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Introduction

In recent years, inspired in large measure by a desire to
mimic the natural photosynthetic processes, major efforts
have been devoted to developing systems with energy and/
or electron-transfer functions.[1,2] Within the context of this
overarching goal, 18 p-electron aromatic phthalocyanines
(Pc)[3] have emerged as particularly promising building
blocks for the construction of covalent and noncovalent
donor–acceptor conjugates and supramolecular assemblies.
In fact, in combination with other electroactive moieties, es-
pecially electron acceptors, such as fullerenes[4,5] and pery-
lenes,[6] their use has led to systems with attractive photoin-
duced charge-separation characteristics. The motivation to
use Pc is largely driven by their particular optical and elec-
trochemical features, combined with their documented pho-
tochemical stability.[3] The intense absorptions of Pc, not
only in the near-UV (Soret bands at 350 nm), but also in the
near-IR (Q bands at 700 nm) where the maximum of the
solar photon flux occurs, are essentially unique among easily
accessible synthetic chromophores.[7] This makes Pc-based
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systems among the most promising molecular constructs cur-
rently being studied in the area of artificial solar technolo-
gy.[8]

In spite of their advantages, a major limitation for the use
of Pc in creating functional devices is that they do not
absorb well over the full visible spectrum (i.e. , between the
dominant Soret- and Q-band transitions). This is especially
true in the context of developing solar cells, in which broad
photosensitization effects would be desirable. To date, a va-
riety of structural modifications have been made in an effort
to address this limitation, such as the insertion of different
metals and peripheral functionalization. However, the re-
sulting benefits have been limited to the induction of red- or
blueshifted Soret and Q bands; modifications that still leave
a rather broad spectral range without significant absorp-
tions.[7] An attractive alternative strategy for expanding the
absorption features of Pc-based systems as a whole would
involve attaching a chromophoric unit to the Pc framework
that 1) absorbs in a spectral region complementary to that
of Pc, and 2) is capable of transferring its excited-state
energy in a unidirectional fashion to the Pc core. Such a
strategy has already been used to good effect in the creation
of Pc constructs with porphyrins[9] or subphthalocyanines.[10]

However, it has yet to be generalized in terms of using
other chromophores. Among the possible additional chro-
mophores, the spectral features of which would complement
those of Pc, are derivatives of 4,4-difluoro-4-bora-3a,4a-
diaza-s-indacene, a species more commonly known as
Bodipy.[11,12] Bodipy derivatives generally display strong ab-
sorption in the visible spectral region and possess high fluo-
rescence quantum yields for emission maxima that range
from 490 to 650 nm. In fact, several studies have already de-
scribed excited-state interactions between Bodipy deriva-
tives, which act as light-harvesting subunits, and energy ac-
ceptors such as porphyrins,[13] perylenediimides,[14] subphtha-
locyanines,[15] and axially substituted phthalocyanines.[16]

However, to the best of our knowledge, no examples of co-
valently linked, peripherally substituted Bodipy–phthalocya-
nine conjugates have been reported to date. We describe
herein the first such system, the Bodipy–Pc conjugate 1.
This system functions as a panchromatic light-harvesting

system that absorbs light over a broad spectral range and is
able to undergo efficient internal-energy transduction.

Recently, the first example of an axially coordinated
Bodipy–silicon phthalocyanine (SiPc) hybrid was pub-
lished.[16] Our approach differs from this earlier system in
that a direct, peripheral linkage is used to tether the Bodipy
chromophore to the ZnPc core. This leaves the metal free
for axial ligation and permits the further construction of
supramolecular motifs through metal complexation. If this
coordination is used to tether a further electroactive species,
such a supramolecular approach could provide a versatile
and facile entry into complex electron donor–acceptor archi-
tectures. A variety of ligands with electroactive constituents
have already been developed and shown to self-assemble
successfully with the metal centers of porphyrins and phtha-
locyanines to produce ensembles capable of undergoing
photoinduced electron-transfer reactions.[5c,17] In particular,
C60 derivatives functionalized with either pyridine[18] or imi-
dazole[19] were found to form photo- and redox-active elec-
tron donor–acceptor hybrids with ZnPc. In light of this prec-
edent, we have chosen N-(4-pyridiyl)-3,4-fulleropyrrolidine
8[18a] as a ligand and, as detailed below, have found that it
will self-assemble with 1 to form a new and unprecedented
electron donor–acceptor hybrid, Bodipy–ZnPc–C60 (1$8).
Photoirradiation of the resulting three-component complex
1$8 produces a long-lived, charge-separated (radical ion
pair) state, Bodipy–ZnPcC+–C60C

�, that ultimately decays to
produce the ground state. This system differs from earlier
systems in that it contains both a Bodipy–phthalocyanine
and a zinc phthalocyanine–fullerene connection, as opposed
to either couple on its own.

