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Abstract: A series of three novel
ZnPc-Cg, conjugates (Pc=phthalocya-
nine) la—c bearing different spacers
(single, double, and triple bond) be-
tween the two electroactive moieties
was synthesized and compared to that
of ZnPc-C,, conjugate 2, in which the
two electroactive moieties are linked
directly. The synthetic strategy—
towards the preparation of la—c—
involved palladium-catalyzed cross-
coupling reactions over a monoiodoph-
thalocyanine precursor 4 to introduce
the corresponding spacer, and subse-
quent dipolar cycloaddition reaction to
Cg. Detailed photophysical investiga-

tions of 1a—c and 2 prompted an intra-
molecular  electron transfer that
evolves from the photoexcited ZnPc to
the electron-accepting Cg,. In particu-
lar, with the help of femtosecond laser
photolysis  charge separation was
indeed confirmed as the major deacti-
vation channel. Complementary time-
dependent density functional calcula-
tions supported the spectral assign-
ment, namely, the spectral identity of
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gation - density functional calcula-
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the ZnPc't radical cation and the Cg™
radical anion as seen in the differential
absorption spectra. The lifetimes of the
correspondingly formed radical ion-
pair states depend markedly on the sol-
vent polarity: they increase as polarity
decreases. Similarly, although to a
lesser extent, the nature of the linker
impacts the lifetime of the radical ion-
pair states. In general, the lifetimes of
these states tend to be shortest in the
system that lacks any spacer at all (2),
whereas the longest lifetimes were
found in the system that carries the
triple-bond spacer (1a).
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Introduction

In photosynthesis, cascades of short-range energy-transfer
and electron-transfer events occur between well-arranged
organic pigments (light-harvesting antenna ensemble and
photosynthetic reaction center (PRC)) and other cofac-
tors.'"" Thereby the antenna portion captures light and
transduces the resulting excitation energy, by means of sin-
glet—singlet energy transfer, to the PRC. In the PRC charges
are then separated with remarkable efficiency to yield a spa-
tially and electronically well-isolated radical pair. Key to
this success is, without any doubt, the overall small reorgani-
zation energy (A~0.2¢eV) exhibited by the PRC and the
well-balanced electronic coupling between each donor and
acceptor. The arrangement of the donor—acceptor couples in
the PRC is simple and accomplished through their noncova-
lent incorporation into well-defined transmembrane pro-
teins. Owing to the importance and complexity of natural
photosynthesis, the study thereof necessitates suitable sim-
pler models. The ultimate goal is to design and assemble ar-
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tificial systems that can efficiently process solar energy, rep-
licating the natural analogue.™® In the last decades the de-
velopment of artificial photosynthetic systems mimicking
the natural process for solar-energy conversion and exploita-
tion of molecular devices has attracted great interest."! An
important approach to achieve this goal is the development
of electron-donor and -acceptor chromophores linked by
well-defined spacers.”! The role played by the different
spacer is not just structural, as
its chemical nature governs the
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Fullerenes have a three-di- {Bu
men§1qna1, spherical .structure fa: X = c=¢
consisting of alternating hexa- 1b: X = CH:CH

1c: X = CH,CH,

gons (electron rich) and penta-
gons (electron deficient) with
diameters starting at 7.8 A for
Cg. Thus, it is interesting to
relate their properties to con-
ventional two-dimensional -
systems. Their extraordinary
electron-acceptor properties—
predicted theoretically and
confirmed  experimentally—
have resulted in significant ad-
vances in the areas of light-in-
duced electron-transfer
chemistry and solar-energy conversion. It is mainly the small
reorganization energy that fullerenes exhibit in electron-
transfer reactions that is accountable for a noteworthy
breakthrough. In particular, ultrafast charge separation to-
gether with very slow charge-recombination features lead to
unprecedented long-lived radical ion-pair states formed in
high quantum yields.®! As the electron-donor partner, por-
phyrins are among the most frequently studied compo-
nents.! On the other hand, synthetic porphyrin analogues
such as phthalocyanines (Pcs)® present the advantage of ex-
hibiting very high extinction coefficients within a wave-
length range that extends to around 700 nm. Consequently,
Pcs have emerged as excellent light-harvesting antennas for
the incorporation into donor-acceptor systems, especially
for harvesting the red part of the solar spectrum. Torres,
Guldi, and others have developed a wide facet of donor-ac-
ceptor multicomponent systems that are based on phthalo-
cyanines.”! Although several examples of covalent” and
supramolecular® phthalocyanine—fullerene systems for light
harvesting have been reported by us, photoinduced electron
transfer in Pc—Cg, ensembles is not yet fully understood. The
current work is expected to make a significant contribution
to this field of research.
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In this context, we present herein the synthesis and photo-
physical properties of a set of three ZnPc-Cy, conjugates
la-c bearing different spacers (single, double, and triple
bond, see Figure 1). To evaluate the impact of the spacer in
the electron-transfer process, we have included the photo-
physical and theoretical characterization of directly linked
ZnPc-Cg, conjugate 2! under the same measurement con-
ditions, employing vinyl-Pc 3™ as a reference compound.

Figure 1. Structure of ZnPc-Cg, conjugates (1a—c and 2) and ZnPc reference compound 3.

Results and Discussion

Synthesis and characterization: The synthetic strategy to-
wards ZnPc-Cy, conjugates 1a—c consisted of the prepara-
tion of the precursor formyl-phthalocyanines 6-8, followed
by Prato reaction with Cg, and sarcosine (Scheme 1).

