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EZ3 Spectroelectrochemical Properties of 1,10-Phenanthroline

Substituted by Phenothiazine and Carbazole Redox-active

Units

Jakub Wantulok,”” Romana Sokolova,*™ llaria Degano,” Viliam Kolivoska,™ Jacek E. Nycz,®

and Jan Fiedler®™

In memory to Prof. Jean-Michel Savéant, a founder of molecular electrochemistry, who we really miss dearly.

Complexes of 1,10-phenanthrolines with cations of transition
metals have broad range of applications. This work aims at
designing and investigating phenothiazine and carbazole
substituted 1,10-phenanthrolines as ligands for future com-
plexes with transient metal cations. The combined electro-
chemical, spectroelectrochemical and DFT studies were em-
ployed to demonstrate the effect of broken symmetry in
substituted 4,7-di(phenothiazine)-1,10-phenanthrolines on their

1. Introduction

The development of functional electrochemical compounds
requires the fundamental understanding the relationship
between their charge transfer properties and their chemical
structure.l" Optical changes of molecules upon the electron
transfer reflect their electronic structure, which may be
employed in their fundamental characterization. The tuning of
absorption and electrochemical properties of organic com-
pounds may be achieved by introducing or modifying sub-
stituents in their structure.” Here, new compounds based on
1,10-phenanthroline  functionalized by phenothiazine and
carbazole units (compounds 1 to 4, Scheme 1) as possible
ligands for further complexation with metal cations are
described. Among other applications, phenanthrolines are of
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spectroelectrochemical properties. A reversible color change
(new absorption band around 500 nm) due to phenothiazine
radical cation was observed in the first oxidation step. Results
further indicate that phenothiazine substituents behave as two
equivalent but almost electronically isolated redox centres. The
work additionally presents a comprehensive reaction mecha-
nistic study of oxidation and reduction processes comple-
mented by HPLC-MS/MS identification.

great interest due to metal chelation®™ and have already been
successfully implemented as functional optical units either in
organic polymeric films or coordinated on transition metals in
polymers™ Carbazole and phenothiazine are three-ringed
aromatic secondary amines, whose electrochemical behaviour
has already been described in detail” In particular, as they
contain a nitrogen heteroatom in their chemical structure, their
oxidation and reduction lead to the formation of radical cation
and anion, respectively, which is followed by subsequent redox
process or a chemical reaction according to the chemical
environment.” Carbazole and phenothiazine belong to elec-
tron-donor substituents. The main structural feature of pheno-
thiazine is the presence of sulphur atom leading to a character-
istic change of planarity of the two phenothiazine benzene
rings. Carbazole derivatives have been widely employed as
active components of organic light-emitting diodes™ or organic
photovoltaic cells.®! Carbazole was further identified as an
efficient and attractive redox active sensitizer in dye-sensitized
solar cells thanks to its electrochemical and optical properties
and thermal stability.” Phenothiazines were also investigated as
possible organic redox polymeric materials."”

Additionally, due to diverse biological activity of carbazole
and phenothiazine substituents, the proposed novel molecules
are expected to exhibit bioactive properties. In many cases,
their mechanism of action has not been fully understood.
Carbazole and phenothiazine units are present in natural
products, as well as in pharmaceuticals and in many bioactive
species."” Modifying the phenothiazine structure in N-position
by other N-heterocyclic fragments such as 1,10-phenanthroline
units may benefit not only from their perspective biological
properties."? The N-Arylated phenothiazine derivatives have
anti-cancer, anti-bacterial, anti-fungal, anti-inflammatory and
anti-oxidant activity, suppressing the drug resistance and
bacterial redox activity and invitro significant antioxidant
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Scheme 1. Chemical structure of 4,7-di(phenothiazine)-1,10-phenanthroline 1, 5-methyl-4,7-di(phenothiazine)-1,10-phenanthroline 2, 5-fluoro-4,7-di-
(phenothiazine)-1,10-phenanthroline 3 and 4,7-di(carbazole)-1,10-phenanthroline 4.