Results and Discussion

Synthesis : Among the methods known to prepare Bodipy
derivatives,[11] one of the more efficient is a three-step pro-
cedure[20] that involves first forming a dipyrromethane deriv-
ative through the acid-catalyzed condensation of an alde-
hyde and pyrrole. This condensation step is followed by an
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oxidation to yield the corresponding dipyrromethene deriva-
tive and subsequent treatment with boron trifluoride ether-
ate. Applying this strategy to the construction of target con-
jugate 1 required a formylphthalocyanine, which could then
be reacted with an appropriately chosen pyrrole. Given the
expected need to enhance solubility, we chose the tri-tert-
butyl-formylphthalocyanine 4, an intermediate described
previously by our research group.[21] 3-Ethyl-2,4-dimethyl-
pyrrole was chosen as the pyrrole to avoid the formation of
undesired side products.[22] Condensation of these two pre-
cursors in dichloromethane under acidic conditions afforded
dipyrromethane 3, as shown in Scheme 1. Dipyrromethane 3

was not isolated; rather, it was oxidized in situ by treatment
with p-chloranil to give the corresponding dipyrromethene
2. Following flash chromatographic purification on alumina,
compound 2 was subject to deprotonation (treatment with
triethylamine) and treated with boron trifluoride etherate to
afford the Bodipy–ZnPc conjugate 1 in an overall yield of
28 %.

A slightly revised procedure was employed to prepare a
Bodipy reference compound (6 ; Scheme 2). In this case, 3-
ethyl-2,4-dimethylpyrrole was condensed with tert-butylben-
zaldehyde in dichloromethane under acidic conditions. This
was followed by oxidation with p-chloranil, deprotonation

with triethylamine, and reaction with boron trifluoride
etherate to effect boron complexation.

Compounds 1 and 6 were characterized by means of mass
spectrometry, elemental analysis, and absorption and NMR
spectroscopies (see the Supporting Information). The ten-
dency of Pc to form aggregates, especially at the concentra-
tions required to acquire reasonable NMR spectra compli-
cated analyses in the case of 1 (Figure S6 in the Supporting
Information). The isolation of positional isomers of 1 re-
flects the fact that starting material 4[21] is a regioisomeric
mixture, and rendered the recording and interpretation of
the 1H NMR spectrum difficult. Nevertheless, MALDI mass

spectrometry provided evidence
for the formation of the inter-
mediate dipyrrin 2 and the final
Bodipy–ZnPc conjugate 1, as
did combustion analyses in the
case of the latter species. Ab-
sorption spectroscopic studies
provided additional confirma-
tion of the formation of 2 and
1. In particular, the UV/Vis
spectrum of dipyrrin–ZnPc 2
(Figure 1) proved to be quite
similar to that of an ordinary
Pc displaying, for example, the
symmetrical features seen for
tetra-tert-butyl ZnPc 7 (a
350 nm Soret band and 679 nm
Q-band transition). The effect
of boron chelation and conver-
sion to hybrid 1 is also apparent
on inspection of Figure 1. For
instance, a 2 nm redshift in the
Pc-based Q band is observed.
In addition, an intense absorp-
tion band centered at 529 nm,
characteristic of a Bodipy com-
plex including specifically refer-
ence compound 6, is seen in 1
that is not present in the boron-
free precursor 2. Such spectral
features, when combined with
those of the ZnPc, give rise to a
panchromatic system that ab-

sorbs over a large portion of the visible spectral region. Ad-
ditional support for the proposed boron complexation came
from 1H NMR spectroscopic analyses. For instance, all of
the aliphatic methylene protons in 6, and those that could
be identified in the spectrum of 1, exhibited the chemical
shifts expected for a boron–dipyrrin complex.

Electrochemistry : The solution electrochemistry of 1, and of
the Bodipy and ZnPc reference compounds 6 and 7, was
studied by using cyclic voltammetry (CV). The data are pre-
sented in Figure 2 and are collected in Table 1.

Scheme 1. One-pot, three-step synthesis of 1.
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Bodipy–ZnPc conjugate 1 is electrochemically active in
both the anodic and cathodic sweep directions; that is,
redox processes are seen upon scanning between 0.6 and
�2.0 V (see Figure 2). In the cathodic scan, system 1 exhib-
its two reversible reduction peaks at around �1.38 and
�1.59 V, respectively. The first one-electron reduction pro-
cess correlates well with the first reduction of ZnPc. The
second process involves two electrons and is ascribed to the
overlapping reductions of Bodipy (first reduction wave) and
ZnPc (second reduction wave) based on comparisons with
the reference systems 6 and 7. To the extent these assign-
ments are correct, the two ZnPc-based reductions in 1 are

Scheme 2. Synthesis of the Bodipy reference system 6 and depictions of the ZnPc reference compound 7 and the N-pyridylfulleropyrrolidine electron ac-
ceptor 8.

Figure 1. Absorption spectra of Bodipy reference 6 (dashed line), ZnPc
reference 7 (dotted line), and Bodipy–ZnPc 1 (solid line) recorded in tol-
uene.

