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Heterobimetallic conducting polymers based
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In this work, we report the first electrochemical synthesis of two copolymeric bimetallic conducting
polymers by a simple anodic electropolymerization method. The adopted precursors are electroactive
transition metal (M = Ni, Cu and Fe) salophen complexes, which can be easily obtained by direct
chemical synthesis. The resulting films, labeled poly-NiCu and poly-CuFe, were characterized by cyclic
voltammetry in both organic and aqueous media, attenuated total reflectance Fourier transform infrared
spectroscopy, UV-vis spectroscopy, scanning electron microscopy, and coupled energy dispersive X-ray
spectroscopy. The films are conductive and exhibit great electrochemical stability in both organic and
aqueous media (resistant over 100 cycles without significant loss in current response or changes in

electrochemical behavior), which makes them good candidates for an array of potential applications.
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Introduction

Schiff base (SB) ligands were first synthesized by the German
chemist Hugo Schiff in 1864." They have been widely employed
in coordination chemistry to synthesize a huge variety of
transition metal complexes due to their imine functionality
and more broadly by their ease of synthesis, high degree of
tunability and general versatility. Such complexes have been
over time investigated and applied in several fields, such as
catalysis,” medicine,® sensing® and materials science.>® It is
also well known that SB complexes can undergo polymeriza-
tion, both chemically and electrochemically,” forming metal-
containing polymers.® Electropolymerization provides some
advantages as a method of synthesis since it is less time-
consuming than traditional chemical polymerization, enables
easy control of film thickness while it is building up on the
electrode surface and ensures good adhesion of the film to the
substrate.® Salen and salophen complexes, a distinguished
class of SB complexes known for their potentially tetradentate
N,O, coordination pocket, have often been the subject of
electropolymerization studies, starting from Goldsby’s work in
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Electrochemical detection of ascorbic acid was performed using both materials.

1989.°7"* In later studies, electrochemical polymerization of
such complexes was carried out to achieve the modification
of electrode surfaces and to investigate their performance as
electrocatalysts,"*'* sensors,'” supercapacitors'® and even as
cathode materials for batteries.'” In particular, the interest
in heterometallic catalysts - especially based on abundant
metals — continues to grow'® thanks to the combined activity
of different metal centers and the improved catalytic perfor-
mance, as well as the importance of intrinsically conducting
polymers (ICPs)."® We decided to investigate the feasibility of
electrochemical synthesis of copolymers made out of two metal
complexes derived from a single salophen-type ligand, thereby
providing an extended n framework, a feature of all ICPs. In this
paper, we report the potentiodynamic deposition of two hetero-
bimetallic polymers, resulting from the combination of either
the Ni"" and Cu" or the Cu™ and Fe™ complexes of (3-OMe)-
salophen, a derivative of the standard salophen ligand
(Scheme 1). The decision to place a methoxy group in the 3
position of the ligand was motivated by the possibility to create
an extra coordination pocket and by further electronic reasons:
the methoxy function has an electron-donating effect which
lowers the redox-potential of the salicylidene moiety and also
induces and spurs charge transfer. All the films were charac-
terized by means of cyclic voltammetry (CV), attenuated total
reflectance Fourier transform infrared spectroscopy (ATR-FTIR),
UV-visible spectroscopy (UV-Vis), scanning electron microscopy
(SEM) and energy dispersive X-ray spectroscopy (EDX). Finally, we
decided to test the materials for the electrooxidation of ascorbic
acid (AA), a key analyte in biochemistry and highly relevant in
industrial applications, in order to investigate the possibility of
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Scheme 1 Electrochemical synthesis of the heterobimetallic polymers starting from the salophen complexes.

developing a sensor for this compound. To the best of our knowl-
edge, this is the first research ever carried out on such a matter.

Experimental
Materials and apparatus

1,2-Phenylendiamine (Merck), 2-hydroxy-3-methoxy-benzalde-
hyde (99%, Alfa Aesar), Ni(u) acetate tetrahydrate (98%, Sigma-
Aldrich), Cu(u) acetate monohydrate (technical grade), Fe(um)
chloride hexahydrate (97%, Fluka), triethylamine (99%, Sigma-
Aldrich), absolute ethanol and methanol (spectroscopic grade,
ChemSolute) were employed for synthesis and used directly
without any special treatment. Dimethylformamide (DMF, VWR
Chemicals) for UV-Visible analysis was of spectroscopic grade.
Acetonitrile (MeCN, spectroscopic grade, VWR Chemicals) for
electrochemistry was dried on 3 A molecular sieves and stored
under nitrogen. Tetrabutylammonium hexafluorophosphate
(TBAHFP, 98%, TCI), lithium perchlorate trihydrate (99%, Acros
Organics) and sodium dihydrogen phosphate dihydrate (99%,
Alfa Aesar) were used as supporting electrolytes in the electro-
chemical experiments without further purification.