The synthesis of formyl-Pc 6 was carried out starting from
iodophthalocyanine precursor 4, which was subjected to a
Sonogashira cross-coupling reaction with propargyl alcohol
in the presence of Et;N, THF, and a catalytic amount of [Pd-
(PPh;),CL,] and Cul, yielding 63 % of derivative 5. Subse-
quent oxidation of § with pyridinium chlorochromate (PCC)
led to 6 in 47% yield. The search for a suitable synthetic
strategy towards the preparation of 7 required the examina-
tion of several methods. Direct reduction of the triple bond
of 6 was excluded, because it would involve reaction condi-
tions that would challenge the integrity of the Pc. Moreover,
even if this procedure provided 7, it would be difficult to
separate this from the precursor 6, because both of these
compounds present the same front (R;) in thin layer chro-
matography (TLC) (see below). In this regard, we decided
to employ a Pd-mediated methodology.

Chem. Eur. J. 2008, 14, 3765-3775
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Scheme 1. Synthesis of ZnPc-Cg, conjugates 1a—c. i) HC=CCH,OH, [Pd(PPh;),Cl,], Cul, THF, Et;N, RT (63 %); ii) PCC, CH,Cl,, RT (47 %); iii) acro-
lein, [Pd(OAc),], NaHCO;, Bu,NCIl, DMF, 20°C (91 %); iv) allylic alcohol, [Pd(OAc),], NaHCO;, Bu,NCI, DMF, 30°C (76 % ); v) Cy, sarcosine, toluene,

reflux.

Our initial plan was to perform a Heck reaction between
4 and an acrolein acetal, namely, 2-vinyl-1,3-dioxolane.
However, this procedure is flawed by the formation of mix-
tures of the desired vinylic substitution products and ester
derivatives from the carbopalladation intermediate, as re-
ported in literature.'”? Therefore, Heck reaction of 4 with
acrolein was envisaged as a useful and straightforward ap-
proach to compound 7. Following the Jeffery protocol,™ Pc
7 was synthesized by palladium-catalyzed vinylic substitution
of acrolein with 4, in the presence of NaHCO;, nBu,NCI,
DMEF, and a catalytic amount of [Pd(OAc),] at 20°C in 91 %
yield. The synthesis of formyl-Pc 8 involved Heck arylation
of allylic alcohol with 4 according to the above-mentioned
Jeffery conditions,"? in 76% yield. Formyl-phthalocyanines
6-8 were finally subjected to a 1,3-dipolar cycloaddition
with Cg, and sarcosine in refluxing toluene to afford conju-
gates 1a—c in 20, 23, and 21 % yields, respectively, after pu-
rification by column chromatography on silica gel using tol-
uene/ethyl acetate mixtures as eluent.

All new compounds were characterized by MALDI-TOF
mass spectrometry, 'H NMR, UV-visible, and FTIR spec-
troscopies. Molecular ions were observed by mass spectrom-
etry, whereas peaks corresponding to [M—Cg]* fragments
were present in the spectra of 1a—c. The '"H NMR spectra
showed the typical pattern of fert-butyl-Pcs with broad sig-
nals. In addition, the characteristic aldehyde signal appeared
in the spectra of formyl-Pcs 6-8, as well as signals corre-
sponding to the pyrrolidine ring in the cases of 1a—c.

Figure 2 summarizes the absorption spectra of formyl-Pcs
5-8 in CHCl;. Interestingly, whereas in Pcs 5 and 8 a single
Q-band is seen, Pcs 6 and 7 exhibit a splitting and red-shift
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Figure 2. Absorption spectra of 5-8 in CHCl; (5§ —, 6 ———, 7 —-—+, 8

of the Q-band in two equally intense peaks resulting from
the extended m-conjugation. The UV-visible spectra of
ZnPc-Cy, conjugates la—c in CHCI; are compared in
Figure 3. With respect to the positions of the Q-band, 1a
and 1b exhibit shifts to higher wavelengths relative to 1ec.
This is in agreement with extending the m-conjugation, espe-
cially for the conjugate with the ethynyl spacer. On the
other hand, the weak absorption observed at 330 nm is char-
acteristic of the [6,6] monoadduct of C,.

ZnPc reference: The optical absorption features of ZnPc 3
were recorded in a variety of solvents (toluene, anisole,
THF, and benzonitrile). At first glance, 3 exhibits in all sol-
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Figure 3. Absorption spectra of la—¢ in CHCl; (1a —, 1b ———, 1¢
..... ).

vents a set of Q-bands, that is, a strong maximum at around
685 nm flanked by a minor maximum at around 610 nm, and
a Soret-band that maximizes at 350 nm. The spectroscopic
features of the ZnPc Q- and Soret-bands relate to S-S, and
S-S, transitions, respectively.!*”

