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On account of their fascinating structures and
properties, dendrimers have attracted increasing
attention in the past few years.!l In the develop-
ment of procedures to synthesize monodispersed
dendrimers,[" 2 increasing emphasis is being
placed on the design and study of functionalized
dendrimers.’! For example, because the den-
drimer surface may contain multiple copies of a
given chromophore, it can be used as an antenna
for light harvesting. It is conceivable that a large
number of peripheral chromophores could pre-
vent direct photoexcitation at the central core.
Whereas dendrimers containing various electro-
and photoactive chromophores have been pre-
pared in order to explore the influence of the
microenvironment inside the macromolecule on
the properties of the functional core,’! very large
surrounding dendritic branches may be able to
isolate a central functional core and thus prevent
any external contact.

Here we report on the electrochemical and
photophysical behavior of dendrimers with a
bis(1,10-phenanthroline)copper(l) ([Cu(phen),]™)
core and peripheral fullerene st chromophoresl®
and show how the surrounding fullerene-function-
alized dendritic branches are able to isolate the
central Cu' complex. The dendrimers and the
parent compounds are depicted in Figure 1.
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GOCO,R = CH4CO,H
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Figure 1. Schematic representation of the investigated dendrimers.

The electrochemical investigations on GnrnCO,/Bu and
CuGn were carried out by steady-state voltammetry (SSV)
on a rotating-disk electrode and cyclic voltammetry (CV) in
CH,Cl,/0.1m Bu,NPF, on a glassy carbon electrode.’ Both
SSV and CV gave identical redox potentials (Table 1).
Compound G1CO,Bu showed the characteristic behavior
previously reported for fullerene cis-2 bis-adducts.”! Whereas
the first reduction at —1.07 V versus ferrocene/ferrocenyl
cation (Fc/Fc*) is reversible, the second reduction at about
—1.4 V is irreversible. It was shown that the second electron
transfer in cis-2 derivatives is followed by a chemical
reaction.”l The similar results that were obtained for reduc-
tions of the dendrimers of higher generations G2CO,Bu,
G3CO,Bu, and CuG1l-CuG3 show that the peripheral
fullerene subunits behave as independent redox centers in
all compounds. The Cul/Cu" oxidation potential of CuG1
remains unchanged relative to the parent compound CuG0,
and this indicates the absence of intramolecular electronic
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Table 1. Data on the reduction and oxidation of G1CO,fBu-G3CO,/Bu
and CuGO0-CuG3 determined by CV on a glassy carbon electrode in
CH,Cl,/0.1M Bu,NPF;.[@!

Compound Reduction Oxidation
E, E, E,
G1CO,/Bu —1.07 (75) —1.450 +1.20)
G2CO,Bu —1.07 (75) —1.450! + 1.0
G3CO,Bu —1.08 (80) —1.450! +1.10
CuGo0 —2.200-¢ - +0.60 (70)
CuG1 —1.08 (80) —1.390! +0.601¢
CuG2 —1.08 (80) —1.430 n.olf
CuG3 —1.07 (70) —1.400! n.o.lfl

[a] Values for (E,, 4 E,)/2 [V] vs F¢/Fc* and AE,. [mV] (in parenthesis) at
a scan rate of 0.1 Vs~ [b] Peak potential values at a scan rate v of 0.1 Vs;
irreversible process. [c] Reversible for v>0.5 Vs~.. [d] Poorly resolved
signal of small amplitude, irreversible process. [e] The slope observed in
SSV for this oxidation is ca. 200 mV per log unit, which also indicates an
irreversible oxidation process. [f] n.o. =not observed.

communication between the central copper(l) complex and
the four surrounding fullerene units in CuG1. The amplitude
of the fullerene-centered reduction wave is expected to be
four times larger than that of the Cu-centered oxidation.
Surprisingly, however, the amplitude of the oxidation peak of
CuGl1 is smaller than expected.’! In addition, the metal-
centered oxidation became irreversible, which indicates a
decrease in the electron-transfer rate, as was previously
observed for other electroactive cores in dendrimers.’! This
suggests that the bulky fullerene units around the Cu center
partially prevent its approach to the electrode surface and, as
a result, oxidation at the central core could not be completed
on the timescale of the CV measurement. Consistent with this,
the electrochemical oxidation of the Cu site could no longer
be observed with dendrimers of the highest generations CuG2
and CuG3. The central electroactive site appears to be totally
inaccessible owing to isolation by the bulkier surrounding
dendrimer structures. This observation is in full agreement
with molecular modeling studies, which show that the interior
of the dendrimer in CuG2 and CuG3 is virtually inaccessible
to external contacts.”)

