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ABSTRACT: The tridentate ligand L and its complexes with
transition-metal ions have been prepared and characterized. The
polycondensation reactions of transition-metal complexes with
different dialdehydes led to the formation of transition-metal-
complex-based polyazomethines, which have been obtained by on-
substrate polymerization, and their electrochemical and electro-
chromic performance have been investigated. The most interesting
properties are exhibited by polymers of Fe(II) and Cu(II) ions
obtained by the reaction of the appropriate complexes with a
triphenylamine-based dialdehyde. Fe(II) polymer P1 undergoes a
reversible oxidation/reduction process and a color change from
orange to gray due to the oxidation of Fe(II) to Fe(III) ions
concomitant with the oxidation of the triphenylamine group. Its
electrochromic properties such as long-term stability, switching times, and coloration efficiencies have been investigated, providing
evidence of the utility of the on-substrate polycondensation reaction in the formation of thin films of electrochromic
metallopolymers.

■ INTRODUCTION
Polymeric complexes of transition-metal ions have been
attracting interest in many scientific and technological fields
in recent years due to their multiple applications.1−3

Complexes of transition-metal ions are known to be interesting
materials for electrochromic applications, and the color change
can be based on the redox reaction of the ligand molecule and/
or the metallic center. The incorporation of transition-metal
ions into the polymer backbone can also change the
electrochromic properties of polymeric materials. This is the
result of the formation of additional absorption bands that
change the color of the material, such as metal to ligand
(MLCT) or ligand to metal charge transfer (LMCT) bands as
well as d−d transitions that are characteristic for transition-
metal complexes.4−6

The synthesis of high-molecular-weight conjugated polymers
containing transition metals has been often hampered by
synthetic difficulties and/or a solubility problem. Metal-
losupramolecular polymers can be prepared by the complex-
ation of metal ions with multidentate organic ligands or
polymers7−11 as well as by cross-coupling reactions,12 radical
polymerization,13 or electropolymerization.14−18 One of the
methods of preparation of polymers is chemical linking of
single or multiple kinds of monomers to form long chains,
releasing water or a similar simple substance, called a
polycondensation reaction. Hasanain et al. described a
synthesis via a polycondensation reaction and the electro-
chromic characterization of a dinuclear ruthenium complex

incorporated into the polyimide polymer main chains.19 The
polymers exhibited interesting electrochromic properties, but
they were not soluble in common organic solvents, which can
hamper their processing. An example of the application of
polycondensation to the preparation of metallopolymers was
also demonstrated by the synthesis of electrochromic Co(III)-
and Fe(III)-based metallosupramolecular polymers with
aromatic azo ligands that conferred good solubility to the
metal complex, and due to this the solubility issue has been
overcome.20

Polyazomethines can also be prepared by an on-substrate
method by heating monomers deposited onto the substrate
under an acetic atmosphere.21−23 Polymers prepared in this
way are obtained in the form of thin, insoluble layers on the
substrate, and they cannot be characterized using conventional
methods, such as gel permeation chromatography (GPC), but
the insolubility of the polymer layer is desirable in case of
application as an active layer in electrochromic devices. The
miscibility of the organic layer with the electrolytic gel is
problematic, because the electroactive layer can subsequently
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delaminate from the electrode, resulting in a limited device
lifetime, poor device performance, localized color defects, and
poor color contrast.21 An advantage of the on-substrate
polymerization method is also the easy introduction of
different functional groups, which in turn allows tuning of
the polymer properties, and simple preparation and purifica-
tion with only one byproduct, which is water.
Herein, we present the synthesis and characterization of

polyazomethines containing complexes of transition-metal
ions. Monomers for the synthesis of electrochromic poly-
azomethines by the on-substrate polymerization method are
usually organic dialdehydes and diamines, but the use of
transition-metal complexes has not been presented before.
Complexes of transition-metal ions containing four amine
groups that are able to undergo a condensation reaction with
aldehydes have been obtained by the self-assembly of
transition-metal ions with organic ligand 2,6-bis(1-
hydrazonoethyl)pyridine (L). Complexes have been charac-
terized by spectroscopic methods and X-ray analysis and have
been used in polycondensation reactions with three different
dialdehydes, leading to the preparation of several polyazome-
thines (P1−P6). An investigation of the electrochemical and
electrochromic properties of the obtained materials allowed us
to identify the key monomers that give polymers with the
desired properties.

■ EXPERIMENTAL SECTION
General Considerations. Dialdehydes 4 and 5 have been

prepared according to a previously reported procedure.24 All other
reagents are commercially available and were used as received.
Acetonitrile was dried by passing over neutral alumina followed by
storage over 3 Å molecular sieves.25 NMR spectra were recorded on a
Bruker UltraShield 300 MHz spectrometer and were calibrated
against the residual protonated solvent signal (CDCl3, δ 7.24 ppm; d6-
DMSO, δ 2.50 ppm). High-resolution ESI-MS spectra were run on a
QTOF (Impact HD, Bruker) spectrometer in positive ion mode. XPS
spectra were measured using a Specs UHV/XPS/SPM instrument. Al
Kα was used as an X-ray source. The samples of complexes 1 and 2
were deposited on a piece of conducting carbon tape, while
polyazomethines were measured as prepared on ITO-glass slides.
The bonding energies were standardized using the C 1s peak at 285
eV, and the spectra were analyzed using Casa XPS software. IR
spectra in the 4000−400 cm−1 region were measured in KBr pellets,
obtained with a Perkin-Elmer 580 spectrophotometer, and are
reported in cm−1. TGA analysis was carried out on a Netzsch TG
209 Libra instrument in the temperature range 30−600 °C under a
nitrogen atmosphere at a heating rate of 10 °C min−1. SEM/EDX
analysis was carried out with a Quanta 250 FEG, FEI high-resolution
scanning electron microscope. AFM measurements were carried out
on an Agilent 5500 instrument. Cyclic voltammetry was carried out in
0.1 M Bu4NPF6 acetonitrile solution using a three-electrode
configuration (platinum working electrode in the case of measure-
ments of electrochemical properties of complexes in solution or
polymer-modified ITO-coated glass slides as the working electrode for
measurements of electrochemical properties of polymers, Pt counter
electrode, and Ag/Ag+ reference electrode) and a VSP Bio-Logic
multichannel potentiostat. UV−vis−NIR absorption spectra were
recorded on a Jasco V-770 spectrometer. Spectroelectrochemical
measurements were carried out using a commercially available
honeycomb electrode in the case of measurements of the properties
of complexes in solution and polymer-modified ITO-coated glass
slides, Pt counter electrode, and silver wire as a pseudoreference
electrode for measurements of the electrochromic properties of
polymers.
X-ray Crystallography. Diffraction data were collected by the ω-