Compound 3 emits strongly in the monitored range be-
tween 620 and 800 nm (Figure S1). This emission, which
originates from the ZnPc singlet excited state, is strong (a
quantum yield of 0.3)! and relatively long-lived (a lifetime
of 3.1 ns). With the help of the long-wavelength absorption
and the short-wavelength fluorescence we have determined
the singlet excited-state energy as 1.8 eV.*®" The corre-
sponding ZnPc triplet excited state lies at around 1.2 eV. To
shed light onto the spectral characteristics of the ZnPc sin-
glet excited state, femtosecond-resolved transient absorption
spectroscopy was employed. For 3, differential absorption
changes reveal in all solvents a maximum at 500 nm fol-
lowed by a set of two minima that are located at 610 and
685 nm. These changes are attributed to the singlet-singlet
absorptions of 3. In 3, the singlet-singlet features decay
slowly to the corresponding triplet manifold. The main spec-
tral feature of the latter is a rather broad transient species,
for which a maximum at 490 nm (see below) was observed
(Figure S2). To confirm the features of the long-lived triplet
excited state, nanosecond-resolved transient absorption
spectroscopy was employed. The differential absorption
spectrum in THF is depicted as a representative example in
Figure S3. It shows a set of two minima, one at around
350 nm and another at around 680 nm. These two minima
are nice reflections of the Soret- and Q-band absorptions
seen at 350 and 680 nm, respectively. In addition, the afore-
mentioned 490 nm maximum is seen, which corresponds to
a triplet-triplet transition. The underlying triplet character
was corroborated by quenching with molecular oxygen. Al-
though in the absence of molecular oxygen the triplet excit-
ed state of 3 decays with a rate constant of 3.5x10%s™
(THF), the presence of molecular oxygen leads to a nearly
diffusion-controlled deactivation (Figure S4). All of these
photophysical properties are in good agreement with those
previously established by Bryce et al.l*”
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ZnPc-Cg conjugates: The electronic ground-state absorp-
tion spectra of the ZnPc-Cg conjugates la—c and 2
(Figure 3) resemble that of the ZnPc reference compound 3:
a strong maximum at around 685 nm is flanked by a minor
maximum at around 610 nm (Q-bands), and a maximum at
350 nm (Soret-band). An additional band, with a 330 nm
maximum, seen in the ZnPc-Cg, conjugates corresponds to a
fullerene-centered transition."®

The spectroscopic absorption features of ZnPc and Cg,
observed in the experiments were further analyzed by calcu-
lations using time-dependent density functional theory. Be-
cause the electronic structure and main excitations of ZnPc
have been discussed in detail before,*l we here focus only
on the main features. The main features of the excitation
spectrum are displayed in Figure4 (black line, also

Intensity / a.u.

300 400 500 600 700 800
Wavelength / nm

Figure 4. Calculated electronic absorption spectrum of ZnPc-Cy, (-—-),
ZnPc (—), and Cgp (++++- ).

Table S1) and all the important molecular orbitals of the
ZnPc molecule are shown in Figure 5. In ZnPc, a strong
band is calculated at 633 nm (experimental: 685 nm,
610 nm; Q-bands), which is assigned to a 2a,, (HOMO) to
7e, (LUMO) transition. Within the range of the 350 nm
peak, several transitions were found in the calculations; the
three most intensive peaks occurred at 329, 361, and
367 nm. These excitations contain large contributions from
orbital transitions 1a;,—7e, (LUMO) and 2a,, (HOMO)—
8e, (Table S1). Notably, the intensity of the 625 and 350 nm
bands are apparently reversed when compared to the exper-
imental data (Figure 3). Overall, we find excellent agree-
ment between the present calculations and those reported
earlier by Ricciardi et al.l'¥]

The simulated absorption spectrum of Cg, is shown in
Figure 4 (dotted line, see also Table S2). The most intensive
part of the spectrum of Cg, is found in the UV range.' In
contrast to pristine Cg, (data not shown), a set of moderately
intensive excitations is found for the Cg, reference within
the spectral range of 420 nm. The most intensive excitation
corresponds to an orbital transition from the HOMO
(196a), a m-type orbital that extends over both the pyrroli-
dine ring and the fullerene framework, to the LUMO+5

Chem. Eur. J. 2008, 14, 3765-3775
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Figure 5. Selected molecular orbitals of ZnPc (D, symmetry); (0)/(v): oc-
cupied/virtual orbital.

(202a), localized predominantly at the methyl pyrrolidine
ring (Figure 6). Cq, exhibits, according to our calculations,
no appreciable electronic transitions with an oscillator
strength above 0.1 at energies below 450 nm. The low-
energy part of the C4 spectrum will be discussed later in
connection with that of the C¢,~ radical anion.

202a (v)

196a (HOMO)

Figure 6. Selected molecular orbitals of Cg,.

The computed absorption spectrum and corresponding
details of salient electronic excitations of ZnPc-Cg, 2 are
shown in Figure 4 (dashed line, see also Table S3). Relevant
molecular orbitals are shown in Figure 7. In general, the mo-
lecular orbitals of the conjugate show the expected resem-
blance to the ZnPc and Cg, orbitals. Only a few orbitals
extend over both the ZnPc and Cy, moieties. The computed
electronic excitation spectrum of ZnPc-Cy, is, in line with
the experiments, dominated by the ZnPc transitions. Peaks
at 642 and 633nm (labels 17A and 19A, “Q-bands”,
Table S3) are assigned to transitions from the HOMO
(342a) to the nearly degenerate virtual orbitals 346a and
347a that are localized on ZnPc (i.e., descendant from the

Chem. Eur. J. 2008, 14, 3765-3775
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Figure 7. Selected molecular orbitals of ZnPc-Cy, 2; (0)/(v): occupied/vir-
tual orbital.

