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Cyclic voltammetry, UV-Vis absorption spectroscopy, and electron spin resonance are applied to study the
properties of indotricarbocyanine dyes and their radicals formed during electrooxidation. We use electrochem-
istry to generate relatively stable free radicals of the dyes under controlled conditions. The dyes undergo elec-
trooxidation during the chronoamperometric electrolysis at 1.1 V (versus saturated calomel electrode) yielding
radical dications. The radicals exhibit an absorption band that is blue-shifted relative to the parent dye (561 nm
versus 714 nm). In acetonitrile solutions, the radicals are characterized by a lifetime of ca. 20 min and a g factor

of 2.002. The oxidation potential of the dyes is slightly greater than that of bromide ions allowing the radicals of
the dyes to interact with bromide ions. The ability of the indotricarbocyanine dyes to sensitize generation of
highly reactive bromine radicals might play an important role in their photodynamic activity.

1. Introduction

Photodynamic therapy (PDT) is a promising and minimally invasive
therapeutic method for the treatment of various types of cancer [1-4].
Besides the direct destruction of tumor cells, PDT causes robust anti-
tumor immune responses improving the overall effectiveness of the
treatment [5-8]. An essential component of PDT is a photosensitizer
(PS), i.e., a chemical compound that intensely accumulates in tumor
cells and induces cytotoxicity upon photoactivation. The photo-
therapeutic window, where biological tissues exhibit maximum trans-
parency, is between 750 and 900 nm [9]. However, many PSs have
absorption bands in the 600-700 nm range [2,4,5], which limits the
penetration depth of the excitation light into a tumor.

Developing PSs with improved properties remains a very important
task. Cyanine dyes have great potential to be used in PDT due to their
intense light absorption in the near-infrared (NIR) spectral range,
excellent fluorescent characteristics, and low dark toxicity [9-17].
Cyanine dyes provide substantial penetration depth of the excitation
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light into biological tissues. Another advantage is the tendency of
cationic cyanine dyes to accumulate in mitochondria [18] since
mitochondria-targeted PDT was found to be particularly effective [11,
12].

It is generally accepted that cytotoxicity in PDT is due to the gen-
eration of reactive oxygen species [2,4]. As a result, PSs can lose effi-
ciency under hypoxic conditions [16]. Interestingly, cationic
indotricarbocyanine dyes with bromide counterion were found to retain
photodynamic activity even under hypoxia [19].

In this work, we investigate a cationic indotricarbocyanine dye that
has demonstrated high photodynamic activity in vivo [20]. PDT with this
dye produced an impressive 2.5 cm deep necrotic lesion. The dye was
photoactivated at 780 nm, which provided the advantage of the high
transparency of biological tissues [21]. Poor water solubility often limits
biomedical applications of cyanine dyes [11,16]. Water solubility,
biocompatibility, and tumor-to-nontumor specificity of the dye under
study were improved by covalent linking of polyethylene glycol sub-
stituents to the dye molecules [20].
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Although indotricarbocyanine dyes exhibit relatively low singlet
oxygen quantum yields (0.01-0.15) [22], they demonstrate high
photodynamic activity [19,20,23]. It should be noted that for biomed-
ical applications, the indotricarbocyanine dye is obtained as a bromide
salt to improve its solubility in aqueous media. Previously obtained re-
sults [24] hint at the ability of the photoexcited molecules of the indo-
tricarbocyanine dye under study to sensitize generation of highly
reactive bromine radicals from bromide ions thus inducing cytotoxicity
in vivo. This assumption could explain retained efficiency of the dye
under hypoxia. However, a detailed investigation should be carried out
to unveil the origin and role of free radicals in the photodynamic activity
of the dye. This information can then be used to improve PDT perfor-
mance and develop improved PSs.

