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Abstract: Two new fullerodendrimers,
with two and four ferrocene units on
their periphery, have been synthesized
by 1,3-dipolar cycloaddition reactions
between the corresponding azomethine
ylides and Cq,. These new compounds
have been studied by using cyclic vol-
tammetry and UV/Vis spectroscopy.
Weak intramolecular interactions be-
tween the fullerene cage and the ferro-
cene groups have been found. The pho-

ferrocene dendrimers have been
probed by means of steady-state and
time-resolved techniques. The steady-
state emission intensities of the fullero-
pyrrolidine—ferrocene  dendrimers 1
and 2 were found to be quenched rela-
tive to the N-methylfulleropyrrolidine
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without substituents that was used as a
model. The nanosecond transient ab-
sorption spectral studies revealed effi-
cient charge separation in both systems,
even in toluene. The lifetimes of the
(Cg)—(dendron)* are higher for the
second-generation fullerodendrimer
(with four ferrocene units) and they
are of the order of tens of nanoseconds
in toluene and hundreds of nanosec-
onds in polar solvents.

tochemical events of both fullerene-

Introduction

Photosynthesis, the process that converts solar into chemical
energy, is essential for living organisms.['! Light energy is ab-
sorbed by individual pigments, but is not used immediately
by these pigments for energy conversion. Instead, the light
energy is transferred to chlorophylls that are in a special
protein environment in which the actual energy-conversion
event occurs: the light energy is used to transfer an electron
to a neighboring pigment. A large number of pigment mole-
cules, collectively referred to as antenna, “harvest” light and
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transfer the light energy to the same reaction center.?) The
purpose is to maintain a high rate of electron transfer in the
reaction center, even at lower light intensities. The complex-
ity of photosynthesis prompts the use of simpler models,
consisting of donor-acceptor-linked molecules, to get a
better understanding of the process in order to be able to
design and synthesize artificial systems that can efficiently
process solar energy.’! More recently, it has been recognized
that artificial photosynthesis also has potential uses in mo-
lecular-scale optoelectronics, photonics, sensor design, and
other areas of nanotechnology.™

Dendrimers have recently received a great deal of atten-
tion in the context of light-harvesting molecular antenna-
type architectures® that mimic natural photosynthetic sys-
tems. In this respect, molecules in which an array of periph-
eral chromophores transfer the collected energy to a fuller-
ene Cy core have recently been described by several
groups.® Thus, Nierengarten and Armaroli’s groups have re-
cently prepared fullerene-based dyads with oligophenylene-
vinylene (OPV) moieties and alkoxy groups in the periphery
to reveal a very efficient OPV —Cg, photoinduced energy
transfer.”? We have synthesized fullerodendrimers in which
a phenylenevinylene dendritic wedge is connected to the
fullerene core through a pyrazoline ring and observed both
energy and electron transfer from the excited antenna to the
Cq cage. Related compounds have also been reported by
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Martin, Guldi, and co-workers; in this case, either dibutyl-
aniline or dodecyloxynaphthalene units on the periphery
acted as antennas/electron donors and electron transfer was
observed when using benzonitrile as the solvent."”

The modification of the properties of dendritic com-
pounds by the introduction of metal atoms into their struc-
ture (metallodendrimers), especially those containing ferro-
cene, has attracted particular attention!” due to the fact
that ferrocene combines chemical versatility with high ther-
mal stability. Moreover, ferrocene is an electron-transfer
donor that is stronger than N,N-dimethylaniline or anisole!*!]
and several examples of efficient, photoinduced electron
transfer in ferrocene—fullerene systems have been de-
scribed." Consequently, phenylenevinylene-based dendrim-
ers with a fullerene core and peripheral ferrocene groups
appear to be interesting systems for energy or electron
transfer. With respect to the previously reported ferrocene—
fullerene systems, our work has the novelty of using phenyl-
enevinylene units as linkers. It is known that the connecting
substructure between the donor and the acceptor of the
dyad can influence the electron-acceptor ability of the fuller-
ene core because it disrupts the spherical aromaticity of Cg.
Thus, in this paper we report the synthesis, and electrochem-
ical and photophysical properties of such fullerodendrimers
in which two (1) and four (2) ferrocene electron donors are
located at terminal positions.

Results and Discussion

Synthesis: The synthesis of dendrons 3 and 4 was performed
in a convergent manner by using the Horner—Wadsworth—
Emmons (HWE) reaction between the diphosphonate deriv-
ative 5 and the appropriate aldehydes in tBuOK/THF
(Scheme 1) following a methodology previously described
by some of us.™® Acid hydrolysis of the acetal groups gave
304 and 4 in good yields (88 and 75 %, respectively) as red
solids. Mass spectrometry (MS) and NMR experiments (in-
cluding distortionless enhancement by polarization transfer
(DEPT)) confirmed the structures of the compounds (see
the Experimental Section). The selectivity of the HWE reac-
tion is sufficiently high to generate all-trans isomers within
the limits of NMR detection. This stereochemistry for the
double bonds was established by the coupling constant of
the vinylic protons in the 'H NMR spectra (/=16-17 Hz).
High-resolution (HR) MS analyses gave the expected mo-
lecular ions.