7e, set in ZnPc). These excitations correspond to the degen-
erate 1E, transitions in ZnPc (D,, symmetry, “Q-band”, 2a,,
(HOMO)—7e, orbital transition, Table S1), which, due to
the loss of perfect Dy, symmetry in the conjugate, split into
two close-lying excitations. Likewise, two further pairs of
ZnPc excitations are assigned to transitions into the same
set of virtual orbitals 346a/347a. The first pair labeled 118A/
119A at 413/412 nm (Table S3 in the Supporting Informa-
tion) reflects a dominant transition from occupied orbital
330a (not shown), which is reminiscent of the 6a,, orbital in
ZnPc (D,,). The other pair of excitations at 405 and 402 nm
(126A and 131A) is more intensive (Table S3). It is assigned
to a transition from orbital 326a (Figure 7), which is asym-
metric but may be considered as descendant from the 2b,,
orbital of ZnPc. Hence, the pair of excitations at 405 nm/
402 nm likely corresponds to the 4E, transition in ZnPc
(“By-band”, 2b,,—7e,). The transition computed at an exci-
tation wavelength of 366 nm (180A, “Soret”), which re-
moves an electron from the HOMO of the ZnPc-C,, corre-
sponds to the 5E, and/or 6E, transitions at 363 and 357 nm
in ZnPc."! At 332 and 355 nm, two excitations are comput-
ed that are largely centered on the fullerene moiety of the

— 3769
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conjugate (Table S3). At almost the same excitation wave-
length of 330 nm, the calculations predict another intensive
excitation that can be assigned to the “B, band” of ZnPc
(7E,). The expected properties of a charge-separated
charge-transfer excited state of the 2 conjugate will be dis-
cussed below in terms of the radical fragments ZnPc'* and
Ceo -

To test possible electron-donor-acceptor interactions that
might dominate the excited-state deactivations in the ZnPc—
Cq conjugates (la-c¢ and 2) a series of steady-state and
time-resolved assays were conducted. First evidence, al-
though indirect, came from the quenching of the ZnPc-cen-
tered fluorescence. Besides minor changes in the fluores-
cence maximum (3: 690 nm; 1a: 689 nm; 1b: 681 nm; 1c:
680 nm; 2: 683 nm) the general shape of the fluorescence
spectra is practically identical to that of the ZnPc reference
(Figure 8). However, the intensities are more than one order
of magnitude lower than seen in the ZnPc reference. In fact,
in ZnPc—Cg, 2, which lacks a molecular spacer and in which
ZnPc and Cy, are directly connected, the fluorescence inten-
sity was quenched by two orders of magnitude.

03 .

Emission / a.u.

700 750 800

Wavelength / nm
Figure 8. Fluorescence spectra of the reference (ZnPc 3, m) and the con-
jugates (1a ———, 1b —+—«, 1¢ +++++, and 2 —) in THF upon photoexcita-
tion at 610 nm.

To shed light on the nature and dynamics of a possibly
formed charge-separated radical ion-pair state, femtosec-
ond-resolved transient absorption spectroscopy was em-
ployed. Hereby, ZnPc 3 and all ZnPc-Cy, conjugates (la—c
and 2) were probed under variable conditions.

Note that at very early times the transient absorption
spectra, following photoexcitation of the ZnPc-Cy, conju-
gates (la—c and 2), resemble those seen for the ZnPc refer-
ence 3, which confirms the successful formation of the sin-
glet excited ZnPc state in the conjugates. In stark contrast,
the differential absorption changes decay rapidly to a new
transient that reveals three distinct maxima at 520, 840, and
1000 nm. Whereas the bands at 520 and 840 nm are attri-
butes of the one-electron-oxidized ZnPc radical cation,?”
the band at 1000 nm matches the absorption of the one-elec-
tron-reduced fullerene radical anion.” In summary, we pos-

www.chemeurj.org
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tulate the formation of a radical ion-pair state that evolves
from the photoexcited ZnPc. In Figure 9 and Figures S5-7
representative transient absorption spectra are gathered for
1a, and for 2, 1b, and 1c, respectively.
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Figure 9. Top: differential absorption spectra (visible and near-infrared)
obtained upon femtosecond flash photolysis (670 nm) of 1a in nitrogen-
saturated anisole with several time delays (1 ps m; 102 ps 0; 2892 ps A) at
RT. Bottom: time-absorption profiles of the spectra shown above at
845 nm, monitoring the charge separation and charge recombination.

The quantum yields for charge separation were calculated
taking the ZnPc 3 triplet (£=0.7, £=28900m ' cm™")?? in
THF and the methylene blue triplet (©=0.5, &=
14400M~! cm™ )22 in methanol as references. The extinc-
tion coefficient of the one-electron-oxidized ZnPc*
(29000M " cm™') was taken from Ohno et al.*? The calculat-
ed quantum yields for the formation of the charge-separated
state are gathered in Table 1. Generally speaking, the quan-
tum yields are high with the highest values in anisole and
THEF. In benzonitrile, on the other hand, they drop signifi-
cantly with values as small as 0.56; a trend that is similar to
previously studied donor-acceptor systems.”! Relative to 2,
in which ZnPc and Cy, are directly linked, the quantum
yields drop upon implementation of the spacers in 1a, 1b,
and 1¢, which is likely to relate to a weaker coupling.

Importantly, within the temporal limitations of our femto-
second experiments (3000 ps) both features of the radical
ion-pair state, namely, the one-electron-reduced Cg, radical
anion and one-electron-oxidized ZnPc radical cation, exhibit

Chem. Eur. J. 2008, 14, 3765-3775
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Table 1. Selected photophysical parameters of ZnPc—Cg, conjugates.®)

Solvent 2 1a 1b 1c
lifetimes (7) of radical ion-  benzonitrile 32 36 30 50
pair state [ps] THF 49 154 120 131

anisole 450 1204 979 755

toluene 11000 13000 14000 10000

quantum yield (@) of radi- benzonitrile 0.68 0.56  0.58  0.64
cal ion-pair state formation THF ~1 0.65 068 0.78
anisole 090 081 077 0.76

[a] Upper limit: the time resolution of the ns-laser photolysis system is
12 ns.

a strict mono-exponential decay. To probe the impact that
the solvent polarity and the linker might impose on the radi-
cal ion-pair state lifetime, a variety of solvent polarities,
ranging from toluene to benzonitrile, and the different
spacers, namely, direct linkage (2), single (1a), double (1b),
and triple bond (1¢), were compared with each other. A few
illustrative time-absorption profiles at 845 nm, which repre-
sent the decay of the one-electron-oxidized ZnPc radical
cation, are shown in Figure 10 and Figures S8-10. The femto-
second laser photolysis transient absorption spectroscopy
shows clearly that the lifetime of the radical ion-pair state
depends strongly on the polarity of the solvent: the lifetime
is longer in the less-polar solvents.