scan technique, using graphite-monochromated Mo Kα radiation (λ =
0.71073 Å), at 100(1) K on a Rigaku Xcalibur four-circle

diffractometer with an EOS CCD detector. The data were corrected
for Lorentz−polarization as well as for absorption effects.26 Precise
unit-cell parameters were determined by a least-squares fit of the
reflections of the highest intensity, chosen from the whole experiment.
The structures were solved with SHELXT27 and refined with the full-
matrix least-squares procedure on F2 by SHELXL.28 All non-hydrogen
atoms were refined anisotropically. Hydrogen atoms from NH2
groups were found in the difference Fourier maps and either kept
in the positions found (1 and 2) or freely refined (3); all other
hydrogen atoms were placed in idealized positions and refined as a
“riding model” with isotropic displacement parameters set at 1.2 (1.5
for CH3) times the Ueq values of the appropriate carrier atoms. In the
structure of 2 large voids have been found, filled with diffused electron
densityprobably a highly disordered solvent. As attempts to model
the reasonable solvent model failed, the SQUEEZE procedure was
successfully applied. Crystal data and data collection and structure
refinement details of complexes 1−3 are summarized in Table S1.

Synthesis. Ligand L. Ligand L has been obtained according to a
previously reported method.29 2,6-Diacetylpyridine (0.5 g, 3.07
mmol) was dissolved in absolute ethanol (10 mL). Afterward, excess
hydrazine (5.0 mL) was added to the solution. The mixture was
heated at 90 °C under an argon atmosphere overnight. The solution
was concentrated and cooled with ice, and the obtained white crystals
were filtered off, washed with a small amount of cold ethanol, and
dried. Yield: 69% (0.40 g). 1H NMR (300 MHz, DMSO-d6): δ 7.72−
7.66 (m, 2H), 7.58 (dd, J = 8.7, 6.7 Hz, 1H), 6.65 (s, 4H), 2.17 (s,
6H) ppm. 13C NMR (75 MHz, DMSO-d6): δ 155.3, 142.9, 135.8,
116.3, 9.5 ppm. HR-ESI-MS: (M + H)+ calcd 192.1244, found
192.1245; (M + Na)+ calcd 214.1064, found 214.1072. FT-IR (KBr):
νas(NH2) 3350; νs(NH2) 3186; ν(C−H)ar 3027; νas(CH3) 2934;
νs(CH3) 2905; ν(CN)imin 1631; ν(CC) 1599, 1566, 1522;
ν(CN) 1450, 1432, 1365; ν(C−N) 1287, 1249; ν(N−N) 1081;
ρ(C−H) 1020, 991, 953, 806; γ(C−H) 737, 691, 643 cm−1. Anal.
Calcd for C9H13N5 (191.23): C, 56.53; H, 6.85; N, 36.62. Found: C,
56.51; H, 6.88; N, 36.65.

Complex 1. A mixture of ligand L (30 mg, 0.16 mmol) and
Fe(BF4)2·6H2O (26.5 mg, 0.08 mmol) in a dichloromethane/
acetonitrile mixture (6 mL, 1/1 v/v) was stirred at room temperature
for 24 h. Then the solution was concentrated, and diethyl ether was
added to precipitate the complex. The bloody red solid was
centrifuged, washed with diethyl ether, and dried. HR-ESI-MS:
[FeL2(BF4)]

+ calcd 525.1716, found 525.1710; [FeL(L-H)]+ calcd
437.1608, found 437.1605; [FeL2]

2+ calcd 219.0840, found 219.0837.
FT-IR (KBr): νas(NH2) 3319; νs(NH2) 3229; ν(C−H)ar 3088;
νas(CH3) 2927; ν(CN)imin 1641; ν(CC) 1600, 1562; ν(CN)
1452, 1403, 1360; ν(C−N) 1284; ν(BF4−) 1049, 1032; ρ(C−H) 798;
γ(C−H) 765, 746, 595 cm−1. Anal. Calcd for Fe(C9H13N5)2(BF4)2
(611.92): C, 35.33; H, 4.28; N, 22.89. Found: C, 35.35; H, 4.36; N,
22.85.

Complex 2. A mixture of ligand L (30 mg, 0.16 mmol) and
Cu(CF3SO3)2 (28 mg, 0.08 mmol) in a dichloromethane/acetonitrile
mixture (6 mL, 1/1 v/v) was stirred at room temperature for 24 h.
Then the solution was concentrated and diethyl ether was added to
precipitate the complex. The green solid was centrifuged, washed with
diethyl ether, and dried. HR-ESI-MS: [CuL(CF3SO3)]

+ calcd
402.9982, found 402.9984; [Cu(L-H)]+ calcd 253.0384, found
253.0384. FT-IR (KBr): νas(NH2) 3321; νs(NH2) 3218; νas(CH3)
2953; ν(CN)imin 1647; ν(CC) 1601, 1545; ν(CN) 1473,
1460, 1382; ν(C−N) 1265; ν(CF3SO3

−) 1242, 1225, 1027; ν(N−N)
1088; ν(BF4

−) 1045, 1028; ρ(C−H) 805; γ(C−H) 758, 739, 634,
571, 516 cm−1. Anal. Calcd for Cu(C9H13N5)2(CF3SO3)2 (744.15):
C, 32.28; H, 3.52; N, 18.82; S, 8.62. Found: C, 32.25; H, 3.59; N,
18.87; S, 8.59.