Figure 2. Cyclic voltammograms of compounds 1, 7, and 6 as determined
in acetonitrile in the presence of 0.1 m TBAClO4 (used as the supporting
electrolyte). See the Supporting Information for further details of these
analyses.

Table 1. Electrochemical data (V vs. Ag/AgNO3) corresponding to the
redox processes of compounds 1, 6, and 7 as determined by CV analyses
(sweep rate= 0.1 V s�1) carried out in acetonitrile (0.1 m TBAClO4) at
room temperature. All measurements were carried out under identical
experimental conditions. Errors are estimated at �25 mV for the tabulat-
ed values.

Ered
2 [V] Ered

1 [V][a] Eox
1 [V] Eox

2 [V]

1 �1.59[a, b, c] �1.38[a] 0.13[d] 0.29[d]

6 – �1.58 – –
7 �1.50 �1.20 0.14 0.34

[a] Pc-based reduction. [b] Bodipy-based reduction. [c] Two-electron un-
resolved process. [d] Two-electron poorly resolved process.

www.chemeurj.org � 2010 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Chem. Eur. J. 2010, 16, 1929 – 19401932

T. Torres, D. M. Guldi, J. L. Sessler et al.

www.chemeurj.org


shifted to more negative values by 180 and 90 mV, respec-
tively, relative to 7.

In the anodic scan, conjugate 1 reveals an electrochemi-
cally irreversible, two-electron oxidation process (DEp =

240 mV), which is poorly resolved even at scan rates of 20
to 600 mV s�1. Based on a comparison with 7, this oxidation
process is believed to reflect the coalescence of the two
ZnPc oxidation processes, tentatively assigned as occurring
at 0.13 and 0.29 V, respectively. On this basis, it is thought
that the second ZnPc oxidation is shifted in the negative di-
rection by 50 mV. Such a shift, mirroring what is seen upon
reduction, is taken as evidence of electronic communication
between the Bodipy and ZnPc subunits in the ground-state
form of 1.

Considering the well-documented tendency of ZnPc to in-
teract with various axial ligands, including C60 derivatives
functionalized with either pyridine or imidazole metal ligat-
ing groups, we postulated that 1 could be used to create the
photoactive ensemble 1$8 by treatment with N-(4-pyridi-
yl)-3,4-fulleropyrrolidine (8). As a first step towards charac-
terizing this putative supramolecular ensemble, we analyzed
the electrochemical features of both the ZnPc reference (7)
and the target Bodipy–ZnPc conjugate 1 in the presence of
the C60 derivative 8 (affording 7$8, and 1$8, respectively).
In addition to the aforementioned Bodipy- and ZnPc-cen-
tered process, we note the expected first, second, and third
one-electron reductions of C60 at �0.95, �1.33, and �1.85 V
versus Fc/Fc+ , respectively. Considering the first one-elec-
tron ZnPc oxidation (7$8 : +0.08 V; 1$8 : 0.32 V) and the
first one-electron C60 reduction (7$8 : �0.95 V; 1$8 :
�0.95 V), different radical-ion-pair-state energies evolve
(7$8 : 1.03 V; 1$8 : 1.28 V).

Photophysical properties : Further insights into the electron-
ic interactions between the Bodipy and ZnPc constituents in
1 came from absorption spectroscopic studies (Figure 1).
Bodipy is characterized, among other things, by strong ab-
sorption features in the blue spectral region (lmax =525 nm),
which are assigned to S0–S1 transitions. Likewise, ZnPc gives
rise to S0–S1 transitions that are substantially redshifted rela-
tive to those of Bodipy (lmax = 680 nm; Q band). In addition,
S0–S2 transitions are discernable at 350 nm (B band). In the
Bodipy–ZnPc conjugate 1, all of the Bodipy- and ZnPc-cen-
tered features are readily discernible, with maxima that are
shifted bathochromically by around 3 nm. Although not
large, such shifts are consistent with the ground-state inter-
actions inferred from the electrochemical studies. A prelimi-
nary molecular modeling study has been carried out; it
shows that the Bodipy and ZnPc planes are not completely
orthogonal. Such a relative orientation allows for a degree
of orbital overlap and is expected to favor the observed
electron delocalization between the two subunits.

An initial characterization of the excited-state properties
of 1 was made by using steady-state fluorescence spectrosco-
py. Here, it was found that subjecting ZnPc 7 to irradiation
in the region of the S0–S1 transitions (at lex =660 nm), gives
rise to a strong fluorescence emission in the red spectral

region (lem =690 nm), for which a quantum yield of 0.30 has
been established (Figure 3). Similarly, when exciting 1 at
660 nm, the wavelength at which the ZnPc moiety absorbs

preferentially, a ZnPc-centered fluorescence was seen. A
comparison of the lem with that of 7 reveals a bathochromic
shift of about 2 nm, which parallels the modest differences
seen in the absorption features of 7 and 1. The overall quan-
tum yield of 0.27 is similar to that seen for 7.

