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A tripodal architecture 1—based on a tetraphenylmethane core bearing three phthalocyanine arms and

a fullerene arm—has been realized en route towards a novel electron donor–acceptor conjugate that

reveals long range electron transfer activity.
Introduction

Photoinduced electron transfer is an essential step in the conver-

sion of solar energy into chemical energy in photosystems I and

II, and is also frequently used by chemists to build complex

molecules from simple precursors.1 During this process, light

absorption generates molecules in excited electronic states that

are susceptible to accepting or donating charges.

One of the most important focuses of chemistry in recent

decades has been the construction of molecular and supra-

molecular based artificial solar energy harvesting systems that

have the ability to absorb light from the sun and convert it

into useful and storable forms. The classical approach is based

on the development of electron donor–acceptor conjugates using

well defined molecular spacers. Long-lived radical ion pair states

have been achieved, in some cases, by incorporating a third,

a fourth or even a fifth component—donor and/or acceptor—

to realize multicomponent arrays such as triads, tetrads, pentads,

etc. This research is driven by the important incentives to govern

factors such as the nature, electronic coupling or structural

arrangement of the components. A better understanding of these

factors will help to design molecular systems mimicking the high

efficiency of solar energy conversion in natural photosynthesis,

that is, efficient formation of radical ion pairs with superior

properties.

In this context, a tetrahedral molecular building block may

represent a valuable design strategy for achieving multifunctional

donor–acceptor ensembles. Over the years, derivatives of tetra-

phenylmethane and tetraphenylsilane have played a significant

role as molecular subunits. Such tetrahedral building blocks

have been successfully incorporated into supramolecular

networks,2 nanoscale structures,3 optoelectronic materials,4 and
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liquid crystals,5 and entered the market as scanning probe micro-

scopy (SPM) tips.6 Remarkably, Otsubo et al. have demonstrated

the important role of a tripodal rigid anchor in preparing well-

organized SAMs of [60]fullerene-linked oligothiophenes onto

gold electrodes to construct highly efficient photovoltaic cells.7

Phthalocyanines8 (Pcs), on one hand, emerged as a class of

molecular building blocks that suggest their implementation as

light harvesting antennae in light energy conversion systems.

Particularly important are their very high extinction coefficients

around 700 nm. The extraordinary electron acceptor properties

of fullerenes, on the other hand, have led to noteworthy utiliza-

tions of such building blocks in areas of light induced electron
Fig. 1 Tripodal phthalocyanine systems 1 and 2.
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Fig. 2 Absorption spectra of 1 (dashed line) and 2 (solid line) in THF.
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transfer chemistry and solar energy conversion.9 To this end,

several examples of phthalocyanine–fullerene ensembles have

been synthesized for studying photoinduced electron transfer

and applications in photovoltaic devices.10 No doubt, some

notable results have already been obtained—still more effort is

needed, especially to achieve higher and better conversion

efficiencies.

This motivated us to pursue a tetrahedral arrangement, which

combines three phthalocyanines and one fullerene, as a unique

molecular mimic for natural photosynthesis. In this article we

describe the synthesis and photophysical properties of a tripodal

architecture 1—based on a tetraphenylmethane core bearing

three phthalocyanine arms and a fullerene arm (Fig. 1)—and

the corresponding reference system 2.
Results and discussion

Synthesis

The synthetic strategy towards the tripodal system 1 consisted

of the preparation of the precursor formyl-phthalocyanine 2,

followed by 1,3-dipolar cycloaddition reaction with C60 and

sarcosine (Scheme 1).

Tetraphenylmethane derivative 4 was synthesized by means of

Sonogashira cross-coupling reaction of 4-ethynylbenzaldehyde11

over one of the iodophenyl moieties of 312,6c in the presence of

Et3N, THF and a catalytic amount of [Pd(PPh3)2Cl2] and CuI

in 29% yield. Tri-tert-butyl-ethynylphthalocyaninatozinc(II)

(5)13 was then subjected to a threefold cross-coupling reaction

over 4 to give precursor formyl tripod 2. In order to minimize

the formation of the bisphthalocyanine derivative from 5 via

oxidative homocoupling, the reaction was carried out by using

tris(dibenzylidenacetone)dipalladium(0) ([Pd2(dba)3]) as palla-

dium catalyst and triphenylarsine as ligand. In spite of this, the

Pc dimer butadynyl-bridged bisphthalocyaninato was formed

at the very first steps to generate the active catalytic species

[Pd(0)]. To avoid the formation of an undesired mixture of Pc

adducts, a strong excess of phthalocyanine 5 (10 equivalents)

was necessary, yielding 74% of 2 after column chromatography

on silica gel (hexane–THF, 2 : 1) followed by an additional

purification by gel permeation chromatography (Bio Beads
Scheme 1 Synthesis of phthalocyanine–fullerene tripod 1. (i) 4-ethynyl-

benzaldehyde, [Pd(PPh3)2Cl2], CuI, Et3N, THF, rt, 24 h (29%); (ii)

Pd2(dba)3, AsPh3, Et3N, THF, rt, 48 h (74%); (iii) C60, sarcosine, toluene,

reflux, 24 h (22%).