All electrochemical experiments and measurements were
carried out in a standard three-electrode cell, consisting of
glassy carbon (GC) as the working electrode (3 mm diameter)
and a platinum wire as the counter electrode. The choice of the
reference electrode was solvent-dependent: in organic media,
an Ag'/Ag couple electrode was employed (Ag wire inserted in a
0.01 M AgNO; and 0.1 M TBAHFP/MeCN solution), while a
saturated calomel electrode (SCE) was used in aqueous solu-
tions. The concentration of supporting electrolyte solutions
was 0.1 M. For characterization in acidic and basic aqueous
solutions, no extra supporting electrolyte was employed in
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addition to the chosen acid or base. For sensing measurements,
a buffered phosphate solution (pH = 7.35) was used as a
supporting electrolyte. The ferrocene signal was always checked
before each electrosynthesis experiment and the ohmic drop in
the solution was compensated in each measurement. Electrodes
and the materials for their cleaning, such as 1 um diamond paste
and 0.05 pm alumina and glass cells, were purchased from ALS
Japan. All experiments were performed with an SP-150 BioLogic
potentiostat at room temperature after purging the solutions for
15 minutes with nitrogen. GC electrodes employed for modifica-
tion and subsequent spectroscopic analysis (2 mm diameter) were
homemade, fabricated from a GC rod (Metrohm) and covered by
an insulating layer made from Teflon.

The morphology of the films and their chemical composition
were investigated by SEM-EDX with a Nova NanoLab 200 Dual
Beam microscope by FEI, equipped with a Bruker XFlash 6/10
detector. SEM pictures were taken with a voltage of 10 kV. ATR
measurements of films were performed with Bruker Tensor II and
Bruker Vector 80V spectrometers. UV-Vis spectra were collected on
a Jasco V-670 spectrophotometer using 1 cm quartz cells.

The complexes were characterized by an array of techniques.
'"H-NMR spectra were recorded with a Bruker Avance III HD
400 instrument. Mass spectra were obtained by electrospray
ionization in positive mode (ESI') on an Impact II Bruker
Daltonics mass spectrometer. Infrared spectroscopy was per-
formed on pellet samples formulated with KBr using a Bruker
Tensor 27 spectrometer. UV-Vis spectra were recorded with the
same spectrometer and equipment as stated before. Elemental
analyses were performed on a Vario EL elemental analyzer.

Syntheses

Ligand synthesis. 3(OMe)salophen was synthesized accord-
ing to published procedures.?® ortho-Phenylendiamine (216 mg,

This journal is © The Royal Society of Chemistry 2023
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2 mmol, 1 eq.) was dissolved in 30 mL of absolute ethanol
(EtOH) and 20 mL of a solution of 2-hydroxy-3-methoxy-
benzaldehyde (608 mg, 4 mmol, 2 eq.) in EtOH were subse-
quently added dropwise. The mixture was refluxed for 6 hours
with constant stirring. The product was collected by filtration,
washed with cold ethanol and dried overnight at 60 °C. Yield:
588.3 mg (1.56 mmol, 78%, bright orange crystals). "H-NMR
(400 MHz, DMSO-d6) § [ppm] = 3.81 (s, 6H), 6.91 (t, °] = 7.9 Hz,
2H), 7.13 (dd, *J = 8.1 Hz, *J = 1.4 Hz, 2H), 7.25 (dd, * = 7.8 Hz,
*I=1.4 Hz, 2H), 7.43 (ddt, >/ = 17.4, 5.4 Hz, ] = 3.5 Hz, 4H), 8.91
(s, 2H), 13.00 (s, 2H). MS-ESI(+): 377.151 [M + H', 100%]. IR
(KBr): ¥ [em™'] = 3491-3270 (OH), 2954-2836w (w, C-H), 1612
(s, C=N), 1585, 1571 (m, C—=C) 1469 (s, Ceps-H), 1432-1385
(m, CH;) 1354 (m, Cgpp—N) 1254 (s, Cpp—0), 1069 (s, Csps3-O),
781 (m, =C-H), 742 (s, =C-H). UV-Vis (MeCN): Apax [nm]
(e [L mol™* em™']) = 228 (38079, n-n*), 280 (27 496, n-1*), 330
(20523, n-n*). Elemental analysis calculated for C,,H,oN,O4:
C, 70.20; H, 5.36; N, 7.44. Found: C, 70.30; H 4.89; N, 7.63.

Complex syntheses. Synthesis of nickel and copper com-
plexes was achieved by the complete dissolution of 150 mg
(3.98 x 107" mol, 1 eq.) of 3(0-Me)salophen in 30 mL of EtOH
under reflux and by subsequent dropwise addition of 10 mL of
a solution of Ni(OAc), x 4H,O (99 mg, 1 eq.) or Cu(OAc),
(83,2 mg, 1 eq.) in EtOH. Synthesis of the iron complex was
performed in a similar manner and with comparable quantities
(163 mg of ligand, 4.3 x 10~* mol, 1 eq.), but with absolute
MeOH as a solvent (30 mL), FeCl; (127.9 mg, 1 eq.) as the metal
salt and in the presence of triethylamine (121 uL, 2 eq.). The
mixtures were stirred for 2-3 hours and the complexes were
collected by filtration, washed with cold ethanol and dried
overnight at 60 °C.

