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Abstract

Tetra-tert-butylphthalocyanine aluminum (lll) chloride was studied by voltammetric and potential-resolved
spectroelectrochemical methods in a non-coordinating solvent o-dichlorobenzene. Five redox transitions were
found including two oxidation waves at 0.18 and 0.90 V and three reduction waves at -1.28, -1.65, and -2.63 V vs.
Fc*/Fc. Electrochemical reversibility of the first oxidation and reduction processes was assessed by using the
diagnostic criteria of cyclic voltammetry. First comprehensive spectroelectrochemical characterization of oxidation
of the aluminum phthalocyanine is reported. Moreover, potential-resolved spectroelectrochemical titration
revealed strong influence of aggregation on the UV-vis spectra and the half-wave potentials of the first oxidation
transition and disclosed the presence of the partially oxidized complex in the initial solution, which noticeably
affected the spectrum of the neutral form.

Key words: aluminum phthalocyanine, electrochemical reversibility, aggregation, electrochemistry,

spectroelectrochemistry.



Introduction

A phthalocyanine (Pc) macrocycle has a planar 18 m-electrons aromatic system with peculiar optical and
redox properties that can be largely influenced by peripheral substituents and the central metal ion [1]. Trivalent
metals (e.g., Al, Ga, In) additionally coordinate an axial ligand such as chloride, fluoride, hydroxide, phenolate and
others [2-4]. Aluminum (AI**) with a high charge density due to its small size is of special interest because of its
strong impact on charge distribution in the Pc macrocycle and the axial ligand. Aluminum phthalocyanine
complexes were shown to be promising in the field of catalytic synthesis of cyclic carbonates from carbon dioxide
[5, 6] and other carbonylation reactions [7], photodynamic therapy of cancer [8], photocatalysis [9], bulk-
heterojunction solar cells [10, 11] and as molecular switches [12, 13]. The ability to coordinate an axial ligand plays
a crucial role in preparation of ordered Pc thin films [14] with improved photoelectrochemical properties [15] and
in synthesis of hybrid nanostructures due to the axial ligand substitution reaction [16].

Electrochemical behavior of unsubstituted aluminum Pc was the subject of several studies. Cissell et al. [17]
studied the electrochemical reduction of PcAICl in THF in comparison to chemically reduced and isolated [PcAl]°
without any axial ligand. The data suggests that CI™ as the axial ligand strongly affects the formal potential for the
transition [PcAICI]/[PcAICI]™ shifting it by 0.30 V towards a lower value compared to the transition [PcAl]*/[PcAl]°.
However, the formal potential for the second reduction (i.e., [PcAICI]7/[PcAICI]*") exactly matches the formal
potential for [PcAl]°/[PcAl]™ indicating that CI- anion dissociates from the one-electron reduced form [PcAICI]". The
same conclusion was reported by Ou et al. in their detailed study of the electrochemical reduction of PcAICI in
different conditions and solvents [18]. They observed a strong effect of coordinating solvents on the second
reduction potential of PcAICI. It was shown that pyridine shifts the second reduction potential by 0.15 V to more
negative potentials compared to THF likely owing to stabilization of two-electron reduced [PcAl]™ by pyridine via its
coordination to the metal center. The authors also demonstrated that the first reduction potential (but not the
second or the third reduction potential) of PcAICl is sensitive to the presence of CI~ and other anions in the
solution.

In an older study [19], the authors compared the first oxidation and first reduction potentials of PcAICI with
those of PcZn and PcMg complexes in DMF and DMA. In both works, the metal center in PcAICl shows a strong
electron-withdrawing effect shifting the oxidation and reduction potentials by 0.3—0.4 V towards more positive
values. Noteworthy, the electrochemical HOMO-LUMO energy gap (AE = Ered — Eox) remains the same in both
solvents and does not depend on the metal center. Lever and Minor [20] reported a first reduction and oxidation

potentials of PcAICl in DMF.



