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Abstract

Both the radical anion and radical cation of the chloroboron(IIl) subnaphthalocyanine (SubNc) cone-shaped macrocycle have been photochem-
ically produced and their kinetics and absorption spectra have been characterised. SubNc is more prone to oxidation but less prone to reduction
than its higher homologue, the chloroaluminium(III) phthalocyanine (Pc). Given the higher triplet quantum yield of SubNc compared to Pc, SubNc
emerges as a very good photosensitiser for triplet-mediated reduction processes. The radical-ion spectra follow the same patterns found for Pcs,
namely absorption bands at longer wavelengths than those of the singlet and triplet excited states.

© 2006 Elsevier B.V. All rights reserved.
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1. Introduction

Porphyrinoid macrocycles absorbing in the visible and near-
IR spectral region are the subject of an intensive research for
potential for solar energy conversion [1-3], non-linear optical
materials [4—6], organic light-emitting diodes [7,8], conducting
polymers [9], and biomedical applications such as the photo-
dynamic therapy of tumours (PDT) [10-14]. For such applica-
tions, understanding the excited-state properties and reactivity is
essential. Of particular interest is the photochemical production
of radical ions, e.g. in photoinduced electron transfer reactions,
aiming at mimicking the natural photosynthesis [15] or for the
oxidation of biological substrates in PDT.

Subphthalocyanines (SubPcs) and subnaphthalocyanines
(SubNcs, Fig. 1) are novel lower homologues of phthalocyanines
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(Pc) and naphthalocyanines (Nc), respectively, which show the
remarkable properties of a non-planar conical shape [16,17]. In
a previous work [18], we reported on the basic photophysics of
the SubNc macrocycle. SubNc shows a fluorescence quantum
yield (@p) of 0.22, a value very similar to that found for related
SubPcs (@r=0.25) [19] and naphthalocyanines (@r =0.20 for
aluminium naphthalocyanine tetrasulfonate (AINcS4) [20]), but
three-fold lower than that for phthalocyanines, e.g., @r = 0.58 for
chloroaluminium phthalocyanine (AlPcCl) [21]. Conversely, the
triplet (@) and singlet oxygen quantum yields (@) of SubNc
are 0.68, similar to those of SubPc (@1=0.62; @5 =0.61) [19],
but remarkably higher than those of AIPcCl (@1=0.4 [21]),
of its sulfonic acid derivatives (@A =0.36 [22]) and of bis(tri-
n-hexylsiloxy)silicon 2,3-naphthalocyanine (SiNc, &1 =0.20;
®A=0.19 [23]).

Given their potential application in photo-induced electron
transfer processes, we report now on the electrochemistry, pho-
tochemical production, and kinetic and spectral characterisation
of both the radical anion and radical cation of SubNc.

2. Materials and methods
2.1. Chemicals

SubNc was synthesised as described previously [18].
Biphenyl (BP, 99%), benzonitrile (PhCN, 99.9%, HPLC
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grade) and 1,1,1,3,3,3-hexafluoropropan-2-ol (HFP, 99.9%)
were all purchased from Aldrich and used as received.
N,N,N'.N'-tetraphenyl-p-phenylenediamine (TMPD, 99%) was
from Sigma. Dimethylformamide (DMF) was purchased from
SDS and was dried over 4 A molecular sieves. Tetrabutylammo-
nium hexafluorophosphate (TBAHP) electrochemical grade was
purchased from Fluka. N-Methylacridinium hexafluorophos-
phate (MA*) was synthesised by methylation of acridine with
methyl iodide in refluxing acetonitrile followed by treatment
of the resulting MA* iodide with silver hexafluorophosphate in
methanol [24]. Nitrogen 5.0 and argon 5.0 were from Abell6-
Linde.

2.2. Electrochemical and photophysical measurements

Cyclic voltammetry (CV) measurements were performed
using a cylindrical cell with a 0.093 cm? platinum sphere as
the work electrode, a platinum wire as the counter-electrode,
and a Ag/AgCl1 3.5 M as the reference electrode. DMF solutions
containing SubNc (1 mM) and TBAHP (0.1 M), as the support-
ing electrolyte, were purged with nitrogen for 20 min prior to
experiment. The scan speed was set to 100mV s~

Absorption spectra were recorded on a Varian Cary 4 spec-
trophotometer. Radicals were produced and characterised with
a home-made nanosecond laser flash photolysis apparatus using
an OPO laser (SL OPO, Continuum; 5 ns pulsewidth, 1-10 mJ
per pulse) pumped by a Q-switched Nd-YAG laser (Surelite I-10,
Continuum) for excitation. Photoinduced absorbance changes
were monitored at 90° by an analysing beam produced by a Xe
lamp (PTI, 75W) in combination with a dual-grating monochro-
mator (mod.101, PTT) coupled to a photomultiplier (Hamamatsu
R928) for 300—-800 nm detection and a North Coast EO-817P
germanium detector for 800-1600 nm (Fig. 1).