AOD/a.u.

P S S S N S S T S T S S S (N SN S S S N ST S N S S S S |

0 500 1000 1500 2000 2500 3000
t/ps

b) r
0.06 | Y

0.04 |

AOD/a.u.

-50 0 50 100 150 200
t/ns
Figure 10. Top: time absorption profiles of the ZnPc radical cation band
at 845 nm for 1a in anisole (2), in THF (o), and in benzonitrile (m).

Bottom: time absorption profiles of the ZnPc radical cation band at
845 nm for 1a in toluene.
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In line with the Marcus theory of electron transfer,”” the
lifetime of the radical ion-pair state depends strongly on the
polarity of the solvent. More precisely, as the solvent polari-
ty decreases the charge-recombination dynamics are pushed
deeper and deeper into the Marcus inverted region. Table 1
lists the lifetimes of the charge-separated states (1a—c and
2).

From femtosecond and complementary nanosecond ex-
periments we gather that the deactivation of the radical ion-
pair state leads mainly through a non-radiative pathway to
direct recovery of the singlet ground state. A minor deacti-
vation channel (<5%) via the ZnPc triplet excited state
cannot be excluded. Similarly, although to a lesser extent,
the linker also impacts the lifetime. In general, the lifetime
of the charge-separated state is shorter in the system that
lacks a linker between the ZnPc and C4, moieties.

To scrutinize the differential absorption of the postulated
radical ion pair, the electronic structure and the electronic
absorption spectra of the ZnPc'* radical cation and the Cq,™
radical anion were investigated theoretically. The low-
energy part of the simulated electronic absorption spectrum
of Cy '~ is shown in Figure 11 (dashed line). It is dominated
by three major bands centered at 546, 809, and 989 nm
(Table S4). Note that in the experimental spectra, three
bands were detected at 520, 840, and 1000 nm. All three ex-
citations contain dominant contributions from transitions
between the singly occupied HOMO (labeled 197a, majority
spin channel) and low-lying virtual m-orbitals. A comparison
of the computed excitation spectra of the Cg~ radical anion
with that of neutral C, at wavelengths above 400 nm
(Figure 11) shows that all three major peaks discussed
above are absent in the spectrum of the neutral Cg mole-
cule. This is because these transitions start from the singly
occupied HOMO (197a), which hosts the extra electron of
the Cg~ radical anion. On the other hand, the neutral Cg,
molecule features an excitation at 423 nm (see above,
Table S2), which is absent in Cy," ™.

The computed electronic absorption spectrum of ZnPc'*
shows two major features at 421 and 696 nm (Figure 12
dashed line, see also Table S5). The lower-energy excitations

0.0005 ~
0.0004

0.0003

Intensity / a.u.

0.0002 [

0.0001 [

600 800 1000
Wavelength / nm

Figure 11. Low-energy part of the simulated electronic excitation spec-
trum of the Cy4"~ radical anion (-—-) and neutral Cy, ( ).
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Figure 12. Simulated electronic absorption spectrum of ZnPc'* (-—-) and
ZnPc (—). Arbitrary units (a.u.) for intensity.

at 696 nm (10A and 11A in Table S5) originate from the
singly occupied HOMO (147a, majority spin channel a), and
thus correspond to the 2a;,—7e, transition of neutral ZnPc
(1E,, “Q-band”, 623 nm, Table S1). The excitations at
421 nm (54A and 55A, see Table S5, minority spin channel
B)**! may be assigned to the 2b,,—7e, (4E,, “Bl band”,
397 nm) transition in neutral ZnPc. All of these excitations
thus correspond to transitions into a set of four almost de-
generate spin orbitals (148a/p, 149a/p) that are descendant
from the 7e, degenerate orbital set in neutral ZnPc (D,
symmetry). A comparison of the computed absorption spec-
tra of neutral ZnPc with that of the ZnPc'* radical cation
shows a strong red-shift for the lower-energy bands upon
one-electron oxidation of ZnPc (see Figure 12). Note also
that the excitations 5E, and 6E, of neutral ZnPc (Table S1)
are computed at considerably higher energies (226 nm, data
not shown), and, therefore, are not discussed here any fur-
ther.

Nyokong et al. have reported excitation bands for ZnPc'*
in methylene chloride solution at 440, 500, 720 (“Q-band”),
and 825 nm based on magnetic circular dichroism experi-
ments.”® Admitting a shift of about 25 nm (due to solvent
effects and/or inaccuracies in the calculations), the first and
the third band mentioned above may be identified with our
computed excitations at 421 nm (4E,, “B1”) and 696 nm
(1E,, “Q”). The weak shoulder at 472 nm in the simulated
spectrum may correspond to the experimental band at
500 nm. Note that the present calculations do not predict
any intensive excitation at wavelengths above 700 nm, that
is, the oscillator strengths of these transitions are invariably
below 0.001.