The functionalization of C4, was based on the 1,3-dipolar
cycloaddition of the corresponding azomethine ylide,™ gen-
erated in situ from aldehydes 3 and 4, and N-methylglycine
(sarcosine). The reaction of Cy, with 3 and 4 in the presence
of excess N-methylglycine in toluene under reflux afforded
pyrrolidinofullerenes 1 and 2 in 46 and 38 % yield, respec-
tively (Scheme 2). Fullerodendrimers 1 and 2 were purified
by means of flash chromatography (toluene/hexane 8:2).
The structural assignment of 1 and 2 was based on analytical
and spectroscopic data (i.e., UV/Vis, FTIR, 'HNMR,
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CH(OMe),

(EtO),(O)PCHy CH,P(O)(OEt),

i)l 88%

CHO

Scheme 1. Synthesis of ferrocene dendrons. Reagents and conditions:
i) ferrocenecarboxaldehyde, tBuOK, THF; then HCI/H,O; ii) 5, tBuOK,
THF; then HCI/H,O.

i)
46%

3 + CHy-NH-CH,-COOH + Cgy

4 + CHy-NH-CH,-COOH + Cep

Scheme 2. Synthesis of fulleroferrocene dendrimers. Reagents and condi-
tions: i) toluene/A.
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BC NMR, and MALDI mass spectra). The matrix-assisted
laser desorption/ionization time-of-flight (MALDI-TOF)
spectra showed peaks that matched the calculated values for
the molecular weights. UV/Vis spectra revealed the typical
dihydrofullerene absorption band at around A =430 nm. The
"H NMR spectra of 1 and 2 in CDCl; exhibit the expected
features with the correct integration ratios. The signals of
the pyrrolidine protons appeared as doublets (/J=9.5Hz;
geminal hydrogen atoms), and singlets in the d=4-5 ppm
zone, which is consistent with spectra obtained for similar
derivatives.'¥ The 3*C NMR spectra contained the signals
corresponding to the sp? and sp® atoms of Cg, and the ex-
pected signals corresponding to the organic addends.

Electrochemistry: The redox properties of the fulleroferro-
cene dendrimers were studied by using cyclic voltammetry
(CV) at room temperature in CH,Cl,. The data obtained are
summarized in Table 1. In the cathodic region, three quasi-
reversible reduction waves were recorded, which correspond
to the stepwise reduction of the fullerene cage (Figure 1).
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Figure 1. Cyclic voltammogram (scan rate 100 mVs™") of fulleroferrocene
dendrimer 1 in CH,Cl, at room temperature.

These reduction waves are slightly shifted to more negative
potentials relative to those in the parent Cg,. This behavior
is a consequence of the saturation of a double bond on the
Cg cage in a similar way to other pyrrolidinofullerenes.!'”!

In the anodic region, only a single reversible oxidation
process corresponding to the ferrocene units was observed,
which implies that the iron centers do not communicate
with each other over the benzene bridge. Several facts can

be inferred from Table 1: 1) aldehyde 3 is more difficult to
oxidize than the parent ferrocene by 90 mV, whereas alde-
hyde 4 is easier to oxidize by 230 mV, thus indicating that
the intramolecular electron-withdrawing effect of the CHO
group is only effective in the first-generation compound
owing to the conjugation not being extended by meta substi-
tution; 2) analogous to system 4, fullerodendrimers 1 and 2
are easier to oxidize than ferrocene as a consequence of the
donating branches, and the oxidations become easier as the
dendritic generation grows (from 3 to 4, and from 1 to 2) be-
cause of the larger electron-donating nature; and 3) more
salient is the observation that the first-generation fullero-
dendrimer 1 is easier to oxidize than its precursor 3 by
170 mV reflecting the larger electron-withdrawing effect of
the formyl group relative to the Cg—pyrrolidine group, how-
ever the second-generation compound 2 is more difficult to
oxidize than 4 by 30 mV. It is not easy to explain the behav-
ior of the second-generation fullerodendrimer 2 in terms of
the nature of the substitution, as has recently been claimed
for other ferrocene derivatives.'¥ Although a possible ex-
planation might be the existence of small electronic interac-
tions!"” in 2 between the Cg, and the redox-active ferrocenyl
moiety (see below), unequivocal evidence is still lacking and
other possibilities cannot be neglected. The experimentally
determined HOMO (o0~ LUMO((,, gap, calculated from
the first oxidation and reduction potentials, is significantly
lower for the second-generation fullerodendrimer 2
(0.99eV) than that for the first-generation system 1
(1.11eV).