Table 1. Peak potential values of compounds 1-4 for oxidation (E,™") and reduction (£,') recorded in acetonitrile and 0.1 M TBAPF, against Ag|AgCl|1 M
LiCl and energies of frontier orbitals (HOMO, HOMO(—1) and LUMO) calculated by DFT referenced against vacuum.
Erovo/eV Evomorn/eV EN E' Ev Eumo/eV EJN EN ESN ESN ESN

E'IV

1 —5.2 —5.2 1.12 1.70 1.89 -1.76 —1.08 —1.54 —1.63 —1.78 —2.00
1.78

2 —5.1 —5.2 1.09 1.67 1.84 —-1.75 —1.07 —1.55 —1.66 —-1.77 —2.03
1.75

3 -5.0 —53 1.05 1.63 1.81 —1.95 -1.1 —1.51 —1.63 —-1.77 —2.00
1.71

4 —5.6 —5.6 1.78 - 1.88 —1.80 —-1.10 —1.54 —1.67 —1.78 —2.03

properties."?" It was further shown that these derivatives may
be used as initiators in atom transfer radical polymerization”
or emitter substances in organic light-emitting diodes.!"

In this work, inspired by our recent findings in the reduction
and oxidation mechanisms of N-pyrrolidinyl derivatives of 1,10-
phenanthrolines,"® we present an innovative idea of substitut-
ing 1,10-phenanthroline by phenothiazine and carbazole (com-
pounds 1 to 4, see Scheme 1) redox active moieties to create
novel ligands for future complexes with transition metal
complexes with specific redox and optical properties. Compre-
hensive electrochemical and spectroelectrochemical analysis of
these derivatives is carried out. The chemical structure of
phenothiazine derivatives systematically varied by the substitu-
tion of CH; or F in position 5 of 1,10-phenanthroline was
explored (compounds 2 and 3), to evaluate the effects of a
geometrical asymmetry as well as inductive effects on their
behaviour. Electrochemical characterization of these derivatives
is complemented by the identification of intermediates and
products of the electron transfer processes employing in-situ
UV-Vis and IR spectroelectrochemical as well analytical separa-
tion/detection tools. Such designed combined investigation
aims at elucidating reaction mechanisms of redox processes
with the prospect of designing novel complexes.

2. Results and Discussion

2.1. Electrochemistry

2.1.1. Oxidation of Compounds 1-3

The electrochemical oxidation of compounds 1 to 4 was
investigated in acetonitrile by cyclic voltammetry combined
with DFT calculations. The potential of the oxidation peaks and

the values of HOMO energies referenced against vacuum are
summarized in Table 1. The symmetric molecule 1 exhibits four
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oxidation peaks, labelled I, II, II' and Il (Figure 1A) with peak
potentials 1.12, 1.70, 1.78 and 1.89V, respectively. Linear
dependence of the Faradaic peak currents on the square root of
scan rate (Figure S1) proves the diffusion-controlled character
of redox processes. Controlled potential coulometry performed
at the potential slightly positive to the first oxidation peak
(1.2V vs. Ag|AgCl|1 M LiCl reference electrode) confirmed the
consumption of two electrons per molecule in this process. The
peak potential of the first oxidation process (1.12 V) does not
change with neither increasing scan rate nor concentration of