Ni(3-OMe)salophen. Yield: 158.6 mg (0.37 mmol, 92%, brick
red powder). '"H NMR (400 MHz, DMSO-d6) é [ppm] = 3.76
(s, 6H), 6.59 (t, ] = 7.8 Hz, 2H), 6.90 (dd, *J = 7.7 Hz, %/ = 1.5 Hz,
2H), 7.21 (dd, *J = 8.2 Hz, %] = 1.5 Hz, 2H), 7.33 (dt, *J = 9.5 Hz,
I = 3.6 Hz, 2H), 8.13 (dt, ] = 9.6 Hz, ‘] = 3.6 Hz, 2H), 8.95
(s, 2H). MS-ESI(+): 455.065 [M + Na*, 45%)], 887.135 [2M + Na",
100%]. IR (KBr): ¥ [em™"] = 3458-3396 (w, hydrogen bonds),
2954-2836w (w, C-H), 1610 (s, C=N), 1581(s, C—C), 1544
(s, C=C), 1467 (s, C-H), 1340 (W, Cspp-N), 1248 (s, Cspp-O),
1108m (s, Cps-O), 734 (8, =C-H), 531 (W, Ni-N), 468 (w, Ni-O).
UV-Vis (CH3CN): Amax [nm] (¢ [L mol™* em™']) = 256 (45 884,
n-m¥), 297 (19 816, 1-1*), 377 (25 204, n-1*), 488 (7024, LMCT).
Elemental analysis calculated for C,,H;gNiN,0O, x H,0: C,
58.58; H, 4.47; N, 6.21. Found: C, 58.38; H 4.30; N, 6.38.

Cu(3-OMe)salophen. Yield: 117.2 mg (0.27 mmol, 68%, olive
green-brown powder). MS-ESI(+): 438.058 [M + H', 20%],
897.090 [2M + Na', 100%]. IR (KBr): ¥ [em '] = 3504-3270

o+
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(w, hydrogen bonds), 2954-2836w (w, C-H), 1609 (s, C=N),
1581(s, C—=C), 1542 (s, C—C), 1467 (s, C-H), 1331 (W, Cspp-N),
1242 (s, C4pp—0), 1108m (s, Cyp3-0), 733 (s, =C-H), 541 (w, Cu-
N), 443 (W, Cu-0). UV-Vis (CH3CN): Apax [nm] (¢ [L mol * cm™']) =
248 (29632, m-m*), 322 (23466, m-m*), 341 (19974, n-m*),
360 (18250, n-n*), 438 (10237, LMCT). Elemental analysis calcu-
lated for C,,H;3CuN,0O, x H,0: C, 57.95; H, 4.42; N, 6.14. Found:
C, 57.28; H 4.24; N, 6.24.

Fe(3-OMe)salophen-Cl. Yield: 163.1 (0.35 mmol, 81%, black-
blue powder). MS-ESI [+]: 488.046 [M + Na', 100%]. IR (KBr):
U [em™'] = 2954-2836 (w, C-H), 1601 (s, C—N), 1577, 1542
(s, C=C), 1460 (w, C-H), 1435, 1377 (s, CH;) 1324 (W, Cspp-N),
1250 (8, Cepo=0), 1108m (5, Ceps—O), 742 (s, —C-H), 528 (W, Fe-N),
456 (W, Fe-0). UV-Vis (CH3CN): pax [nm] (¢ [L mol " em™]) =200
(32419, n-1*), 234 (26 511, ©-7*), 305 (29 305, n—n*), 346 (17 247,
n-r*), 402 (8469, LMCT). Elemental analysis calculated for
CpH,gFeCIN,0, x 1.5H,0: C, 55.32; H, 4.08; N, 5.86. Found: C,
55.33; H 3.94; N, 6.04.

Electrode modification

Prior to electrode modification, the GC electrode was rinsed
with distilled water and methanol, polished first with 1 pm
diamond paste and then with 0.05 pm alumina, quickly placed
in an ultrasonic bath and finally rinsed again with distilled
water and methanol. The electrode was then left to dry in air.
The modification was achieved by anodic polymerization
(30 scans, 100 mV s !, between —0.1 and 1.0 V) of a 0.5 mM
solution of Ni(3-OMe)salophen or Cu(3-OMe)salophen or both
(1:1 molar ratio, total concentration 1.0 mM). A slightly larger
potential interval (—0.2 to 1.0 V) was scanned in experiments
involving Fe(3-OMe)salophen but with the other conditions such
as scan rate, concentration and molar ratios remaining the same.
The amounts of complexes needed for the preparation of the
solution were always dried overnight at 60 °C before the experiment.

Results and discussion
Electropolymerization studies

Cyclic voltammetry and electropolymerization of single
metal complexes. It is worth noticing that the mechanism
of anodic electropolymerization for salen and salophen com-
pounds is still debated among scientists. Factors such as the
degree of substitution on the aromatic rings*' and the solvent’
all play a role, but a mechanism based on the ligand-radical
coupling taking place at free positions para to the phenolate
group is often theorized, with the formation of a new carbon-
carbon bond between two complex units®'%** (Scheme 2).

2 —N\M/N\ —N\ /N“ +2e —> =N /N\ +2H*
S oD ©§ o
(@) O o~ (0]
potential repeated
for n cycles

Scheme 2 Proposed electropolymerization mechanism of salophen complexes.
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It has been already established that Ni",>* Cu"?* and Fe
salen or salophen single complexes alone can be polymerized
electrochemically in acetonitrile solutions. It is important to
point out that the oxidation of the ligand (3-OMe)salophen does
not lead to the deposition of an electroactive material. The
first scan (Fig. S1, ESIT) displays an oxidation peak at 0.64 V,
corresponding to the irreversible monomer oxidation. This
wave possessed the greatest intensity at the start of the experi-
ment while subsequent scans showed a continued decrease of
the current response. A further oxidation peak at 0.44 V
emerges from the second cycle onward, but its current intensity
decreases after each cycle, which means that some oligomeric
material probably precipitates on the electrode but it is not fully
conductive and above all, not very stable. The investigation of
the electrochemical polymerization behavior of the complexes
considered in this study at the selected concentration (0.5 mM)
is a fundamental starting point before proceeding to the
copolymerization experiments. Fig. 1 summarizes the voltam-
mograms recorded during the potentiodynamic polymerizations
of the single metal salophen complexes and the electrochemical
characterization of their thin films.