Steady-state absorption spectra: The UV/Vis spectra of 3
and 4 in CH,Cl, are shown in Figure2. As one would
expect, the meta arrangement through which the dendrons
are linked causes the absorption spectra to consist essential-
ly of a simple superposition of the absorptions due to the
different phenylenevinylene chromophores. Indeed, the
spectra are essentially dominated by strong bands with
maxima at 1=314-316 nm associated with these units. The
absorptions become much stronger as the dendritic genera-
tion increases, a consequence of the exponential increase in
the number of light-absorbing units. The 1,,,, values are sim-
ilar for both compounds (Table 1), showing that conjugation
is not extended by meta substitution and, consequently, that
these compounds behave respectively as an assembly of two
and four vinylferrocene moieties sharing a phenyl ring. The
value of ¢, compared with that of N-methylfulleropyrrolidine

Table 1. Selected UV/Vis, photoluminescence (PL), and electrochemical data®! of ferrocene, compounds 1-4, and Cg.

E. [V] E', [V] E2, [V] E,[V] UV/Vist 4. [nm] (e, [M~'em™]) PL A, [nm] @l
ferrocene +0.11 - - -
3 +0.20 - - - 249 (35600), 314 (39600), 456 (3900) 21 12x1073
4 —0.12 - - - 259 (59100), 316 (116400), 462 (4200) 21 13%x1073
1 +0.03 —~1.08 —1.48 -2.03 256 (151500), 315 (85500), 431 (7050) 423 3.45%x10°*
2 —0.09 -1.08 —1.47 -1.99 257 (203 600), 318 (172600), 431 (8860) 422 3.96x107*
Ceo - —0.97 ~1.36 —2.03

[a] Calculated as averages of E,, and E... See the Experimental Section for CV details. [b] All spectra were recorded in CH,Cl, (3 and 4: c=3x10"%m; 1
and 2: c=5x10"°wm) at RT. [c] All spectra were recorded in toluene at RT; 4., =323 nm. [d] Determined by using Cy, as the standard (&;=3.2x107%).8
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Figure 2. UV/Vis spectra of 3 (-----) and 4 (—) in CH,Cl, (c=3x
107°m) at room temperature.

(€=22200 at 326 nm), shows the light-harvesting ability of
these fullerodendrimers. A broad band in the visible region
(A=420-550 nm) that is characteristic of the metal-centered
d—d absorption of ferrocene derivatives was also observed.
The absorption spectra of the pyrrolidino[60]fullerene
dendrimers 1 and 2 were also measured in CH,Cl, (Figure 3,
Table 1). The spectra of both 1 and 2 display two very in-
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Figure 3. UV/Vis spectra of 1 (—) and 2 (-----) in CH,Cl, (¢=5x
107°m) at room temperature.

tense bands in the UV region and much weaker features in
the visible spectral region (Figure3, inset). The band
maxima at A,,,=256 (1) and 257 nm (2), and the lowest al-
lowed singlet transitions at A,,, =431 nm are characteristic
absorptions of a fullerenepyrrolidine. The shapes of the
broad bands in the visible region are different to those of
precursors 3 and 4, a fact that supports the presence of
modest interactions in the ground state between the ferro-
cene groups and the fullerene cage.”*?"! The intensity of this
broad band for compound 2 was enhanced in the more
polar solvent carbon disulfide and remained as such when
cyclohexane was used as the solvent (Figure 4).%)
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Figure 4. UV/Vis spectra of 2 in cyclohexane (----- ) and in carbon disul-
fide (—) (c=5x10""m) at room temperature.

Steady-state fluorescence: The excited-state properties of
donor-bridge—acceptor systems are sensitive measures for
proving intramolecular transfer dynamics and we have stud-
ied them in our dendrimer-functionalized fullerene deriva-
tives 1 and 2. The fluorescence spectra of ferrocenyl den-
drimers 3 and 4 in toluene at room temperature and excited
at 323 nm (where most of the incident light is absorbed by
the phenylenevinylene moieties, 4., in toluene for 3) are re-
ported in Figure 5; this shows maxima at 421 nm with quan-
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Figure 5. Fluorescence spectra of 1 (=+-+), 2 (—), 3 (---), and 4 (----- )
in toluene at matched absorptions (4., =323 nm).

tum yields (@;) of 1.2x107% and 1.3x107%, respectively. In
fullerodendrimers 1 and 2, this emission is strongly
quenched with @;=3.45x10"* for 1 and 3.96x10™* for 2
(Table 1), indicating the occurrence of excited-state process-
es (energy or electron transfer) from the singlet excited
state of the dendrimer.