Kinetic analysis of the individual transients was done with the
software FitLW developed in our group. Global kinetic analysis
of the generated transient time—absorbance—wavelength matrix
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Fig. 1. Absorption and fluorescence spectra of SubNc in dichloromethane and
toluene, respectively.

was performed with the software Specfit (Spectrum Software
Associates). All measurements were carried out in PhCN or in
mixtures HFP:PhCN (9:1).

3. Results and discussion
3.1. Electrochemical properties

The first oxidation and reduction half-wave potentials of the
SubNc have been measured by CV (Fig. 2).

SubNc shows a quasi-reversible reduction at the potential
E1p (S/S*7)=—0.85V versus Ag/AgCl. SubNc is easier to
reduce than its subphthalocyanine counterpart (—1.05V versus
Ag/AgCl for SubPc [19]), but more difficult to reduce than the
phthalocyanine AIPcCl whose reduction potential is E0 = 0.64 V
versus Ag/AgCl [21].

In contrast, the oxidation of SubNc in DMF takes place irre-
versibly at E1» (S**/S) ~ 0.68 V versus Ag/AgCl. Itis accompa-
nied by the disappearance of the cathodic peak, probably reflect-
ing that electron transfer is followed by a chemical reaction [25].
SubNc is more prone to oxidation than the SubPc homologue
(1.04 'V versus Ag/AgCl [19]) and than AlPcClI (0.96 V versus
Ag/AgCl [21]). Overall, these results are consistent with a sta-
bilisation of the LUMO and a significant destabilisation of the
HOMO in SubNc relative to SubPc, as is found in the Pc series
[26].

For photoinduced electron transfer processes, the relevant
redox potentials are those of the excited states. They are cal-
culated by adding (for reduction) or subtracting (for oxidation)
the excited-state energy to the ground-state potentials (Table 1).
We used 1.85 eV for the energy of the first excited singlet state,
calculated from the intersection point of the normalised absorp-
tion and fluorescence spectra. Since no phosphorescence could
be detected for SubNc even at 77K, the energy of 77 (1.35eV
[18]) was estimated by the method of Dreeskamp et al. from
fluorescence quenching by 1-iodopropane [27].

:[50 uHA
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Fig. 2. Cyclic voltammogram of the SubNc in nitrogen-saturated DMF contain-
ing 0.1 M TBAPH. Sweep rate: 100mV s~! [SubNc] =1 mM.
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Table 1
Ground- and excited-state redox potentials of SubNc in DMF

Ground Singlet excited Triplet excited
state state? state®
E(S/S*™)¢
SubNc —0.85 +1.00 +0.50
SubPc —1.05 +1.12 +0.40
AlPcCl —0.64 +1.16 +0.56
E(S**/8)!
SubNc +0.68 —1.17 —0.67
SubPc +1.04 —1.13 —0.41
AlPcCl +0.96 —0.84 —0.24

Values for subphthalocyanine [19] and [21] are given for comparison.

2 Es (SubNc)=1.85eV [18]; Es (SubPc)=2.17eV [19]; Es (AlPcCl)=
1.80eV [21].

b Er (SubNe)=1.35¢eV [18]; Er (SubPc)=1.45¢V (see supporting informa-
tion); ET (AlPcCl)=1.20eV [21].

¢ Excited-state potentials calculated as E(S/S®7) + E".

d Excited-state potentials calculated as E(S/S*~) — E".

While the excited-state reduction of SubNc occurs at similar
potentials to those of SubPc and Pc, the oxidation of SubNc is
more favourable, particularly in the triplet state. Given the higher
triplet quantum yield of SubNc compared to Pc, SubNc emerges
as a very good photosensitiser for triplet-mediated reduction
processes.