The electrochemical behavior of aluminum Pcs in the oxidation region and in non-coordinating solvents was
poorly represented in the literature. However, voltammetric behavior of PcAICl in a non-coordinating solvent
CH2Cl2 [21] showed irreversibility of the first oxidation and first two reduction transitions with the first oxidation
peak at a potential shifted by ca. 0.45 V from the value in THF and DMF, which is rather high. Poor reversibility may
result from poor solubility and high aggregation of unsubstituted PcAICI in non-coordinating solvents and can be
addressed by introducing bulky peripheral groups such as tert-butyl or iso-propyl groups. Lapok’s et al. reported on
electrochemical behavior of PcAICI substituted with bulky fluorinated iso-propyl groups in comparison with
analogous In and Ga complexes [22]. Due to the electron-withdrawing effect by florin, no oxidation of the
complexes was observed within the available potential window in THF and all reduction potentials were noticeably
shifted (by ca. 0.8 V) towards more positive values in respect to the formal potentials of PcAICI [23]. A short
communication on the spectroelectrochemical and electrochemical oxidation of ®UPcAICI in acetonitrile [24] lacks
important details including clear assignment of the potential scale which is needed for comparison with other
works. Nevertheless, reduction and oxidation potentials for alkyl substituted Pc complexes of indium and gallium
were reported [25, 26].

In this work, we conducted voltammetric and spectroelectrochemical studies of tert-butyl-substituted Al
phthalocyanine (*®PcAICl) in a non-coordinating solvent 0-DCB. The bulky tert-butyl groups were introduced at the
peripheral positions to increase solubility and lower aggregation of the complex in organic solvents [27, 28]. This is
the first detailed electrochemical study of an aluminum phthalocyanine in a non-coordinating and the first detailed
spectroelectrochemical study that particularly revealed influence of aggregation in the neutral and oxidized forms
on electrochemical and UV-Vis spectral properties.

Materials and Methods

All reagents and solvents were obtained or distilled according to standard procedures. Aluminum chloride
(Sigma-Aldrich, reagent grade) were used as received. Matrix assisted laser desorption/ionization time-of-flight
(MALDI-TOF) mass-spectra were taken on a Bruker Autoflex | mass spectrometer with a-cyano-4-hydroxycinnamic
acid (CHCA) as the matrix. The crude 2(3),9(10),16(17),23(24)-tert-butylphthalocyanine aluminum (lIll) chloride was
prepared by heating a mixture of anhydrous aluminum chloride and 4-tert-butylphthalonitrile to 270 °C 3 hours in
accordance with the known procedure [29]. Purification was achieved by sublimation in vacuum. The MALDI-TOF
and FT-IR spectra performed in Fig. S1 and Fig. S2 respectively. UV-Vis THF/nm (Ig €): 681 (5.36), 613 (4.60), 360
(4.86); MS (MALDI-TOF) m/z: 798.070 ([M~], 100%), calculated for CagHagNgAICI: 798.35 (100.0%); FT-IR (KBr): v (cm’

1) = 2950-2810 (CH st), 1600 (y pyrrole).
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Figure 1. Structure of tetra-tert-butylphthalocyanine aluminum (Il1), ®PcAICI.

Electrochemical measurements were carried out with Autolab PGSTAT302N controlled by Nova 1.11
(Metrohm Autolab B.V., The Netherlands). Cyclic voltammetry (CV) and square wave voltammetry (SWV) were
performed in a conventional three-electrode cell with Pt-disk (2.0 mm in diameter) working and Pt-rod counter
electrodes. o-Dichlorobenzene (0-DCB, 99%, J&K) containing 0.1 M TBACIO4 (Sigma-Aldrich) was used as
supporting electrolyte. A double junction Ag/AgCl reference electrode (Metrohm 6.0726.100) was filled with 2 M
LiCl in EtOH as the inner solution and the supporting electrolyte as the bridge solution. To correct a liquid junction
potential, all potentials were referred to the ferrocenium*/ferrocene (Fc*/Fc) couple (0.584 + 0.005 V vs. Ag/AgCl
used). The working solution was purged with argon before measurements for at least 20 min.