On monitoring the wavelength region of fulleropyrroli-
dine emission™ (650-750 nm) upon excitation of the fuller-
ene moiety, a very weak emission was found in the case of 2
and no emission was found in 1 (Figure 6). The emission of
the model N-methylfulleropyrrolidine § is shown for com-
parison, being by far the strongest fluorescence intensity.
The weak emission observed for 2 (upon excitation of the
fullerene chromophore at 430 nm) in toluene was totally

Chem. Eur. J. 2006, 12, 5149 -5157


www.chemeurj.org

Fullerodendrimers

4.0
——5, toluene
3.54 — — -1, toluene
—————— 2, toluene
3.0 —— 1, benzonitrile
25 o 2, benzonitrile

2.0

Intensity / a.u.

1.59
1.04

0.5

0 === :"; T — | - - T T
650 675 700 725 750 775 800
Wavelength / nm

Figure 6. Emission spectra (fullerene region, 4.,=430 nm) of compounds
1 and 2 in different solvents at matched absorptions. We have also includ-
ed the emission of N-methylfulleropyrrolidine 5 for comparison.

quenched when the more polar solvent benzonitrile was
used. Although the dendritic component of 2 also absorbs at
430 nm and the fullerene emission decrease can be partially
due to the filter effect of the dendron over the fullerene ab-
sorption, it is the different behavior from toluene to benzo-
nitrile (in both solvents the filter effect should remain con-
stant) that supports a polarity-dependent quenching of full-
erene emission by the dendron. These facts suggest that the
fullerene emission is quenched in benzonitrile by the den-
drons, most probably through an electron-transfer process
from the electron-donating ferrocenyl dendritic wedge to
the fullerene cage to form a charge-separated state.

Transient absorption studies: To verify the quenching mech-
anism and characterize the reaction products, nanosecond
transient absorption studies in toluene, acetonitrile, and ben-
zonitrile were performed. Transient absorption spectra of
fullerodendrimers in toluene were found in general to be
broader than those recorded in benzonitrile, and had ill-de-
fined peaks. On irradiation with a 355 nm laser in deoxygen-
ated toluene, the generation of other transients or energy
transfer (the absorption at 700 nm may correspond to the
Cy triplet excited state®"), in addition to photoinduced elec-
tron transfer, can take place. In a more polar solvent such as
benzonitrile, the photoinduced electron transfer is the prev-
alent process, as indicated by the observation of the band
between 900-1200 nm for 1 (Figure 7), which is a clear at-
tribute of the monofunctionalized fullerene radical anion.”!
The extinction coefficient of the ferricenium cation (formed
concomitantly with the fullerene radical anion) was too
small to be detected.

The same behavior was observed for the second-genera-
tion ferrocene fullerodendrimer 2. A broad transient absorp-
tion in toluene, probably encompassing different transients
arising from energy and electron transfer, and a more-de-
fined band at 900-1200 nm in benzonitrile, attributable to
the radical anion centered at the fullerene moiety, were ob-
tained (Figure 8).

On the other hand, when a solution of 2 in benzonitrile
was irradiated in the presence of oxygen, the absorption

Chem. Eur. J. 2006, 12, 5149-5157
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Figure 7. Transient absorption spectra of 1 in deoxygenated toluene (e®)
and in deoxygenated benzonitrile (0) recorded 2 ps after excitation with
a nanosecond laser (excitation at 355 nm).
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Figure 8. Nanosecond transient absorption spectra of 2 in deoxygenated
toluene (@) and in deoxygenated benzonitrile (o) recorded 2 ps after ex-
citation with a nanosecond laser (excitation at 355 nm).

band corresponding to the fullerene anion radical was
quenched. It has been reported that the radical-ion pair in
fullerene dyads reacts with molecular oxygen.?"!

Rate constants for both systems 1 and 2 in polar and non-
polar solvents (see Table 2) have been estimated from tem-
poral profiles (Figure 9; kcr from the decay of the charge-
separation excited state and ky from the decay of the triplet
excited state). Generation of the charge-separated state is
completed in the first nanoseconds after the laser flash.
Thus, using our nanosecond laser flash photolysis system,
formation of the charge-separated state instantaneously oc-

Table 2. Rate constants for charge-recombination (kcr) and triplet-decay
rate constants (kp) of fullerodendrimers 1 and 2 in deaerated toluene,
benzonitrile, and acetonitrile.

