deposited on metallic plate using spin-casting and spin-
coating techniques. The chirality of these films and the overall
formation of chiral polymer aggregation can be tuned through
control of the applied electrical field and solvent evaporation.40,41

For recognition purposes, luminescent chiral conjugated
polythiophenes have demonstrated interesting optical sensing
properties toward detection of peptides42 and proteins.43

The immobilization of organic/bioorganic molecules on
electroactive materials displays advantages such as the ability
to be regenerated by controlling the thickness of the deposited
film layers. These layers could be used as an interface between
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biomolecular probes and electrode surfaces, which can further
facilitate immobilization and sensing of the desired molecules.
Recently, we prepared several chiral conducting surfaces based
on alanine, proline and leucine-functionalized polythiophenes
via electrochemical oxidation of their corresponding thiophene
monomers.44–46 These chiral surfaces exhibit excellent electro-
chemical stability in doped and undoped states, and contain
several chiral centers where hydrogen bond interactions can
occur with free biomolecules.

Herein, we present the preparation of chiral conducting
surfaces (I) and the characterization of their interactions with
free target molecules in solution (II). In cyclic voltammetry, the
resulting capacitive current Icap

0 of surface II is decreased as
opposed to Icap of surface I (Chart 1). The shifts observed in the
capacitive currents are due to the formation of the hydrogen
bonds between the chiral surface and the free amino acids.
Moreover, we present ATR-FTIR and NMR results that validate
the inference that hydrogen bonds are formed on the chiral
conducting surfaces.

Experimental section
Generalities

Unless stated otherwise, all reactions and manipulations were
carried out in an argon atmosphere. Glassware was oven-dried
at 100 1C for 24 h prior to use. Solvents were dried using an
activated molecular sieve (4 Å, 24 hours at 100 1C). All reagents
were purchased from commercial sources and used as received.
1H-proton (13C-carbon) NMR spectra were recorded on a 500
(125) MHz NMR spectrometer.

Electrochemistry

The electrochemical experiments (iR compensations applied) were
performed using a potentiostat at room temperature (22 � 2 1C).
Voltammetric measurements were performed in acetonitrile (ACN)
containing 1 M of n-Bu4NPF6. A platinum electrode (diameter
1.6 mm) was the working electrode, polished on alumina before
use. Platinum wire was the auxiliary electrode and silver wire
the reference electrode. All oxidation peak potentials are
reported versus an internal reference ferrocene/ferrocenium
redox (E0 = 0.390 V vs. AgCl/Ag, E0 = 0.350 V vs. SCE).

Bulk electrolyses were performed using controlled potential in
a cell with one compartment using a platinum plate (1.5 cm2) and
ITO (Indium Tin Oxide) as the anode and cathode, respectively.
The imposed potential for the electrolysis of compound 1 is 1.3 V
(vs. AgCl/Ag). The capacitive current was measured using cyclic
voltammetry and data analysed with Microsoft Excel. In order to

find the total charge, the total area between the forward and reverse
curves was calculated using the method of Riemann summation47

and then divided by the scan rate (mV s�1).

1H-NMR study of 1 with free L-leucine methyl ester (LeuOMe)

The NMR samples were prepared by dissolving 15 mg (51 mM)
of compound 1 in 0.7 mL of deuterated DMSO-d6. Then,
1 equivalent (6.5 mg, 51 mM) and 2 equivalents (13 mg,
101 mM) of LeuOMe ester were added, respectively. All recorded
spectra are based on 128 scans.

13C-NMR study of 20 with free imidazole

The NMR samples were prepared by dissolving 15 mg (56 mM) of
compound 20 in 1 mL of deuterated DMSO-d6. Then, 1 equivalent
(4 mg, 56 mM) of imidazole was added to the solution. Recorded
spectra are based on 256 scans.

13C-NMR study of 2 with free imidazole

The NMR samples were prepared by dissolving 15 mg (59 mM) of
compound 2 in 1 mL of deuterated DMSO-d6 and the recorded
spectra are based on 256 scans. Then, 1 (4 mg, 59 mM) equivalent
of imidazole was added to the solution. Recorded spectra are
based on 256 or 512 scans.