E vs. Ag|AgCl| IM LiC1/ V¥V

Figure 1. Cyclic voltammograms of A) 0.20 mM 1, B) 0.13 mM 2, C) 0.15 mM
3 and D) 0.30 mM 4 in CH;CN/0.1 M TBAPF, on glassy carbon electrode. The

scan rate was 0.1 V-s™".
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compound 1 (Figure S2), as expected for a reversible transfer of
electron(s). On the contrary, the experimentally observed peak-
to-peak separation |ES—E,"| =88 mV (see Figure 1A, empty
circles) deviates from the value expected for a reversible two-
electron step (29.5 mV), implying that the observed pair of
maxima is due to overlapped two one-electron processes at
close standard redox potentials. Furthermore, the peak current
corresponds rather to twofold value in comparison to a one-
electron process (ferrocene used for this comparison) and not
to 2% (~2.8) times higher value expected for the simultaneous
transfer of two electrons (see Randles-Sevcik equation)."”
Furthermore, convolution voltammetry (semi-integration of
linear sweep voltammograms) was used to obtain data in the
format suitable for further analysis according to literature"® (see
also Experimental part). The semi-integration of anodic current
and subsequent logarithmic analysis results in the RT/nF slope
of 105 mV (where symbols bear their standard meaning), which
according to the established procedure (explained in detail in
reference!’”) corresponds to two one-electron processes with
their standard redox potential values spaced by 62 mV. In the
case of independent, electronically non-communicating centres
the electron transfer from the first and second centre proceeds
at approximately equal potential (AE°=(RT/nF) In4, i.e.
35.6 mV at 298°C") resulting in one-electron-like (by shape)
wave in the voltammetry. When the centres electronically
communicate, the voltammetric waves can be more separated.

The results lead us to conclude that the 1+ 1e”~ oxidation
processes occur on two almost independent phenothiazine
redox centres attached to the 1,10-phenanthroline moiety in
equivalent (4 and 7) positions (see Scheme 2). This finding is
further corroborated by theoretical (DFT) calculations. They
clearly demonstrate that the degenerated HOMO and HOMO
(—1) are localized on phenothiazine substituents (Figure S3)
and have energies Epomo(1) =Enomo1)(1) =—5.2 eV, respectively.
Further oxidation of phenothiazine substituents to their

-¢’, -2H", +H,0

E(I)

R=H (1), CH, (2), F (3)

Scheme 2. Oxidation mechanism of compounds 1, 2 and 3.

ChemeElectroChem 2021, 8,2935-2943  www.chemelectrochem.org

sulfoxide proceeds at 1.70V (wave Il) and 1.78V (wave Il
(Scheme 2). The oxidation wave lll at 1.89 V is attributed to the
oxidation of 1,10-phenanthroline moiety (the oxidation of
unsubstituted 1,10-phenanthroline has the peak potential at
1.90 V).l

The first oxidation process of 2 and 3 occurs at 1.09 and
1.05V, respectively (Figure 1B, C). Both values are slightly
negatively shifted compared to the oxidation potential of 1.
Such shifts, being in the same direction for both 2 and 3,
cannot be ascribed to an electron withdrawing or electron
donating effect of fluorine and methyl substituents on the 1,10-
phenanthroline core, respectively. This confirms that the
electronic communication between the 1,10-phenanthroline
moiety and phenothiazine redox centres is very limited.
Similarly, as observed for 1, the analysis of the cyclic voltammo-
grams revealed only little higher anodic-to-cathodic peak-to-
peak separations (|E,'—E,°| =87 mV and 82mV for 2 and 3
respectively) than the theoretical prediction (see the discussion
above). Importantly, the reversibility of the first charge transfer
process is retained upon introducing methyl and fluorine
substituents (see empty circles in Figure 1B, C). The peak
potentials do not vary with neither scan rate nor the compound
concentration. Albeit the compounds 2 and 3 both lack the
symmetry and DFT shows slightly energetically separated
HOMO and HOMO(—1) orbitals (see Table 1), the oxidation
mechanism appears to be the same as for the compound 1. The
oxidation of both phenothiazines is terminated in the irrever-
sible waves Il and I at 1.67 and 1.75V for 2 and 1.63 and 1.71V
for 3 (Figure 1) ultimately leading to sulfoxide derivatives
(Scheme 2). HPLC-MS/MS allowed the identification of the
sulfoxide (two isomers) and the di(sulfoxide) (see below, part
Identification of products). Oxidation of 1,10-phenanthroline
core occurs at the wave 1.1