UV-Vis absorption spectra were recorded on a Jasco V-770 spectrophotometer using quartz cells (optical path of
1.00 cm). Spectroelectrochemical studies were conducted with Avantes AvaSpec 2048 spectrometer coupled with
Autolab 101 potentiostat/galvanostat (Metrohm-Autolab) using a thin-layer quartz spectroelectrochemical cell
(optical path of 1.0 mm) containing a Pt-mesh working, Pt-wire counter and Ag/Ag" reference electrodes. o-
Dichlorobenzene (0-DCB, 99%, J&K) was used as a solvent with 0.1 M TBACIO4 (Sigma-Aldrich) as the supporting
electrolyte. The potential of the Ag/Ag" reference electrode was compared with the Ag/AgCl reference electrode
used in the voltammetric studies. All potentials were recalculated to be given relative to the Ag/AgCl reference
electrode for consistency. The potential was varied stepwise with a potential step of 0.05 V and the electrolysis

time for each step of 5 min resulting in an apparent scan rate of 0.17 mV/s.



Results and discussion

Spectroscopic characterization
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Figure 2. UV-Vis absorption spectra of ®PcAICl (c ~ 0.01 mM) in 0-DCB (red) and THF (blue).

The absorption spectrum of non-aggregated metal phthalocyanines typically shows two major sets of bands, Q and
B bands. The Q band is more intense and located in the visible region (600 — 700 nm), whereas the B band is
located in the UV region (around 350 nm). Along with the satellite Quib at around 620 nm, the Q band is highly
sensitive to peripheral substituents, the central metal, solvents and aggregation due association with the HOMO-
LUMO transition [30]. The UV-Vis spectrum of ®™YPcAICI in THF (Fig. 2) represents a typical spectrum of a
monomeric neutral Pc [1] with absorption bands at 359, 613, 650 and 681 nm. The intense Q band and well-
resolved satellite indicated lack of aggregation in this solution. The Q band of ®BUPcAICI is expectedly shifted by 6
nm towards higher wavelengths compared to the unsubstituted analogue PcAICl in the same solvent (absorbance
maxima at 347, 609, 642 and 675 nm) [18], which corresponds well to the electron-donating effect of tBu-groups.
In contrast to unsubstituted PcAICI, ®UPcAICI is well soluble in 0-DCB, a non-coordinating solvent with a
comparatively high refractive index. As previously reported in the literature, aromatic solvents especially with a
high refractive indexes result in a red shift in the Q band [31], which was 15 nm compared to the solution in THF in
our case (696 nm in 0-DCB and 681 nm in THF).

Electrochemical characterization

CVs and SWVs of ®UPcAICl in 0-DCB and solution containing TBACIO4 as supporting electrolyte are shown in

Fig. 3. SWVs of ®UPcAICI in 0-DCB/ TBACIO4/pyridine are shown in Fig. S3. Table 1 lists the formal potentials (E°’) of
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redox transitions of ®UPcAICI/TBCIOs in 0-DCB and o-DCB/ TBClOa4/pyridine. The literature data for PcAICI in
different solvents and electrolytes are given for comparison. All transitions of ®YPcAICI in 0-DCB were expectedly
shifted by 1.0 V towards more negative values in comparison with a fluorinated complex F**PcAICI and by 0.1—0.2
V in comparison with unsubstituted PcAICI (Table 1). In other words, the compound oxidizes easier and reduces
harder compared to unsubstituted PcAICl and the fluorinated complex in agreement with the electron-donating
effect of tert-butyl groups.

Noteworthy, adding a small amount of pyridine to 0-DCB (final 5 vol% pyridine) shifted the first oxidation
peak by 0.10 V towards a more positive potential, while the formal potential for the first and second reduction
transitions remained generally the same (Table 1). The influence of pyridine suggests either coordination of the
central metal with pyridine or disaggregation of the complex in the presence of pyridine additive. Substitution of
the axial CI” in coordinating solvents was previously observed for the one-electron reduced but not the initial
neutral form of PcAICI [23]. Moreover, Red: and Red> do not shift noticeably as could be expected in case of
dissociation of the axial CI~ [17]. Thus, the partial aggregation of the neutral form is most likely, whereas the CI
should not dissociate in our conditions. Moreover, it is known that addition of a drop of pyridine in phthalocyanine
solutions in general improves resolution of UV-Vis and NMR spectra [32-34] apparently due to decrease of
aggregation.