Complex 3. A mixture of ligand L (30 mg, 0.16 mmol) and
Cu(BF4)2 (19 mg, 0.08 mmol) in a dichloromethane/acetonitrile
mixture (6 mL, 1/1 v/v) was stirred at room temperature for 24 h.
Then the solution was concentrated and diethyl ether was added to
precipitate the complex. The green solid was centrifuged, washed with
diethyl ether, and dried. HR-ESI-MS: [CuL(L-H)]+ calcd 444.1555,
found 444.1564; [Cu(L-H)]+ calcd 253.0384, found 253.0388;

Inorganic Chemistry pubs.acs.org/IC Article

https://doi.org/10.1021/acs.inorgchem.1c01249
Inorg. Chem. 2021, 60, 14011−14021

14012

https://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.1c01249/suppl_file/ic1c01249_si_001.pdf
pubs.acs.org/IC?ref=pdf
https://doi.org/10.1021/acs.inorgchem.1c01249?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


[CuL2]
2+ calcd. 222.5814, found 222.5817. FT-IR (KBr): νas(NH2)

3329; νs(NH2) 3251; ν(C−H)ar. 3093; νas(CH3) 2965; νs(CH3)
2927; ν(CN)imin. 1643; ν(CC) 1603, 1549; ν(CN) 1475,
1454, 1381; ν(C−N) 1287, 1259; ρ(C−H) 805; γ(C−H) 738, 676
cm−1. Anal. Calcd for C9H13N5 (191.23): C, 56.53; H, 6.85; N, 36.62.
Found: C, 56.51; H, 6.88; N, 36.65. Anal. Calcd for Cu-
(C9H13N5)2(BF4)2 (619.62): C, 34.89; H, 4.23; N, 22.61. Found:
C, 34.85; H, 4.28; N, 22.58.
Dialdehyde 6. Dialdehyde 6 was prepared using a procedure

modified from that described in the literature.30 A solution of 1,3-
dibromobenzene (400 mg, 1.71 mmol), (4-formylphenyl)boronic acid
(640 mg, 4.26 mmol), sodium carbonate (906 mg, 8.55 mmol), and
tetrabutylammonium bromide (TBABr) (7 mg) in a toluene/water
mixture (3/1 v/v, 10 mL) was degassed for 20 min under a flow of
argon, and then tetrakis(triphenylphosphine)palladium(0) (200 mg,
0.17 mmol) was added under an argon atmosphere and the mixture
was stirred and heated at 90 °C for 24 h. After the mixture was cooled
to room temperature, dichloromethane (∼50 mL) was added and this
mixture was extracted with water (3 × 30 mL) and brine. The organic
layer was dried over MgSO4, the solvent was evaporated, and the
crude product was purified by column chromatography on SiO2 using
dichloromethane/hexane (4/5 v/v) as eluent. Dialdehyde 6 was
obtained as a white solid (455 mg, 92%). 1H NMR (300 MHz,
chloroform-d): δ 10.08 (s, 2H), 7.99 (d, J = 8.2 Hz, 4H), 7.87 (s, 1H),
7.81 (d, J = 8.2 Hz, 4H), 7.69 (dd, J = 6.8, 1.8 Hz, 2H), 7.60 (dd, J =
8.8, 6.4 Hz, 1H) ppm. 13C NMR (75 MHz, chloroform-d): δ 191.9,
146.8, 140.8, 135.6, 130.5, 129.9, 128.0, 127.6, 126.6 ppm. HR-ESI-
MS: (M+H)+ calcd 287.1067, found 287.1079.
Polymerization Procedure. On-Substrate Polymerization. To a

solution of the complex of Fe(II) (1) or Cu(II) (2) (∼2.0 mg)
solubilized in 0.5 mL of acetonitrile was added a solution of the
appropriate dialdehyde (2.0 equiv) in 0.5 mL of dichloromethane.
The mixtures with a total volume of 1 mL each were spray-coated for
∼3 min on cleaned ITO glass slides. The substrates were heated at
100 °C for 1 h under a saturated trifluoroacetic acid atmosphere.
Afterward, the substrates were washed with a solution of triethylamine
in dichloromethane and pure dichloromethane to remove any
unreacted monomers and dried on air.
Polymerization in Solution. To a solution of complex 1 or 2 (∼20

mg) in acetonitrile were added a solution of the appropriate
dialdehyde (2 equiv) in chloroform and a catalytic amount of TFA
(∼5 mol %), and the mixture was stirred and heated at 70 °C for 24 h.
Afterward triethylamine was added to neutralize the acid and the
precipitated polymers were filtered off, washed with acetonitrile and
chloroform to remove unreacted monomers, and dried on air.
Polymer P1. Yield: 67%. FT-IR (KBr): ν(NH2) 3320, 3226, 3200;

ν(C−H)ar 3032; νas(CH3) 2963; νs(CH3) 2922; ν(CO) 1687;
ν(CN)imin 1628, 1621; ν(CC) 1589, 1549, 1521; ν(CN)
1490, 1422, 1399, 1378; ν(C−N) 1324, 1276, 1263; ν(N−N) 1185;
ν(BF4

−) 1049, 1026; ρ(C−H) 1083, 871, 815, 799; γ(C−H) 740,
718, 695 cm−1.
Polymer P2. Yield: 72%. FT-IR (KBr): ν(NH2) 3262; ν(C−H)ar

3034; νas(CH3) 2965; νs(CH3) 2922; ν(CO) 1700; ν(CN)imin
1634, 1626; ν(CC) 1591, 1544, 1523; ν(CN) 1491, 1455, 1419,
1404, 1364; ν(C−N) 1324, 1275, 1186, 1179, 1156, 1144, 1105;
ν(CF3SO3