This journal is ª The Royal Society of Chemistry 2008
SX-1)� in THF as eluent. Tripod 1 was finally obtained in 22%

yield by 1,3-dipolar cycloaddition reaction of 2 with C60 in the

presence of sarcosine and toluene as solvent.

All the compounds were characterized by mass spectrometry,
1H-NMR, UV-Vis and FT-IR spectroscopy. The 1H-NMR

spectra of tripods 1 and 2 show the typical broad multiplets in

the aromatic region, between 9.0 and 7.0 ppm, characteristic of

tert-butyl substituted phthalocyanines. The presence of a

complex mixture of regioisomers renders the assignment of the

peaks in this region of the spectra difficult. Additionally, the

characteristic aldehyde signal appeared in the spectrum of

formyl-Pc 2, as well as signals corresponding to the pyrrolidine

ring in the case of 1. Concerning MS, molecular ion peaks were

observed, while a peak corresponding to the [M � C60]+ fragment

was present in the spectrum of 1.

The UV-Vis spectra of tripods 1 and 2 in THF—see Fig. 2—

reveal that both compounds exhibit in toluene, anisole, THF

and benzonitrile a set of Q-bands. In particular, a strong

maximum develops around 686 nm, which is flanked by a minor

maximum around 673 nm and a shoulder around 620 nm. The

Soret band, on the other hand, has a maximum at 348 nm. An

additional band is seen at 330 nm in 1, which reflects a fullerene

centered transition.14

Photophysical studies

First insight into donor–acceptor interactions between ZnPc and

C60 came from fluorescence assays. To ensure comparable

excitation of the ZnPc chromophores, solutions of 1 and 2

were adjusted to exhibit absorbances of around 0.05 at the 610

nm excitation wavelength. Moreover, keeping the absorption

low avoids inner filter effects, namely, artificial impact of the

emission. In the monitored range between 600 and 850 nm 2—

as a reference system—emits strongly with a maximum at 698

nm. From the absorption and fluorescence features we derive

an excited state energy of 1.8 eV. Surprisingly the fluorescence

quantum yield is 0.056 in DMF, which is appreciably smaller

than established, for example, for a ZnPc reference (0.3).

Likewise, the fluorescence lifetime, which was determined in

time-resolved measurements, is 1.19 ns, shorter than in a ZnPc

reference (3.1 ns) (ESI‡ Fig. S11). When turning to 1, the fluores-

cence quantum yield further drops to 0.029 (Fig. 3).

Transient absorption spectroscopy by means of femtosecond

laser photolysis helped to provide evidence for a charge transfer
J. Mater. Chem., 2008, 18, 1542–1546 | 1543
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Fig. 4 Upper part: differential absorption spectra (visible and near-

infrared) obtained upon femtosecond flash photolysis (387 nm) of 2 in

argon saturated THF with several time delays (1 ps: closed squares;

100 ps: open squares; 2900 ps: crosses) at room temperature. Lower

part: time–absorption profiles of the spectra shown above at 500 (closed

squares) and 800 nm (open squares), monitoring the intersystem crossing.

Fig. 3 Fluorescence spectra of the tripod reference 2 (solid line) and the

donor–acceptor conjugate 1 (dotted line) in DMF upon 610 nm photo-

excitation.

x Electrochemical measurements—by means of differential pulse
voltammetry—revealed the first C60 reduction at �0.78 � 0.1 V and
the first ZnPc oxidation at +0.68 � 0.1 V versus Fc/Fc+).
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mechanism between photoexcited ZnPc and C60. Fig. 4 gathers

the transient absorption changes that correlate with the ZnPc

singlet excited state in 2. An instantaneously formed broad

transient maximum develops at 490 nm. Bleaching, on the other

hand, is seen between 620 nm and 685 nm—a spectral range that

is dominated by the ground state absorption of ZnPc. This

transient decays rather slowly via intersystem crossing on the
1544 | J. Mater. Chem., 2008, 18, 1542–1546
time scale of our instrumental detection (i.e., up to 3000 ps). A

multi-wavelength analysis gives rise a singlet excited state life-

time of about 680 ps. The product of this intersystem crossing

is a triplet excited state, for which a broad transient with a

notable maximum at 500 nm is registered. To determine the

quantum yield of triplet excited state formation, we turned to

singlet oxygen sensitization. In fact, for 2 a value of 0.44 was

determined in DMF.