Table 1. Oxidation/reduction potentials (E* + 0.01 V vs. Fc'/Fc) and the electrochemical HOMO-LUMO gaps (the

difference between first oxidation and reduction potentials, AE).

Complex Solvent/electrolyte Reds Red: Red: Ox1 Ox2 AE Ref
BupcAICI 0-DCB/TBACIO4 -2.63 -1.65 -1.28 0.18 0.90 1.46 tw
BupcAlC 0-DCB/TBACIO4/py -1.68 -1.30 0.28 1.58 tw
Fe4pcAlCI! THF/TBABF4 -1.03 -0.54 -0.28 [35]
PcAICI THF/TBAPFs -1.55 -1.15 [17]
PcAICI DMF/TEACIO4 -1.150! 0.42®! 1.57 [36]
PcAICI THF/TBACIO4 -2.46 -1.58 -1.11 [23]
PcAICI DCM/TBACIO4 -1.93¢  —1.490d  —124led  gg7ld - [21]

tw — this work. [2IFs4pca|c] = 1,4,8,11,15,18,22,25-octafluoro-2,3,9,10,16,17,23,24-octakis(perfluoroisopropyl)phthalocyanine. ®IThe potentials
were recalculated from values given vs. SCE using E°(Fc*/Fc) = 0.50 V vs. SCE in DMF [37] . IThe potentials were recalculated from values given
vs Me10Fc+/ Mel0Fc+ to be vs Fc+/Fc. E°(Fc+/Fc) = 0.532 V vs. MeioFc*/ MeioFc in DCM [38]. [irreversible peaks.
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Figure 3. (a) Cyclic and (b) square wave voltammograms of ®PcAICl (0.6—1.0 mmol/l) at a Pt-disk electrode in

0-DCB/TBACIO4; CVs scan rate: 100 mV/s. SWV amplitude 50 mV; step potential, 5 mV.

More detailed analysis of the cyclic voltammetry data showed that Ox1 (AEp= 110 mV, ip,a/ipk = 0.96) and Red:
(AEp = 110 mV, ipa/ipk = 0.88) transitions are quasi-reversible, whereas the second oxidation Ox: is rather
irreversible. Moreover, the measurements with the upper vertex potential above the second oxidation resulted in
partial passivation of the back reduction peak Oxi. This agrees with the irreversible nature of Ox. that may form
species adsorbed on the electrode leading to the electrode fouling. Nevertheless, representative voltammograms
for Ox1 could be practically obtained by limiting the upper vertex potential or introducing a gentle stirring of the
solution. The potential gap between the first oxidation and reduction AE = E(Ox1) — E(Red1) = 1.46 V was similar to
AE reported for ®PcZn [39] and slightly lower than AE obtained for PcAICl in THF (Table 1). Electrochemical study
of PcAICl in DCM showed only irreversible processes with irreversible peaks at potentials noticeably shifted from
the expected values, which does not allow to estimate accurately the formal potentials in these conditions [21].

In order to investigate the electrochemical reversibility of the first oxidation and reduction transitions and to
exclude the presence of side reactions at the electrode, we applied the diagnostic criteria of voltammetry for
characterization a quasi-reversible electron transfer reaction. Voltammograms were recorded within the limited
potential windows at different scan rates for detailed characterization of the first oxidation or first reduction

transitions (Fig. 4a, d). Fig. 4b and e represents the dependence of the peak positions as a function of the
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logarithm of the scan rate. The peak-to-peak separation increases with the scan rates above 0.1 V/s eventually
resulting in a linear dependence of the peak potential on the scan rate. This indicates the quasi-reversible behavior
of Ox: and Red: transitions with good electrochemical reversibility at a scan rate of 0.1 V/s and lower. The peak
current for Ox1 and Red: is near linear with the square root of the scan rate (Fig. 4c and f) suggesting involvement

of freely diffusing redox species in the observed transitions in agreement with the Cottrell equation.