The absorption and luminescence spectra of CuGo,
G1CO,Bu, and CuGl in CH,CI, are shown in Figure 2. The
absorption spectrum of CuGO0 in CH,Cl, exhibits the typical
intense t— ¥ ligand-centered bands in the UV and the much
weaker metal-to-ligand charge-transfer (MLCT) bands in the
visible region, typical of the [Cu(phen),]-type chromo-
phore.'l In CH,Cl,, CuG0 displays luminescence from the
lowest MLCT excited statel’’l both at room temperature
(Amax =718 nm, @ =0.0011, =163 ns, deaerated solution)
and at 77K (A,,=670nm, 7=3.2ps). The absorption
spectrum of the dimethanofullerene G1CO,Bu is less re-
solved than those of methanofullerenes and plain Cg,.I"3) In
the UV region, only one distinct band is present (A=
258 nm, ¢=107000Mm'cm™!) with two shoulders above
300 nm, in contrast to the two distinct bands observed for
the parent compounds in the same spectral region.['}l In the
visible region the spectrum is very broad, and the band
corresponding to the lowest allowed singlet transition, which
is typically very sharp and distinguishable for Cg,'¥ is barely
detectable (A,,,, =433 nm, e =3300M'cm™).
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Figure 2. Absorption spectra of CuGO (solid line), G1CO,Bu (dotted
line), and CuG1 (dashed line). Inset: emission spectra of the same
compounds at A.,, =456 nm, A =0.150 (CH,Cl,, 298 K).

The compound G1CO,#Bu displays fluorescence at room
temperature (1,,,, =706 nm, @,,, =0.0003, 7=1.5 ns, CH,Cl,)
and 77 K (A,.x = 704 nm, 7 = 2.0 ns, methylcyclohexane glass).
The picosecond time-resolved absorption spectrum of
G1CO,Bu (Figure 3) shows singlet —singlet (4, =560 and
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Figure 3. Picosecond transient absorption spectrum of G1CO,/Bu
(CH,Cl,; Aeye =532 nm; energy: 5 mJ per pulse; A =0.220; time intervals
330 ps).

——

900 nm) and triplet—triplet (4, =705nm) absorption fea-
tures. On a longer timescale the decay of the triplet state can
be determined (18 ps, deaerated solution) and is shorter than
that of Cq, (60 us),!¥! as is typical for substituted fullerenes.!'*]
The absorption spectra of G2CO,fBu and G3CO,Bu have
the same shape as that of G1CO,/Bu, but the molar extinction
coefficients are respectively two and four times larger than
those of G1CO,Bu. They also exhibit the same luminescence
properties.
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In an attempt to rationalize the spectroscopic features of
the fullerene dendrons, quantum mechanical calculations
were performed on G1CO,Bu with the ZINDO/S pro-
gram,!™ with a CI limited to 196 singly excited configurations
after optimization of the geometry by the MM + molecular
mechanics procedure. The results of the calculation are in
good agreement with the energy of the main peaks in the
absorption spectrum. In particular, the lowest singlet tran-
sition is calculated to be at 647 nm, with a small oscillator
strength (f=0.004) owing to the disruption of the high
symmetry of Cg, (1) upon substitution (C;). The lowest triplet
transition is located at 882 nm, that is, a large red shift with
respect to the unsubstituted compound (A(T;) =758 nm for
Cy)- The first allowed singlet transition (T),) is split into three
components at 453, 449 and 445 nm, with a total f value of
0.024, while at higher energies, relevant bands are found at
390 (f=0.113), 308 (f=0.083), and 252 nm (f=0.229), in good
agreement with the peaks detected at 372, 312, and 259 nm.
The most notable peaks of the transient spectrum (Figure 3)
are calculated to lie at 1083, 994, 920, 580 and 526 nm for the
singlet manifold (S;—S,), and at 1263 and 658 nm for the
triplet-triplet transitions.

The absorption spectra of the dendrimers CuGl-CuG3
correspond to the sum of the corresponding component units,
without appreciable ground-state electronic interactions
among them. The increasing number of fullerene units around
the Cu' complex core implies increased shielding of the
central core from incident light, especially in the UV region.
In this regard, it is noteworthy that the molar extinction
coefficient of CuG3 at 258 nm reaches a value of 1.5x
10°M~'cm™!, probably one of the highest ever found for
soluble supermolecules, and thus allows a limit of detection
below 1 ppm in CH,Cl,.