Ni(3-OMe)salophen (NiL) exhibits an oxidation peak at
0.68 V (Fig. 1(a)) in its first cycle, associated with a reduction
process at +0.35 V. From the second cycle onward, a progressive
increase in the current response can be noticed in the potential
range 0-0.7 V, which is consistent with conducting polymer
(CP) film formation that fully covers the electrode surface.
Although it is difficult to define the exact potentials at which
the redox processes involving the CP occur, the maximum

Ni(3-OMe)salophen

View Article Online
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values of anodic and cathodic currents were recorded at about
0.50 and 0.39 V, respectively. Bedioui et al. in their study about
electropolymerization of Ni-salen in MeCN also saw the emer-
gence of a new couple around 0.4 V (vs. SCE) whose intensity
increased during cycling and whose potential slightly shifted to
higher values."” Cyclic voltammograms for poly-NiL films were
subsequently recorded at different scan rates (Fig. 1(b)). Under
these conditions, stable voltammograms were observed during
over 50 repeated cycles, indicating the good chemical and
electrochemical stability of the electrodeposited single metal
polymer which displays two redox couples at 0.42 V/0.38 V and
0.52 V/0.5 V. It is possible to hypothesize that the former
redox couple originates from the highly conjugated polymeric
backbone of the film, whereas the latter might be attributed to
the Ni"/Ni" couple since many reports, although at different
potentials due to different experimental conditions, assume its
presence in the film.">">**"*” Unlike the metal-free monomer
polymerization attempt, the electropolymerization of the NiL
complex occurred much better. Such an improvement in
the electrooxidation process should result from the presence
of the coordinated metal, which would act as an electronic
relay and, therefore, favor the charge propagation within the
salophen units.

Cu(3-OMe)salophen (CuL) shows two irreversible oxidation
peaks at 0.64 V, ascribable to the oxidation of the ligand, and
at 0.82 V, relevant to the oxidation of Cu" to Cu™ (Fig. 1(c)).
Audebert et al. reported an analogous behavior for Cu-salen
complexes and mentioned that the presence of the electron
donor group methoxy lowered the potential for the occurrence

Cu(3-OMe)salophen Fe(3-OMe)salophen-Cl
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Fig. 1 Electropolymerization (first row) voltammograms of 0.5 mM single
their corresponding thin films in 0.1 M TBAHFP/MeCN.
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E(V) E(V)

salophen complexes solutions and cyclic voltammograms (second row) of

This journal is © The Royal Society of Chemistry 2023
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of such redox phenomena.”® The first oxidation peak disappears
after the first cycle, whereas a new broad one around 0.27 V
appears, corresponding to the early stage of polymer deposition.
Overall, the electropolymerization process for CuL seems to
proceed in a way similar to that of NiL but more easily and again
leads to a stable polymer. In fact, also in such a case, the cyclic
voltammograms show stable responses over 50 repeated cycles
(Fig. 1(d)). The major differences are related to the higher
recorded currents and to the wider potential range (—0.3 V to
+0.7 V) where the polymer displays the oxidation (doping) and
reduction (de-doping) processes. Most likely the reason for such a
difference stems from the metal center, since the ligand and the
complex geometry are the same, which gives further evidence of
the importance of the kind of metal in the polymerization
process.

Fe(3-OMe)salophen-Cl (FeL) shows an irreversible oxidation
peak at 0.88 V during the first segment of potential application
(Fig. 1(e)). From the second cycle onward, poly-FeL starts to
be deposited on the electrode surface, as suggested by the
appearance of a moderate anodic current increase cycle by
cycle, starting from a potential value higher than 0.45 V and
of the corresponding reduction process. The electrochemical
behavior matches that described in previous reports,'*?*® and it
can be ascribed to the formation of the ligand radical cation,
since oxidation to Fe' is highly unlikely."® The oxidation
process in FeL occurs at a more anodic potential, if compared
to the same process for the salophen alone due to the presence
of iron. In this case, the salophen complex has a square
pyramidal geometry around Fe with a chlorine atom in the
apical position, and also acetonitrile can act as a ligand for the
metal center through the unoccupied sixth position in the
coordination sphere of iron.’* Poly-FeL. shows the typical
oxidation/reduction processes of a CP at potentials higher than
0.5 V, yet as soon as the maximum of the anodic current is
reached, overoxidation clearly takes place, and consequently,
the response of poly-FeL starts to diminish after each cycle
(Fig. 1(f)). These are the main differences between poly-NiL and
poly-CuL which display their redox activity at much less anodic
potential values and are stable up to a large number of
cycles (>50).

Electrochemical copolymerization experiments. The first
experiments were conducted with the Ni and Cu complexes,
as both electropolymerize very easily. Out of simplicity, the
resulting material will be named poly-NiCu. The electrosynth-
esis conditions were the same as for the single metal polymers.
Fig. 2 shows the corresponding voltammogram.