", -2H", +H,0
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2.1.2. Oxidation of Compound 4

The cyclic voltammetry of compound 4 shows two overlapping
irreversible oxidation waves at 1.78 (E) and 1.88V (E") (Fig-
ure 1D, Table 1). The linear relationship between the Faradaic
peak current and square root of scan rate (Figure S1D) proves
the diffusion-controlled character of the redox process. In the
contrary to compounds 1-3, the peak potential scales linearly
with the scan rate and concentration, being the slope 8E,/6log
v=17mV and 08E/dlog c=18mV (Figure S4). This result
approaches theoretical values 19 mV/decade for EC? reaction
scheme® implying that after the removal of first electron the
formed radical cation undergoes a chemical reaction, most
probably dimerization (see below). The formation of a dimer in
the case of organic amines and carbazole derivatives was
described in literature®?" and the spectroelectrochemical
investigation performed in this work supports this hypothesis
(see below).

2.1.3. Reduction of Compounds 1-4

Reduction properties of the compounds with fused aromatic
rings are substantially determined by low lying m-orbital system
of the rings. This system can be strongly influenced when a
coordination to metals is established. Therefore, the reduction
properties of compounds 1-4 designed as ligands for com-
plexes and chromophoric materials are documented here,
however investigated in less details than the oxidation proper-
ties of these substances. The cyclic voltammograms obtained
for the reduction of compounds 1-4 (Figure 2) show five
cathodic waves corresponding to the reduction of 1,10-
phenanthroline moiety in the molecules. Reduction of 1,10-
phenanthroline in solution of 0.1 M TBAPF, in acetonitrile is
shown in recent article." The spatial distribution of LUMO is
shown in Figure S3. The values of LUMO energies referenced
against vacuum correlate to the obtained cathodic peak
potentials and are summarized in Table 1. All five reduction
waves are irreversible. The first of them was investigated in
larger detail. It is diffusion controlled as confirmed by linear
dependence of the Faradaic peak current on the square root of
the scan rate (see Figure S9).The dependences of the peak
potential on the scan rate and compound concentration
suggest an ECE mechanism (results 8E,/dlog v=24 and 29 mV
and OE,/dlog c=33 and 30 mV for 1 and 2, and 8E,/dlog v=32
and 29mV and OF,/dlog c=33 and 26 mV for 3 and 4,
respectively, Figure S8).

2.2. UV-Vis Spectroelectrochemistry

The absorption spectrum of 1 exhibits bands at 203, 239, 253,
269 and 325 nm (Figure 3A, blue curve). During oxidation, new
absorption bands at 210, 232, 265, 275 and 510 nm of 1** (red
curve) appear. The change of the absorption spectra during
backward reduction of electrogenerated 1?* confirms that the
redox process is chemically reversible (Figure 3B). The new

ChemeElectroChem 2021, 8,2935-2943  www.chemelectrochem.org
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E vs. Ag|AgCl| IM LiCl/V

Figure 2. Cyclic voltammograms of A) 0.20 mM 1, B) 0.18 mM 2, C) 0.15 mM
3 and D) 0.30 mM 4 in CH;CN/0.1 M TBAPF, on glassy carbon electrode. The

scan rate was 0.1V-s™.
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200 300 400 500 600 700 800
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Figure 3. UV-Vis spectroelectrochemistry of 1 during A) oxidation 1—1>*
(first oxidation process |, spectra registered at potentials 0.50, 0.80, 0.95,
1.00, 1.15 and 1.20 V), B) rereduction (backward reduction of generated
intermediate 12*—1) and C) further oxidation 12*—1 di(sulfoxide) (second
oxidation process at Il +II', spectra registered at potentials 1.20, 1.30, 1.40,
1.50, 1.60, 1.70 and 1.80 V).

band in the visible region (at 510 nm, resulting into greenish
color) obviously originates from the formation of a singly
occupied orbital (SOMO) on the oxidized phenothiazine units of
12*. Consequently, when applying the potential corresponding
to the second oxidation step Il+1I', the band at 510 nm and
greenish colour disappears (Figure 3C).