Generation of common free radicals (e.g., superoxide anion and
hydroxyl) in PDT has been addressed in numerous studies [25-29]. To
the best of our knowledge, the role of the free radicals of the PS itself is
yet to be revealed. Cytotoxicity in PDT is induced by photochemical
processes. Such processes can be probed using spectroscopic techniques,
such as transient absorption spectroscopy [21,24]. At the same time,
studying intermediates of photochemical processes is a challenge as the
species can be short-lived (<100 ps lifetime) [21]. Free radicals of
cyanine dyes can be produced using electrochemistry [30-32]. Elec-
trochemical methods allow generating relatively stable radicals under
controlled conditions and studying their properties (e.g., lifetime, redox
characteristics). Electrochemistry also enables us to probe interactions
of the generated radicals with other species. Information about the
radicals obtained by electrochemical methods can form the basis for a
future investigation of photochemical processes involving cyanine dyes.

In this work, we study the formation of radical dications of the
cationic indotricarbocyanine dye for PDT and its hydrophobic analogue
using electrochemical and spectroelectrochemical methods accompa-
nied by electron spin resonance (ESR) spectroscopy. The redox proper-
ties of the dyes as well as the lifetime and g factor of their radical
dications are determined. The role of the polyethylene glycol sub-
stituents on the stability of the radical dications is discussed. The in-
teractions of the radical dications of the dyes with bromide ions are also
investigated.

2. Materials and methods
2.1. Synthesis and characterization

The compounds under study are a symmetrical cationic indo-
tricarbocyanine dye 1 (2-[7-[3-dimethyl-1-trimethylene-carboxy-2(1H)-
indol-2-ylidene]-chloro-3,5-(o-phenyleno)-1,2,5-hexatriene-1-yl]-3-
dimethyl-1-trimethyl-carboxy-indolium tetrafluoroborate) and its de-
rivative 2 (Fig. 1). Dye 2 was obtained by linking polyethylene glycol
with an average molar mass of 300 g-mol ! to dye 1 via ester bonds. Dye
2 is a PS for PDT under development [20]. Hydrophobic dye 1 was
studied here for comparison.

Dyes 1 and 2 as their bromide salts were synthesized as described in
Ref. 20. The dyes were converted to tetrafluoroborate (BF4~) salts for

1:R=H

2:R= PEG300

COOR

Fig. 1. Molecular structure of dyes 1 and 2.
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electrochemical studies to exclude reactivity of the counterion. 1y, 3¢,
and '°F NMR spectra, LC/MS data, and FTIR spectra with band assign-
ment for dyes 1 and 2 as tetrafluoroborate salts can be found in the
Supporting Information (Figs. S1-S9, Table S1). The synthetic method
for counter-ion exchange and the analytical data for dyes 1 and 2 are
presented in the following subsections.

2.1.1. Counter-ion exchange method and analytical data for dye 1

0.5 g (0.67 mmol) of the bromide salt of dye 1 was dissolved in 50 ml
of dimethyl sulfoxide. 1.1 g (10 mmol) of sodium tetrafluoroborate in 4
ml of water was added to the dye solution. After 0.5 h, 150 ml of water
was added to the mixture. Precipitated dye was filtered from the
mixture, washed with water, and air-dried. 'H! NMR (CD3CN, 500 MHz)
5 8.32 (s, 2H), 8.12 (s, 2H), 7.65-7.44 (m, 8H), 7.39 (s, 2H), 7.10 (s, 4
H), 4.19 (s, 2H), 3.06-2.04 (m, 8H), 1.77 (s, 12H). 13¢ NMR (CDsCN,
126 MHz) 6 177.95, 175.38, 145.48, 143.02, 142.69, 135.12, 129.89,
127.53, 126.66, 124.73, 123.49, 122.49, 113.15, 103.48, 51.19, 45.35,
41.26, 31.31, 28.31, 23.20, 10.64. 19 NMR (CDsCN, 470 MHz) 6
—151.80. MS (ESD): m/z calculated [M*] 661.28, found [M"] 661.4.