ATR-FTIR measurements

0.01 M of 4-methyl-2-(2-[2,2,5,2]terthiophene-3-yl)-[acetylamino]-
pentanoic acid (1) was electropolymerized on the platinum elec-
trode (1.5 cm2) using controlled potential electrolysis. The imposed
potential for the electrolysis was 1.3 V (vs. AgCl/Ag). After the
electropolymerization, poly(1)-Pt was removed from the solution
and washed 5 times with ACN, and 3 times with CH2Cl2 to remove
all free monomers. The modified electrode poly(1)-Pt was dried in
air and the ATR-FTIR spectrum was recorded. The electrode was
then incubated for 5 minutes in a solution of ACN containing 20
mg of trifluoroacetic acid (CF3COOH). Thereafter, the electrode was
washed 5 times with ACN and 5 times with CH2Cl2 to ensure that
all free CH3COOH was removed. The electrode was again dried and
ATR-FTIR spectrum recorded. ATR-FTIR spectra were collected
using a Bruker Optics Infrared Microscope with ATR objective
and Ge crystal. The resolution of the spectrometer was 4 cm�1

and the spectrum was collected with 500 scans. The spectrometer
was equipped with a MCT detector cooled with liquid nitrogen.
The atmospheric compensation and baseline corrections were
performed with OPUS computer software.

Results and discussions

In order to investigate phenomena occurring at the surface of
chiral conducting surfaces based on terthiophenes bearing
amino acids, several L-leucine functionalized oligothiophenes
(1, 10, 2, 20) have been prepared according to a procedure
previously described (Scheme 1).48

4-Methyl-2-(2-[2,2;5,2]terthiophene-3-yl)-[acetylamino]-pentanoic
acid (1) was deposited on platinum electrode via electrochemical
oxidation using repeated cyclic voltammetry scans beyond its

Chart 1 Discrimination of biomolecules using chiral electrodes.
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oxidation potential. Fig. 1A shows an increase in the peak current
after each successive scan, which indicates the formation of the
polymer on the electrode surface. Moreover, a second peak appears
at a lower oxidation potential than the monomer, which corre-
sponds to the oxidation potential of the deposited polymer.49,50

After polymer formation, the electrochemical stability of
poly(1)-Pt was studied by applying 100 CV cycles at constant
scan rate. Fig. 1B shows that there is no change or degradation
of their electrochemical behaviors, which demonstrates excel-
lent stability of the polymer on Pt electrode.51

Fig. 2A–C show the differences in the capacitive currents
observed after addition of 0.1, 1 and 5 mM of free LeuOMe. After
30 min, the capacitive current decreases and reaches a plateau for
all concentration of LeuOMe (Fig. 2A0–C0). The maximum plateau
was found to be 30% of the initial capacitive current (current of the
chiral electrode in the absence of free amino acid) for 1 and 5 mM of
LeuOMe, which shows that all pending chiral centers in poly(1)-Pt
surface, which are susceptible to form hydrogen bond have been

saturated. The 0.1 mM of LeuOMe was not enough to saturate the
chiral surface poly(1)-Pt with hydrogen bonds, which may explain
the 20% of the plateau observed in the capacitive current.

Several films of different thickness (i.e. different initial
capacitive current Icap) have been prepared and used to probe
free Leu-OMe at concentration of 1 and 5 mM. In all cases the
observed changes in capacitive current are similar, with the
initial capacitive current decreasing by roughly 30% upon
addition of analyte. This is however not unexpected considering
only the outermost layer of the polymer is capable of forming
hydrogen bonds with the analyte, and therefore polymer thick-
ness should not have effect on the measurement.

The capacitive current depends on the concentration of the
supporting electrolyte.52 As hydrogen bonds are formed on the
chiral conducting surfaces after addition of free LeuOMe,
supporting electrolyte ions are trapped and cause a decrease
in the capacitive current. Similar behavior has been observed
for polybithiophenes bearing oligonucleotides.53,54

Due to the limited solubility of leucine in organic solvents,
its methyl ester LeuOMe has been used for the hydrogen bond
interaction studies. The presence of the ester group on LeuOMe
weakens the hydrogen bond formation, which may explain its
slow adsorption on poly(1)-Pt surface (Scheme 2).