The spectral changes during the oxidation of 2 and 3 are in
the UV and visible region are similar as observed for 1 (see

© 2021 The Authors. ChemElectroChem published by Wiley-VCH GmbH
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Table 2). In addition, low intense bands were detected at longer
wavelengths (at 705, 790 and 886 nm) for both 2?* and 3**
(Figure 4 C, D). These bands (as well as the band peaking at
514 nm) are associated with the presence of SOMO on the half-

oxidized phenothiazine units and disappear in the second
oxidation step. In comparison to compound 1, which does not
exhibit spectroelectrochemically detectable bands above
600 nm (Figure 3), the increased intensity and therefore detect-

able long wavelength bands with 2 and 3 are attributed to the
lower symmetry of these (methyl- or fluoro- substituted)
compounds.

The absorption maxima and extinction coefficients of all
studied compounds and their dications are summarized in

Table 2. Values of absorption maxima and molar extinction coefficients
obtained for 1-4 and their dications.

Amax/NM (€/10° M~'em™, sh: shoulder))

compound 1 2 3 4 | .
Table 2. Transients of absorption spectra of the newly devel-
1-4 203 (49.1)  202(47.5)  200(41.8)  210(304) | 5ned band at 514 nm at the first oxidation step of compounds

239 (54.1) 241 (49.2) 240 (44.6) 231 (60.4) . . . )

253 (73.1) 254 (59.6) 253 (59.6) 270 (22.2) 1 to 3 and their subsequent reduction (Figure 5) confirms the

269 (38.9) 274 (30.5) 269 (31.0) 275 (22.0) reversibility of this electron transfer process.

325(37) 306sh (104) 306 (9.9) g;? E“; The absorption spectrum of 4 (Figure 6, black curve) with
dication 1-42* 210 (49.1) 210 (49.3) 210 (37.8) 210 (49.7) characteristic bands at 231, 275 and 331 nm during oxidation
* 232 (41.2) 236 (33.8) 231 (32.1) 231 (86.9) results in the increase of absorption bands at 210, 231, 277 and

265sh (66.8)  267sh (55.3)  268sh (53.9) 277 36.0) | 388 nm (Figure 6, red curve, Table 2). The spectral changes are

275 (77.3) 275 (64.5) 274 (60.6) 313(8.7) . . . . o

321(6.2) 428 (3.1) 306 (9.9) 328 (7.8) attributed to the formation of a radical cation and biradical

514 (16.5) 514 (10.9) 488sh (6.4) 388 (6.1) dication (one or two carbazole substituents oxidized) as

;gg E? ; ;(1)‘5‘ 802)2) intermediates and of the final dimeric products (see Scheme 3).
886 (1.5) 790 (1:7) When applying potential values higher than 1.8V (i.e. beyond
886 (1.7) the peak |, see Figure 1D), the spectral response changes, the

*In the case of 4 the spectrum belongs to a mixture of products (see band at 338 nm shifts bathochromically to 410 nm and a new

Scheme 3). band at 720 nm appears (dotted and dashed curves in Figure 6).
During the rereduction (performed at —0.2V, Figure S5) the
bands at 410 and 720 nm disappear, and the final spectrum is

%0 al i - ' i ’ similar to the original spectrum of 4; however, the intensities of
—'E f f the original bands are different. As electrochemical and
960 % 1 spectroscopic results show, the compound 4 does not show
5 % repeatable switching due to the presence of a chemical
r",E 40 % ] reaction.
§ 600 700 }8?10111 900 700 j‘?gm 3900
220 1t .
< T 2.3. NIR Spectroelectrochemistry