When probing donor–acceptor system 1 the ZnPc singlet

excited state characteristics (vide supra)—despite the presence

of the electron accepting C60—were registered upon photoexcita-

tion. The ZnPc singlet excited state features in 1 decay much

faster than the slow intersystem crossing dynamics, which were

noted for 2. Singlet lifetimes of 96 ps and 50 ps were measured

in benzonitrile and DMF, respectively, from fitting the 1200

nm time absorption profiles. Within this decay the formation

of a new transient species evolves. Distinct maxima were noted

at 520, 840 and 1000 nm. The earlier maxima, that is, at 520

and 840 nm, are attributes of the one-electron oxidized ZnPc

radical cation. The latter maximum at 1000 nm matches the

absorption of the one-electron reduced fullerene radical anion.

In summary, transient absorption measurements testify to the

formation of an intramolecularly formed radical ion pair state.x
The quantum yield of charge separation assumes values in

benzonitrile that are typically around 0.28. Please note that in

less polar anisole and THF (ESI‡ Fig. S12) neither kinetic nor

spectroscopic evidence was gathered that would indicate charge

separation.

Both features of the radical ion pair state—ZnPc (i.e., 520 and

840 nm) and C60 (i.e., 1000 nm)—decay on the time scale of our

femtosecond experiments. The impact that the solvent polarity

exerts on the decay of the radical ion pair state is reflected in

the time profiles of the ZnPc radical cation absorption at 845

nm—see Fig. 5. The lifetime of the radical ion pair state is

somewhat longer in less polar benzonitrile (1000 ps) than in

more polar DMF (650 ps). Concomitantly with the decay of

the transient radical ion pair state a new band with a maximum

at 500 nm grows in. This transient absorption corresponds to the

ZnPc triplet excited state.15 We consider two pathways for the

triplet formation: firstly, indirect formation through a deactiva-

tion of the radical ion state and, secondly, direct formation

through a competition between intersystem crossing and charge

separation. The triplet quantum yields were again estimated by

following the singlet oxygen formation: 0.21 (THF), and 0.12

(DMF) (ESI‡ Fig. S13).

In summary, a tripodal architecture 1 based on a tetraphenyl-

methane core bearing three phthalocyanine arms and a fullerene

arm has been prepared. The compound reveals long range

electron transfer activity. Transient absorption spectroscopy by

means of femtosecond laser photolysis provided spectroscopic

evidence for a charge transfer mechanism between photoexcited

ZnPc and C60. When relating the radical ion pair state lifetime of

1000 ps (in benzonitrile) to previously assayed ZnPc–C60 donor–

acceptor conjugates, we note in general a significant stabiliza-

tion. As a leading example the para-cyclophane-vinylene bridged
This journal is ª The Royal Society of Chemistry 2008
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Fig. 5 Upper part: differential absorption spectra (visible and near-

infrared) obtained upon femtosecond flash photolysis (670 nm) of 1 in

argon saturated benzonitrile with several time delays (1 ps: closed

squares; 102 ps: open squares; 2892 ps: crosses) at room temperature.

Lower part: time–absorption profiles of the spectra shown above at

845 nm, monitoring the charge separation and charge recombination in

DMF (open squares) and benzonitrile (closed squares).D
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analogue should be considered, for which a lifetime of 330 ps has

been determined.15 We are currently investigating related

multinuclear Pc–fullerene-based systems in which both covalent

and supramolecular motifs are involved en route towards novel

electron donor–acceptor conjugates.

Experimental

Synthesis

4-{2-[4-Tris(4-iodophenyl)phenyl]ethynyl}benzaldehyde (4). A

solution of tetrakis(4-iodophenyl)methane (3) (400 mg, 0.48

mmol), 4-ethynylbenzaldehyde11 (60 mg, 0.46 mmol),

Pd(PPh3)2Cl2 (10 mg, 0.014 mmol), CuI (4 mg, 0.02 mmol),

and triethylamine (0.5 mL) in dry THF (6 mL) was stirred at

room temperature under argon for 24 h. After this period the

solvent was removed under reduced pressure and the residue

triturated with hexane. The precipitate was filtered off and puri-

fied by silica gel column chromatography (hexane–dioxane 4 : 1).