It is well known that –CONH and –COOH functionalities are
involved in the hydrogen-bond formation in proteins. Such
interactions are strong and play an important role in the
biological activities of proteins.55 Poly(1)-Pt displays a chiral
center such as leucine where hydrogen bonds can occur. By
blocking the COOH, the extent of hydrogen bonds formed on
the surface of the chiral electrode decreases. For this reason,
4-methyl-2-(2-[2,2;5,2]terthiophene-3-yl)-[acetylamino]-pentanoic
acid methyl ester (10) was electropolymerized using cyclic voltam-
metry. The capacitive currents for poly(10)-Pt were measured before
and after addition of LeuOMe (Fig. 3). After 30 minutes the
capacitive current of poly(10)-Pt in the presence of 1 mM (5 mM)
of LeuOMe decreased only by 5%, whereas the capacitive current of
poly(1)-Pt decreased by 30%.

Scheme 1 L-Leucine functionalized oligothiophenes.

Fig. 1 Electropolymerization of 1 (A) and stability of poly(1)-Pt over
100 scans (B). Scheme 2 Chiral conducting surfaces (poly(1)-Pt).
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Since the methyl ester group blocks the active site of the
chiral electrode, this must limit the formation of hydrogen
bonds on poly(10)-Pt surface.

ATR-FTIR was used to probe the hydrogen bond formation
between the chiral conducting surface poly(1)-Pt and another
organic molecule carrying specific functionalities.56

For ATR-FTIR measurements, poly(1)-Pt was prepared by
controlled potential electrolysis at 1.3 V vs. (Ag/AgCl) onto a
platinum plate. Poly(1)-Pt surfaces prepared either by electrolysis
or by CV scans are identical and have the same electrochemical,
and optical properties. ATR-FTIR studies were firstly carried
out to probe the adsorption of free LeuOMe on poly(1)-Pt.

Fig. 2 Capacitive current of poly(1)-Pt (solid line: left) at different concentrations of LeuOMe (dash line: right) and variation of the capacitive current with
time (right). The capacitive current was determined for the oxidation process. The capacitive current was measured before and after addition of LeuOMe.
For every concentration of LeuOMe, The capacitive current of poly(1)-Pt was measured from 0 min to 30 min after addition of LeuOMe.
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However, no changes were observed in the ATR-FTIR spectrum
of poly(1)-Pt after 30, 60 and 120 minutes incubation in a
LeuOMe solution.

Trifluoroacetic acid (CF3COOH) has been chosen because its
IR spectrum exhibits strong stretchings at 1188 cm�1 (–CF3)
and 1774 cm�1 (–COOH).57 ATR-FTIR spectrum has been
recorded after electropolymerization of 1 on Pt electrode in
order to form a chiral surface poly(1)-Pt with pendant chiral
center (leucine). Fig. 4 (dash line) shows the ATR-FTIR char-
acterizations of the doped chiral conducting surface poly(1)-Pt,
which are summarized in Table 1.

Poly(1)-Pt was then incubated in a solution of CF3COOH for
a few minutes and the ATR-FTIR spectrum recorded (Fig. 4, full line).
Although no significant shifts were observed for the amide and the
carboxylic acid of poly(1)-Pt (immersed in a solution of CF3COOH),
two bands emerged at 1162 cm�1 and 1782 cm�1, corresponding to
–CF3 and –COOH groups of CF3COOH (Fig. 4).57 The presence of
bands characteristic to CF3COOH come from the strong hydro-
gen bond interactions between CF3COOH and the chiral surface
poly(1)-Pt. Furthermore, in the presence of CF3COOH, poly(1)-Pt
was reduced and turns orange (undoped state). During the reduction
process, the counter ion PF6

� is expulsed, which explains the
decrease in the intensity of the PF6

� band at 846 cm�1 observed

in Fig. 4 (line).58 The ATR-FTIR characterizations of poly(1)-Pt/
CF3COOH are summarized in Table 1.

Since poly(1) is insoluble in organic solvents, monomer 1
has been utilized as a model of the chiral surfaces to study
hydrogen bond formation between the electroactive oligothio-
phene monomers and free LeuOMe by 1H-NMR.