In the first cycle, two irreversible oxidation events occur at
0.63 V (NiL) and 0.8 V (CuL). The former peak can be attributed
to ligand oxidation in both complexes since both exhibit an
oxidation peak at such a voltage on their electropolymerization
voltammograms, whereas the latter peak is ascribable to CuL,
which unlike NiL shows an oxidation peak at this potential.
From the second cycle onward, the heterobimetallic polymer
starts to deposit on the electrode surface, as confirmed by the
broad current signals both in oxidation and in reduction.
We can assume that the polymerization process involves both

This journal is © The Royal Society of Chemistry 2023
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Fig. 2 Electropolymerization voltammogram for poly-NiCu, recorded in

a solution made up of 0.5 mM Ni(3-OMe)salophen and 0.5 mM
Cu(3-OMe)salophen in 0.1 M TBAHFP/MeCN at 100 mV s~* for 30 cycles.

complexes on the basis of two observations: first, the fact that
the relative current intensity of the two oxidation peaks is more
or less the same, while in the first oxidation segment of poly-
CuL, the current related to the least anodic couple was much
less intense - this confirms the redox involvement of the NiL.
Second, the trend of the currents due to the polymer growth
displayed in Fig. 2 is intermediate between the ones recorded
for the electropolymerization of the single metal complexes.
The results obtained from EDX (reported in a specific section)
will further support this statement.

Fig. 3 shows the electrosynthesis voltammogram for poly-
CuFe, i.e. the material resulting from the solution containing
CuL and FeL complexes. Again, we can confirm the involvement
of both complexes in the process of growth of the resulting
polymer on the basis of the relative current intensity of the two
oxidation peaks recorded in the first anodic segment and from
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< 50x102-
3
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Fig. 3 Electropolymerization voltammograms for poly-CuFe, recorded
in a solution made up of 0.5 MM Fe(3-OMe)salophen-Cl and 0.5 mM
Cu(3-OMe)salophen in 0.1 M TBAHFP/MeCN at 100 mV s~* for 30 cycles.
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the appearance of the trend of the current increase displayed
during the 30 CV cycles. In fact in such a case, the intensity of
the more anodic wave (around 0.85 V) is much higher than the
one relevant to the ligand oxidation (at 0.60 V) if compared with
the first cycle of the polymerization of CuL, confirming the
signal is due also to the redox activity of FeL, for which the
oxidation of the ligand alone occurs at more anodic potentials
as explained before. Furthermore, the oxidation process of the
growing metal polymer starts at a potential close to 0.2 V which
is intermediate between the values observed for CuL (about 0 V)
and FeL (>0.5 V).

Cyclic voltammograms for poly-NiCu and poly-CuFe in the
organic supporting electrolyte solution are shown in Fig. 4(a)
and (b), respectively. Both materials clearly undergo a charge-
discharge process upon cycling, poly-NiCu between —0.2 V to
+0.8 V, approximately, and poly-CuFe in a narrower potential
window (0.1-0.8 V). While no clear values for oxidation and
reduction events can be properly indicated for poly-CuFe, it is
possible to highlight for poly-NiCu three oxidation waves at 0.0,
0.4 and 0.73 V and three reduction waves at 0.58, 0.35 and
—0.03 V. All potential values and ranges are independent of
scan rate, suggesting favorable charge transfer kinetics with the
glassy carbon electrode and a good film conductivity. Addition-
ally, materials were exceptionally stable and could undergo a
high number of cycles (>100), without an appreciable change
in the electrochemical response. The reproducibility of
the electrosynthesis was also studied (Fig. 4(c) and (d)): the
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materials clearly appear to be reproducible from the point of
view of the involved redox processes. In particular, the electro-
synthesis of poly-NiCu shows a high degree of reproducibility,
since performing three independent depositions, the CVs display
current values which are similar enough (Fig. 4(c)), whereas this is
not the case of poly-CuFe: each deposition - for the same number
of cycles — produces a layer with different electroactivity in terms
of current (Fig. 4(d)).

To confirm the copolymeric nature of the poly-NiCu and
poly-CuFe, a few experiments were carried out to synthesize a
bi-layer material consisting of two monometallic polymers.
Only one complex was first electropolymerized for 15 cycles
and then the GC electrode was further electromodified in a
solution of the other complex, again for 15 more cycles. The
effect of the complex order was also investigated. The deposi-
tion conditions were the same as previously described. The
electropolymerization voltammograms and the relevant CVs of
the bilayers poly-NiL/poly-CuL and poly-NiL/poly-CuL and poly-
CuL/polyFeL and poly-FeL/polyCuL are shown in Fig. S2 and S3
(ESIY), respectively. Looking at the responses shown in Fig. 1,
it is possible to state that they appear as the sum of the two
contributions relevant to each monometal polymer, with the
layer which was electrosynthesized second having a seemingly
larger influence on the electrochemical behavior of the film.
This behaviour could be expected since the second polymer
exhibits its electrochemical properties more easily, due to the
fact that it does not suffer from diffusion limitations as the first
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Fig. 4 CVs at different scan rates and single characterization at 100 mV s~* scan rate for poly-NiCu (a and c) and poly-CuFe (b and d) in 0.1 TBAHFP/
MeCN.
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electrodeposited layer does. Therefore, since the CVs of the
poly-NiCu and poly-CuFe are different from the ones of the
monometallic polymers sequentially electrodeposited, we can
therefore assume that the electrosynthesized heterometallic
polymers are most probably copolymers.

Physical characterization of films

SEM and EDX. Fig. 5 shows the scanning electron micro-
scopy images obtained for the bare GC electrode and for the
films of poly-NiCu and poly-CuFe. The GC electrode clearly
presents an irregular surface because of its homemade produc-
tion but is deprived of impurities and unexpected features.
After modification, the electrode is homogenously covered
independently of the material. Poly-NiCu and poly-CuFe films
actually appear very similar, without any morphological feature
which could distinguish them. The materials appear as porous
flakes of varying lengths (approximately 20-30 um) and a width
of about 5 pm.