2.1.2. Counter-ion exchange method and analytical data for dye 2

0.3 g (0.25 mmol) of the bromide salt of dye 2 was dissolved in 50 ml
of water. 1.1 g (10 mmol) of sodium tetrafluoroborate in 4 ml of water
was added to the dye solution. After 0.5 h, the dye was extracted from
the aqueous solution with the mixture of 30 ml of dichloroethane and 4
ml of isoamyl alcohol. The organic layer was kept over sodium sulfate.
Dichloroethane was removed using a rotary evaporator (the tempera-
ture of the fluid bath did not exceed 37 °C), and the dye was precipitated
with the mixture of 25 ml of ethyl acetate and 35 ml of diethyl ether.
After the mixture was allowed to react for 6 h, the solvent was decanted,
and the rest of the reaction mixture was dissolved in 6 ml of methyl ethyl
ketone. The solution was filtered, and the dye was precipitated with 50
ml of diethyl ether for 8 h. The solvent was decanted, and the solids were
vacuum dried at 22 °C for 3 h. 'H NMR (CD3CN, 500 MHz) 6 8.42 (d, J =
15.1 Hz, 2H), 8.16-8.07 (m, 2H), 7.60 (d, J = 7.3 Hz, 2H), 7.53-7.37 (m,
8H), 7.16 (d, J = 15.0 Hz, 2H), 4.34-4.26 (m, 4H), 4.25-4.20 (m, 4H),
3.76-3.34 (m, 46H), 2.65-2.55 (m, 4H), 2.45-2.04 (m, 13H), 1.81 (s,
12H). 13C NMR (CDsCN, 126 MHz) 5 178.29, 173.78, 143.47, 143.07,
142.81, 135.19, 129.95, 127.63, 126.44, 124.82, 123.59, 122.38,
113.17,103.58, 73.31, 73.26, 73.19, 71.02, 69.63, 64.84, 61.97, 61.93,
61.88, 51.33, 45.24, 31.30, 30.81, 28.34, 23.14. 1°F NMR (CD5CN, 470
MHz) § —151.78. MS (ESI): (m/2)max calculated 1145.57 [M™], found
1145.5 [M*].

2.2. Electrochemistry

Solutions of the dyes under study were prepared in acetonitrile
(>99.9%, Merck). Supporting electrolyte for electrochemical measure-
ments was 0.1 M acetonitrile solution of tetra-n-butylammonium tetra-
fluoroborate (TBABF4, >99.0%, Sigma-Aldrich). TBABF4 was vacuum
dried for 6 h at 80 °C prior to dissolution in acetonitrile. Tetra-n-buty-
lammonium bromide (TBABr, >99.0%, Sigma-Aldrich) was used as a
source of bromide ions.

Cyclic voltammetry experiments were carried out in an airtight,
three-electrode cell that was made of pyrex and included a working
electrode, a counter-electrode, and a reference electrode. A Pt disc (0.4
mm diameter) was used as the working electrode. The counter electrode
was a coiled Pt wire. The Ag/Ag * reference electrode was made of a
coiled Ag wire submerged in a 0.01 M acetonitrile solution of AgBF4. The
potential of the reference electrode was measured against Fc™/Fc couple
and found to be 0.32 V vs. saturated calomel electrode (SCE). All po-
tentials in this work were recalculated vs. SCE. Cyclic voltammetry was
performed at room temperature (20+2 °C) using an Autolab PGSTAT
302N potentiostat. The solutions were deaerated prior to the measure-
ments by repeated (20-25 times) cycles of evacuation and subsequent
purging with argon. During the measurements, the electrochemical cell
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was hermetically sealed and kept under an overpressure of argon.

Chronoamperometric electrolysis was carried out in the same elec-
trochemical cell. In this case, the working electrode was a Pt plate (11 x
43 mm, 9.5 cm? area). The working electrode compartment was sepa-
rated from the counter-electrode compartment by a membrane perme-
able for the supporting electrolyte but impermeable for the molecules of
dyes 1 and 2. During electrolysis, a solution was circulated through a 1
mm quartz cell (Hellma, 170-000-1-40) using a peristaltic pump, and its
UV-Vis absorption spectrum was periodically measured on a
monochromator-based Solar PV1251 spectrophotometer. The data
acquisition in the 315-900 nm range was performed by scanning the
wavelength and required 2 min. In our experiments, the absorbance
changed with the rate not exceeding 4 x 1072 min™!. As a result, the
deformation of the spectra during the scanning of the wavelength was
negligible. Hermetic conditions were maintained in the electrochemical
cell and in the quartz cell throughout the measurements.