A i
oA '542‘- ! T An attempt was performed to detect “organic” inter-valence
200 400 600 800 200 400 600 800 charge transfer (IVCT) bands which could be expected in the
A/ nm A/nm NIR region in the case of electronic interaction between two

@
=]

equivalent oxidation centres on phenazine or carbazole units.
Such bands would increase during half-oxidation (by one
electron) at the first oxidation peak and then decrease when
oxidation (by the second electron) is finished. However, no such
bands have been detected for compounds 1-4 in the given
experimental conditions (concentration ca. 3 mM, cell thickness
0.2 mm, NIR range 1000-2500 nm). The result thus indicates no
or only low electronic communication between the oxidizable
substituents in positions 4- and 7- of phenanthroline.

cm’!

-1

N

60

=)

£.107/ dm* mol

£.103/dm* mol™! cm™
3 8

L L 1 L
200 400 600 800 200 400 600 800

A/nm A/nm 2.4. IR Spectroelectrochemistry
Figure 4. UV-Vis spectroelectrochemistry of 2 during A) oxidation 2—22*+
(first oxidation process |, spectra registered at potentials 0.50, 0.80, 0.95,
1.00, 1.15, 1.20 and 1.25 V), B) oxidation 22*—2- di(sulfoxide) (second
oxidation process at Il + ', spectra registered at potentials 1.25, 1.40, 1.50,
1.60 and 1.75 V). UV-Vis spectroelectrochemistry of 3 during C) oxidation 3—
3%* (first oxidation process |, spectra registered at potentials 0.50, 0.65, 0.70,
0.75, 0.80, 0.85, 0.90, 0.95, 1.00 and 1.15 V) and D) rereduction (backward
reduction of generated intermediate 32+.3).

The IR spectroelectrochemistry of 1 and 2 does not show
significant changes in absorption spectra during the oxidation
at the first oxidation wave |. The wide absorption band at
1633 cm™', and other bands at 1577, 1558, 1540, and 1265 cm™'
corresponding to vibrations of aromatic rings in molecule 1
remained constant. Only a decrease of the absorption bands at

ChemElectroChem 2021, 8, 2935-2943 www.chemelectrochem.org 2939 © 2021 The Authors. ChemElectroChem published by Wiley-VCH GmbH
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Figure 5. Transients of absorption spectra obtained during UV-Vis spectroelectrochemistry of compounds 1 (A), 2 (B) and 3 (C) during oxidation in the first

step and the subsequent rereduction.
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Figure 6. UV-Vis spectroelectrochemistry of 4 during oxidation at the first
oxidation wave (spectra registered at potentials 0.70, 1.60, 1.64, 1.68, 1.70
and 1.72 V). Dotted and dashed curves show absorption spectrum recorded
at 1.75 and 1.78 V, respectively.

1312 and 1241 cm ™' is observed. The second oxidation process
in merged waves I+l results in the appearance of the
characteristic absorption band at 1037 cm™' corresponding to

the vibration of the S=0 functional group (Figure 7A). Simulta-
neously, the increase of other bands at 1577, 1558, 1519, 1506,
1312, 1284 and 1242 cm™' is observed.

2.5. Identification of Products

Solutions of 2 after electrolysis at potential 1.77 V (i.e. between
the II' wave and the Il wave) were analysed by HPLC-MS/MS.
Both the hypothesized final products 5-methyl-4,7-bis(5-oxido-
10H-phenothiazin-10-yl)-1,10-phenanthroline  (2-di(sulfoxide),
see Scheme 2) and an intermediate species 5-methyl-4-(5-
oxido-10H-phenothiazin-10-yl)-7-(10H-phenothiazin-10-yl)-1,10-
phenanthroline (2-sulfoxide, see Scheme 2) were identified in
electrolyzed samples (Figure S9). The characteristic species with
retention times, corresponding molecular ions, along with the
product ions in tandem mass spectra, are reported in Table 3.