Fig. 5 shows the chemical shift of N–H (amide) group changed
from 8.35 ppm to 8.50 ppm in terthiophene 1 after addition of
1 equivalent of LeuOMe. Moreover, the chemical shifts of the
thiophene aromatic protons remain unchanged before and after
addition of LeuOMe, which indicates that the hydrogen bond is
formed between the amide group in the chiral surface and the
carboxylate group of LeuOMe. The coupling constant of the amide
proton (doublet) of 1 increased from 7 Hz to 8 Hz.

13C-NMR has also been used to observe the interaction
between the acid of the leucine attached to the thiophene
moiety and a free organic molecule such as imidazole. The
13C shifts of –CONH and –COOMe in compound 20 are 170.1 and
173.3 ppm, respectively (Table 2). In the presence of 1 equivalent
of imidazole, the 13C of the carbonyls remains constant (Fig. 6),
indicating no hydrogen bond formation between compound 20

and imidazole.
However, the 13C chemical shift of –COOH, 174.1 ppm in

compound 2 shifted by 0.3 ppm (174.4 ppm) due to H-bonding
in the presence of 1 equivalent of imidazole (Fig. 6), also
summarized in Table 2 and depicted in Scheme 3.

The 13C peak intensity of –COOH in compound 2 decreased
in the presence of imidazole. After 512 scans, the peak of –COOH
starts to recover. But the intensity of the –COOH is much lower

Fig. 3 The capacitive current of poly(10)-Pt before (solid line) and after
(dash line) addition of LeuOMe (1 mM).

Fig. 4 TR-FTIR of poly(1)-Pt (dash line) and poly(1)-Pt/CF3COOH (solid line).

Table 1 ATR-FTIR characteristics of poly(1)-Pt and poly(1)-Pt/CF3COOH

u (cm�1) Poly(1)-Pt Poly(1)-Pt/CF3COOH

1782 — CO(CF3COOH)
1730 CO(COOH) CO(COOH)
1662 CO(CONH) CO(CONH)
1336 CQC CQC
1162 — CF3

846 PF6
� PF6

�

Fig. 5 1H-NMR of 1 in the absence (top) and in the presence (bottom) of
one equivalent of LeuOMe.
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than the intensity of the amide carbonyl peak (Fig. 6, 512 scans).
Since the intensity of NMR signals depends of the relaxation time,
we conclude that the formation of hydrogen bond between 2 and
imidazole affects the longitudinal relaxation time (spin–lattice
relaxation time) of the –COOH.59,60 Similar trends have been
observed in spin–lattice relaxation time of the carbonyl for the
epoxy resin (ER) in the presence of poly(e-caprolactone)(PCL)
using different fractions of ER/PCL.61

Summary

Terthiophene bearing L-leucine monomer was oxidized electro-
chemically using cyclic voltammetry to deposit thin films with
specific chirality (chiral electrode) on platinum electrode. The
chiral electrode displays excellent stability and adhesive proper-
ties on the Pt surfaces. In order to test the recognition ability of
these electrodes, the capacitive current of the chiral electrode
has been measured in the absence and presence of a free amino
acid such as L-leucine methyl ester (LeuOMe). We found that
the capacitive current of the chiral electrode decreases by 30%
after addition of 1 or 5 mM of LeuOMe. The change observed in

the capacitive current is attributed to the formation of hydro-
gen bonds between the chiral surfaces and the free amino acids
in solution. Such hydrogen bond formation between the chiral
electrode and CF3COOH was confirmed by ATR-FTIR. Since
poly(1) is insoluble in organic solvents, NMR studies were
performed on monomers 1 and 2 as a model for the prepared
polymer. In the 1H NMR studies, we found that chemical shift
of the NH of the leucine-terthiophenes shifted upon hydrogen
bond formation. Furthermore, the 13C chemical shift of the
carbonyl acid also shifted downfield after imidazole addition.
Further investigations: (i) characterization of the chiral electrode
surface using different analytical techniques such as AFM
and XPS, (ii) interactions of these chiral electrodes with other
biomolecules such as enzymes, and (iii) modelling of the chiral
surface in order to quantify the number of chiral centers at the
surface are underway.
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