−) 1261, 1223, 1029, 1004; ν(N−N) 1150; ρ(C−H) 850,
814, 754; γ(C−H) 740, 696, 635, 515 cm−1.
Polymer P3. Yield: 63%. FT-IR (KBr): ν(NH2) 3373; νas(CH3)

2975; νs(CH3) 2900; ν(CO) 1701; ν(CN)imin 1637, 1617;
ν(CC) 1591, 1537; ν(CN) 1498, 1486, 1443, 1413, 1399, 1378;
ν(C−N) 1310, 1276, 1198; ν(N−N) 1179; ν(BF4

−) 1052, 1032;
ρ(C−H) 1142, 971, 870, 834, 797; γ(C−H) 742, 718, 703, 519 cm−1.
Polymer P4. Yield: 51%. FT-IR (KBr): ν(C−H)ar 3065; νas(CH3)

2959; νs(CH3) 2922; ν(CO) 1701; ν(CN)imin 1652, 1639;
ν(CC) 1600, 1567, 1539; ν(CN) 1496, 1450, 1412, 1362; ν(C−
N) 1310, 1275, 1177, 1112; ν(CF3SO3

−) 1260, 1223, 1029; ν(N−N)
1154; ρ(C−H) 971, 836, 801; γ(C−H) 742, 728, 697, 637 cm−1.
Polymer P5. Yield: 69%. FT-IR (KBr): ν(NH2) 3277, 3166; ν(C−

H)ar 3044; νas(CH3) 2991; νs(CH3) 2922; ν(CO) 1700; ν(C
N)imin 1636; ν(CC) 1594, 1553; ν(CN) 1476, 1433, 1397, 1383;

ν(C−N) 1308, 1282, 1181, 1142; ν(N−N) 1084; ν(BF4
−) 1050,

1032; ρ(C−H) 875, 835, 793; γ(C−H) 702, 698, 608, 518 cm−1.
Polymer P6. Yield: 61%. FT-IR (KBr): ν(C−H)ar 3060, 3029;

νas(CH3) 2970; νs(CH3) 2922; ν(CO) 1697; ν(CN)imin 1660,
1631; ν(CC) 1604, 1546, 1516; ν(CN) 1477, 1457, 1410, 1366;
ν(C−N) 1308, 1274, 1179, 1114; ν(CF3SO3

−) 1261, 1223, 1029,
1007; ν(N−N) 1155; ρ(C−H) 960, 976, 837, 839, 793; γ(C−H)
738, 700, 637, 610, 572, 555, 517 cm−1.

■ RESULTS AND DISCUSSION
Ligand L has been prepared in a condensation reaction
between 2,6-diacetylpyridine and hydrazine monohydrate,29 as
outlined in Figure 1.

The backbone of ligand L contains a structural unit similar
to that of terpyridine, and it has been designed to act as a
tridentate donor ligand in reactions with transition-metal ions
to form complexes of 1:2 metal to ligand stoichiometry that
contain four uncoordinated amine groups able to undergo a
condensation reaction with other functional groups. The ligand
is known to be potentially pentadentate,31 but it mainly acts as
a tridentate ligand.29,32−34 The reactions of ligand L with
iron(II) and copper(II) salts were carried out in a dichloro-
methane/acetonitrile mixture (1/1 v/v) at room temperature
for 24 h. Complexes have been obtained as colored solids by
precipitation using diethyl ether, isolated and characterized.
The 1:2 metal:ligand stoichiometry of obtained complexes has
been confirmed by high-resolution electrospray ionization
mass spectra. For example, the signals at m/z 219.0837 and
525.1710 in the ESI-MS spectra of complex 1 have been
assigned to [FeL2]

2+ and [FeL2](BF4)
+, respectively, and

clearly indicate the formation of a complex with a 1:2
stoichiometry. In the ESI-MS spectra signals at m/z 437.1605
and 444.1564 are also present, which have been assigned to
molecular cations with a 1:2 metal:ligand stoichiometry in
which one of the ligand molecules is deprotonated, forming the
molecular cations [FeL(L-H)]+ and [CuL(L-H)]+, respec-
tively. The infrared spectra of the complexes of transition-
metal ions provide useful information about the coordination
of the functional groups upon the formation of the complexes
in the solid state. The IR spectra of the products have been
assigned by comparison with the stretching frequencies of the
free ligand L. The peaks in the IR spectra of free ligand L were
consistent with those observed for similar hydrazine deriva-
tives.35,36 The ligand L and its complexes with transition-metal
ions show characteristic IR bands in the range 1647−1630
cm−1, due to the stretching vibration of the imine CN bond
(Figures S1−S4).37 The weak bands in the spectra of the
ligand L at around 3080 and 3026 cm−1 were attributed to an
aromatic C−H bond stretching vibration, whereas the bands at
2933 and 2907 cm−1 were assigned to the C−H stretching
vibration of the methyl group. The two bands in the range of
3150−3350 cm−1 in the FT-IR spectra of both the ligand and
the complexes were assigned to asymmetric and symmetric
stretches of the amine group, confirming that −NH2 groups in
the transition-metal complexes still exist.

Figure 1. Synthesis of ligand L.
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The exact crystal structures of complexes 1−3 have been
confirmed by X-ray crystallography. Single crystals appropriate
for an X-ray analysis have been obtained by slow diffusion of
diethyl ether into acetonitrile solutions of complexes. Figure
2A−C shows the perspective views of the dications 1−3,
respectively; Table 1 gives the relevant geometrical parameters.
All complexes have an ML2 structure, and the overall shapes
and coordinations of all four dications (in the structure of 1
there are two symmetry-independent complexes) are very
similar (Figure 2D). The coordination of the metal cation is
best described as distorted octahedral (cf. Table 1), with a
quite linear N(pyridine)−M−N(pyridine) angle.