HPLC-MS/MS results did not show any dimer in solution
after oxidative electrolysis. This can be due to the instability of
dimers in highly oxidized state. This is consistent with the cyclic
voltammogram, which does not show the typical response for
dimers in multiple scans (Figure S7).

Scheme 3. Proposed oxidation mechanism of compound 4 at the oxidation wave .

ChemeElectroChem 2021, 8,2935-2943  www.chemelectrochem.org
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Figure 7. IR spectroelectrochemistry of compound 1 A) during oxidation at
the waves Il +1I', B) during backward reduction of product 1-sulfoxide at 0 V.

Samples of solutions of compounds 2 and 4 taken before
and after the exhaustive reductive electrolysis were inspected
by HPLC-MS/MS. The identified products were the correspond-
ing species 5-methyl-4-(10H-phenothiazin-10-yl)-1,10-phenan-
throline (2-one subst), 4-(9H-carbazol-9-yl)-1,10-phenanthroline
(4-one subst), which lost one phenothiazine or carbazole
substituent from the molecule, and 5-methyl-1,10-phenanthro-
line and 1,10-phenanthroline formed after the cleavage of both
substituents (Figure S10). The characteristic species with reten-
tion times, corresponding molecular ions, along with the
product ions in tandem mass spectra, are reported in Table 3.

3. Conclusions

Investigation of the compounds 1-4 revealed that the sub-
stitution on 1,10-phenanthroline by two phenothiazine or two
carbazole units leads to the redox system containing two
equivalent redox centres, each oxidizable in two subsequent
one-electron steps, hence overall by four electrons. Addition of
fluorine and methyl groups to the 1,10-phenanthroline of the
studied molecules was performed to break the molecule
symmetry. Such modification of chemical structure showed the
possibility to tune the redox and spectral properties of the
phenothiazine phenanthrolines However, electrochemical and
spectroelectrochemical measurements proved low electronic
communication between the oxidation centres and conse-
quently the modification (substitution by CH; or F) on the

phenathroline unit bridging the redox centres did not result in
a significant change of the oxidation mechanism. Most of the
oxidation steps in the studied compound appeared either
electrochemically reversible or at least chemically reversible
(rereduction in shifted, less positive potentials). We observed a
reversible generation of green color (band around 500 nm) due
to chromophores attached to 1.10-phenanthroline, compound
well-known as excellent bidentate ligand. The intended further
study of these compounds will be therefore focused on
complexation of various metals with 1,10-phenantholine core.
In particular, the properties of the investigated species can be
of advantage to develop sensors containing suitable agents for
complexation of metal cations and small organic molecules
with the purpose of their detection in wastewater.

Experimental Section

The experimental part regarding the chromatographic and mass
spectrometric analysis is reported in the Supporting Information
file.

Reagents and Electrochemical Setup

Compounds 4,7-di(phenothiazine)-1,10-phenanthroline 1, 5-methyl-
4,7-di(phenothiazine)-1,10-phenanthroline 2, 4,7-di(phenothiazine)-
5-fluoro-1,10-phenanthroline 3 and 4,7-di(carbazole)-1,10-phenan-
throline 4 were synthesized according to the literature.”?

All electrochemical measurements were performed on a PGSTAT 12
Autolab potentiostat (Metrohm, Czech Republic). Cyclic voltamme-
try was measured in the solution of respective compounds in
deaerated 0.1M tetrabutylammonium  hexafluorophosphate
(TBAPF,, Sigma Aldrich) supporting electrolyte in acetonitrile
(anhydrous, water <0.001%, Sigma Aldrich) in a three-electrode
arrangement in a glass cell. The supporting electrolyte was used
dried at 90 ©C before the use. The Ag|AgCl|1 M LiCl reference
electrode was separated from the examined solution by a salt
bridge. The glassy carbon working electrode (diameter 0.9 mm) was
activated by polishing in ALO; aqueous suspension on DP-Nap
polishing pad (Struers, Czech Republic). A freshly annealed
platinum wire served as the auxiliary electrode. Values of voltam-
metric faradaic current were obtained by subtracting capacitance
current from the total peak current."” The semi-integration of linear
sweep voltammograms (convolution voltammetry) was performed
in accordance with literature!’'® and the semi-integrated currents /
were obtained from the equation I=x""* [ (I(v)/(t—v)")dv, where
v is an integration variable and t is related to the potential through