Recording images at higher magnitudes proved to be more
challenging; however, a successful attempt is displayed in
Fig. 6, with a resolution of 20 um.

Table 1 summarizes the findings from the EDX analysis. For
each material, the presence of the two metals is verified, being
both nickel and copper detected in poly-NiCu, as well as copper
and iron in poly-CuFe. The mapping of backscattered electrons
shows a homogeneous distribution of the metal centers on the
electrode surface (see Fig. S4a and b, ESIf). The presence of
phosphorus and fluorine is surely due to the fact that PFs
anions remain inside the film during the doping process to
compensate for the charge of the partially oxidized film (indeed
all CV cycles stop at the open circuit potential value, which
displays a positive value). Even though the response sensitivity
of fluorine is particularly high (the molar ratio between
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Fig. 6 SEM image of poly-CuFe at 20 um resolution.

phosphorus and fluorine is ~18 for poly-NiCu and ~11 for
poly-CuFe), the results obtained from EDX analyses allow
drawing some conclusions. The ratio of the two metal centers
is between 1 and 2, with a slight predominance of Cu. This
value, although not accurate, confirms what was observed
during the CV recorded for the electropolymerization of the
heterobimetallic polymers, and it is further supported by the
observation that for poly-CuFe the molar ratio Fe/Cl is about
1.6. Aluminium is also found in very small amounts and its
presence can be explained as an alumina residue resulting from
the polishing process of the GC electrode, despite the sonication
treatment and the rinsing in water. Further evidence comes from

Fig. 5

This journal is © The Royal Society of Chemistry 2023

SEM images of the GC electrode surface (a) and (b), poly-NiCu (c) and (d) and poly-CuFe (e) and (f).
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Table 1 EDX atomic percentage composition for poly-NiCu and poly-
CuFe

Detected element Poly-NiCu (%) Poly-CuFe (%) Absolute error (%)

C 80.17 81.90 3.21
N 6.81 7.26 0.42
O 9.17 5.99 0.48
P 0.17 0.33 0.03
F 3.20 3.71 0.24
Cu 0.25 0.28 0.07
Ni 0.13 — 0.03
Fe — 0.18 0.03
Al 0.09 0.24 0.02
Cl — 0.11 0.01

the detection of aluminum traces also on the bare electrode
surface (see S5a-c, ESIT for EDX spectra). The glassy carbon
underlying the film most likely contributes to the measured
carbon content.

FTIR and ATR spectroscopy. Prior to the investigation of the
films, the surface of the unmodified GC electrode was studied.
Its spectrum can be found in the ESIt (Fig. S6). Most promi-
nently it shows an intense and broad band between 3645 and
3092 cm ™ corresponding to ~OH groups, one sharp stretching
vibration at 1651 cm™ " related to C=0 groups, others in the
1611-1500 cm " range and one complex band between 1160
and 1000 cm ™" which can be attributed to C-O vibrations, with
peaks at 1153, 1100 and 1042 cm ™ *. These results are consistent
with the formation of phenolic and carboxylic species on the
GC polished surface because of the occurrence of oxidation
reactions.*

The spectra of poly-NiCu and poly-CuFe were examined by
comparing them first with the FT-IR spectra of the complexes
(shown in Fig. 7, in the discussion approximate values of main
peaks will be reported when making comparisons) and then
with the FT-ATR spectra of the films formed by electropolymer-
ization of single metal complexes only, recorded for the sake of
the work’s robustness.

— NiL
60 CuL
—— FelL
50 T T T T T T
3000 2500 2000 1500 1000 500

wavenumber (cm™)

Fig. 7 FT-IR spectra of metal complexes.
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Fig. 8 FT-ATR spectrum of poly-NiCu and poly-CuFe in 1750-500 cm~*
range.

Fig. 8 shows the spectra of poly-NiCu and poly-CuFe, which
are mostly superimposable. An important feature is the
presence of a sharp peak at 1714 cm ™', which is absent in
the spectra of the complexes. Peaks around 1700 cm™ ' are
usually attributed to C—=O groups, but they might also be
typical of particularly electron-rich imine functionalities®*>' -
which are present in these polymeric materials due to extensive
conjugation effects. It should also be pointed out that the glassy
carbon electrode might give strong interactions between the
groups present on its surface and the imine functionality, with
a consequent strong shift in the band. The absence of strong
stretching bands around 1630-1600 cm™ " - typically assigned
to C=N, present in the ligand at 1612 cm ™' and in complexes
at lower wavenumbers as an effect of coordination by the
azomethine nitrogen - makes a case for assuming a shift for
the imine due to a change in its chemical environment rather
than to an electrochemical modification affecting it, as imine
functionalities should not take part in the electropolymeriza-
tion mechanism. Such a band was therefore attributed to the
imine functionality.