© 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

Solvent ker [s7'] kr [s7
1 toluene 2.50%107 8.47x10°
benzonitrile 1.78 x 107 -
acetonitrile 8.47x107 1.23x10°
2 toluene 1.35x107 8.62x10°
benzonitrile 9.70x10° -
acetonitrile 6.99x10° 1.33x10°
www.chemeurj.org — 5153
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Figure 9. Temporal signal profiles monitored at 1000 nm of dyad 1 (o/o) and dyad 2 (e/m) in deaerated benzonitrile (left) and in oxygen-purged benzoni-

trile (right).

curred during the laser pulse and, therefore, kg must be
higher than 10°s™! for fullerodendrimers 1 and 2. It should
be remarked that in both dyads, in polar and nonpolar sol-
vents, the deactivation constant of *Cg* (ky) is higher than
that previously observed for N-methylfulleropyrrolidine,
used as the reference (kr=4.1x10%s™! in benzene), which
suggests the occurrence of paths for deactivation™! other
that the deactivation to the ground state by phosphores-
cence (see below).

The quantum yields for charge separation (@) were calcu-
lated according to Equation (2) from the fluorescence life-
times for 1 and 2 [z4y,4, estimated according to Eq. (1)] by
using N-methylfulleropyrrolidine as the reference (7.,=
1.3 ns);? k, is the fluorescence decay rate of the refer-
ence.”” These values are collected in Table 3 together with
the lifetimes of fluorescence and the radical-ion pair as cal-
culated from time profiles.

kes = T;ad B Trlef @
[(1/Tdyad)_(1/rref)] _ kCS
Pos = (1/%ayaa)  (kes + ko) @)

Table 3 shows that in all of the studied solvents the lifetimes
of the charge-separated state of 2 are higher than those of 1,
as expected, due to the longer distance between the donor
and acceptor moieties in 2. It should be noted that the radi-

Table 3. Radical-ion-pair lifetimes (), fluorescence lifetimes (74y,q), and
quantum yields for charge separation (@) for compounds 1 and 2 in dif-
ferent solvents.

Solvent Typ [ns]® Tayaa [0S]™ Deg
1 toluene 40 1.18 0.092
benzonitrile 56 0.95 0.269
acetonitrile 118 0.81 0.377
2 toluene 74 1.16 0.108
benzonitrile 103 0.83 0.362
acetonitrile 143 0.75 0.423

[a] Calculated from time profiles. [b] Calculated from time profiles by
using Equation (1).
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cal-ion pair is formed in both fullerodendrimers 1 and 2 in
toluene with lifetimes of several tens of nanoseconds. Life-
times are increased by a factor of 2-3 in polar solvents, and
are as long as 143 ns for 2 in acetonitrile.

In contrast to related fullerodendrimers with peripheral
dimethylanilino units,”! which show only energy transfer in
toluene, and electron transfer in benzonitrile, the systems
presented here show electron transfer in both solvents.
Moreover, in benzonitrile, the measured quantum yields for
charge separation (@) are 0.269 for 1 and 0.362 for 2, sig-
nificantly higher than those reported for fullerodendrimers
with dimethylanilino peripheral units (@~0.1). Neverthe-
less, our quantum yield values for charge separation are
lower than previously reported data for related fullerene—
ferrocene dyads in polar solvents, although in these cases
the lifetimes of the charge-separated states were much
shorter than those described here (56-103 ns) under similar
conditions.” On the other hand, Guldi and co-workers re-
ported longer lifetimes for fullerene charge-separated states
(360725 ns) than those measured by us.”!

Energetics of charge separation and charge recombination:
The energetics of the charge-separation and charge-recombi-
nation processes in systems 1 and 2 were evaluated to assess
the feasibility of the electron-transfer process between the
ferrocene units and Cy, in the excited state. The free-energy
changes of the charge-recombination process (AGcg) were
calculated by using the continuous dielectric model [Eq. (3)]
from the first E, .4 and E_, values.

_AGCR = EDX(D)_Ered(CGO) + AGS (3)

Here, E. (D) and E,.4(Cq) are the oxidation and reduction
potentials of the donor and acceptor moieties, respectively,
and AGg refers to the static energy that is calculated accord-
ing to Equation (4):®!

AGe — & 1 1 1 1 & 1 1 1
S=4me,\2R. 2R R, )& dme \2R, 2R )er

)

Chem. Eur. J. 2006, 12, 5149 -5157
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In this equation, e is the electron charge, ¢, is the vacuum
permittivity, &g is the static dielectric constant of the solvent
used for rate measurements, and &y is static dielectric con-
stant of the solvent used for redox potential measurements.
R, (1: R,=531A;2: R, =7.65A) and R_ (4.4 A) are the
radii of the donor and acceptor, respectively; R, is the
center-to-center distance between the ions measured by mo-
lecular-mechanics calculations (1: R.,.=12.33 A; 2: R.=
14.67 A).1

From AGg, the free-energy changes of the charge-separa-
tion process (AGs) were calculated according to Equa-
tion (5) where AEy (1.762¢V) is the excited-state energy
from which the electron transfer occurs.” The results are
given in Table 4.