Compound 4 (117 mg, 29%.) was obtained as a white solid; mp >

250 �C (Found: C, 49.05; H, 2.7. C34H21I3O requires C, 49.4; H,

2.6%); nmax(KBr)/cm�1 2222, 1705 (CO), 1597, 1479, 1398, 1308,

1207, 1167, 1011, 810, 756 and 716; dH(300 MHz; CDCl3; Me4Si)

10.02 (s, 1H; CHO), 7.86 (d, J 8.5, 2H), 7.66 (d, J 8.5, 2H), 7.59

(d, J 8.7, 6H), 7.44 (d, J 8.5, 2H), 7.16 (d, J 8.5, 2H) and 6.91 (d, J
This journal is ª The Royal Society of Chemistry 2008
8.7, 6H); dC(75.5 MHz; CDCl3; Me4Si) 191.4 (CHO), 145.6,

145.1, 137.1, 135.4, 132.8, 132.6, 132.1, 131.3, 130.7, 120.5,

92.4, 92.2 and 63.9 (central C); m/z (FAB; m-NBA) 826.9 [M]+,

701.0 [M � I]+ and 622.9 [M � C6H5I]+.

Phthalocyanine tripod 2. A solution of tri-tert-butylethynyl-

phthalocyaninatozinc(II) (5)13 (54 mg, 0.07 mmol), 4 (6.1 mg,

0.007 mmol), Pd2(dba)3 (4 mg, 0.004 mmol), AsPh3 (4 mg,

0.015 mmol) and triethylamine (0.5 mL) in dry THF (6 mL)

was stirred at room temperature under argon during 2 days.

The solvent was evaporated and the residual solid was extracted

with CHCl3, dried over Na2SO4 and purified first by silica gel

column chromatography (hexane–THF 2 : 1) and then by Bio-

Beads� size-exclusion column chromatography (THF). The

green solid obtained was washed with MeOH and hexane, and

dried under reduced pressure affording 2 (14 mg, 74%.) in the

form of a mixture of regioisomers. Mp > 300 �C; lmax (THF)/

nm (log e) 686 (5.5), 673 (5.5) and 348 (5.3); nmax(KBr)/cm�1

2966, 2926, 2872, 1705 (CO), 1610, 1489, 1462, 1394, 1367,

1327, 1286, 1259, 1192, 1151, 1097, 1057, 930, 835, 754 and

700; dH(500 MHz; THF-d8; Me4Si) 10.1 (s, 1H; CHO), 9.7–7.0

(br, 56H; arom H) and 1.9 (br m, 81H; CMe3); m/z (MALDI;

dithranol) 2753.0 [M]+; m/z (HR-MALDI; dithranol)

2746.9263 (C172H138N24OZn3 requires 2746.9354).

Phthalocyanine–C60 tripod 1. A dry toluene solution (50 mL)

of C60 (23.5 mg, 0.03 mmol), N-methylglycine (4.0 mg, 0.05

mmol) and 2 (30 mg, 0.01 mmol) was heated to reflux under

argon atmosphere for 24 h. The solution was then cooled to

room temperature and concentrated under vacuum until ca. 10

mL. The resulting mixture was poured onto a silica gel column

and eluted with toluene–AcOEt 95 : 5, passing to toluene–AcOEt

8 : 1. The green solid obtained was washed with acetone,

methanol and hexane, leading to 1 (8 mg, 22%.) in the form of

a mixture of regioisomers. Mp > 250 �C; lmax (THF)/nm (log

e) 686 (5.57), 673 (5.54) and 348 (5.39); nmax(KBr)/cm�1 2966,

1614, 1493, 1398, 1333, 1265, 1153, 1099, 1059, 922, 839, 750,

702 and 677; dH(500 MHz; THF-d8; Me4Si) 9.8–7.0 (br, 56H,

arom H), 5.49, 5.45 and 4.83 (br, 3H; pyrrolidine H), 3.46 (s,

3H; N-Me) and 1.9 (br, 81H; CMe3); m/z: (MALDI; dithranol)

3500.8 [M + H]+, 2779.8 [M � C60]+; m/z (HR-MALDI;

dithranol) 3494.9866 (C234H143N25Zn3 requires 3494.9860).
Photophysics

Optical absorptions were measured with a Cary 5000 UV-vis-

NIR spectrometer (Varian). Such measurements, with the

exception of the femtosecond photolysis experiments, were

carried out by using quartz cells with a 1 cm optical path length.

Steady-state fluorescence measurements were performed by

using a Fluoromax 3 (Horiba Jobin Yvon). The time resolved

fluorescence and steady state singlet oxygen phosphorescence

measurements were performed using a Fluorolog TCSPC

(Horiba Jobin Yvon). The solvents were always of spectroscopic

grade. 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). The laser output energy was 240 nJ for

1 and 300 nJ for 2.
J. Mater. Chem., 2008, 18, 1542–1546 | 1545
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