In the crystal structures the cations, anions, and solvent
molecules make three-dimensional networks by means of
Coulombic interactions, hydrogen bonds between N−H
groups and counterion F or O atoms, and van der Waals
contacts.
The polycondensation reactions between various dialde-

hydes 4−6 and complexes 1 and 2 being tetraamine monomers
shown in Figure 3 led to the preparation of polyazomethines
containing transition-metal ions.
The dialdehydes have been selected to investigate the

influence of the central groups on the electrochemical and
electrochromic properties of the obtained polymers. The
dialdehyde 6 does not contain an electrochromic group, while
dialdehydes 4 and 5 contain electroactive triphenylamine and
thiophene groups, respectively, which are known to affect the
electrochromic properties of polymers.24

To evaluate the thermal stability of ligand L and its
complexes and to confirm the stability of the compounds
under on-substrate polymerization conditions, a thermogravi-
metric analysis (TGA) was carried out. The TGA measure-
ments were done in a temperature range of 30−600 °C under a
nitrogen atmosphere at a heating rate of 10 °C min−1. It was
found that ligand L was stable up to 180 °C before it
underwent any significant decomposition (Figure S5), whereas
complexes with transition-metal ions were found to decompose
above 215 °C (1), 190 °C (2), and 310 °C (3) (Figures S6−
S8). The small weight loss in the temperature range of 30−100
°C observed in the case of complexes of transition-metal ions
has been assigned to the loss of solvent molecules.

Figure 2. Perspective views of one of the symmetry-independent cationic complexes of 1 (A) and cations observed in the structures of 2 (B) and 3
(C). Ellipsoids are drawn at the 50% probability level, and hydrogen atoms are shown as spheres of arbitrary radii. (D) Comparison of four
dications, where the metal and coordinated N atoms were fitted onto one another. Color codes: 1A, green; 1B, pale green; 2, red; 3, blue (the
asymmetric part of the unit cell of 1 contains two symmetry-independent molecules).

Table 1. Relevant Geometrical Parameters (Å, deg) with su
Values in Parentheses

1A (M = Fe) 1B (M = Fe) 2 (M = Cu) 3 (M = Cu)

M1−N1 1.874(5) 1.878(5) 1.960(2) 1.9360(16)
1.882(5) 1.884(5) 1.965(2) 1.9749(16)

M1−N23 1.955(5) 1.963(5) 2.186(2) 2.1344(17)
1.955(6) 1.967(5) 2.188(2) 2.1396(17)

M1−N63 1.959(5) 1.980(5) 2.206(2) 2.2710(17)
1.978(5) 1.988(5) 2.214(2) 2.2802(17)

angles 176.6(2) 176.9(2) 173.31(9) 178.80(7)
160.0(2) 159.1(2) 153.31(8) 155.43(6)
159.4(2) 159.0(2) 151.24(8) 151.77(6)

Inorganic Chemistry pubs.acs.org/IC Article

https://doi.org/10.1021/acs.inorgchem.1c01249
Inorg. Chem. 2021, 60, 14011−14021

14014

https://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.1c01249/suppl_file/ic1c01249_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.1c01249/suppl_file/ic1c01249_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.1c01249/suppl_file/ic1c01249_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.1c01249?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.1c01249?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.1c01249?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.1c01249?fig=fig2&ref=pdf
pubs.acs.org/IC?ref=pdf
https://doi.org/10.1021/acs.inorgchem.1c01249?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


The polycondensation of complexes 1 and 2 with
dialdehydes was done by an on-substrate polymerization
method.21,22 To do this, a mixture of the monomers in a 1:2
transition-metal complex:dialdehyde molar ratio was manually
spray coated onto ITO-coated glass slides and the plates were
heated at 100 °C for 1 h under a saturated trifluoroacetic acid
atmosphere. Afterward, the substrates were rinsed with
dichloromethane solution containing triphenylamine and
pure dichloromethane to neutralize the acid and remove any
unreacted monomers and low-molecular-weight oligomers. To
characterize the polymers by TGA analysis and infrared
spectroscopy, polymers were also obtained in solution. To do
this, to a solution of complex 1 or 2 in acetonitrile was added a
solution of the appropriate dialdehyde (2 equiv) in chloroform.
Then a catalytic amount of TFA (∼5 mol %) was added to the
mixture of monomers and the solution was stirred and heated
at 70 °C for 24 h. Afterward triethylamine was added to
neutralize the acid and precipitated polymers were filtered off,
washed with acetonitrile and chloroform to remove unreacted
monomers, and dried on air. Polymers P1−P6 were found to
exhibit thermal stability similar to that of complexes of
transition-metal ions that were used as monomers (Figures
S9−S14). Decomposition of the iron-based polymers P1, P3,
and P5 was found to occur above 300 °C, whereas copper-
based polymers P2, P4, and P6 decompose at temperatures
above 200 °C. The small weight losses at temperatures below
200 °C have been assigned to the loss of solvent molecules
adsorbed on the surface of polymer and/or occluded in the
polymers. In the FT-IR spectra, due to the existence of two
imine bonds in different surroundings in the polymers, two
characteristic bands can be attributed to the imino groups
(Figures S15−S20). In the spectra there are also very weak
signals in the ranges of 3350−3200 and 1690−1670 cm−1

assigned to amine NH2 and carbonyl CO groups,
respectively, that indicate the existence of unreacted end
groups of the polymers.
The composition of polymers obtained by on-substrate

polymerization was analyzed using X-ray photoelectron

spectroscopy (XPS). As seen in Figure S21, XPS survey
spectra of complex 1 and its polymers contain peaks of the
core levels C 1s, N 1s, Fe 2p, B 1s, F 2p, and S 2p in case of
polymer P3, whereas in case of complex 2 and its polymers
core levels of C 1s, N 1s, Cu 2p, S 2p, O 2p, and F 2p have
been detected (Figure S22). Additionally, in the case of
polymers P1−P6 the XPS survey spectra contain In, Sn, Si, and
O core levels of the ITO support. The 2p Fe and 2p Cu peaks
for polymers P1 and P2 appeared at 703.96 and 932.94 eV for
Fe 2p3/2 and Cu 2p3/2, respectively, which was lower than
those of complexes 1 and 2 (708.47 and 935.04 eV for Fe 2p3/2
and Cu 2p3/2, respectively) (Figure S23). These results suggest
that metal ions become more cationic in polyazomethines,38