—AGcs = AEy—(—AGR) (5)
The charge-separated states are significantly lower in energy
in polar solvents (0.91-0.95 ¢V), and even in nonpolar sol-
vents (1.55-1.62 eV), than those of fullerene singlet excited
states (1.76 eV) suggesting that electron transfer is energeti-
cally feasible for both dyads.

Table 4. Free-energy changes and thermodynamic parameters (1, AG”; both in eV) for intramolecular elec-

tron-transfer events in fullerene-based compounds 1 and 2.
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the “normal” Marcus region because AGcs>—A, irrespec-
tive of the solvent or the generation of the dendritic donor.
It should be remarked that the low value of 1 in toluene (4
~0.3 eV) is similar to that observed in natural systems.

The energy diagrams in polar and nonpolar solvents can
be illustrated as shown in Figure 10 for ferrocene—dendri-

204 "(Fe,~dn,)*™~Cqo

(Fe,~dny)—"Cep

Wk
. (Fc,—dn,)—*Cgg] %€ (Fc,—dn,) *—Ceg~

kcr

Figure 10. Schematic energy diagrams for charge-separation and charge-
recombination processes in dyad 2 in a)toluene, b)benzonitrile, and
c) acetonitrile. Numbers indicate energy levels in eV relative to the
ground state.

mer—fullerene (Fc-dn-Cy,) 2.
The energy level of '(Fc,—
dn,)*-C4, was evaluated to be

Solvent o AG. “AGen “AGes 1 P AG” 294eV from fluorescence
1 tol 2.38 0.43 1.62 0.14 0.35 0.05 0.032 data. The energy levels of

oluene . . . . . . . I~ % 3 s

benzonitrile 252 —0.26 0.93 0.83 1.01 0.71 000 Cw® and “Ce* (176 eY and

acetonitrile 35.94 —028 0.91 0.85 1.26 0.96 0033 1.50€V) were reported in the
2 toluene 238 0.38 155 0.21 0.34 0.044 0013 literature,?**! and the radical-

benzonitrile 25.2 —-0.23 0.95 0.82 0.92 0.62 0.003 ion-pair energy levels were cal-

acetonitrile 35.94 —0.24 0.93 0.83 114 0.84 0.021

culated from Equation (3) and

The total reorganization energy (4) is the sum of the inter-
nal term, A;, and the external reorganization energy term, A,
and is solvent dependent. In fullerene derivatives, 4; has a
value of 0.3 eV and A, was estimated from Equation (6) in
which # is the solvent refractive index.

e [1/1 1 1 1 1
he=7—5l5o+5 |5 || 53—
4mey |2\ R,  R_ R [\ n? &

From these data the activation energy barrier (AG”) for
charge separation was calculated by using Equation (7). The
data are summarized in Table 4.

(6)

(AGes + M)

42 @)

AG” =

According to the Marcus theory of electron transfer,* the
electronic coupling and the reorganization energy (1) regu-
late the rate constants for charge separation and charge re-
organization. Under optimal conditions, small reorganiza-
tion energies lead to optimal charge-separation kinetics and
a deceleration of the charge-recombination rates.® Table 4
shows that the photoinduced charge-separation process is in
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are dependent on the solvent

polarity. Excitation at 355 nm
should form '(Fc,~dn,)*~Cq (2.94 €V), which through an
energy-transfer (EnT) process forms (Fc,~dn,)-'Cg*; then
an intersystem crossing (ISC) to (Fc,~dn,)—*Cg* (~1.50 eV)
occurs, competing in toluene with an electron-transfer (ET)
process to form the radical-ion pair (~1.55¢V), and an
equilibrium between both species should exist as indicated
above. Finally, the CS state decays to the ground state by a
charge-recombination process. In benzonitrile or acetoni-
trile, a similar energy diagram can be depicted. In these
cases, as a consequence of the higher stability of the radical-
ion pair (0.95 eV in benzonitrile, 0.93 eV in acetonitrile) due
to the higher polarity of the solvent, CS takes place quite ef-
ficiently as confirmed by time-resolved fluorescence experi-
ments.