3.2. Radical anion production and characterisation

The radical anion of the SubNc was produced by pho-
toinduced electron transfer from TMPD, which has an oxida-
tion potential low enough (E°%(TMPD**/TMPD) =0.20 V versus
Ag/AgClin PhCN) [28-30] to reduce the triplet state of SubNc.
Thus, the triplet lifetime of SubNc decreases in the presence of
TMPD according to 1/t =(1/7¢) + kg [TMPD] (Fig. 3), where ¢
and t are the triplet lifetimes in the absence and in the presence
of TMPD, respectively.

From the slope of the linear relationship in Fig. 3, SubNc®~
is formed with an observed rate constant of (1.95 4 0.06) x
10° M~ s~lin PhCN, which is near to the diffusion-control
value [31].

For the characterisation of the transient absorption spec-
trum and kinetics of SubNc®~, a benzonitrile solution contain-
ing SubNc and TMPD (50 wM) was photoexcited at 660 nm.
Transient absorption spectra at different time delays after
the laser pulse shows the presence of 3SubNc, SubNc®—,
and TMPD** (*SubNc and TMPD** identified by similar-
ity to the published spectra [18,32,33]; see also the elec-
tronic supplementary information). Global analysis of the
time—absorbance-wavelength matrix afforded the spectrum
assigned to >SubNc and SubNc®~ as well as their kinetics (Fig. 4
and the supporting information).

SubNC*~ lives 350 ws in deareated PhCN. The spectra of
3SubNc and SubNc®~ are remarkably similar, though a num-
ber of differences are worth noting. In the NIR region, SubNc®™
shows a sharp band at 750 nm together with a less-intense broad-
band with maximum at 830 nm. 3SubNc shows only one sharp
band at 715nm. In the UV-vis region, SubNc®*™ shows wide
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Fig. 3. Quenching of 3SubNc lifetime by TMPD in argon-saturated PhCN.
Inset: Transient decays at different TMPD concentrations; Aexc =660 nm,
Aobs =550nm. [TMPD]=0pM, =179 £ 8 us; [TMPD]=9.5 uM, t (rise)=
62+ 4 ps, v (decay)=402+4 ps; [TMPD]=50uM, 7 (rise)=73x1ps, T
(decay) =153 £2 us; [TMPD]=95uM, t (rise)=4.0£0.5 s, v (decay)=
149 2 ps; [TMPD] =190 puM, 7 (rise) =2.0+ 0.2 ws, 7 (decay) =136 £2 us;
[TMPD] =722 pM, 7 (rise) =0.70 £ 0.02 ps, t (decay) =130+ 5 ps.

absorption bands with peaks at 550 and 360 nm. The latter is a
specially good marker because >SubNc shows bleaching of the
ground state.

The transient absorption spectrum of SubNc®™ is very
similar to that reported for (dodecafluorosubphthalocyanato)-
chloroboron(IIT) (SubPcFy,) in acetonitrile [34], which shows
bands at 490 and 750 nm. A similar pattern is typically observed
for the parent Pc [35-38]: two prominent absorption bands in
the regions 570-580 and 635-645 nm, with two weaker bands
occurring at 320-430 and 960-970 nm. By analogy to Pcs, we
tentatively assign the bands at 750 nm to the Q transitions, that

AAbsorbance

800 1200
Wavelength / nm
Fig. 4. Transient absorption spectrum of 3SubNc (black) and of SubNc® ~ (grey)

as recovered by global analysis of the time—absorbance—wavelength matrix.
[SubNc]=2.7 pnM.



N. Rubio et al. / Journal of Photochemistry and Photobiology A: Chemistry 185 (2007) 214-219 217

at 550 nm to w—m transitions, and that at 360 nm to B1/B2 tran-
sitions [36].

3.3. Radical cation production and characterisation

The radical cation was also produced photochemically
using the cosensitisation method [39-45]. A photoexcited pri-
mary electron acceptor (\MA*, E('MA*/MA®)=2.35V versus
Ag/AgCl in CH,Cl, [46]) abstracts an electron from a cosen-
sitiser (BP, E(BP**/BP)=2.00V versus Ag/AgCl in CHCl,
[43]), producing its long-lived radical cation (BP**). This
species subsequently abstracts an electron from SubNc to yield
its radical cation (Scheme 1). As this is formally a charge-shift
process, separation of the product pair in not precluded by elec-
trostatic interaction.