Upon selective excitation of the peripheral units at 600 nm,
fullerene fluorescence is observed for all dendrimers CuGn;
the corresponding emission quantum yield and excited state
lifetimes are identical, within experimental error, to those of
the corresponding dendronic subunits Gn. Despite the fact
that selective excitation of the [Cu(phen),]* central core is not
possible, clear evidence for the quenching of the luminescence
of such a moiety can be obtained. For instance, by exciting
CuG1 at 456 nm, although the light partition is about 40 %
(core) and 60% (fullerenes), the MLCT emission of the
central core is dramatically quenched in a steady-state
experiment (Figure 2). Analogous patterns are shown by
CuG2 and CuG3, although the light partition is less favorable
for the central core because of the above-mentioned shielding
effect. In a time-resolved experiment we did not observe any
residual luminescence decay for CuG1l within the time
resolution (20 ns); hence, a rate constant of k,>5 x 107 s
can be estimated for the quenching of the luminescence of the
central core by the peripheral units.

The photophysics of the dendrimers can be rationalized by
means of an energy level diagram with all low-lying electronic
levels (Figure 4), that is, the lowest singlet (!Gn) and triplet
(®’Gn) levels centered on the peripheral fullerene fragments
and the lowest MLCT excited state of the Cu'-complexed
central core (MLCTCu). The energy values were obtained from
corrected luminescence band maxima at 77 K or, where these
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Figure 4. Energy-level diagram describing the excited state deactivation
pathways and the intercomponent energy transfer processes of the
dendrimers in CH,Cl,. On the left are the lowest electronic levels centered
on the peripheral fullerene units, and on the right the lowest MLCT level
centered on the [Cu(phen),|* core. Gn —Cu' represents the charge-
separated state formed upon electron transfer from the electron-donating
central core to an electron-accepting fullerene peripheral fragment.

were unavailable, as in the case of 3Gn,'! from theoretical

calculations. It is noteworthy that a new low-energy electronic

level is made available in the supramolecular array, namely,

the charge-separated state Cu*—Gn~ at 1.68 eV, as deduced

from the electrochemical data. In principle, the quenching of

the MLCT excited state (positioned at 1.85 eV) can occur by

three pathways:[!7]

1) Energy transfer to the fullerene centered singlet 'Gn
(AG=-0.10eV)

2) Energy transfer to the fullerene centered triplet 3Gn
(AG=-045¢V)

3) Electron transfer to the charge separated state (AG=
—0.17 eV).

We believe that electron transfer (process3) is not the
prevailing phenomenon for at least two reasons: 1) it does not
take place from 'Gn (no quenching of the fluorescence of the
fullerene moiety is observed), although a similar thermody-
namic driving force (AG = —0.07 eV) would be involved, and

2) the quenching of the central core also occurs at 77 K, but
electron-transfer in a rigid matrix is usually blocked unless it is
exothermic by at least 0.6-0.7 eVI'®l (in our case AG=
—0.17 eV, Figure 4). A straightforward discussion of the
energy transfer mechanism involved, that is, dipole—dipole
(Forster-type) or exchange (Dexter-type), is made difficult by
the fact that the two partners are linked by flexible
connections. We calculated the rate of energy transfer
according to a Forster mechanism using spectroscopic quan-
tities!"™! on the order of 7 x 107 s~! for components separated
by only 5 A, a distance at which the exchange mechanism can
also play a role. The determination of the experimental rate
constants by ultrafast luminescence spectroscopy will prob-
ably give a better insight into this issue.

Experimental section

All photophysical investigations were carried out in CH,Cl, (Carlo Erba,
spectrofluorimetric grade). Absorption spectra were recorded with a
Perkin-Elmer AS spectrophotometer. Emission spectra were obtained with
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a Spex Fluorolog IT spectrofluorimeter. Details of the correction of
emission spectra and the determination of luminescence quantum yields
were as reported previously.'¥l Luminescence lifetimes on the nanosecond
timescale were determined with an IBH single photon counting apparatus
(Aexe =337 nm) or a single-shot Nd:YAG laser apparatus (4., =532 nm).
Transient absorption spectra and lifetimes with picosecond and nanosecond
resolution were obtained with two pump and probe systems based on
Nd:YAG lasers; excitation with the second (532 nm) or third harmonic
(355 nm) was used. Details of this time-resolved spectroscopy equipment
were reported earlier.' Experimental uncertainties were estimated to be
+8% for lifetime determination, +20% for quantum yields, and +3 nm
for emission and absorption peaks.
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The development of photochemical DNA-cleaving agents,
which selectively cleave DNA by irradiation with light with a
specific wavelength under mild conditions and without any
additives such as metals and reducing agents, is very interest-
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