Conclusion

The synthesis of new Cgy-based dendrimers 1 and 2 with two
or four ferrocene units, respectively, as donors located on
the periphery has been accomplished by means of a new
convergent route. Cyclic voltammetry studies indicated an
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electrochemically determined HOMO-LUMO gap as low as
0.99 eV for the second-generation fullerodendrimer 2. UV/
Vis spectra show similar 4., for both fullerodendrimers 1
and 2 suggesting that these compounds behave as an assem-
bly of two and four vinylferrocene moieties, respectively.
The appearance of a broad band between 450 and 500 nm,
enhanced in more polar solvents, suggests the existence of
weak ground-state interactions between the vinylferrocene
moieties and the fullerene sphere. Photophysical investiga-
tions show an efficient photoinduced electron-transfer pro-
cess even in toluene, with higher quantum yields as the den-
drimer generation is increased. The lifetimes of the charge-
separated state vary from tens of nanoseconds in nonpolar
solvents to hundreds of nanoseconds in polar solvents, with
a higher value for the second-generation fullerodendrimer 2
due to the longer distance between the ferrocene and the
Cy cage.

Experimental Section

General experimental conditions have been reported previously."” NMR
spectra were recorded in CDCl;. Chemical shifts are given in ppm rela-
tive to tetramethylsilane (TMS) (‘H, 0.0 ppm) or CDCl; (C, 76.9 ppm).
Cyclic voltammetry measurements were carried out on an Autolab
PGSTAT 30 potentiostat using a BAS MF-2062 reference electrode (Ag/
0.01m AgNOs;; 0.1m nBu/NCIO, in acetonitrile), an auxiliary electrode
consisting of a Pt wire, and a Metrohm 6.1247.000 conventional glassy
carbon electrode (3 mm o.d.) as a working electrode directly immersed in
the solution. A 10 mL electrochemical cell from BAS, Model VC-2, was
also used. The experiments were carried out with a scan rate of
100 mVs™ in dry CH,Cl, (0.1m nBu/NCIO,) at RT. All commercially
available compounds were used without further purification. Cy, was pur-
chased from MER Corporation (Tucson, AZ). Diphosphonate derivative
5 was prepared according to a procedure previously reported by some of
US.[13]

The time-resolved fluorescence spectra were measured at RT in N,-
purged sealed quartz cells using an Edinburgh FL3000 spectrofluorimeter
with a Xe-doped mercury lamp and a Czerny—Turner monochromator.

Laser flash photolysis experiments were carried out by using the third
(355 nm) harmonic of a Q-switched Nd:YAG laser (Spectron Laser Sys-
tems, UK; pulse width ca. 9 ns and 35 mJpulse'). The signal from the
monochromator/photomultiplier detection system was captured by using
a Tektronix TDS640 A digitizer and transferred to a PC computer that
controlled the experiment and provided suitable processing and data-
storage capabilities. Fundamentals and details of similar time-resolved
laser setups have been published elsewhere.

General procedure for the Horner-Wadsworth-Emmons reaction: All
glassware was oven-dried and cooled under argon. Potassium tert-butox-
ide (3 mmol) was added, in small portions, to a stirred solution of di-
phosphonate 5 (1 mmol) and the corresponding aldehyde (2 mmol) in
THF (100 mL), under argon. The dark-red mixture was stirred for the in-
dicated period of time at RT. After hydrolysis with 1M HCI (50 mL), the
mixture was stirred for an additional 3 h at RT in order to remove the
acetal group. It was then carefully neutralized with 1M NaOH, extracted
with CHCl; (x3), and dried (MgSO,). The solution was filtered and the
solvent was evaporated under reduced pressure. The crude product was
purified by using column chromatography (silica gel, hexanes/CH,Cl,
4:6).

Dendron 3: Reaction time: 1h; red solid; yield: 88%; 'HNMR
(300 MHz, CDCl;): 6=4.16 (s, 10H), 4.34 (t, J=1.5Hz, 4H), 4.51 (t, J=
1.5Hz, 4H), 675 (A of AB,, J=165Hz, 2H), 7.03 (B of AB,, J=
16.2 Hz, 2H), 7.66 (brs, 1H), 7.80 (d, J=1.5 Hz, 2H,), 10.06 ppm (s, 1H);
BCNMR and DEPT (75 MHz, CDCLy): 6=67.1 (CH), 69.3 (CH), 69.4
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(CH), 82.6 (C), 124.4 (CH), 124.7 (CH), 129.0 (CH), 129.2 (CH), 137.2
(C), 139.2 (C), 192.6 ppm (CHO); IR (KBr): #=1694 cm™'; MS (EI): m/z
(%): 527 (48) [M*+1], 526 (100) [M*]; HRMS: m/z caled for
C;,Hy4056Fe,0: 526.0682; found: 526.0678.