Much greater differences were seen when the photophysi-
cal properties of 1 were compared with those of the Bodipy
reference system 6. This latter reference compound displays
a quantum yield of 0.68, and as expected for complexes of
this type, gives rise to an emission at around 540 nm when
excited at or near its absorption lmax. In marked contrast,
when 1 is excited in the region of Bodipy absorption, essen-
tially no fluorescence emission from this latter chromophore
is seen (the quantum yield is ca. 0.02 for the Bodipy fluores-
cence). Rather, emission is seen in the red portion of the
spectrum, with ZnPc-like fluorescence features being seen
at 680 nm. As the ZnPc absorption is minimal at the excita-
tion wavelength, we interpret such findings in terms of sin-
glet-state energy transfer from the photoexcited Bodipy to
the ZnPc core. Based on the ZnPc fluorescence quantum
yield (0.07 in the case of 1), the efficiency of this energy
transduction process is calculated to be approximately 25 %.

The fluorescence properties of 1 and the associated con-
trol system 6 were examined in greater detail by carrying
out time-resolved measurements using time-correlated,
single-photon-counting techniques (Figure 4). When the
Bodipy reference system 6 was subject to photoexcitation at
467 nm in solvents such as toluene and THF, an analysis of
the 540 nm fluorescence signal revealed a lifetime of 5.4 ns.
In stark contrast, exciting 1 at 467 nm produced no detecta-
ble fluorescence signal at 540 nm within the lower time limit
of our experimental setup (200 ps). However, when this

Figure 3. Steady-state fluorescence spectra, recorded in toluene with exci-
tation at 480 nm, of Bodipy reference 6 (solid line) and Bodipy–ZnPc 1
(dashed line) with matching absorption at the excitation wavelength at
room temperature.
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same 467 nm excitation process was monitored at 690 nm
(i.e., at the ZnPc fluorescence wavelength), a lifetime of
3.1 ns was obtained for 1. A similar lifetime was also derived
when either 6 or 1 was subject to photoexcitation at 647 nm
(i.e., at the ZnPc absorption wavelength). Such observations
are consistent with the ultrafast energy-transfer scenario in-
ferred from the steady-state measurements described above.

Further confirmation for the proposed energy-transfer hy-
pothesis was obtained from an analysis of the excitation
spectra. By following the ZnPc fluorescence at 700 nm, exci-
tation spectra of 1 could be recorded; these were found to
exhibit the spectral characteristics of ZnPc at 350, 610, and
680 nm, as would be expected were energy transfer taking
place. However, as shown in Figure S12 in the Supporting
Information, an additional spectral signature, namely, that
of Bodipy at 525 nm, is also seen; this is consistent with a
contribution from the Bodipy subunit to the overall fluores-
cence profile of the mixed Bodipy–ZnPc conjugate 1.

Femtosecond transient absorption spectroscopy was used
to obtain further insights into the excited-state interactions
in the Bodipy–ZnPc conjugate 1 and to corroborate the pro-
posed energy-transfer process. The reference systems ZnPc
7 (Figure S13 in the Supporting Information) and Bodipy 6
(Figure S14 in the Supporting Information) together with
hybrid 1 (Figures 5 and 6), were probed with 150 fs laser
pulses. Either 520 or 680 nm excitation was used to excite
the Bodipy and ZnPc constituents, respectively. In the case
of ZnPc 7, the singlet excited state, which is formed essen-
tially right after the laser pulse, includes a broad transient
maximum at 490 nm, a transient bleaching between 610 and
680 nm, and another transient maximum at 810 nm. These
features correlate with what would be expected for an S0–S1

transition involving the ground state of ZnPc. The singlet
transient produced upon photoexcitation of 7 decays with a
lifetime of 3.0 ns by intersystem crossing into the corre-
sponding triplet manifold. The main spectral features of the
latter state consist of a maximum at 500 nm and two minima

at 350 and 680 nm. In the absence of molecular oxygen, the
triplet state relaxes slowly to the ground state within about
120 ms.

In the case of the Bodipy reference system 6, excitation at
387 or 520 nm gives rise to transient absorption changes im-
mediately after the laser pulse that are dominated by a
ground-state bleaching in the 540 nm spectral range. These
features decay within 5.6 ns in toluene—a value that is in ex-
cellent agreement with the lifetime derived from the fluores-
cence lifetime measurements (5.4 ns) discussed above.
Again, this value is consistent with conversion to the triplet
ground state.

Subjecting 1 to 680 nm excitation gives rise to the same
spectral features as were recorded for ZnPc 7. However, in
the case of 1, additional ground-state bleaching was ob-
served in the spectral region corresponding to the Bodipy
absorption, that is, around 530 nm. The intersystem crossing,
for which a lifetime of 3.1 ns is estimated, is not affected by
the presence of the Bodipy subunit.