a b C,
o] 0.9 - ]
z 4 . | ..’. 4 .
S 24 = DR s |
8 e o =3
5 ol = 3 ¥
bt o (-9 e =
5 2 g Wo7da YV YN ws 2
o = - La 1
-4 _- 06 *® anodic A“‘ 1
4 ' 4 cathodic 1
— e 0 —_—
02 04 06 08 10 12 -2 -1 0 1 0.0 0.5 1.0 15
d e f
0
1 e ]
< 0.6 LA 14
= ooy {a  aaas 4 i 1
g < .0.7- 3 =]
E 1e LLTT I . oo =3
0.8 ]
o 1 ® anodic .“0. -4 —
e AR -l I -5 i
-1.0 08 06 -04 -02 -2 -1 0 1 0.0 0.5 1.0 15
E (V) vs Ag/AgClI log v v12 (Vis)'?

Figure 4. (a,d) Cyclic voltammograms of ®UPcAICI in 0-DCB/0.1 M TBACIO4 at 0.01-2 V/s. (c,d) Trumpet plots of the
peak potential, E,, versus the logarithm of the scan rate, v. (c) Anodic peak current, i,, and (f) cathodic peak

current, i., plotted versus the square root of the scan rate v.

Spectroelectrochemical characterization

A more detailed study of the first oxidation transition Ox: was conducted using the stepwise potential-
controlled spectroelectrochemical titration. This is the first detailed spectroelectrochemical investigation of
oxidation of an Al phthalocyanine, whereas detailed spectroelectrochemical study for reduction of PcAICl in THF
was reported previously in the literature [23].

Fig. 5a represents spectral changes during electrochemical oxidation of ®BUPcAICI starting from an open circuit
potential (OCP) value till 1.0 V with a step of 0.05 V. During the electrolysis, a decrease in absorbance of the Q and
B bands and an increase of bands at 460, 548 and 860 nm occurred indicating formation of a m-cation radical
[CIAIPCY]*[36, 40, 41]. These bands positions and their relative intensity agree well with the spectra for the n-

cation radical form of "®'PcZn with bands at 440, 500, 825 nm with much lower absorption compared to the Q and



B bands of the neutral form [42]. A clear set of isosbestic points at 328, 399 and 602 nm suggests a simple

transformation between two forms. The halve-wave potential as obtained from the potential resolved titration

curves (Fig. 5a inset) was 0.78 = 0.01 V vs Ag/AgCl (0.20 V vs Fc*/Fc) and corresponded well to the formal potential

of 0.76 V obtained from CV (0.18 V vs. Fc*/Fc, Table 1). Noteworthy, in a short communication in 1989 [24], the

authors assigned three bands at 408, 535 and 850 nm to one-electron oxidized ®“PcAICI in acetonitrile. However,

the band at 408 nm was previously not observed in one-electron oxidized ®“PcZn in methylene chloride [42] and

was not observed in this work, whereas two other bands matched well taking into account the solvent effect.
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Figure 5. In-situ UV-Vis spectral changes of ®“PcAICI (c ~ 0.15 mmol) in 0-DCB containing 0.1 M TBACIOa in the

region of the first oxidation transition Oxi (a) and the second oxidation transition Oxz (b).



As shown in Fig. 5b under conditions of the second oxidation (Eapp varied from 1.00 to 1.60 V vs. Ag/AgCl) all
bands dropped in intensity in agreement with irreversible decomposition of the macrocycle. The initial neutral
form could not be recovered by backward electrochemical reduction from this two-electrons oxidized form. The
half-wave potential was around 1.15 V vs. Ag/AgCl (0.57 V vs. Fc*/Fc) as calculated for the Q-band at 692 nm and
1.26 V vs. Ag/AgCl (0.68 V vs. Fc*/Fc) in average for the rest four radical-specific bands observed in the spectrum.
These halve-wave potentials are lower than the first oxidation potential estimated from CV data by 0.30 V, which
generally corresponds to an expected shift in a peak position in a voltammetric experiment for an electron transfer
reaction complicated by a followed irreversible chemical process (e.g., irreversible decomposition of the
phthalocyanine nt-system) [43]. Thus, the observed oxidation process does not have an equilibrium state making
the half-wave potential to be defined by the time-scale of the experiment (the effective scan rate is 0.16 mV/s for
the spectroelectrochemical experiment). Peak positions obtained in comparatively fast voltammetric
measurements (SWV and CV with a scan rate of 100 mV/s) as given in Table 1 should better estimate the formal
potential for the second oxidation process in this case.