2.3. ESR spectroscopy

ESR measurements were performed using a JEOL JES FA-200 spec-
trometer. The custom-made glass cell for combined electro-
chemistry-ESR experiments contained 2 mL of a solution and included
three electrodes. The working electrode and the counter-electrode were
Pt wires. The reference electrode was an Ag wire submerged in a 0.01 M
acetonitrile solution of AgNOs (Ag/Ag™ reference electrode). The
reference electrode compartment was separated from the rest of the cell
by a salt bridge filled with a 0.1 M acetonitrile solution of TBABF4. The
potential of the electrodes was controlled with an Autolab PGSTAT
302N potentiostat. The potential of the reference electrode was cali-
brated against Fc'/Fc couple and found to be 0.32 V vs. SCE. The so-
lutions were purged with nitrogen for 40 min before the measurements.
ESR spectra were recorded in two sweeps with a total accumulation time
of 30 s. The field modulation and the amplitude were set to 1 mT and
200 mT, respectively, and the center of the field was positioned at 340.5
mT. The g factors of the dyes under study were calculated with respect to
the fourth line of a Mn reference with a known g factor of 1.981.

3. Results and discussion
3.1. Cyclic voltammetry and ESR spectroscopy

Redox processes involving the molecules of dyes 1 and 2 were
studied using cyclic voltammetry. The potential was swept in the anodic
direction relative to the equilibrium potential of the working electrode.
The cyclic voltammograms for both dyes exhibit an intense oxidation
wave at ca. 0.90 V (Fig. 2). The subsequent reduction wave is more
pronounced for dye 2. We can assume that the bulky polyethylene glycol
substituents of dye 2 have little effect on the position of the oxidation
wave but possibly lead to retarded diffusion of dye molecules. For the
scan rates between 5 and 200 mV-s !, the amplitude of the oxidation
wave scales linearly with the square root of the scan rate (Fig. S10). This
dependence indicates that electrooxidation is electrochemically revers-
ible [33] and the rate of this process is limited by the diffusion of the dye
molecules to the electrode surface [34]. At scan rates below 50 mV-s’l,
the reduction wave is virtually absent in the cyclic voltammograms
(Fig. S10a). This effect at low scan rates could be due to diffusion of the
electrogenerated species away from the electrode. Additional informa-
tion on the voltammetric behavior of dyes 1 and 2 can be found in our
previous work [35].

Electrooxidation of the dyes under study leads to the formation of
their radical dications (Fig. 3). A similar process was observed for
cationic cyanine dyes with different molecular structures [30,31].

Formation of the radical dications of dyes 1 and 2 was confirmed by
ESR spectroscopy (Fig. 4). The radicals were generated by electro-
oxidation at 1.1 V. The ESR spectra for the dyes measured during elec-
trolysis are broad and featureless. The radicals of both dyes are
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Fig. 2. Cyclic voltammograms for 0.1 mM solutions of dye 1 (red curve), dye 2
(blue curve), and TBABr (dash-dotted black curve) in the supporting electrolyte
recorded at a scan rate of 200 mV-s ™.
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Fig. 3. Radical dications of dyes 1 and 2.

characterized by the same g factor of 2.002 indicative of a high extent of
electron delocalization. The measured g value is typical of free radicals
of organic species. Similar ESR signals were observed for various
cyanine dye/AgBr [36-40] or cyanine dye/titanate [41] systems as the
result of light-induced oxidation of dye molecules.

Fig. 5 shows the intensity of the ESR signals during anodic polari-
zation as a function of the electrode potential. The ESR spectra were
recorded after 1 min of polarization in potentiostatic regime with a
potential step of 0.05 V. The intensity of the ESR signals is proportional
to the transient radical concentration resulting from the formation and
decay of the radical dications of the dyes during electrooxidation. The
ESR signals of the radical dications appear at 0.75-0.8 V for both dyes
and level off at 1.1 V. The decrease in the ESR signals for potentials
greater than 1.1 V can be related to side reactions.