A very different picture emerges when a 520 nm laser
pulse is used to photoexcite 1. In this case, formation of the

Figure 4. Time-resolved fluorescence spectra (TCSPC) of Bodipy refer-
ence 6 recorded at 540 nm (solid line; photoexcitation at 467 nm),
Bodipy–ZnPc 1 at 690 nm (dotted line; photoexcitation at 467 nm), and
ZnPc reference 7 at 690 nm (dashed line; photoexcitation at 647 nm).

Figure 5. Top: Differential absorption spectra (visible and near-infrared)
obtained upon femtosecond flash photolysis (680 nm) of 1 (�10�6

m) in
argon-saturated toluene with time delays of 5 (filled circles) and 3000 ps
(crosses). Bottom: Time versus absorption profiles at 595 (crosses) and
812 nm (filled circles) of the spectra shown above, monitoring the inter-
system crossing in toluene.
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singlet excited state of Bodipy is observed right after the
laser pulse, as inferred from the observation of a transient
bleaching feature at 545 nm. In contrast to what is seen with
the Bodipy reference system 6 (see above), the decay of this
presumed singlet excited state of 1 is remarkably fast (5 �
1011 s�1) and is complete within 2 ps. The product of this
decay process is not the triplet excited state of Bodipy, but
rather the ZnPc singlet excited state, as determined from
the observation of the characteristic spectral features at 490
and 810 nm. Importantly, the ZnPc singlet-excited-state for-
mation kinetics of �2 ps are a qualitative match for those
corresponding to the Bodipy singlet-excited-state decay.
This value is consistent with a strong electronic coupling be-
tween the Bodipy and ZnPc subunits in the excited state.
However, the poor spectral overlap between the Bodipy
fluorescence and the ZnPc absorption renders the actual
energy transduction process rather inefficient (25 %); see
above.

In the final part of our investigations, we sought to take
advantage of the complexation chemistry of the ZnPc

moiety and produce a three-component supramolecular en-
semble, Bodipy–ZnPc–C60 (1$8).[23] Motivation for generat-
ing this particular ensemble came from an appreciation that
the oxidation potentials of the ZnPc subunit in 1 were anod-
ically shifted relative to those of the ZnPc reference 7. This
shifting raises the energy of the radical-ion-pair state in 1
and could provide a potent means of retarding the undesired
charge recombination in the case that a “follow-up” elec-
tron-transfer reaction could be engendered. We considered
it probable that use of the functionalized electron acceptor
N-(4-pyridiyl)-3,4-fulleropyrrolidine (8), through coordina-
tion to the ZnPc moiety, would allow for such a follow-up
electron-transfer process.

With the goal of producing 1$8 and testing its viability as
a charge-separating device, conjugate 1 was subject to titra-
tion with 8. As in previous examples,[24] axial coordination
of C60 was expected to take place at ZnPc, thus affording
the electron donor–acceptor hybrid, Bodipy–ZnPc–C60

(1$8). Indeed, as detailed below, all available evidence
leads us to conclude that this hybrid is not only formed, but
that is also produces a long-lived charge-transfer state upon
appropriate photoexcitation.

As illustrated in Figure 7, quite drastic quenching of the
ZnPc fluorescence is seen when C60 (in the form of 8) is ti-
trated into a solution of 1 in toluene. Over the concentration
range tested (2.0� 10�7–2.0 � 10�5

m) the fluorescence intensi-
ty drops to less than 7 % of the initial value. In other words,
the quenching in 1$8, in which C60 is presumed to be axial-
ly coordinated to ZnPc, exceeds 93 % regardless of direct
ZnPc excitation (100 %) or indirect Bodipy-derived photo-
sensitization (25 %). Such changes are fully consistent with
an efficient charge-transfer process taking place between
the photoexcited ZnPc and C60. Corresponding titration ex-
periments with 1 and a C60 derivative that lacks the coordi-
nating pyridine functionality leads to the observation of ab-
sorption features that are a simple linear sum of the individ-
ual features and, in the case of the corresponding fluores-
cence spectra (Figure 7 and Figure S15 in the Supporting In-
formation), to an insignificant quenching of the original
ZnPc-centered features.

The observed exponential concentration/fluorescence re-
lationship was used to quantify the association between 1
and 8. To do this, the intensity data at 690 nm were recorded
and plotted versus the C60 concentration (Figure 7). The
binding profile obtained in this way was typical of a 1:1 as-
sociation process. Nonlinear curve fitting allowed the associ-
ation constant for the interaction of 8 with 1 to be calculat-
ed; the resulting Ka was (1.7�0.2)� 106

m
�1. This large asso-

ciation constant is, on one hand, consistent with what has
been observed for the formation of a 1:1 complex between 8
and ZnPor (Por = tetraphenylporphyrin) for which a Ka of
105

m
�1 has been recorded.[18b] On the other hand, it reflects

the weakening of the in-plane Zn�Npyrrole coupling (ZnPc
versus ZnP) and the strengthening of the axial Zn�Npyridine

bond.[4f]