Conclusion

We have described the synthesis and photophysical proper-
ties of a set of three different ZnPc—Cy, conjugates 1a—c pre-
senting different spacers. The synthetic strategy towards 1a—
¢ consisted of the preparation of the precursor formyl-
phthalocyanines 6-8, using palladium-mediated C-C cou-
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pling methodologies, followed by cycloaddition reaction
with Cy in the presence of sarcosine. The current study
documents that an intramolecular charge transfer starting
from the photoexcited ZnPc to the electron-accepting Cg,
governs the photoreactivity of 1a—¢ and 2. This yields, in
turn, for all ZnPc-Cy, conjugates the one-electron-oxidized
ZnPc radical cation and the one-electron-reduced Cg, radi-
cal anion. Initial charge-transfer evidence came from ZnPc
fluorescence quenching experiments upon comparison of,
for example, 1a—c¢ and 2 with a ZnPc reference 3. Because
the fluorescence quantum yield of ZnPc is well established
with a value of 0.3, we used ZnPc as a reference to deter-
mine the fluorescence quantum yields in the ZnPc—Cy, con-
jugates. The calculated fluorescence quantum yields, follow-
ing 610 nm photoexcitation, are for THF: 1a=0.023; 1b=
0.03; 1¢=0.02; 2=0.003. Additional charge-transfer evi-
dence is based on spectroscopic studies. In particular, femto-
second laser photolysis has clearly helped to establish the
reaction pattern of the photoexcited ZnPc—Cg, namely, elec-
tron transfer from ZnPc to Cy, through the optical signa-
tures of the corresponding one-electron-oxidized radical
cation and one-electron-reduced radical anion at 520, 840,
and 1000 nm, respectively. Complementary density function-
al calculations confirm this assignment by virtue of the exci-
tation spectra of ZnPc't and Cy, ", revealing strong excita-
tion bands near 421 and 696 nm due to the ZnPc'™ moiety,
and bands of somewhat lower intensity near 420, 546, 809,
and 989 nm due to the Cy4~ fragment. Charge separation
was found to be accelerated in the polar media, although
the quantum yield of the charge separation is reduced in
polar solvents (benzonitrile) relative to less-polar media
(anisole). A similar trend was established for the charge-re-
combination process, which can be rationalized within the
framework of the Marcus theory on electron transfer, that
is, a decrease in rate constant as driving force increases.”’!
In fact, Figure 13 corroborates this assumption providing
values for the reorganization energy and electronic coupling
of 0.61 eV and 5.9 cm ™!, respectively.

In the ZnPc-Cg conjugates, a competing intersystem
crossing to the corresponding triplet manifold cannot be
ruled out, albeit in very low quantum yields. This assessment

0 05 1 15 2
-AGE; eV

Figure 13. Driving-force (—AG%,) dependence of intramolecular electron
transfer-rate constants in 2 (charge recombination: e).
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is based on 1) a kinetic comparison and 2) the fact that no
clear evidence for triplet-triplet absorption was found, al-
though the extinction coefficient for the ZnPc triplet excited
state was reported between 18000 and 30000m ' cm .
Although the impact of the linker (single, double, or triple
bond) on the charge separation and charge-recombination
features is rather marginal, the triple-bonded system (1a) is,
nevertheless, showing the longest lifetime of the radical ion-
pair state. Interestingly, the difference between the double-
bonded (1b) and triple-bonded system (1a) resembles the
trend seen in p-phenylenevinylene and p-phenyleneethyn-
ylene.®!