In the 1600-1500 cm ™' range, many bands, though very low
in intensity, attributable to aromatic C—C stretchings can be
seen in the films’ spectra, whereas the complexes display only
two absorption bands at 1579 cm™ " and 1541 em™". The higher
number of bands can be explained as an effect of the extensive
conjugation, making other vibrations possible due to new
bonds having been formed and having increased the rigidity
of the systems.”® The spectra of the complexes show several
bands at 1198 cm ™%, 1173 em™* and 1155 cm™* while none is
present in the films’ spectra in this range of wavenumbers. On
the other side, a new band at 1016 cm " in the film spectra
(absent in the spectra of the complexes) is detected. Such
differences might stem from and reflect the chemical environ-
ment due to the new bonds linking the monomeric units: the
bands in the range 1200-1150 cm ™" in the complexes could

This journal is © The Royal Society of Chemistry 2023
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Fig. 9 FT-ATR spectra of poly-NiCu and poly-CuFe in 4000-2800 cm™*
range.

belong to C-H bendings of the vicinal trisubstituted aromatic
units,’* which then are hindered by the new C-C bonds
merging the complex units. Therefore, the band at 1016 cm ™"
could also be attributed to these new C-C bonds. Bands
ascribable to functional groups are also visible in the films’
spectra, such as ~CH; (1409 cm™ " and 1371 cm ™', in complexes
1435 cm ' and 1375 em ™), Cgpo-N (1340 em ™7, in complexes
1335 em™') and C-O (1241 ecm™' for the stretching with
aromatic carbons, same for complexes, and 1093 cm ' for
aliphatic carbons, in complexes 1108 cm™'). The presence of
electrolyte (PFs ) in the film is also confirmed by a band at
845 cm™ "> Bands below 1000 cm ™" are difficult to interpret, as
aromatic C—=C and C-H bending vibrations can overlap. The
functional group region for the films (Fig. 9) did not show any
—-OH stretching but possessed a new profile in the C-H stretch-
ing bands with just two peaks at 2963 cm ™' and 2908 cm ™,
whereas in the spectra of the complexes, multiple bands at
3060 cm ™Y, 3015 ecm Y, 2927 em ! and 2838 cm ' were
recorded. This further suggests a change in vibrational modes
for C-H, caused by a new chemical environment after the
electropolymerization process.

No major differences were noticed between the bimetallic
films and the monometallic ones (Fig. S7, ESIt), which suggests
that structurally the films are similar to a very high degree,
i.e., they are characterized by the presence of the same bonds.
In the fingerprint region of the monometallic films, weak
bands at wavenumbers corresponding to the M-N stretching
vibrations in the spectra of the complexes were found (Fig. S8,
ESIt): at 527 cm™ " for poly-FeL (at 528 cm™ " in the spectrum of
the Fe complex), also present in poly-CuFe at 526 cm '; at
531 cm™* for poly-NiL (found at the same wavenumber in the
spectrum of the Ni complex), also present in poly-NiCu at
527 ecm™'; and at 544 cm™ " for poly-CuL (at 541 cm ™' in the
spectrum of the Cu complex), also present both in poly-CuFe at
the same wavenumber and in poly-NiCu at 542 cm ™. The shape

This journal is © The Royal Society of Chemistry 2023
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of the bands also helps in observing the similarities. This is
further experimental evidence that both complexes are involved
in the electropolymerization of the films and that the ratio of
the metals cannot differ significantly from 1.

UV-Visible spectroscopy. Spectra of the two copolymers in
the UV-visible range were also recorded (Fig. 10). The electro-
synthesized copolymers were dissolved in 2 mL of DMF using
an ultrasonic bath, and the resulting solutions were directly
analyzed. Only bands and features beyond the solvent cut-off
wavelength (268 nm for DMF) were taken into consideration.

The UV-vis spectrum of NiL shows three absorption maxima
bands at 300, 378, and 491 nm. A shoulder is seen at 349 nm.
The UV-vis spectrum of CuL displays two absorption bands
peaking at 324 and 441 nm. Two shoulders are also evident at
~342 and 390 nm. The UV-vis spectrum of FeL shows an
intense narrow absorption band with a maximum of 298 nm.
Again, a shoulder is present around ~ 340 nm. There are also
absorptions in the visible range which extend to 600 nm, but
with no clear maxima. The absorption maxima bands in the
250 to 400 nm range are attributed to intraligand n — n* and
n — 7w* transitions. The absorption maxima in the 400 to
600 nm region correspond to the phenolate-to-metal charge
transfer (LMCT) transitions.

The spectra of the copolymers are similar but not identical.
Thus, intense absorption is observed peaking at 300 nm
(for poly-NiCu) and 320 nm for (poly-CuFe). These absorption
bands exhibit long tails on the lower energy scale, which, in
contrast to the monomeric complexes, extend over the full
visible range. Shoulders are evident in the spectra as well, for
polyNiCu at ~360 and ~440 nm and for (poly-CuFe) at similar
wavelengths. The latter feature for both copolymers may be
ascribed to the presence of CuL, which appears to be in slight
excess with respect to the other metals in both copolymers, as
already said in the paragraph about SEM/EDX. Poly-NiCu also
shows a shoulder around 490 nm, corresponding to the
presence of NiL inside the polymeric structure. Finally, it can
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Fig. 10 UV-Vis spectra of the copolymers (unknown concentration) and
the single complexes (c = 1.0 x 107> M) in DMF between 268-800 nm.
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also be seen that between 800-650 nm, both copolymers
possess a higher residual absorbance than one of the single
complexes, which tends to be zero. This result can be also
assigned to the extensive conjugation of the polymeric struc-
ture. Overall, UV-Vis analysis clearly confirms the presence of
both metals in the copolymers.