The fluorescence quantum yields at the plateau values
were also used to evaluate the dynamics of the excited-state

Figure 6. Top: Differential absorption spectra (visible and near-infrared)
obtained upon femtosecond flash photolysis (520 nm) of 1 (�10�6

m) in
argon-saturated toluene with time delays of 5 (filled circles) and 3000 ps
(crosses). Bottom: Time versus absorption profiles at 545 (filled circles)
and 812 nm (crosses) of the spectra shown above, monitoring the energy
transfer in toluene.
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deactivation process in 1$8. By comparing the relative
quantum yields of the ZnPc subunits in 1 (for which an in-
tersystem crossing rate constant of 1.8 � 108 s�1 was calculat-

ed from the intrinsic decay of the singlet excited state; see
above) and 1$8 (in which strong quenching was observed),
a charge-transfer rate constant of 3 � 109 s�1 could be calcu-
lated.

Transient absorption spectroscopy confirmed the pro-
posed charge-transfer mechanism. Immediately after sub-
jecting the ensemble 1$8 to a 150 fs laser pulse at 520 nm,
the formation of the Bodipy singlet excited state is seen, as
evidenced by its signature bleaching at 545 nm. As in the
case of 1, in the absence of added 8, energy transfer occurs
with a rate constant of 5 �1011 s�1 to produce the ZnPc sin-
glet excited state, inferred from the observation of the char-
acteristic spectral features at 490 and 810 nm. However, in
contrast to what is seen in 1, a further charge-separation
process takes place in the supramolecular ensemble 1$8, as
detailed below.

Figure 8 illustrates that the ZnPc singlet excited state pro-
duced following laser excitation of 1$8 at 520 nm is meta-
stable and transforms rapidly (4.7 �1010 s�1) into a new spe-
cies. As this occurs, spectral features characteristic of the
one-electron oxidized form of ZnPc and the one-electron re-
duced form of C60 are seen to grow at 840 and 1010 nm, re-
spectively. Such a spectral evolution is consistent with a pro-
cess of intraensemble charge transfer that yields a Bodipy–
ZnPcC+–C60C

� radical-ion-pair state. Within the instrumental
detection range of our femtosecond setup, that is, 3 ns, this
Bodipy–ZnPcC+–C60C

� photoproduct is stable. In analogous
experiments with 1 and a C60 derivative that lacks the coor-
dinating pyridine functionality only the formation of the
ZnPc singlet excited state features (680 nm excitation) and
Bodipy singlet excited state/ZnPc singlet excited state fea-
tures (520 nm excitation) are seen.

In complementary nanosecond experiments, exciting at
532 nm, the near-infrared region displays the same differen-
tial absorption changes that were seen during the femtosec-
ond experiments (Figure 9). A multiwavelength analysis of
the time versus absorption profiles in the 840 (ZnPcC+) and
in the 1020 nm (C60C

�) spectral ranges leads to a radical-ion-
pair-state lifetime of 39.9 ns (2.5 � 107 s�1). Beyond this time
window, only residual absorption features ascribed to the
ZnPc triplet excited state can be observed, namely, a broad
transient at 500 nm, followed by a weaker transient in the
800 nm region (see Figure 9). This is consistent with an evo-
lution of the charge-separated state to produce a long-lived
triplet state (at an energy level of �1.2 eV relative to the
ground state). However, the quantum yield for the produc-
tion of this triplet state is quite low (i.e., less than 5 % as in-
ferred by the comparative method using 7), leading us to
conclude that mostly (i.e., 95 %) direct recombination to the
ground state occurs.

When the control ZnPc system 7, an electron donor–ac-
ceptor hybrid lacking the Bodipy functionality, was studied
in the presence of the coordinating electron acceptor 8, a
similar charge-transfer evolution was seen following photo-
excitation of the ZnPc subunit. However, in stark contrast
to what was seen in the case of ensemble 1$8, the lifetime
for the complex produced in the case of this control system

Figure 7. Top: Steady-state fluorescence spectra (lex =540 nm) of 1 (2.0 �
10�6

m) recorded at different concentrations of 8 (0–2.0 � 10�5
m) in nitro-

gen-saturated toluene at room temperature. Middle: Steady-state fluores-
cence spectra (lex = 540 nm) of 1 (2.0 � 10�6

m) recorded at different con-
centrations of a C60 reference (0–2.0 � 10�5

m) in nitrogen-saturated tolu-
ene at room temperature. Bottom: Plot of I/I0 versus [8] (solid line) and
I/I0 versus [C60 reference] (dashed line) used to determine the association
constant.
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(ensemble 7$8) is less than 5 ns (i.e., the rate constant for
charge recombination is >2.0 �108 s�1). On this basis, we
propose that the Bodipy subunit not only plays a useful role

in light harvesting, but also serves to stabilize the radical-
ion-pair state produced following photoexcitation of the
supramolecular ensemble 1$8. Another set of control ex-
periments led us to test 1 with a C60 derivative (0–10�5

m)
that lacks the coordinating pyridine functionality. Here, the
only appreciable transient that could be observed was that
associated with the ZnPc triplet excited state of 1. The spec-
tral evolution of this feature was consistent with this state
being subject to a near-diffusion-controlled deactivation
(7.7 �107

m
�1 s�1). However, this putative deactivation pro-

cess did not give rise to any stable photoproduct, as far as
we could detect. In line with previous studies, we rationalize
this latter finding to a lack of sufficient solvent stabilization,
toluene in the present instance, to allow for the generation
of an observable intermolecular radical-ion-pair state.[4]