3.2. UV-Vis absorption spectroscopy and chronoamperometric
electrolysis

The UV-Vis absorption spectra for dyes 1 and 2 in acetonitrile
exhibit an intense band peaked at 714 nm with a shape typical of
cyanine dyes [42,43] (Fig. 6). The short-wavelength shoulder of the
band can be assigned to the electronic transition coupled to the sym-
metric vinyl stretching vibrational mode [43-45]. Additional weak
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Fig. 4. The red curves depict ESR spectra for 0.1 mM solutions of dye 1 (a) and dye 2 (b) in the supporting electrolyte measured during electrolysis at 1.1 V. The blue

curves show the spectrum for a Mn reference.
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Fig. 5. Dependence of the intensity of the ESR signal on the applied potential
for dye 1 (blue curve) and dye 2 (red curve) in the supporting electrolyte.

1.2

absorption bands at 355 and 434 nm correspond to transitions to
high-lying electronic states [46-48]. Absorption spectra for dyes 1 and 2
are virtually identical indicating negligible influence of the polyethylene
glycol substituents on the chromophore, i.e., the polymethine chain. In
polar solvents, cationic cyanine dyes exist only in the monomeric form
and are completely dissociated [42,49]. As a result, monomeric cations
of 1 or 2 are the only type of absorbers in polar acetonitrile. Addition of
0.1 M TBABF4 has no influence on the absorption spectra of the dye
solutions and thus does not inhibit the dissociation of the dyes.

Solutions of dyes 1 and 2 were subjected to chronoamperometric
electrolysis at 1.1 V (vs. SCE). According to the cyclic voltammetry data
(Fig. 2), this potential is sufficient to induce the electrooxidation of the
dyes. The transformations of the dyes during electrolysis were moni-
tored using UV-Vis absorption spectroscopy. Dyes 1 and 2 exhibited
similar behavior, and here we present the data for dye 2; the data for dye
1 can be found in the Supporting Information.

Under applied potential, a new absorption band appears at 561 nm
(Fig. 7a and S11a). This band can be attributed to the generated radical

087 T

normalized absorbance

700 800 900

400 500 600
wavelength (nm)

Fig. 6. Normalized UV-Vis absorption spectra for 0.1 mM solutions of dye 1
(blue curve) and dye 2 (dash-dotted red curve) in the supporting electrolyte.

dication of the parent dye. Absorbance at 561 nm reaches its maximum
value after 45 min (31 min) of electrolysis for dye 2 (dye 1) and then
starts to decay (Fig. 7b and S11b). Absorbance at 714 nm is steadily
decreasing. The observed evolution of the absorption spectra indicates
that the electrooxidation of the parent dye yields additional products
besides the radical dication.

After stopping the anodic polarization, the absorption band of the
radical dication gradually disappears, and the band of the parent dye is
partially recovered (Fig. 8a and S12a). Decay of the absorbance at 561
nm is well fitted with a single exponential function (Fig. 8b and S12b).
As follows from Fig. 8b, the lifetime of the radical dications of dye 2 in a
deaerated acetonitrile solution is 26 min. The radical dications of dye 1
are characterized by a shorter lifetime of 16 min (Fig. S12b). Dye 2 also
exhibits the more intense ESR signal compared to dye 1 (Fig. 5), hinting
at higher radical persistence. The higher persistence of the radicals for
dye 2 could be due to protection of the chromophore by the bulky
polyethylene glycol substituents.
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As shown previously [50], the radical dications of cyanine dyes with
a free polymethine chain have a tendency to dimerize rapidly, forming a
covalent bond between even methine carbon atoms. On the contrary,
alkyl substitution at the methine carbons electronically stabilizes the
radicals and sterically inhibits their dimerization [30]. The chlor-
o-o-phenyleno substituent incorporated within the polymethine chain of
dyes 1 and 2 probably inhibits dimerization of their radical dications.