Electrochemical characterization in water

poly-NiCu and poly-CuFe were also characterized in aqueous
solutions at different pH values. Overall, poly-NiCu (Fig. 11(a)—(c))
is conductive and stable in water, although the current slightly
decreases during cycling. pH is clearly a strong influencing factor:
both at acidic (pH = 2, 0.01 M H,SO,) and neutral pH the material
can sustain many cycles (up to 100) but undergoes a slow
modification in the former case: a new small peak emerges
around 0.21 V. The charge/discharge process takes place in a
narrower potential window in comparison to organic media,
i.e., between 0.1-0.7 V. The material is however unstable at basic
pH (pH = 12, 0.01 M NaOH), undergoing strong irreversible
oxidation, whose current intensity decreases considerably after
each cycle. The characterization of poly-CuFe (Fig. 11(d)-(f)) shows
strong similarities to poly-NiCu concerning stability: the material
is stable at acidic and neutral pH but not in basic solutions.
Possibly OH ™ anions are intercalated during the oxidation process
and both coordinate the metal centers and attack the imine
functionalities, hindering the conducting process. Different
potential ranges were explored in acidic solutions for poly-CuFe
but no notable differences were recorded. Also in this case, the
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charge/discharge process occurred in a smaller potential range,
i.e., between 0.2 and 0.6 V. Decomposition of the material started
when the potential was set higher than 0.7 V.

Sensing of ascorbic acid

A preliminary study of the oxidation of AA was carried out by CV
and chronoamperometry. In addition, the performance of films
formed by single complexes only was evaluated by CV to
compare them with poly-NiCu and poly-CuFe and gain more
insight into the metals responsible for catalytic effects. AA was
shown to oxidize irreversibly at 0.33 V at the bare GC electrode
surface and all monometallic films appeared to effect electro-
catalysis: in the presence of AA, poly-NiL showed two new
oxidation peaks at 0.07 V and 0.15 V, poly-CuL a new one at
0.16 V and poly-FeL a new one at 0.18 V (Fig. S9-S11, ESI¥).
The current of these peaks increased linearly with AA concen-
tration in the solution, even though the potential slightly
shifted anodically after every addition, possibly as a result of
the higher occupation of the active sites and slower charge
transfer kinetics. We might hypothesize that the catalytic
oxidation around 0.18 V, found in each monometallic film,
originates from the CP backbone which is the common feature
among them.

CVs for poly-NiCu and poly-CuFe are shown in Fig. 12(a) and
(c). Increases in the anodic currents proportional to the AA
concentration are recorded for both materials, although they
differ in their electrocatalytic behavior: whereas a new oxida-
tion peak at 0.18 V appears in poly-NiCu voltammogram, no
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Fig. 11 CVs of poly-NiCu (a)—(c) and poly-CuFe (d)-(f) in aqueous solutions at different pH values.
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Fig. 12 CVs recorded for poly-NiCu and poly-CuFe at different concentrations of AA, 50 mV s~

chronoamperometric (b) and (d) profiles.

gain in terms of lower potential is observed in poly-CuFe, since
one new oxidation wave appears at 0.38 V. The shifts to higher
potential as AA concentration increases seem to be more
marked than for the monometallic films. On the other hand,
the presence of two different metals enhances the sensitivity
(Fig. S12, ESI¥). In fact, the recorded anodic currents for poly-
NiCu and poly-CuFe are higher than those for monometallic
films at the same AA concentration (1.5 mM). Such stark
differences between these two sets of films suggest that the
chemistry of poly-NiCu and poly-CuFe is rather different from
the one of poly-NiL, poly-CuL and poly-FeL.

Higher potentials (E = +0.3 V for poly-NiCu and +0.5 V for
poly-CuFe) were set when performing chronoamperometry to
ensure full AA oxidation despite potential shifts taking place as
AA concentration increases through repeated additions. The
concentration ranges explored were between 10 ° M and
10 M. For poly-NiCu, the current is always proportional to
the concentration of AA in the cell (Fig. 12(b)), while poly-CuFe
current signal is not linearly dependent on concentra-
tion shortly after passing the 107° M threshold (Fig. 12(d)).

Table 2 Sensitivity and LOD values obtained from AA calibration lines by
chronoamperometry

Sensitivity (AM ") LOD (M)
Poly-NiCu 16.05 & 0.2 4x10°°
Poly-CuFe 18.6 & 0.4 2 x10°°
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The sensitivities and limits of detection (LOD) values for the
two materials are listed in Table 2.

Conclusions

We synthesized two new salophen-based materials, likely copo-
lymeric in nature, by a simple electrochemical approach based
on anodic electropolymerization. EDX proved indeed the homo-
geneously distributed presence of both metal centers in the
materials deposited on the electrode surface. The films appear
to be very stable electrochemically as they can undergo a large
number of cycles (n > 100) and show electrochemical behavior
that is unaffected by the applied scan rate in organic media.
The materials were also very stable in aqueous media. It is
possible to assume that such stability stems from internal
structural features - such as an extended m conjugation pro-
vided by imine linkages and aromatic rings - and from firm
interactions between the material and the GC substrate, as both
are organic in nature. Metal centers do play a role in the
polymerization mechanism, as the ligand alone does not
polymerize electrochemically under the same conditions.
Overall, such bimetallic conducting polymers are candidates
for several applications, such as electrocatalysis and energy
storage devices like supercapacitors or sensing. The electro-
synthesis method reported here is easy, fast and enables
control of film thickness on a carbonaceous substrate, which
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is appropriate for industrial applications. Further new materials
could be synthesized by choosing a combination of other different
metal centers or different substituents. Such fine tuning can be
very easily achieved by the simplicity of synthesis of salen and
salophen ligands and complexes. Finally, the sensing of ascorbic
acid was explored as a potential application.
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