Figure 8. Top: Differential absorption spectra (visible and near-infrared
part) obtained upon femtosecond flash photolysis (520 nm) of 1$8
(�10�6

m) in argon-saturated toluene with time delays of 5 (filled circles)
and 100 ps (crosses). Middle: Time versus absorption profiles at 842
(filled circles) and 1010 nm (crosses) of the spectra shown above, moni-
toring the energy-transfer and charge-separation processes in toluene.
Bottom: Time versus absorption profiles at 842 (filled circles) and
1010 nm (crosses) of the spectra shown above, illustrating the stability of
the charge separation.

Figure 9. Top: Differential absorption spectra (visible and near-infrared
part) obtained upon nanosecond flash photolysis (532 nm) of 1$8
(�10�6

m) in argon-saturated toluene with a time delay of 10 ns at room
temperature. Bottom: Time versus absorption profile at 1000 nm (black
line) of the spectra shown above, monitoring the charge recombination
process in toluene and the corresponding kinetic simulation of the time
versus absorption profile using ACUCHEM with the rate constants
stated above (ZnPc triplet-excited-state formation: dotted line; C60

·�

decay: dashed line; sum of both: solid line).
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Conclusion

In summary, a novel, panchromatic Bodipy–ZnPc conjugate
1 has been designed, synthesized, and probed with respect
to its intramolecular energy- and charge-transfer reactions.
Importantly, conjugate 1, absorbing in two disparate but
complementary sections of the solar spectrum (Bodipy:
525 nm; ZnPc: 680 nm), represents the first example in
which a Bodipy unit has been linked covalently to a periph-
eral position of ZnPc. In this hybrid there is considerable
electronic interaction between the photo- and redox-active
constituents, namely, ZnPc and Bodipy, in the ground state.
Upon being subject to photoexcitation at 480 nm, an intra-
molecular transduction of singlet-excited-state energy
occurs; this funnels the excitation from the light-absorbing
and energy-donating Bodipy (2.3 eV) to the energy-accept-
ing ZnPc (1.8 eV) subunit. The net result is photosensitiza-
tion of the ZnPc moiety by means of Bodipy photoexcita-
tion.

In the absence of an added electron acceptor, neither ki-
netic nor spectroscopic evidence has been found that would
support the notion of charge transfer (as opposed to energy
transduction) between the Bodipy and ZnPc constituents.
When such an acceptor is present, specifically a C60 moiety
provided through pyridine coordination of 8 to the ZnPc
metal center (resulting in formation of the electron donor–
acceptor hybrid 1$8 as noted above), a sequence of energy-
and electron-transfer reactions occur following photoexcita-
tion. Taken together, these serve to convert the Bodipy sin-
glet excited state formed immediately upon photoexcitation
into a Bodipy–ZnPcC+–C60C

� radical-ion-pair state (1.28 eV)
with an overall conversion efficiency of 25 %. The lifetime
of this charge-separated state reaches a remarkable value of
39.9 ns in toluene. This stands in marked contrast to what is
seen in a reference system consisting of the ensemble pro-
duced through the interaction of ZnPc 7 and the pyridine-
functionalized C60 system 8 (i.e. , 7$8), in which the lifetime
is less than 5 ns. The differences in radical-ion-pair-state life-
times are attributed in part to the anodic shifts of the ZnPc
oxidation potential produced as the result of linking a
Bodipy subunit to the zinc phthalocyanine in the case of 1
(but not 7). This change in energetics persists upon complex-
ation of 8, such that the free-energy changes associated with
the charge recombination are greater in 1$8 than in 7$8
(specifically, 1.28 vs. 1.03 eV). This shifts the driving force
for charge recombination deeper into the Marcus inverted
region and serves to retard, as desired, the rate of ZnPcC+

radical cation–C60C
� radical anion recombination in the more

elaborate three-component supramolecular ensemble 1$8,
relative to the simpler two-component system 7$8. The
present work serves to illustrate not just the benefits that
can accrue from linking a Bodipy subunit to a Pc core, but
also the advantages of using the principles of self-association
to produce strongly coupled Pc-based electron-active mole-
cules for energy- and/or electron-transfer purposes.

Experimental Section

General : Details about solvent purification, instrumentation, and photo-
physical methods are provided in the Supporting Information.