The absorption band of the radical dications completely disappears
75 min after the anodic polarization is stopped. At this point, the band of
the parent dye recovers to 46% of its initial value measured before
electrolysis (Fig. 9). The rest of the parent dye is transformed irrevers-
ibly yielding products responsible for the increased absorption in the
315-500 nm range. The products of the irreversible processes can be
compounds with disrupted conjugation in the polymethine chain, since
their absorption is blue-shifted relative to the parent dye.

To gain insight in the nature of the irreversible processes, we
calculated the total charge g q(t) that is transported through the dye
solution during electrolysis using Eq. (1):

t
qmm[(t) = / Iam)dir (T)dT-, (1)
0

where Ignogic(t) is the anodic current measured at the working electrode
during electrolysis.

The absorption bands of the parent dye and its radical dication
practically do not overlap. Consequently, the absorbance at 714 nm is
directly proportional to the amount of the parent dye present in the
solution. The amount of the electrooxidized dye can thus be calculated
using Eq. (2):

|A(1) — Aol

A, (2)

Moy = Myoral

where myqq is the total mass of the parent dye present in the solution; Ay
is the absorbance at 714 nm before electrolysis; A(t) is the absorbance at
714 nm at various times during electrolysis.

We assume that the electrooxidation of the parent dye is a one-
electron process. The charge qgy.(t) resulting from the electrooxidation
of the parent dye can thus be calculated using Eq. (3):

FZm,,(t
Gaye(t) = T()’

3
where F = 96485 C-mol ! is the Faraday constant; Z = 1 is the number of
electrons transferred from each dye molecule; my,(t) is the mass of the
parent dye that was oxidized during electrolysis; M is the molar mass of

25
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the dye.

During electrolysis, qqy(t) follows a time trace with an inflection
point (Fig. 10 and S13) and displays a slower rate of growth during the
first 5 min. On the contrary, qq(t) follows a time trace that is concave
downward in the whole range. The ratio qgy(t)/qoa(t) (Fig. 10, dash-
dotted purple curve) and the absorbance of the radical dications
(Fig. 7b, red curve) simultaneously reach their maximum value after
~40 min of electrolysis. The solution probably contains trace amounts of
impurities that are preferentially electrooxidized at the initial stage of
electrolysis retarding the generation of the radicals. After that, a dy-
namic equilibrium is established between the generation of the radicals
at the working electrode and the decay of the radicals. After the
depletion of the parent dye, the equilibrium shifts towards the decay of
the radical dications. The peak value for the ratio qqye(t)/qrora(t) is only
30%. This might indicate that the electrooxidation of the same dye
molecule and the reduction of its radical dication can occur several times
during electrolysis.

3.3. The effect of bromide ions

As mentioned in the Introduction, indotricarbocyanine dyes might
sensitize generation of bromine radicals from bromide ions. At first, we
studied redox properties of pure bromide ions using cyclic voltammetry.
The cyclic voltammogram for a 0.1 mM solution of TBABr in the sup-
porting electrolyte exhibits two anodic waves at 0.76 and 1.05 V (Fig. 2,
dash-dotted black curve). According to previously reported data, the
first wave can be assigned to the electrooxidation of bromide ions to
elementary bromine (Eq. (4)) followed by formation of tribromide ions
(Eq. (5)) [51,521:

2Br~ —2e —Brn, “4)

(5)

Tribromide ions are sufficiently stable in acetonitrile and are further
electrooxidized (Eq. (6)), resulting in the appearance of the second wave
in the voltammogram:

Br, + Br «—Br;

2Br; —2e  —3Brn, (6)

As follows from the cyclic voltammetry data (Fig. 2), the oxidation
potential for dyes 1 and 2 is slightly greater than the oxidation potential
for bromide ions. To study the interactions of bromide ions with the
products of the dye electrooxidation, solutions of 1 or 2 with an equi-
molar amount of TBABr were subjected to chronoamperometric elec-
trolysis at 1.1 V. During the first 30 min of electrolysis, the absorption