SubNc** was thus produced by the 450-nm excitation of
a solution containing MA* (1 mM), BP (0.2M) and SubNc
(40 uM) in either PhCN or HFP containing 10% PhCN. Under
these conditions, less than 10% of the incoming photons are
absorbed by SubNc. HFP is a solvent of very weak nucle-
ophilicity, high hydrogen bonding donor strength, low hydrogen
bonding acceptor strength, high polarity (¢ ~ 300), and high ion-
ising power. These properties make HFP an ideal solvent for
reactions where stabilisation of radical cations is required or
where anion participation is not desirable [47—49]. We have
shown that this solvent is very convenient for photochemi-
cal production of radical cations of porphyrinoid macrocycles.
Electron-transfer reaction SubNc to BP** occurs with a rate con-
stantof 1.6 x 10! M~!s~!in PhCN,and 3.2 x 10'°M~! s~ lin
HEFP. All these rate constants are near the diffusion-control limit,
indicating an effective radical-cation generation.

The transient absorption spectra at different time delays after
the laser pulse shows the presence of MA®, BP** and SubNc¢**
(MA®, BP** identified by similarity to the published spectra
[45]; see also the electronic supplementary information). Global
analysis of the time—absorbance—wavelength matrix afforded the
spectrum of all the species involved in this photosystem as well
as their kinetics (see supporting information). Fig. 5 shows the
transient absorption spectra of SubNc**, in both PhnCN and HFP.

Elevi
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TMA* + BP + SubNc

1t 27mev \MA' + BP™* + SubNc
242V

MA” + BP + SubNc"*
1.26 eV

TMA* + BP—> MA" + BP"*
BP** + SubNc —* BP + SubNc"*

0

Scheme 1. Energy diagram showing the cascade of events leading to the forma-
tion of SubNc*™ by the co-sensitisation method [43,46,54].
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Fig. 5. Transient absorption spectra of SubNc®* in (A) PhCN and (B) HFP, as
recovered by global analysis of the time—absorbance—wavelength matrix. Insets:
Transient decay of SubNc®*. [SubNc] =40 pM.

SubNc** lives 30 s in PhCN and more than 8 ms in HFP, above
the time window of our set-up (Fig. 5, Insets), confirming the
stabilisation effect observed previously [45].

The transient absorption spectrum of SubNc®* in PhCN
shows abroad band in the 460—570 nm region, centred on 520 nm
and in the NIR region peaking at 740 and 820 nm (Fig. 5A). Tran-
sient absorption below 460 nm was dominated by the intense
photobleaching of the MA™ ground state.

In HFP, SubNc** also shows a broadband in the 460—570 nm
region centred on 510 and 10 nm hypsochromically shifted with
regard to that in PhCN, and in the NIR region with maxima
at 720 and 20 nm hypsochromically shifted respect to that in
PhCN, and at 830 nm. The hypsochromic shift can be attributed
to the ability of the protic solvents to form hydrogen bonds with
lone pairs of the nitrogen in the macrocycle. Thus the energy
of the m-state is lowered without modifying the o -state, i.e.,
ground state energy stabilises, as it is found in other tetrapyrrolic
macrocycles [50].

Gonzalez-Rodriguez et al. published the differential absorp-
tion spectrum of the radical cation of a substituted SubPc in the
range 500-960 nm [51]. The shape of its spectrum is very similar
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to that of the SubNc®* but hipsochromically shifted. Absorption
spectra of the radical cations of the phthalocyanines follow sim-
ilar tendencies: two NIR bands around 720 and 825 nm, a wide
band centred at 500-510nm, and an intense UV-band around
320 nm [52,53]. By analogy to Pcs, we tentatively assign the
bands at 740 and 820 nm to the Q transitions, and that at 520 nm
to n—r transitions [36].

4. Conclusions

This work describes the features of the radical ion forms
of SubNc. This cone-shaped macrocycle is more prone to oxi-
dation — but less to reduction — than its higher homologue,
the phthalocyanine (Pc) ring. Given the higher triplet quantum
yield of SubNc compared to Pc, SubNc emerges as a very good
photosensitiser for triplet-mediated reduction processes. Spec-
troscopically, the spectra of the radical ions of SubNc follow the
mr-radical pattern found in phthalocyanines and subphthalocya-
nines, i.e., absorption bands at longer wavelengths than those of
the singlet and triplet excited states, which in turn reflect smaller
energy gaps within bonding or non-bonding states in relation to
the energy gap between bonding and nonbonding states.

These spectral patterns should allow to ascertain the partic-
ipation and role of the radical ions of SubNc in photo-induced
processes such as artificial photosynthesis or photodynamic
therapy.
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