most likely due to the lower electronegativity of imine nitrogen
atoms in comparison to amine nitrogen atoms that increases
the positive charge on metal ions.
The obtained compounds have been characterized in terms

of their electrochemical and electrochromic properties. First,
absorption spectra in the visible region of ligand L and its
complexes in a dichloromethane solution in the case of ligand
L and in acetonitrile solutions for the complexes have been
recorded (Figure 4).
Ligand L exhibits no absorption in the visible range with a

strong absorption below 340 nm (Figure S24). The Fe(II)
complex 1 exhibits two absorption bands in the visible region
with maxima at 516 and 428 nm, which can be assigned to
metal to ligand charge transfers (MLCTs). Such an electronic
behavior has already been observed for homoleptic iron-based
compounds with pyridine-based ligands, and it can be
explained by the first MLCT band at 428 nm involving the
ligand subunit whose energy remained unchanged whatever
the substitution and the second MLCT band at lower energy
involving the central pyridine ring, which is sensitive to
electronic tuning on this ring.39,40 In the case of Cu(II)
complexes weak d−d bands at 685 and 677 nm for complexes
2 and 3, respectively, are responsible for the green color of the
copper(II) complexes.

Figure 3. Scheme showing the preparation of transition-metal-complex-based polyazomethines P1−P6.
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To examine the influence of the electrochromic properties of
transition-metal complexes on polyazomethines, first the
electrochemical and spectroelectrochemical measurements of
complexes were carried out in solution. The electrochemical
properties of the compounds were examined using cyclic
voltammetry. The measurements were made in an anhydrous
and deaerated 0.1 M solution of tetrabutylammonium
hexafluorophosphate in acetonitrile as the supporting electro-
lyte.
Complex 1, which contains an Fe(II) ion was found to

undergo the reversible oxidation/reduction process Fe(II) ↔
Fe(III) with an anodic peak potential (Epa) of +1.27 V and a
cathodic peak potential (Epc) of +1.17 V. In the case of
complex 2, containing a Cu(II) ion, an irreversible reduction
peak has been observed at the cathodic peak potential Epc =
−0.41 V associated with the reduction process Cu(II) →
Cu(I). In the anodic scan a peak for the irreversible oxidation
of Cu(I) ions into Cu(II) ions has been observed at an anodic
peak potential of +0.33 V. 2 has been chosen as an example of
a Cu(II)-based complex for the examination of electrochemical
and electrochromic properties due to the more intense green

color in comparison with 3 in solution at the same
concentration of the complex.
Due to the irreversible character of oxidation/reduction of

the metallic center in complexes of Cu(II) ions, the
characterization of the redox process was carried out for an
Fe(II) complex. It was done by recording cyclic voltammo-
grams at different scan rates and examining the dependence of
the peak current on the scan rate (Figure 5B). In case of
complex 1 in solution it was found that both anodic and
cathodic peak currents are linearly dependent on the square
root of the scan rate with excellent linear correlation
coefficients (R2) of 0.9998 and 0.9995 for ipa and ipc,
respectively (Figure 5C). This indicates a reversible electron
transfer process involving freely diffusing redox species.
The oxidation/reduction of metallic centers was accom-

panied by an intrinsic color change that was tracked by
spectroelectrochemistry. It combines both electrochemistry
and spectroscopy and allows us to track the color changes in
situ. Complex 1 was found to change from red to yellow as a
result of the electrooxidation of Fe(II) ions into Fe(III) ions
(Figure 6A). This was accompanied by a gradual decrease of
the MLCT bands at 516 and 428 nm and increase of the
absorbance in the range of 350−400 nm that can be attributed
to LMCT ofthe Fe(III) complex.41,42 The sharp isosbestic
point at 402 nm confirms that only oxidized and reduced
species are present in the solution and no side products of
electrooxidation are formed. In case of Cu(II) complex 2 the
observed color change was from green to red-brown as a result
of the electroreduction Cu(II)→ Cu(I). The color change was
connected with the disappearance of the d−d band at 685 nm
accompanied by an increase in the absorbance in the range
below 600 nm (Figure 6B).
The electrochemical and spectroelectrochemical properties

of polyazomethines were investigated using polymer-modified
ITO-coated glass electrodes. Polymers P1 and P2 obtained by
polycondensation of complexes of Fe(II) and Cu(II),
respectively, with a triphenylamine-based dialdehyde were
found to undergo oxidation/reduction processes of both
metallic centers and the triphenylamine group (Figure 7).
The oxidation potentials of polymer P1 were found to be

highly dependent on the scan rate. At a scan rate of 20 mV/s in
the anodic part of the cyclic voltammogram an oxidation peak

Figure 4. Absorption spectra of ligand L (■ black) measured in
dichloromethane and complexes 1 (● red), 2 (▲ blue) and 3 (▼
magenta) in acetonitrile.

Figure 5. (A) Cyclic voltammetry of complexes 1 (red) and 2 (black) measured in anhydrous and deaerated 0.1 M solutions of TBAPF6 in
acetonitrile at a scan speed of 100 mV/s. (B) CV profiles of complex 1 at different scan rates. (C) Linear dependence of the peak currents on the
square root of the scan rate for complex 1.
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in the range of +1.0 to +1.6 V has been observed (Figure 7A)
that can be fitted with two fitting functions, giving peaks with
maxima at +1.14 and +1.42 V (Figure S25). The first oxidation
potential was associated with the oxidation of the triphenyl-
amine group, while the second peak originates from the
oxidation of Fe(II) ions. With an increase in the scan speed the
shift of the first oxidation potential to more positive values has
been observed and it overlaps with the second oxidation peak,