Table 3. Retention time, raw formula, calculated and experimental m/z for the [M+H]* ion and main fragment ions detected in the tandem mass spectra
for the solution before and after oxidation for compound 2, and before and after reduction of both compounds 2 and 4.
Compound name Retention time  Raw Calculated m/z for Experimental m/z for ~ Appm Fragment ions (m/z)
(min) formula [M+H]" [M+H]"
2 242 CyHuN,S,  589.1521 589.1524 0.5 390.1049
2oxidation 2-sulfoxide 17.9 and 18.8 C3;H4N,0S,  605.1470 605.1476 1.0 557.1772, 198.0367
2- di(sulfoxide) 14.7 CyH,N,0,5,  621.1419 621.1423 0.6 198.0363
2reduction  2-one subst 18.2 CysHyyNSS 392.1221 392.1226 13 360.1493, 194.0839
5-methyl-1,10-phe- 2.0 Cy5HioN, 195.0922 195.092 —1.0  195.0911, 180.0678,
nanthroline 167.0723
4 228 C36H,oN, 511.1923 511.1911 —-23 465.2232, 319.1908
4reduction 4-one subst 16.7 CyyHqsN; 346.1344 346.1357 3.8 331.1101, 180.0686,
166.0647, 153.0574
1,10-phenanthroline 13 Ci,HgN, 181.0766 181.0768 1.1 154.0655, 127.0546
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the scan rate. The logarithmic (log-plot) analysis (log(//l,,—1) vs. E)
of semi-integrated currents was obtained according to the
procedure described for the steady-state waves in order to obtain
the parameters (slope) of the dependence E=E,,,+RT/nF In(//
I“mil).m,zs]

The reductive and oxidative exhaustive electrolyses were performed
on glassy carbon working electrode in a dedicated glass electro-
chemical cell containing separated working and auxiliary electrode
compartments.

In-situ Spectroelectrochemical Measurements

The UV-Vis and IR spectroelectrochemistry was performed using an
optically transparent thin-layer cell containing the optical windows
made of CaF,*” with the platinum net electrode with sufficient
optical transparency used as the working electrode. The cell was
equipped with Ag/AgCl quasi reference electrode and platinum net
auxiliary electrode. All spectroelectrochemical investigations were
performed in strictly oxygen-free environment. Absorption spectra
in the range 195-1000 nm were measured during the electrolysis in
a cyclovoltammetric regime with the scan rate of 5 mV-s™' using an
Agilent 8453 diode-array spectrometer. IR spectra in the range of
4000-1000 cm™" and NIR spectra in the range 10000-4000 cm™'
were registered using a Nicolet iS50 FTIR spectrometer equipped
with KBr and CaF, beam splitters.

Computational Details

Calculations of frontier molecular orbital spatial distribution and
energies were performed using the DFT theory employing the
B3LYP functional and 6-31G* basis set in the environment of
Spartan'14, v.1.1.8 software (Wavefunction, Inc. USA). The spatial
distribution of HOMO, HOMO(-1) and LUMO orbitals was calculated
for the geometry-optimized molecule 1-4 in a vacuum. Values of
orbital energies reported further in this work are referenced against
vacuum. The calculations of IR spectra were performed in vacuum
using the DFT employing the EDF2 functional and 6-31G* basis set.
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