Dendron 4: Reaction time: 2h; red solid; yield: 75%; 'H NMR
(300 MHz, CDCl;): 6=4.17 (s, 20H), 4.30 (t, J=1.5 Hz, 8H), 4.50 (t, /=
1.5Hz, 8H), 6.76 (A of AB, J=162Hz, 4H), 6.97 (B of AB,, J=
162 Hz, 4H), 7.24 (A of AB,, J=16.5Hz, 2H), 7.31 (B of AB, J=
16.2 Hz, 2H), 7.40 (brs, 2H), 7.48 (brs, 4H), 7.89 (brs, 1H), 7.94 (brs,
2H), 10.10 ppm (s, 1 H); *C NMR and DEPT (75 MHz, CDCL,): § =67.0
(CH), 69.2 (CH), 69.3 (CH), 83.1 (C), 122.5 (CH), 123.2 (CH), 125.6
(CH), 126.4 (CH), 127.3 (CH), 127.7 (CH), 130.1 (CH), 130.7 (CH),
137.3 (C), 137.3 (C), 138.7 (C), 138.8 (C), 192.2 ppm (CHO); IR (KBr):
7=1697 cm™'; MS (FAB*): m/z (%): 1151 (11) [M*+1], 1150 (11) [M*];
HRMS: m/z caled for C;;HyFe,O: 1150.1885; found: 1150.1883.

General procedure for the synthesis of pyrrolidino[60]fullerenes 1 and 2:
A solution of Cg (0.038 mmol), the corresponding aldehyde
(0.038 mmol), and N-methylglycine (0.19 mmol) in toluene (40 mL) was
heated under reflux under an argon atmosphere for the indicated period
of time. The solvent was evaporated and the crude material was purified
by using flash chromatography on silica gel using toluene/hexane (8:2) as
the eluent. Further purification of the solid was accomplished by centrifu-
gation (x 3) with methanol and n-pentane.

Fullerodendrimer 1: Reaction time: 17 h; yield: 46 % (60% based on re-
acted Cq); '"HNMR (400 MHz, CDCLy): 6=2.93 (s, 3H), 4.14 (s, 10H),
4.29 (t, J=1.5Hz, 4H), 431 (d, J=9.5Hz, 1H), 4.50 (t, J=1.5 Hz, 4H),
4.95 (s, 1H), 5.04 (d, J=9.5Hz, 1H), 6.74 (A of AB,, /=163 Hz, 2H),
6.94 (B of AB,, /=163 Hz, 2H), 7.18 (brs, 2H), 7.44 ppm (brs, 1H);
BCNMR (50 MHz, CDCly): 6=40.4, 67.0, 67.4, 69.2, 69.4, 69.5, 70.3,
83.2, 83.7, 1234, 1249, 125.0, 125.2, 125.6, 127.7, 128.1, 128.7, 135.6,
136.4, 137.5, 138.4, 139.5, 139.8, 140.1, 141.6, 141.8, 142.0, 142.1, 142.4,
143.0, 144.2, 144.4, 144.9, 145.1, 145.2, 145.3, 145.4, 145.5, 145.75, 145.83,
145.96, 146.0, 146.5, 147.1, 153.2, 153.8, 155.9 ppm; IR (KBr): #=1553,
532 cm™'; UV/Vis (CH,CL): Ay (loge) =256 (5.19), 315 (4.94), 430 nm
(4.12); MALDI-TOF MS: m/z: 1273.2 [M*], 720 [Cg]-

Fullerodendrimer 2: Reaction time: 7 h; yield: 38% (60% based on re-
acted Cy); '"HNMR (200 MHz, CDCly): 6=2.92 (s, 3H), 4.17 (s, 20H),
431 (t, J=1.7 Hz, 8H), 4.33 (d, J=9.5 Hz, 1H), 4.50 (t, J=1.7 Hz, 8H),
5.01 (s, 1H), 5.07 (d, /=9.5Hz, 1H), 6.75 (A of AB,, /=16.1 Hz, 4H),
6.98 (B of AB,, J=16.1Hz, 4H), 7.26 (brs, 4H), 7.38 (s, 2H), 7.50 (brs,
5H), 7.75 ppm (s, 1H); "CNMR (50 MHz, CDCl,): 6=40.6, 67.2, 69.3,
69.5, 69.7, 70.3, 83.3, 83.7, 122.7, 123.3, 124.7, 126.0, 127.3, 127.8, 129.3,
130.0, 135.7, 135.9, 136.5, 136.7, 137.7, 137.9, 138.5, 139.6, 140.0, 140.1,
141.56, 141.64, 142.0, 142.1, 142.2, 142.5, 143.0, 144.3, 144.5, 145.2, 145.3,
145.4, 145.5, 145.7, 145.9, 146.1, 146.2, 146.4, 146.6, 146.6, 147.2, 153.2,
153.3, 153.9, 156.0 ppm; IR (KBr): #=1531, 625, 528 cm™'; UV/Vis
(CH,CL): Ap. (loge)=257 (5.31), 318 (5.24), 430 nm (3.90); MALDI-
TOF MS: m/z: 1896.8 [M*].
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