25
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Fig. 7. (a) Evolution of the absorption spectrum for a 0.1 mM solution of dye 2 in the supporting electrolyte during electrolysis at 1.1 V for 65 min. The spectra were
recorded at the times indicated in the legend after starting electrolysis. (b) Absorbance of the parent dye at 714 nm (blue curve) and of the radical dication at 561 nm

(red curve) vs. time during electrolysis.
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Fig. 8. (a) Evolution of the absorption spectrum for a 0.1 mM solution of dye 2 in the supporting electrolyte for 75 min after stopping electrolysis at 1.1 V. The
spectra were recorded at the times indicated in the legend after stopping electrolysis. (b) Absorbance of the radical dication at 561 nm vs. time elapsed after stopping
electrolysis (blue symbols) and the fitting exponential function (red curve). The parameters of the fitting function are shown in the legend.
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absorbance
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Fig. 9. Absorption spectra for a 0.1 mM solution of dye 2 in the supporting
electrolyte before electrolysis at 1.1 V (blue curve) and at 75 min after (red
curve) stopping electrolysis.

band at 714 nm is decaying, while the absorbance at 561 nm is changing
insignificantly. After 30 min of electrolysis, the band at 561 nm appears
and increases over time (Fig. S14a). Thus, we can assume that bromide
ions are preferentially electrooxidized during the first 30 min of elec-
trolysis. As the concentration of bromide ions drops, generation of the
radical dications of 1 or 2 becomes more probable. The peak value for
the ratio qgye(t)/qrora(t) is only 20% (Fig. S14b), which is even less than
the value observed in the absence of bromide ions (Fig. 10). This con-
firms that the anodic current in part results from the electrooxidation of
bromide ions.

The presence of TBABr also significantly decreases the ESR signal for
the solutions of the dyes during electrolysis (Fig. S15). This finding
confirms the ability of bromide ions to inhibit the generation of the
radical dications of the dyes.

It is also important to investigate the interactions between bromide
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Fig. 10. Total charge transported through a 0.1 mM solution of dye 2 (qa(t),
blue curve) during electrolysis, the charge resulting from the electrooxidation
of dye 2 (qay(t), red curve), and the ratio qaye(t)/qrora(t) (dash-dotted purple
curve) vs. time.

ions and the radical dications of the dyes. For that purpose, the radical
dications are generated first by subjecting a solution of dye 2 to elec-
trolysis at 1.1 V for 55 min. An equimolar amount of bromide ions is then
injected into the electrochemical cell. The color of the solution changes
immediately from crimson to deep green. After 1 min, the band at 561
nm is absent in the absorption spectrum, and the band at 714 nm is
partially recovered (Fig. 11). There is thus evidence that the radical
dications of 1 or 2 can oxidize bromide ions, which results in a partial
recovery of the parent dye.

4. Conclusions

Electrooxidation of the indotricarbocyanine dyes in acetonitrile was
shown to yield radical dications with a lifetime of ca. 20 min and a g
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Fig. 11. Absorption spectra for a 0.1 mM solution of dye 2 in the supporting
electrolyte before electrolysis (blue curve), after 55 min of electrolysis at 1.1 V
(red curve), and at 1 min after subsequent addition of an equimolar amount of
TBABr (purple curve).

factor of 2.002. Persistence of the radicals and reversibility of their
formation is probably due to the chloro-o-phenyleno substituent incor-
porated within the polymethine chain. The polyethylene glycol sub-
stituents in the dye molecules further increase the stability of the radical
dications. The dye electrooxidation is also followed by irreversible
processes yielding products with disrupted conjugation in the poly-
methine chain.

When the parent dye and bromide ions are present in the solution
simultaneously, bromide ions are preferentially oxidized before the
formation of the radical dications of the dye begins. When bromide ions
are injected into the solution already containing the radical dications of
the dye, bromide ions are rapidly oxidized and the parent dye is partially
recovered. The formation of highly reactive bromine radicals might be
observed in the course of such transformations.

These findings will be applied to study photochemical processes
involving the molecules of cyanine dyes. Future work will also entail
studying indotricarbocyanine dyes with other substituents.
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