and at a scan speed of 1000 mV/s it appears at a potential of
+1.7 V (Figure S26). Similarly the reverse peak in the cathodic
part of the cyclic voltammograms shifts toward more negative
potential upon an increase in the scan rate from +1.0 V at a
scan rate of 20 mV/s to +0.5 V at a scan rate of 1000 mV/s.
Indeed, the peak to peak CV separation (ΔEp) increases with
the scan rate, which indicates the presence of electrochemical
irreversibility and a quasi-reversible redox process;43 this is
because the peak potentials of the forward and backward scans
are always shifted by a non-negligible voltage value, while a
true reversible process should feature the same (reduction and
oxidation) potential values.44 The linear behavior (R2 =
0.9944) of the peak current as a function of the scan rates
(Figure S27) indicates that the redox events occur at the
electrode surface, demonstrating that the polymer was
successfully attached to the ITO electrode.43 In the cyclic
voltammogram of polymer P2 an irreversible oxidation wave at
Epa = +0.49 V connected with the electrooxidation of Cu(I) to
Cu(II) ions and a quasi-reversible redox event with a half-wave
potential of E1/2 = +0.97 V (Epa = +1.15 V and Epc = +0.79 V)
associated with the redox reaction of triphenylamine group
have been observed (Figure 7B). Additionally in the cathodic
part of the voltammogram irreversible reduction of Cu(II) to
Cu(I) ions at a potential of −0.58 V has been detected. The
oxidation and reduction potentials of polymer P2 are shifted to
more positive and more negative potentials, respectively, in
comparison to complex 2, indicating that the metal centers in
polymers are becoming hard to oxidize or reduce. This is
consistent with an increase in the resistance of the film.
Polymers P3 and P4 exhibited redox peaks from electro-

chemical reactions of both the metallic centers and the
thiophene group (Figure S28). An irreversible oxidation
process of Fe(II) ions in polymer P3 was observed at Epa =
+1.61 V, whereas irreversible oxidation and reduction
processes based on the redox reaction of Cu(II) ions in the
case of polymer P4 were observed at +0.85 and −0.62 V,
respectively. Additionally, irreversible oxidation waves at Epa =
+1.99 and +2.12 V for polymers P3 and P4, respectively, were
observed that are consistent with oxidation of the thiophene
moiety.45,46 In the case of polymers P5 and P6 obtained by the
polycondensation of transition-metal ions complexes with
dialdehyde 6, which does not contain any electroactive group,
we expected to obtain thin films that exhibit oxidation/
reduction processes based on the redox reaction of transition-
metal ions, but no oxidation/reduction peaks were observed in
the investigated potential window. This was probably due to
the high insulating character of the obtained polyazomethines.
Due to the best electrochemical properties of polymers P1

and P2 containing a triphenylamine group, they were chosen
for further investigation of their electrochromic properties. The
polymer P1 was found to undergo a color change from orange
to gray as a result of electrooxidation. This was accompanied
by a decrease in the MLCT band at 475 nm and the formation
of a band below 400 nm, which was assigned to a ligand to
metal charge transfer (LMCT) band of the Fe(III)
complex,47,48 as well as the formation of new, broad band
partially in the NIR region with a maximum at 930 nm (Figure
8), which was connected with the formation of a radical cation
on the triphenylamine group in azomethines.49,50

The isosbestic point at 580 nm confirms that only two
forms, oxidized and neutral forms, are present, which indicates
that oxidation of Fe(II) to Fe(III) is concomitant with the
oxidation of the triphenylamine group. The color change was

Figure 6. Spectroelectrochemistry of (A) complex 1 measured in an
anhydrous and deaerated 0.1 M solution of TBAPF6 in acetonitrile as
the supporting electrolyte with applied potentials of 0 (● red), 0.9 (■
black), 1.0 (▲ blue), 1.1 (▼ magenta), 1.2 (⧫ green), and 1.3 V (◀
navy) versus Ag/Ag+ and (B) complex 2 measured in an anhydrous
and deaerated 0.1 M solution of TBAPF6 in acetonitrile as the
supporting electrolyte with applied potentials of 0 (■ black), −0.1 (●
red), −0.2 (▲ blue), −0.3 (▼ magenta), −0.4 (⧫ green), and −0.5 V
(◀ navy) versus Ag/Ag+.

Figure 7. Cyclic voltammograms of (A) polymer P1 and (B) polymer
P2 measured in an anhydrous and deaerated 0.1 M solution of
TBAPF6 in acetonitrile at a scan rate of 20 mV/s.
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reversible, and after applicataion of a slightly negative potential
(−0.1 V), neutralization of the triphenylamine group and
reduction of Fe(III) to Fe(II) occur, which resulted in the
restoration of the initial UV−vis−NIR spectra.
To investigate the time that is required for the polymer to

change in color from orange to gray, switching between +1.5
and −0.1 V was carried out 10 times in 30 s intervals to ensure
the completion of the electrochromic reaction and the changes
in transmittance were monitored at the absorption maximum
of the oxidized state at 930 nm (Figure S29). The switching
times, coloration (Tc,90) and bleaching (Tb,90) times, were
calculated as the times required to reach 90% of the final
change in transmittance between neutral and oxidized states
(Figure 9A), and they were found to be 9.6 and 6.4 s for the
coloring and bleaching steps, respectively.

The maximum transmittance difference between the
oxidized and reduced states was calculated to be 31%, and it
did not change after 10 switching cycles. Coloration efficiency
is an important characteristic for electrochromic materials, and
it is a proportionality factor between the optical absorbance
change of an electrochrome at a designated wavelength
(optical density (ΔOD)) and the density of injected/ejected
electrochemical charge (Qd) necessary to induce a full color
change. A quantitative calculation of the coloration efficiency
of materials can be done from a plot of the in situ optical
density at an appropriate wavelength versus the inserted/
extracted charge density. A plot of the optical density at 930
nm versus charge density for polymer P1 is shown in Figure
9B. The coloration efficiency value was extracted as the slope
of the line fitted to the linear region of the curve and it was

Figure 8. Spectral changes of polymer P1 measured in anhydrous and deaerated 0.1 M TBAPF6 in acetonitrile as the supporting electrolyte by
applying 0 (■ black), +1.2 (▲ blue), +1.3 (▼ magenta), +1.4 (⧫ green), +1.5 (◀ navy), and −0.1 V (● red) potentials versus an Ag/Ag+

reference electrode held for 30 s per potential. Insert: photographs of the original (left) and electrooxidized (right) P1.