Dyad 1: One drop of trifluoroacetic acid (TFA) was added to a degassed
solution of tri-tert-butylformylphthalocyaninatozinc(II) (50 mg,
0.06 mmol) and 2,4-dimethyl-3-ethylpyrrole (16 mg, 0.13 mmol) in dry di-
chloromethane (10 mL). The solution was stirred at room temperature
for allowing 4 h for the complete consumption of aldehyde 4. p-Chloranil
(16 mg, 0.06 mmol) was added and the resulting mixture stirred over-
night. The reaction mixture was washed with water, then the organic
layer was separated, dried over MgSO4, and the solvent evaporated
under reduced pressure. The crude compound was purified by flash
column chromatography (Al2O3, 4:1 CHCl3/CH3OH) to afford a purple
powder (38 mg) containing dipyrrin 2 as supported by mass spectrometry.
MS (MALDI-TOF, dithranol): m/z : 999.4 [M+H]+ (see Figure S4 in the
Supporting Information); UV/Vis (CHCl3): lmax =351, 679 nm. In this
particular case, the 1H NMR spectrum is quite uninformative, showing
broad signals that are ascribed to the strong aggregation of the com-
pound at the concentration required for analysis. 1H NMR (300 MHz,
[D6]DMSO, 25 8C, TMS): d=0.97–1.35 (m, 12H), 1.63–1.91 (m, 27H),
2.17–2.52 (m, 10H), 7.24–9.16 ppm (m, 14H). Boron trifluoride diethyl
etherate (0.4 mL, 0.32 mmol) was added to a solution of 2 (33 mg,
0.03 mmol) in a mixture of dichloromethane (2 mL) and triethylamine
(1 mL). The mixture was stirred at room temperature for 3 h. The solu-
tion was washed with water, and then the organic layer was separated
and dried over Na2SO4. The crude compound was purified by flash
column chromatography (SiO2, 4:1 CHCl3/CH3OH) to afford a purple
solid (16 mg, 28% overall yield). M.p. >220 8C; 1H NMR (300 MHz,
[D6]DMSO, 25 8C, TMS): d =0.70–1.20 (m, 6H), 1.30–1.37 (m, 6H), 1.60–
1.80 (m, 27H), 2.15–2.30 (m, 4H), 2.35–2.45 (m, 6 H), 8.05–8.35 (m, 4H),
9.15–9.75 ppm (m, 8 H); IR (KBr): ñ =752, 833, 914, 1080, 1259, 1327,
1491, 1612, 2955, 3393 cm�1; UV/Vis (CHCl3): lmax (log e)=350 (4.9), 529
(4.7), 680 nm (5.2); MS (MALDI-TOF, dithranol): m/z : 1047.4 [M +H]+ ;
elemental analysis calcd (%) for C61H61BF2N10Zn·1.5 H2O: C 68.13, H
6.00, N 13.02; found: C 68.18, H 6.27, N 12.85.

Compound 6 : One drop of TFA was added to a degassed solution of 4-
tert-butylbenzaldehyde (135 mg, 0.83 mmol) and 2,4-dimethyl-3-ethylpyr-
role (208 mg, 1.71 mmol) in dry dichloromethane (10 mL). The solution
was stirred at room temperature for 4 h for complete consumption of the
aldehyde. p-Chloranil (206 mg, 0.84 mmol) was added and the solution
was stirred overnight at room temperature. After evaporation of the sol-
vent under reduced pressure, the crude product was purified by flash
column chromatography (Al2O3, CH2Cl2/CH3OH 5:1) to afford a brown
solid. The resulting dipyrrin was then dissolved in a mixture of dichloro-
methane (10 mL) and triethylamine (5 mL) and treated with boron tri-
fluoride diethyl etherate (0.3 mL, 4.15 mmol). The solution was stirred at
room temperature for 3 h, washed with water, and the organic phase was
separated and dried over Na2SO4. The crude product was then purified
by flash column chromatography (SiO2, 4:5 hexanes/CHCl3) to afford an
orange solid (76 mg, 21%). M.p. >220 8C; 1H NMR (300 MHz, CDCl3,
25 8C, TMS): d =0.97 (t, J= 7 Hz, 6H), 1.19 (s, 6 H), 1.36 (s, 9H), 2.27 (q,
J =7 Hz, 4 H), 2.32 (s, 6H), 7.21 (d, J =8 Hz, 2 H), 7.42 ppm (d, J =8 Hz,
2H); 13C NMR (75 MHz, CDCl3, 25 8C, TMS): d =11.4, 12.5, 14.6, 17.1,
31.4, 34.8, 125.8, 153.4, 127.8, 131.0, 132.7, 138.5, 152.2 ppm; UV/Vis
(CHCl3): lmax (log e) =526 nm (4.7); MS (MALDI-TOF, dithranol): m/z :
436.3 [M]+ ; elemental analysis calcd (%) for C27H35BF2N2·0.5 H2O: C
72.81, H 8.15, N 6.29; found C 72.70, H 7.88, N 6.23.
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