Experimental Section

General: UV/Vis spectra were recorded by using a Hewlett—Packard
8453 and Varian Cary 4E instruments. IR spectra were recorded by using
a Bruker Vector 22 spectrophotometer. MALDI-TOF MS and HRMS
spectra were recorded by using a Bruker Reflex III spectrometer. NMR
spectra were acquired from Bruker AC-300 and AC-500 instruments.
Column chromatographies were carried out on silica gel Merck-60 (230-
400 mesh, 60 A), and TLC on aluminum sheets precoated with silica gel
60 F,s, (E. Merck). Chemicals were purchased from Aldrich Chemical
Co. and were used as received without further purification. Iodo-substi-
tuted ZnPc 4 was prepared according to published procedures.””’ Photo-
physics: Steady-state fluorescence measurements were performed by
using a Fluoromax 3 (Horiba Jobin Yvon). Transient absorption experi-
ments, based on nanosecond laser photolysis, were performed with the
output of the third harmonics (355 nm) coming from a Nd/YAG laser
(Brilliant, Quantel). Moreover, pulse widths of <5 ns with an energy of
10 mJ were selected. The optical detection is based on a pulsed Xenon
lamp (XBO 450, Osram), a monochromator (Spectra Pro 2300i, Acton
Research), a R928 photomultiplier tube (Hamamatsu Photonics), or a
fast InGaAs photodiode (Nano 5, Coherent) with 500-MHz amplification
and a 1-GHz digital oscilloscope (WavePro7100, LeCroy). The laser
power of every laser pulse was registered by using a bypath with a fast
silicon photodiode. The solvents were always of spectroscopic grade. The
ns-laser photolysis experiments were performed by using 1-cm quartz
cells and the solutions were saturated with argon if no other gas satura-
tion is indicated. The femtosecond transient absorption measurements
were carried out with a CPA-2001 femtosecond laser (Clark MXR). The
excitation wavelength was generated with an NOPA (Clark MXR); pulse
widths <150 fs with an energy of 240 nJ were selected.
2,9,16-Tri-tert-butyl-23-(3-hydroxy-1-propynyl)phthalocyaninatozinc(II)
(5): Tri-tert-butyliodophthalocyaninatozinc(I) (4) (100 mg, 0.11 mmol),
[Pd(PPh;),CL,] (8 mg, 0.011 mmol), and Cul (4 mg, 0.02 mmol) were dis-
solved in a mixture of freshly distilled Et;N (0.5mL) and dry THF
(4 mL), under argon atmosphere. Propargyl alcohol (13 pL, 0.22 mmol)
was added to this stirred solution, and the reaction was allowed to pro-
ceed at RT for 20 h. The solvent was removed under vacuum and the re-
sidual solid was dissolved in CHCI;, washed with water and dried over
Na,SO,. After filtration of the drying agent, the solvent was vacuum-
evaporated and the crude product was subjected to column chromatogra-
phy on silica gel using hexane/dioxane (3:1) as eluent to afford 5 as a
blue solid, in the form of a mixture of regioisomers, in 63% yield
(55.4 mg). M.p.>250°C; '"HNMR (300 MHz, [D¢]DMSO, 25°C, TMS):
0=9.4-8.1 (m, 12H; arom. H), 4.6 (br, 2H; CH,0H), 3.7-3.3 (brs, 1H;
OH), 1.8 ppm (m, 27H; C(CH;);); IR (KBr): 7=2954, 2154, 1456, 1385,
1273, 1089, 1038, 919, 865, 829, 764, 746, 691, 670, 600 cm™'; UV/Vis
(CHCL): Apa (log £)=684 (5.02), 614 (4.28), 352 nm (4.73); MALDI-
TOF-MS (dithranol): m/z: 799.3 [M+H]*; HR-MALDI-TOF-MS (dithra-
nol): m/z: caled for C,;H,,NgOZn: 798.2767 [M+H]*; found: 798.2788.
2,9,16-Tri-tert-butyl-23-(2-formylethynyl)phthalocyaninatozinc(IT) (6):
Phthalocyanine 5 (50 mg, 0.062 mmol) was dissolved in anhydrous
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CH,Cl, (10mL) and added in one portion to a suspension of PCC
(40 mg, 0.102 mmol) in anhydrous CH,Cl, (10 mL). The mixture was
stirred for 24 at room temperature, and then filtered over Celite. After
the solvents were evaporated under reduced pressure, the residual solid
was extracted with CHCl;, dried over Na,SO, and purified by column
chromatography on silica gel using hexane/dioxane (3:1) as eluent to
afford phthalocyanine 6 as a green solid in the form of a mixture of re-
gioisomers in 47% yield (23.3 mg). M.p.>250°C; 'H NMR (300 MHz,
[D¢]DMSO, 25°C, TMS): 6=9.8 (s, 1H; CHO), 9.4-8.1 (br, 12H; arom.
H), 1.9 ppm (m, 27H; C(CH;);); IR (KBr): #=2955, 2861, 2181, 1658
(CO), 1611, 1486, 1386, 1364, 1330, 1280, 1256, 1148, 1086, 1046, 989, 920,
830, 747, 672 cm™'; UV/Vis (CHCL): A, (log €)=700 (5.08), 672 (5.04),
641 (4.54), 612 (4.40), 354 nm (4.86); MALDI-TOF-MS (dithranol): m/z:
7973 [M+H]"; HR-MALDI-TOF-MS (dithranol): m/z: caled for
CyH,NgOZn: 796.26111 [M+H]*; found: 796.26135.
2,9,16-Tri-tert-butyl-23-(2-formylethenyl)phthalocyaninatozinc(Il) (7): A
solution of iodophthalocyanine 4 (40 mg, 0.046 mmol), acrolein (0.8 mL,
12 mmol), NaHCO; (16.8 mg, 0.2 mmol), tetra-n-butylammonium chlo-
ride (22 mg, 0.08 mmol), and [Pd(OAc),] (2 mg, 0.009 mmol) in anhy-
drous DMF (3 mL) was stirred at RT under argon atmosphere for 48 h.
Water was added to the reaction mixture and the organic layer was ex-
tracted with ethyl acetate, dried over Na,SO,, filtered and evaporated.
The crude was purified by column chromatography on silica gel using
hexane/dioxane (3:1) as eluent. Compound 7 was obtained as a green
solid in the form of a mixture of regioisomers in 91 % yield (33.4 mg).
M.p.>250°C; 'H NMR (500 MHz, [D¢]DMSO, 25°C, TMS): 6=10.1-9.9
(m, 1H; CHO), 9.4-8.1 (m, 12H; arom. H), 7.4-7.2 (brm, 2H; vinyl H),
1.8 ppm (m, 27H; C(CHj;);); IR (KBr): 7=2954, 1677 (CO), 1607, 1458,
1385, 1330, 1280, 1256, 1122, 1087, 1046, 976, 920, 865, 761, 747, 672,
598 cm™; UV/Vis (CHCL): A (log €)=702 (5.10), 675 (5.05), 642
(4.56), 353 nm (4.86); MALDI-TOF-MS (dithranol): m/z: 799.3 [M+H]*;
HR-MALDI-TOF-MS (dithranol): m/z: calcd for C,;H,NyOZn: 798.2767
[M+H]*; found: 798.2768.