Figure 9. (A) Coloration and bleaching times of polymer P1. (B) Plot of the optical density of P1 at 930 nm versus charge density. The CE value
was calculated from the slope of the line fitted to the linear region of the curve (red line). (C) Electrochromic stability of the polymer P1
immobilized onto an ITO glass slide electrode measured in an anhydrous and deaerated 0.1 M solution of TBAPF6 in acetonitrile by switching
between +1.5 and −0.1 V in 10 s intervals, monitored at 930 nm.
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found to be 136.5 cm2/C, which is similar to values for other
triphenylamine-based polymers obtained via a polycondensa-
tion method.51

To investigate the stability of the film as a function of time,
multiple switching between orange and gray colors was
investigated in 10 s intervals (Figure 9C). The 10 s interval
was chosen to obtain a high enough color contrast and, due to
the fact that the measurement was done using an acetonitrile-
based electrolyte, to shorten the duration of the measurement
to avoid evaporation of the solvent. It was found that the
polymer P1 was quite stable during ∼275 switching cycles and
the transmittance difference dropped by only ∼3.5% from
30.9% to 27.4% but then decreased to 23% when ∼310
switching cycles were carried out .
In the case of polymer P2 the color change from yellow to

gray-blue was observed as a result of oxidation of the
triphenylamine group followed by a color change to red as a
result of neutralization of the radical cation on the triphenyl-
amine group and reduction of Cu(II) ions to Cu(I) ions
(Figure S30). The color changes, although visible by the naked
eye, were found to be of very low intensity in terms of
differences in both absorbance and transmittance (Figures S30
and S31). Additionally, the polymer was found to exhibit low
stability during multiple oxidation/reduction cycles and it
delaminated from the surface during 10 oxidation/reduction
cycles (Figure S31). This was probably due to the necessity of
changes in the conformation of the coordination subunits
caused by a change in the coordination preferences of the
metallic centers. In the case of polymer P3 a color change from
red to orange has been observed (Figure S32), whereas the
polymer P4 exhibited a color change from yellow to brown
after electroreduction (Figure S33). The color changes of
polymers P3 and P4 were both found to be irreversible.
To investigate the influence of transition-metal ions on the

electrochromic properties of the materials, we attempted to
prepare thin films of the investigated ligands using the on-
substrate polymerization method. It was found that the
material obtained by polycondensation of ligand L and
dialdehyde 4 exhibited reversible oxidation/reduction proper-
ties with the anodic and cathodic potentials Epa = +1.13 V and
Epc = +0.72 V, respectively (Figure S34A). In case of the
material obtained by polycondensation of ligand L and
dialdehyde 5, an irreversible oxidation at Epa = +1.99 V was
observed (Figure S34B), while the polycondensation of L with
dialdehyde 6 gave an electrochemically inactive material. The
electrochemically induced color change of the thin film was

observed only in the case of a material containing a
triphenylamine group (Figure S35). The material in its neutral
state was yellow with an absorption maxima at 378 nm, and
after oxidation of the triphenylamine group, material turned
blue, which was concomitant with the appearance of a new,
broad absorption band at 700 nm. This indicates that the
coordination with metal ions changes the optical properties of
the materials.
The surface morphology of the layers of polymers P1 and P2

was investigated using scanning electron microscopy (SEM) as
well as atomic force electron microscopy (AFM).
As seen in Figure 10, the polymers do not form a continuous

and uniform layer on the surface; instead, the ITO surface is
covered by small droplets of the polymers. This is the result of
the coating method that was applied. Due to spray-coating of
the mixture of monomers onto ITO substrates, small droplets
of the mixture of monomers formed and then polymerization
occurred within the droplets. During the SEM observation, in
order to determine the composition of a certain part of the
polymer, an EDX analysis was performed to obtain the
elemental composition. EDX spectra of polymers P1 and P2
are shown in Figure S36 and S37, and they confirm that
polymers P1 and P2 contain the transition-metal ions iron and
copper, respectively, in the structure, which has also been
confirmed by an XPS analysis. Due to the nonuniform nature
of the layers, it was difficult to measure their average thickness.
The thickness of the islands of polymers was investigated using
AFM imaging (Figures S38 and S39). It was found that the
thickness of selected islands is as much as 1 μm for polymer P1
and as much as 2 μm for P2.

■ CONCLUSIONS

In summary, we have prepared the series of polyazomethines
P1−P6 containing complexes of transition-metal ions by
polycondensation reactions of tetraamines bearing complexes
of transition-metal ions with the 2,6-bis(1-hydrazonoethyl)-
pyridine ligand L and different dialdehydes and investigated
them with respect to their performance as electrochromic
materials. The polymers were obtained by on-substrate
polymerization methods, which allowed for the production of
polymers as insoluble thin layers on a transparent ITO
electrode. Electrochemical and spectroelectrochemical studies
reveal that the most interesting properties are exhibited by
polymers P1 and P2, obtained by the polycondensation of
complexes of both Fe(II) and Cu(II) ions, respectively, with

Figure 10. SEM images of layers of polymers P1 (A) and P2 (B).
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the triphenylamine-based dialdehyde. Polyazomethine P1
containing Fe(II) ions exhibited a color change from orange
to gray, while the Cu(II)-based polyazomethine P2 changed a
color from yellow to blue as a result of electrooxidation and
from blue to red after electroreduction of the metallic center.
Additionally, polymer P1 exhibited good electrochromic
stability during ∼300 oxidation/reduction cycles, switching
times of 9.6 and 6.4 s for the coloring and bleaching steps,
respectively, and a coloration efficiency of 136.5 cm2/C, which
makes it a promising material for electrochromic applications.
The research conducted also showed the usefulness of an on-
substrate polycondensation reaction for the preparation of thin
films of electrochromic metallopolymers.
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