In general, the spectroelectrochemical data corresponded well to the typical ring-based UV-vis changes in the
redox behavior of metallophthalocyanines having redox inactive metal center [44-46]. However, the peak at 646
nm behaved differently from other bands (Fig. 5a, inset). In particular, the changes were not as steep as for the
main Q-band at 690 nm and started to drop already at the potential of 0.5 V vs. Ag/AgCl and dropped by 50% at
0.65V, i.e. 0.11 V lower than the formal potential for Ox1, 0.76 V vs. Ag/AgCl (0.18 V vs. Fc*/Fc). This UV-vis band is
usually associated with aggregates, which should be oxidized easier in comparison to the monomer [47].
Moreover, strong aggregation in the oxidized form may complicate spectroelectrochemical recovery of the
complex. Indeed the main Q-band of the complex could not be fully recovered when the potential was gradually
switched from 1.0 V to 0.3 V. Although the bands at 544 and 860 nm (characteristic to the cation-radical)
disappeared and the Q-band satellite at 630 nm recovered, the main Q-band stayed low as expected in a strongly
aggregated complex (Figure S4a, Supporting information). An additional study with octa-n-butyl-substituted
analogue showed 70% recovery of the initial Q-band intensity in the same conditions owing to better solubility and
stronger steric effects lowering the aggregation (Figure S4a, Supporting information). This additionally confirms
that the chromophore is not destroyed after the first oxidation Oxa.

Surprisingly, ®YPcAICI showed noticeable spectral changes when the electrode potential shifted from the OCP
value (0.32 V) by 0.5 V towards lower values (Fig. 6a). Although the potential reached -0.18 V vs. Ag/AgCl, it stayed

much above than the first reduction potential (—0.70 V vs. Ag/AgCl). Thus, one-electron reduction of the neutral
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macrocycles could not happen in these conditions. Nevertheless, the Q band shifted from 690 to 695 nm and
slightly increased in intensity. The satellite at 646 nm (attributed to the H-aggregates) shifted to 640 nm and
increased in intensity, while the shoulder at 742 nm (typically attributed to J-type aggregates [30]) completely
disappeared. The B band also slightly increased in intensity at 345 nm and decreased in its shoulder at 370 nm,
eventually becoming more narrow.

The inset in Fig. 6a shows the normalized changes in the absorbance of the bands during the step-wise
potential change from 0.32 to -0.18 V vs Ag/AgCl. The curves resulted in an average half-wave potential of 0.00 +
0.01 V vs. Ag/AgCl (or -0.58 V vs. Fc*/Fc). This value is higher by 0.7 V than the formal potential for the first
reversible reduction process (-1.28 V vs. Fc*/Fc, Table 1) and lower by 0.75 than the formal potential for the first
oxidation. The observed potential of the spectroscopically observed transition can be explained by an assumption
that a freshly prepared solution contained some traces of the oxidized complex in an aggregated form. These
aggregates stabilized the oxidized form, thus, requiring a substantial overpotential to reduce it. Close inspection of
the CV data reveals some suppression of the reverse (reduction) peak for Ox1 and additional vague reduction peaks
at the reverse scan at potentials around 0.25 V vs. Ag/AgCl, i.e. 0.5 V lower than the formal potential of Ox: (Fig. 3).
This may correspond to the reduction of aggregated oxidized form in agreement with the spectroelectrochemical

experiment.
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Figure 6. The effect of conditioning the solution at gradually decreased potentials from OCP (ca. 0.35 V) till -0.2 V
that is still above the first reduction potential Red: (ca. -0.7 V) (a). In-situ UV-Vis spectral changes of ®PcAICl in
the region of the first oxidation transition Ox: after preconditioning at -0.18 V (b). Other conditions were the same
as in Fig. 5.