2,9,16-Tri-tert-butyl-23-(2-formylethyl) phthalocyaninatozinc(IT) (8): A so-
lution of iodophthalocyanine 4 (70 mg, 0.08 mmol), allylic alcohol (16 puL,
0.24 mmol), NaHCO; (16.8 mg, 0.2 mmol), tetra-n-butylammonium chlo-
ride (22 mg, 0.08 mmol), and [Pd(OAc),] (1.1 mg, 0.0045 mmol) in anhy-
drous DMF (2 mL) was stirred at RT under argon atmosphere for 48 h.
Water was added to the reaction mixture and the organic layer was ex-
tracted with ethyl acetate, dried over Na,SO,, filtered and evaporated.
The crude was purified by column chromatography on silica gel with
hexane/dioxane (4:1) as eluent. Compound 8 was obtained as a blue solid
in the form of a mixture of regioisomers in 76 % yield (48.8 mg). M.p. >
250°C; '"H NMR (300 MHz, [Dg]acetone, 25°C, TMS): 6=10.0 (s, 1H;
CHO), 9.4-8.0 (m, 12H; arom. H), 3.5-3.3 (brm, 2H; CH,CH,CHO),
3.2-3.1 (brm, 2H; CH,CH,CHO), 1.7-1.5 ppm (m, 27H; C(CH,);); IR
(KBr): 7=2954, 2865, 1720 (CO), 1677, 1612, 1487, 1392, 1363, 1331,
1280, 1256, 1147, 1088, 1047, 921, 829, 761, 746, 671 cm™'; UV/Vis
(CHCLy): Apay (log €)=678 (5.11), 612 (4.48), 350 nm (4.81); MALDI-
TOF-MS (dithranol): m/z: 800.3 [M]*; HR-MALDI-TOF (dithranol): m/
z: caled for C,H,NgOZn: 800.2924 [M]*; found: 800.2907.

General procedure for the preparation of conjugates 1a—c: A dry toluene
solution (50 mL) of Cg, fullerene (94 mg, 0.131 mmol), N-methylglycine
(19.6 mg, 0.22 mmol), and the corresponding formylphthalocyanine 6-8
[6 (for 1a), 7 (for 1b), and 8 (for 1¢)] (0.044 mmol) was heated to reflux
under argon atmosphere for 20 h. The solution was then cooled to RT
and concentrated under vacuum to a volume of approximately 10 mL.
The resulting mixture was poured onto a silica-gel column and eluted
with toluene/ethyl acetate 95:5, passing to toluene/ethyl acetate 8:1, in
order to separate the monoaddition products from the bisadducts and un-
reacted fullerene. Further purification of the monoadducts was achieved
by washing the solid products with acetone, methanol, and hexane.

ZnPc-C,, conjugate la: Intense-green solid; 13.6mg (20%); m.p.
>250°C; 'THNMR (300 MHz, [Dy|THF, 25°C, TMS): 6=9.6-82 (m,
12H; arom. H), 5.6, 5.1, and 4.5 (br, 3H; pyrrolidine H), 3.0 (s, 3H; N-
CH3), 1.9 ppm (m, 27H; C(CH,),); IR (KBr): #=2957, 1613, 1455, 1384,
1261, 1088, 1039, 921, 865, 802, 748, 670, 600, 527 cm™'; UV/Vis (CHCl,):
Jomax (Iog £) =689 (5.14), 678 (5.12), 615 (4.51), 351 (4.96), 255 nm (5.11);
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MALDI-TOF MS (dithranol): m/z: 1545.4 [M]*, 823.5 [M—Cq]*; HR-
MALDI-TOF-MS (dithranol): m/z: caled for C,0HyNoZn: 1543.3084
[M]*; found: 1543.3025.

ZnPc-Cy, conjugate 1b: Intense-green solid; 15.7mg (23%); m.p.
>250°C; 'HNMR (300 MHz, [Ds]THF, 25°C, TMS): 6=9.7-8.4 (m,
12H; arom. H), 7.2-7.0 (br, 2H; vinyl H), 5.1, 4.8, and 4.3 (br, 3H; pyrro-
lidine H), 3.1 (s, 3H; N-CH,), 1.9 ppm (m, 27H; C(CH,);); IR (KBr): 7=
2957, 2776, 1613, 1455, 1261, 1088, 1039, 921, 865, 801, 748, 670, 600,
526 cm™'; UV/Vis (CHCL): A, (log €)=686 (5.17), 617 (4.51), 350
(4.94), 257nm (5.12); MALDI-TOF MS (dithranol): m/z: 1548.1
[M+H]*, 825.3 [M—Cg]"; HR-MALDI-TOF-MS (dithranol): m/z: caled
for C,poH,NyZn: 1545.3240 [M+H]*; found: 1545.3204.

ZnPc-Cg, conjugate 1c: Intense-green solid; 14.3mg (21%); m.p.
>250°C; 'HNMR (500 MHz, [Dg]THF, 25°C, TMS): 6=9.6-8.2 (m,
12H; arom. H), 5.0, 4.4, and 3.9 (m, 3H; pyrrolidine H), 3.2 (s, N-CHj),
2.6-24 (m, 2H; CH,CH,), 1.9-1.6 ppm (2xm, 29H; CH,CH, and C-
(CHs;);); IR (KBr): #=2956, 1613, 1385, 1272, 1089, 1039, 921, 865, 800,
748, 670, 601, 527 cm™'; UV/Vis (CHCLy): Ay, (log £)=679 (5.22), 613
(4.45), 346 (4.91), 256 nm (5.10); MALDI-TOF MS (dithranol): m/z:
1549.5 [M]*, 827.5 [M—Cq)*; HR-MALDI-TOF-MS (dithranol): m/z:
caled for CpoHNoZn: 1547.3397 [M]*; found: 1547.3418.
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