When the electrochemically preconditioned complex was oxidized stepwise until the potential of 1.10 V (Fig.
6b), the Q-band satellite at 646 nm and the band of J-aggregates at 737 nm appeared again but only at potentials
0.65—0.85 V vs. Ag/AgCl that corresponded to Ox1 (0.76 V vs. Ag/AgCl). The Q-band also slightly shifted with the
potential reaching 690 nm by 0.72 V (Fig. 6b), and a shoulder of the B-band (ca. 370 nm) became pronounced at
the same potential. The dependence of the normalized absorbance at 344, 544, 695 and 860 nm on the potential
resulted in an average half-wave potential of 0.70 + 0.02 V vs. Ag/AgCl (0.12 V vs. Fc*/Fc), that is lower by 0.08 V
than the half-wave potential for the complex without cathodic preconditioning and lower by 0.06 V than the

formal potential of Ox: obtained from CV measurements. This thermodynamically facilitated oxidation likely
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results from additional stabilization of the oxidized state by aggregates. In general, the titration curves obtained
for the preconditioned complex were less steep with changes in the B and Q bands starting from 0.3—0.4 V vs.
Ag/AgCl, whereas in the non-preconditioned solution the changes started from 0.6—0.7 V.

Conclusion

Electrochemical and spectroelectrochemical methods were applied to characterize the redox transitions of
BUpcAICI. The voltammetry revealed three reductions at -1.28, -1.65 and -2.63 V vs Fc*/Fc and two oxidations at
0.18 and 0.90 V vs. Fc*/Fc with good electrochemical reversibility of the first oxidation and reduction processes.
Addition of 5% pyridine shifted by 0.1 V the first oxidation potential towards more positive values, indicating a
possible complication of the electrochemistry in 0o-DCB by aggregation. The general overview of changes in the UV-
vis spectra with applied potential generally corresponded to a simple one-electron oxidation of the Pc
chromophore with a single set of isosbestic points, a typical criterion to confirm uncomplicated transition involving
of two species. However, the potential resolved titration curves revealed complication of the first oxidation
process associated with aggregation of the neutral and oxidized forms. The data suggest that the initial solution
contains aggregates of the neutral and partially oxidized forms that complicate the oxidation of PcAICl and
facilitate partial oxidation of the neutral form. We showed that the potential-resolved spectroelectrochemical
titration can be a useful tool to reveal details of redox transitions in Pcs, whereas the general picture of spectral
changes with time may hinder details of the transition mechanism.
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Figures and Tables Captions

Table 1. Oxidation/reduction potentials (E® £ 0.01 V vs. Fc*/Fc) and the electrochemical HOMO-LUMO gaps
(the difference between first oxidation and reduction potentials, AE).

Figure 1. Structure of tetra-tert-butylphthalocyanine aluminum (l11), ®BYPcAICI.

Figure 2. UV-Vis absorption spectra of ®PcAICl (c ~ 0.01 mM) in 0-DCB (red) and THF (blue).

Figure 3. (a) Cyclic and (b) square wave voltammograms of PcAICl (0.6—1.0 mmol/I) at a Pt-disk electrode
in 0-DCB/TBACIOs4; CVs scan rate: 100 mV/s. SWV amplitude 50 mV; step potential, 5 mV.

Figure 4. (a,d) Cyclic voltammograms of ®YPcAICl in 0-DCB/0.1 M TBACIO4 at 0.01-2 V/s. (c,d) Trumpet plots of
the peak potential, Ep, versus the logarithm of the scan rate, v. (c) Anodic peak current, i,, and (f) cathodic peak
current, i., plotted versus the square root of the scan rate v.

Figure 5. In-situ UV-Vis spectral changes of "®“PcAICl (c ~ 0.15 mmol) in 0-DCB containing 0.1 M TBACIOa in the
region of the first oxidation transition Oxi (a) and the second oxidation transition Ox: (b).

Figure 6. The effect of conditioning the solution at gradually decreased potentials from OCP (ca. 0.35 V) till
-0.2 V that is still above the first reduction potential Red: (ca. -0.7 V) (a). In-situ UV-Vis spectral changes of
BUpCAICI in the region of the first oxidation transition Oxi after preconditioning at -0.18 V (b). Other conditions

were the same as in Fig. 5.
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